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ABSTRACT 

 By 1933, the number of trumpeter swans (Cygnus buccinator) in the continental United 
States was reduced to roughly 70 individuals that nested and wintered in Yellowstone National 
Park (YNP) and the surrounding Greater Yellowstone area. While conservation measures saved 
the trumpeter swan, and their numbers have increased greatly across North America, abundance 
and productivity of YNP’s resident trumpeter swan population declined from the 1960’s through 
about 2010. Many hypotheses for the initial decline in YNP trumpeter swans exist, including 
human disturbance at nesting areas, changes in habitat quality, predation, and management of 
trumpeter swans outside of YNP. To improve knowledge and take advantage of long-term 
monitoring of trumpeter swans, this retrospective study was designed to evaluate the various 
competing hypotheses about possible factors associated with temporal and spatial variation in 
swan abundance and reproductive success in YNP for 1931-2019. Two different types of 
analyses were used: (1) analysis of annual park-wide counts of trumpeter swan territories with 
swans Absent, Present but unsuccessful (Present), and Successful, and (2) Bayesian reversible 
jump Markov chain Monte Carlo analysis that evaluated the utility of covariates representing 
swan decline hypotheses for explaining variation in annual, territory-level patterns of where 
swans were Absent, Present, and Successful each year. My results provide novel information on 
temporal patterns in the annual number of Absent, Present, and Successful territories, and 
analysis of covariates that are useful to explain variation in territory statuses identified several 
interesting covariate relationships. Swan territories within YNP were more likely to have 
trumpeter swans Present as opposed to Absent during 1931-2011 in years when total abundance 
of trumpeter swans in the broader geographic area around YNP was greater. Because several 
covariates have values that trend through time, it is difficult to distinguish between several 
alternative interpretations for the underlying causes of temporal trends. Identification of swan 
territories most likely to have swans Present and Successful can be a useful tool to help YNP 
staff manage important swan habitat or justify targeted management actions. Future work that 
utilizes satellite imagery to reconstruct lake/wetland hydrology is likely to be useful to describe 
potential changes in habitat quality.  
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RETROSPECTIVE ANALYSIS OF A DECLINING TRUMPETER SWAN (CYGNUS 

BUCCINATOR) POPULATION IN YELLOWSTONE NATIONAL PARK 

Introduction 
 
 

The trumpeter swan (Cygnus buccinator) is endemic to North America and is the heaviest  

bird native to the continent. A long-lived and social species, trumpeter swans are conspicuous for 

their tremendous size, all-white plumage, and distinct trumpet-like call. Once widespread and 

abundant across much of North America, these iconic birds rapidly approached extinction by the 

early 1900’s due to subsistence and recreational hunting, commercial harvest, and destruction of 

habitat (Banko 1960, Shea et al. 2002). Prized for their skins and feathers, swans were valuable 

items of trade during the late 18th and 19th centuries (Banko and Mackay 1964). By 1933, the 

only surviving breeding group in the continental United States consisted of roughly 70 resident 

trumpeter swans which nested and wintered in Yellowstone National Park (YNP or Park) and the 

surrounding Greater Yellowstone core area (Hansen 1973). Each winter a similar number of 

migrant trumpeter swans (hereafter swans or trumpeter swans) which utilized nesting areas in 

Canada joined the resident swans in the Greater Yellowstone area, where they were protected by 

the remoteness of the region (Pacific Flyway Council 2017).  

After the implementation of conservation measures, including protection from illegal 

shooting, closure of hunting seasons, habitat conservation and management, and range expansion 

programs including translocations and release of captive-reared swans, trumpeter swan 

populations expanded across North America. From perhaps fewer than 200 trumpeter swans in 

all of Canada and the continental United States in the 1930’s, it was estimated that there were 
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63,016 white birds (adults and sub-adults combined) in 2015, the latest year the continent-wide 

North American Trumpeter Swan Survey was conducted (Groves 2017, Shea et al. 2002). The 

return of trumpeter swans from the brink of extirpation is a success story of the conservation 

efforts made on their behalf. Today, trumpeter swans can be seen as a symbol of healthy 

wetlands and waterways. 

The extent of the historic range of trumpeter swans is approximate; harvest of trumpeter 

swans and, to a lesser degree, habitat loss often led to extirpation before their distribution could 

be documented (Shea at al. 2002). In addition, early swan records often fail to distinguish 

between observations of trumpeter and tundra swans (Cygnus columbianus) (Banko 1960). 

Nonetheless, the historic range of trumpeter swans is believed to have encompassed much of the 

North American continent, including breeding areas throughout north-central North America and 

wintering areas along the Mississippi River, Pacific, Gulf, and Atlantic coasts, and as far south as 

Texas and Florida (Lumsden 1984, Rogers and Hammer 1978). To facilitate the monitoring and 

management of trumpeter swans in North America, the U.S. Fish and Wildlife Service (FWS) 

and Canadian Wildlife Service (CWS) designated three management populations: the Pacific 

Coast Population, the Rocky Mountain Population, and the Interior Population (Appendix A, 

Figure A1).  

Trumpeter swans that breed mainly in interior and coastal south-central Alaska 

(undiscovered until 1954), with additional areas in the southern Yukon Territory and northwest 

British Columbia, comprise the Pacific Coast Population (PCP) (Hansen et al. 1971, Pacific 

Flyway Council 2006). Trumpeter swans from the Rocky Mountain Population (RMP) nest 

primarily from western Canada southwards to Nevada and Wyoming, and is comprised of two 
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breeding segments: 1) the migratory Canadian breeding segment which summers in the 

southeastern Yukon Territory, southwestern Northwest Territories, northeastern British 

Columbia, and Alberta; and 2) the non-migratory U.S. breeding segment which summers in 

Yellowstone National Park and portions of Idaho, Montana, and Wyoming within the Greater 

Yellowstone area (Appendix A, Figure A2). Swans from both the U.S. and Canadian breeding 

segments overwinter primarily in the greater Yellowstone area where they are able to intermingle 

(Pacific Flyway Council 2017). The Interior Population (IP), a collection of expansion flocks 

resulting from restoration efforts and translocations of RMP and PCP stock beginning in the 

1960’s, currently ranges from South Dakota and Nebraska through the Great Lakes to eastern 

Ontario. 

The trumpeter swan is a long-lived species, with some wild trumpeter swans having been 

recorded to live beyond 25 years. The life cycle of the trumpeter swan is underpinned by a 

particularly long breeding period, requiring between approximately 140 and 160 total days for 

eggs to be laid, incubated, hatched, and the cygnets to fledge after gaining flight ability at 

approximately 100 days of age (Banko 1960, Hansen et al. 1971, Shea 1979). Cygnets, or newly 

hatched young, are typically dull gray and downy. Juvenile trumpeter swans retain a gray or 

brownish-gray color through their first season. Adults attain their distinct white, monochromatic 

plumage by approximately 16 months of age, though the head is often stained rufous by ferrous 

minerals in the waters and muds that the swans forage (Mitchell and Eichholz 2020). Trumpeter 

swans generally do not reach sexual maturity until they are four to seven years of age (Shea et al. 

2013). Trumpeter swans have a black bill with straight culmen profile, and adult males can 

weigh over 13 kg and have a wingspan of nearly 2.5 m. These combined features along with the 
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species’ distinct trumpet-like call set trumpeter swans apart from tundra and mute swans (Cygnus 

olor), whose appearances are similar and geographic ranges can overlap the trumpeter’s.  

Trumpeter swans, like other species of swan, have necks as long or longer than their stout 

bodies and strong legs with large, webbed feet and pronounced nails. These characteristics make 

trumpeter swans well-suited for a specialized existence digging energy-rich roots and tubers 

from shallow lake- and wetland-bottoms and consuming large quantities of aquatic macrophytes 

(Banko 1960, Hansen et al. 1971). Adult trumpeter swans feed exclusively on plant matter, while 

cygnets are believed to also feed opportunistically on macroinvertebrates for several weeks after 

hatching (Banko 1960, Grant et al. 1994, Squires and Anderson 1995). Unlike other populations 

which may augment their diets with agricultural crops, trumpeter swans in the greater 

Yellowstone area feed exclusively on aquatic macrophytes, preferring stonewort (Chara spp.), 

waterweed (Elodea canadensis), and pondweed (Potamogeton spp.) (Squires and Anderson 

1995). 

Despite a marked increase in the total number of trumpeter swans in North America, 

because of their long lives, delayed maturation, and inconsistent production of young, the growth 

of some populations can be cause for concern. While the Rocky Mountain Population of 

trumpeter swans has grown from fewer than 200 total swans in the early 1930’s to nearly 12,000 

white birds in 2015, nearly 11,000 (94%) are attributed to the Canadian breeding segment 

(Groves 2017). The non-migratory swans that both nest and winter within YNP and the 

surrounding Greater Yellowstone area began declining precipitously during the 1960’s. Breeding 

by trumpeter swans was first documented in YNP in 1919, and long-term population monitoring 

of swans in YNP has been conducted since 1931 (Skinner 1920). Estimated abundance of YNP 
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trumpeter swans has ranged from a high of 87 total swans in 1954 to only 2 individuals in 2010 

(Appendix A, Figure A3). There is serious concern that if the low numbers cannot be increased, 

YNP trumpeter swans, a population which helped perpetuate the survival of the species when 

they were threatened with extirpation, may disappear.  

Due to the historic importance of trumpeter swans in the Greater Yellowstone area and 

YNP’s status as the world’s first national park, swans have always been important to Park 

managers and the many visitors which recreate in the Park each year. Moreover, given that 

YNP’s swans began declining about six decades ago, much work has been done to study their 

life history, document population trends, and explore factors that may have contributed to their 

decline (Condon 1941, Banko 1960, Shea 1979, Shea et al. 2013, Proffitt et al. 2009, Proffitt et 

al. 2010). Despite this body of work and the time that had passed since trumpeter swans first 

began to decline, little agreement had been reached regarding the causes of decline by 2010. 

During the same year, the Park documented the lowest recorded number of swans observed 

during an autumn swan survey. 

Recognizing the imperiled state of trumpeter swans in YNP, an expert workshop was 

held in 2011 to achieve two objectives: 1) assess possible explanations for the decline in swan 

abundance; and 2) recommend management strategies to halt and/or reverse the decline (Smith 

and Chambers 2011). Although swan experts could not reach agreement on either objective, 

several potential explanations were identified as leading causes: 1) human disturbance at nesting 

areas; 2) predation; 3) habitat change of historic nesting areas, possibly due to climate change; 

and 4) changes in management outside of YNP (Smith and Chambers 2011). None of these 

potential explanations were favored, though, and the possibility that they could all be interacting 
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with each other was suggested. Among the conclusions from the workshop were the need for 

further research to better understand trumpeter swan population dynamics in YNP and the need 

for more intensive management efforts (Smith and Chambers 2011).  

Despite a lack of consensus among experts regarding the factors contributing to the 

decline in swan abundance, and contrary to the general wildlife management philosophy of the 

National Park Service to allow self-regulation of ecosystems whenever possible, the decision 

was made to augment YNP’s trumpeter swan population while swans were still occurring in the 

Park. In 2012, YNP’s bird program partnered with the Wyoming Wetlands Society (WWS) to 

begin augmenting the Park’s swan population with captive-reared individuals from the WWS 

restoration flock. These efforts included constructing and maintaining artificial nest platforms at 

important swan territories, grafting several-day-old swan cygnets to existing pairs of nesting 

trumpeter swans, and releasing roughly 100-day-old juvenile birds to areas of YNP where 

trumpeter swans tend to aggregate. Since restoration efforts began in 2012, a total of 51 captive-

reared trumpeter swans have been released in the Park (B. Long pers. comm.).  

The Greater Yellowstone Trumpeter Swan Working Group (GYTSWG), a collaborative, 

multi-agency partnership that plays a role in outlining regional management strategies and 

determining the allocation of cygnets for restoration efforts, has determined YNP to be the 

highest priority restoration project in the RMP. The Park’s central location is thought to be 

important to the connectivity of suitable habitat in the Greater Yellowstone area and to re-

establishing migration routes along the RMP that were lost when the species neared extirpation. 

Consequently, relative to all approved restoration projects within the RMP, the Park receives the 

largest allotment of captive-reared swans for its ongoing restoration efforts. Annual autumn 



7 
 

trumpeter swan survey results suggest that these restoration efforts have helped increase the 

abundance of white birds and may be helping to facilitate increased production of cygnets within 

the Park. From a management perspective, it is still unclear whether these restoration efforts will 

have a lasting impact or if captive-reared swans will need to be released in perpetuity to maintain 

increased levels of trumpeter swan abundance and cygnet production in YNP.  

While restoration efforts may be acting to combat the multi-decadal decline, current 

drivers of trumpeter swan abundance and productivity are not well understood and may be the 

same mechanisms that caused YNP swans to decline in the 1960’s. Human disturbance is one 

potential mechanism underlying YNP’s trumpeter swan decline and has long been recognized for 

its potentially detrimental impacts on nesting swans. In a preliminary report from 1941 on the 

Park’s trumpeter swan population, four of seven management recommendations related to 

minimizing the impacts of human disturbance (Condon 1941). Since that time, human 

disturbance has been shown to negatively affect a variety of bird species in many scientific 

studies (Andersen et al. 1989, Anderson 1988, Anderson and Keith 1980, Belanger and Bedard 

1989, Boellstorff et al. 1988, Cooper 1979, Fraser et al. 1985, Gotmark and Ahlund 1984, 

Henson and Grant 1991, Madsen 1985, Owens 1977, Page 1976, Pierce and Simons 1986, 

Sedinger 1990, Shea 1979, Tremblay and Ellison 1979, White and Thurow 1985). These and 

other studies have shown that disturbance can affect productivity in various ways that include 

nest abandonment, egg mortality due to exposure, increased predation of eggs and hatchlings, 

depressed feeding rates of adults, and avoidance of otherwise suitable habitat.  

Several studies concerned with disturbance impacts on trumpeter swans found that 

different types of disturbance elicited a range of responses from nesting and brood-rearing 
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swans. Compared to aircraft and motor vehicle traffic, humans elicited the greatest response 

from trumpeter swans (Henson and Grant 1991). When disturbed by humans, incubating swans 

will usually leave their nests to draw the perceived threat away from their vulnerable eggs or to 

join their mate in territorial defense. In contrast to a normal recess during which the swan 

departing the nest will cover the eggs with nesting material, trumpeter swans almost always fail 

to cover the eggs when a recess is initiated by a disturbance event (Henson and Grant 1991, Shea 

1979). Henson and Grant (1991) found that trumpeter swans failed to cover the eggs during 26 of 

28 observations (92.9%) of disturbance recesses while eggs were always covered during normal 

recesses. In addition, disturbance recesses were longer than normal recesses, further prolonging 

exposure of eggs. Energetically stressed adult swans were also found to spend less time engaged 

in productive behaviors like feeding and preening during disturbance recesses (Henson and Grant 

1991). Although it is not uncommon for trumpeter swans to take breaks from their nest to feed 

and preen under ordinary circumstances, the difference in egg-covering behavior between 

disturbance and normal recesses can leave the eggs vulnerable to predators, inclement weather, 

and developmental issues (Henson and Grant 1991, Shea 1979). 

Over the course of the study period, YNP has seen a drastic increase in the number of 

people that visit the Park each year. There were just over 221,000 visitors in 1931, the first year 

of this study. There were approximately 2,000,000 visitors per year during the 1960’s when swan 

abundance began to decline. In recent years, YNP has seen over 4,000,000 annual visitors (NPS 

2019). Furthermore, the Park sees a tremendous surge in visitation during the months that 

trumpeter swans may be most vulnerable to their presence. The height of trumpeter swan 

breeding activity occurs in June, July, and August when swans incubate eggs, hatch young, and 
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raise broods (Banko 1960, Shea et al. 2013, Shea 1979); that period is also when nearly 64% of 

visits to the Park occurred each year during 2014-2018 (NPS 2019). These annual and seasonal 

trends in Park visitation may have greatly increased the opportunity for interactions between 

trumpeter swans and Park visitors. 

In YNP, interactions between humans and trumpeter swans may be quite nuanced, 

making it difficult to accurately quantify human disturbance impacts. Records from the Park and 

elsewhere indicate that not all trumpeter swans react to human intrusion in the same fashion 

(Condon 1941, Lockman et al. 1987, Shea 1979). Specifically, swan pairs historically found at 

Riddle Lake tend to be wary of humans; after detecting humans, they will move to the opposite 

side of the lake and keep a buffer of open water between themselves and the shoreline (Condon 

1941). Trumpeter swan pairs historically using Grebe Lake, on the other hand, were described as 

being adapted to the presence of humans and typically paying little attention to the fishermen 

that would congregate there and even take pictures of the nesting swans (Condon 1941). These 

same behavioral patterns were noted at the same lakes roughly four decades later (Shea 1979) 

and are still apparent today (D. Smith, pers. comm.).  

Furthermore, interactions between YNP visitors, swan behavior, predators, and 

management within the Park can create unique situations which put trumpeter swans at an 

increased risk of mortality. In 2012, during an autumn aerial swan survey, a bird program 

biologist watched as hikers pushed a family group of trumpeter swans on Riddle Lake from the 

protection of the shoreline to open water where bald eagles (Haliaeetus leucocephalus) were able 

to take several young cygnets (Smith et al. 2013). Riddle Lake, a destination for one of the most 

popular day-hikes in the Park, is situated within a Bear Management Area and is closed to the 
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public for much of the year. It is believed that the infrequent presence of humans has resulted in 

trumpeter swan pairs at Riddle Lake being particularly susceptible to human disturbance and, in 

tandem with factors discussed above, vulnerable to pre-fledging mortality. 

A second potential mechanism for the decline of YNP’s trumpeter swans is reproductive 

failure or mortality due to predators. Since the cessation of predator control in YNP in 1935, 

there have been natural and human-influenced increases in the overall abundance of several 

predator species (Stahler et al. 2002, Smith et al. 2020, White et al. 2017). Many of the predators 

found in YNP today have been documented to cause reproductive failure or mortality of 

trumpeter swans. This list includes grizzly bears (Ursus arctos), black bears (Ursus americanus), 

gray wolves (Canis lupus), coyotes (Canis latrans), bald eagles, golden eagles (Aquila 

chrysaetos), ravens (Corvus corax), river otters (Lontra canadensis), and bobcats (Lynx rufus) 

(Banko 1960, Campbell 2004, Chapman 1942, Childs 1934, Condon 1941, Corace et al. 2006, 

Gable et al. 2019, Hansen et al. 1971, Henson and Grant 1992, Koel et al. 2019, Lockman et al. 

1987, McEneaney 2006, Mitchell 1990, Olendorff 1976, Page 1976, Sharp 1951, Shea 1979).  

Although observations from early decades of the study period are sporadic in nature, 

compilation of these disparate records and the addition of recent Park data suggest that trumpeter 

swan depredation may occur more frequently than previously thought. Generally, the vulnerable 

eggs and young cygnets are more likely to fall victim to predation; once they reach flight age 

trumpeter swans have fewer natural predators, but there are still cases of adult trumpeter swans 

being killed by predators (Banko 1960, Gable et al. 2019, McEneaney 2006). A 2010 study of 

trumpeter swan productivity and fledging success in YNP, based on Park data from 1987 to 
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2007, found that 41% of egg failure was due to predation (n=35) while all pre-fledging cygnet 

mortality was attributed to predation (n=18) (Proffitt et al. 2010). 

 Invasion of Yellowstone Lake by lake trout (Salvelinus namaycush) in the mid-1990’s 

resulted in interactions across multiple trophic levels, both within and outside of the invaded lake 

system. One immediate effect of this invasion was the depredation, and subsequent precipitous 

decline, of native Yellowstone cutthroat trout (Oncorhynchus clarkii bouvieri). Unlike 

Yellowstone cutthroat trout, lake trout spend their entire life cycle within the lake and 

preferentially use deep water. Lake trout are therefore inaccessible to predators for which 

Yellowstone cutthroat trout were previously an important food source (predators which have also 

been documented to prey on swans or their young), such as osprey (Pandion haliaetus), bald 

eagles, grizzly bears, and black bears (Koel et al. 2019). Possibly due to a reduction in other 

sources of prey, bald eagles appear to be making more kills of young trumpeter swans and other 

water birds.(Koel et al. 2019). Available in increasing numbers in YNP (Pardieck et al. 2020, 

USFWS 2020), Canada geese (Branta canadensis) and their young may present a novel and 

abundant food source for bald eagles, further contributing to a diet shift towards avian prey or 

increasing bald eagle abundance and productivity, though much remains to be learned. 

Given that YNP’s trumpeter swan population began to decline in the 1960’s, predator 

activity is likely more important to population trends in the decades since the initial swan decline 

began. During the time that trumpeter swans began to decline, wolves were entirely absent from 

the Park, grizzly bear abundance was relatively low, the number of bald eagle breeding areas 

within the Park remained relatively stable, and all evidence suggests that coyote abundance was 

relatively stable as well (Murie 1940, Crabtree and Sheldon 1999, Craighead et al. 1974, 
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Swenson et al. 1986). Nonetheless, at low levels of trumpeter swan abundance or cygnet 

production, even a small number of cases of predator-induced mortality or production failure 

could have contributed to their declining trend or inhibited their ability to recover. These 

interactions between swans and predators likely become more impactful to the swan population 

in the later decades of the study period as declining trumpeter swan abundance and increasing 

predator abundances intersect. Unfortunately, inconsistent predator monitoring efforts in YNP 

make it difficult to quantify the potential impact of many of the Park’s predator species on 

trumpeter swans.  

Competition has been long recognized as an important ecological interaction and research 

has shown that competition plays a role in a great variety of natural systems and among a great 

variety of species. A meta-analysis of over 160 field experiments designed to investigate 

interspecific competition found that an overwhelming fraction (90%) of experiments detected 

competition with very similar findings across terrestrial, freshwater, and marine systems 

(Schoener 1983). Although it has not yet been formally investigated, in YNP, Canada geese may 

fill the role of competitor. Adapted to grazing, seed-stripping, and tipping-up to consume aquatic 

vegetation, Canada geese can exploit a wide variety of plant materials (Reed 1976). Among four 

major food resources examined in one study of wild Canada geese diet and nutrient benefits, 

Potamogeton rishardsonii was found to be the most preferred food resource, particularly the 

rhizome or tuber (Coleman and Boag 1987). Similarly, numerous researchers have found that 

trumpeter swans in the greater Yellowstone area prefer Potamogeton spp. foliage and 

Potamogeton pectinatus tubers (Cockrell 2014, Shea 1979, Squires and Anderson 1995). 

Potamogeton spp. is also commonly found in trumpeter swan nesting habitat in Alaska and 
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spring migration stopover areas in Alberta, Canada (Hansen et al. 1971, LaMontagne et al. 

2003).  

In the past decade or so, bird program staff have seen a sharp increase in the number of 

Canada geese inhabiting YNP during the spring and summer (D. Smith, pers. comm.). These 

observations are supported by increases in the number of Canada geese observed during annual 

Breeding Bird Surveys conducted within the Park (1988-present), and in the number of RMP 

Canada geese estimated from U.S. Fish and Wildlife Service-led, interagency waterfowl surveys 

(1969-present) (Pardieck 2020, USFWS 2019). Based on diet study findings, it is plausible that 

Canada geese may directly compete with trumpeter swans for food resources and degrade or 

discourage the use of otherwise suitable swan habitat. RMP Canada geese population trends 

suggest the frequency of these potential competitive interactions between Canada geese and 

trumpeter swans could be increasing. 

Despite the diversity of water resources YNP boasts, some researchers consider the 

Park’s trumpeter swan habitat to be marginal. Compared to other areas, even within the greater 

Yellowstone area, nesting lakes in YNP are relatively small and have timbered shorelines with 

low complexity, feeding and nesting habitat are often discontinuous, and foraging areas are 

typically limited to the shallow periphery of deeper wetlands and lakes (Shea et al. 2013). 

Furthermore, many water bodies in the Park are thought to be unsuitable for nesting due to high 

elevation, fluctuating water levels, oligotrophic conditions, or unusual water chemistry due to 

geothermal activity (Shea 1979). Despite the suggested deficiencies in nesting habitat quality, 

YNP did, on average, support over 60 total trumpeter swans and produce more than 10 cygnets 

annually during the 1940’s and 1950’s. Many historically productive trumpeter swan territories 
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that were reliably occupied and generated cygnets for years or even decades have ceased to 

produce cygnets or even be visited by swans in recent years. These temporal and spatial patterns 

in trumpeter swan habitat use and productivity could suggest that something about their habitat 

may have changed through time. 

Several previous studies have explored aspects of habitat quality in YNP, but results have 

been inconclusive, and questions remain. Cockrell (2014) attempted to compare several 

characteristics of nesting territories between sites where swans were present during the study 

period and those where they were absent but failed to find statistically significant differences 

when elevation, area of foraging zones, and a host of water quality metrics were analyzed. 

Proffitt et al. (2010) incorporated several covariates related to habitat characteristics in 

regression models of fledging success that included various combinations of elevation, wetland 

complex area, and the number of years a given trumpeter swan territory had been previously 

occupied as covariates. They found that historical occupancy, thought to be a metric of territory 

quality because trumpeter swans show high fidelity to nesting areas where they have successfully 

fledged young, was the best predictor of fledging success (Proffitt et al. 2010). This finding lends 

support to the idea that some territories are better than others and that trumpeter swans appear to 

have the ability to differentiate between poor- and high-quality territories. However, it is still 

unknown which habitat characteristics are most important to trumpeter swan use of a territory 

and their subsequent success at a used territory. 

In the absence of habitat quality metrics that span the time period that YNP trumpeter 

swans declined, environmental and weather information were instead relied upon to describe 

conditions that likely impacted swan habitat. Climate data from the last century supports the idea 
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that climate change is responsible for wetland loss across YNP and Grand Teton National Park 

(GTNP) (Ray et al. 2016, Schook and Cooper 2014). In addition, water tables varied according 

to annual precipitation and basin water levels were well correlated with cumulative precipitation 

over two- to ten-year periods. Lastly, five-year mean discharge of the Yellowstone River at 

Corwin Springs (a measure of the Park’s total outflow) was positively correlated with wetland 

area (Schook and Cooper 2014). In light of these findings, I felt environmental and weather 

covariates could be used to describe habitat quality in addition to their other impacts on nesting, 

incubating, and brood-rearing trumpeter swans. 

Annual variation in precipitation and temperature may directly impact trumpeter swans or 

their habitat; it is generally thought that trumpeter swans do poorly in years with cool, wet 

springs and hot, dry summers (Smith and Chambers 2011). Combined with low temperatures, 

heavy spring precipitation may discourage the growth of aquatic vegetation, increase the risk of 

nest flooding, and present challenging conditions for swan eggs and young cygnets (Shea et al. 

2013). Hot, dry conditions during the summer could exacerbate long-term drought conditions, 

affect wetland drying, and reduce the amount of time seasonal wetlands are inundated with 

water, subsequently diminishing foraging opportunities and impeding the ability of swans to take 

refuge from predators (Proffitt et al. 2010). As rainfall alone is insufficient to replace water lost 

to evaporation, years of low winter precipitation usually experience drought conditions (Despain 

1990). At the time of their study, McMenamin et al. (2008) found that drought was more 

common and more severe than at any time in the last century, causing the number of 

permanently dry ponds in northern YNP to increase four-fold over a 16-year period. Situated in 

YNP’s northern range, Trumpeter Lake produced 33 cygnets between 1931 and 1957; it has 
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produced only three cygnets since that time and none since 1995, possibly as a result of 

prolonged drought conditions. 

Prolonged exposure to below-freezing temperatures could retard egg development or 

cause infertility of embryos. Once hatched, cygnets could succumb to the elements or predators 

if water on their nesting territory freezes before the cygnets are able to fly (Shea 1979, Johnsgard 

1978). The timing and severity of extreme weather events is of particular importance given the 

particularly long breeding period of the trumpeter swan: approximately 140-160 days from egg 

laying to fledging. If trumpeter swans do not arrive at their nesting territories early enough or if 

they are still ice-covered relatively late into the breeding season, breeding may not occur, or any 

cygnets produced may not have enough time to fledge before the onset of winter weather. In 

contrast to maritime Alaska, the nesting grounds of a robust and productive swan population, 

which experiences roughly 120 frost-free days each year, the frost-free period in YNP and 

nearby GTNP is around 80-90 days (Johnsgard 1978, Henson and Cooper 1993, Shea 1979). 

In YNP, total annual precipitation is most pronounced during winter and has been 

declining since 1949, which has resulted in reduced snowpack (McMenamin et al. 2008, 

Sepulveda et al. 2015). Nearly 50% of YNP’s total annual precipitation is contained in the 

snowpack on the first of April; the size of the snowpack and timing of its release over the 

following months are important to soil and surface water conditions (Despain 1990). Variations 

in snowmelt-driven run-off are strongly related to variation in the proportion of dry wetlands 

across YNP and GTNP (Ray et al. 2019). In contrast, years of high winter precipitation can 

increase the risk of nest failure due to flooding, especially as warming trends in winter and 

spring temperatures cause melt-out of the snowpack to occur earlier in the year (Sepulveda et al. 
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2015, Ray et al. 2019). Shea (1979) attributed 15% of egg failures in YNP to flooding (n=19) 

during 1977 and 1978, accounting for more instances of nest failure than any other cause. 

Furthermore, records from YNP’s bird monitoring efforts from 1987 to 2007 indicate that nest 

flooding was responsible for 53% of the documented instances of trumpeter swan egg failure 

(n=45) (Proffitt et al. 2010). Coupled with an apparent lack of nesting islands, floating vegetation 

mats, abandoned beaver lodges, or muskrat houses, which may offer some protection, swan nests 

in YNP may be ill-equipped to survive sudden fluctuations in water levels (Kiviat 1978). 

Management actions outside the boundaries of YNP have also been suggested to play an 

important role in the Park’s trumpeter swan population. Red Rock Lakes National Wildlife 

Refuge (RRLNWR) was created in 1935 to halt illegal trumpeter swan shooting and to protect 

vital nesting habitat in the Centennial Valley of Montana, approximately 120 km west of YNP. 

Initiated in 1936 to prevent the extirpation of trumpeter swans, a supplemental feeding program 

was administered during winter at RRLNWR until 1992. This feeding program could have 

increased trumpeter swan abundance and/or productivity and allowed RRLNWR to act as a 

source of immigration to nearby areas, such as YNP. Opportunistic banding and marking 

programs at RRLNWR provide some evidence that trumpeter swans emigrated from the refuge 

to establish nesting territories in YNP, but opportunistic observations and limited data prevented 

strong inferences from being made (McEneaney 1986, McEneaney and Sjostrom 1986, Mitchell 

and Shandruk 1992). Proffitt et al. (2009) hypothesized that cessation of winter feeding at 

RRLNWR could have caused the growth rate of YNP’s resident trumpeter swan population to 

decline more sharply but results of regression modeling were inconclusive. 
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In addition to management actions at RRLNWR, early conservation measures included 

predator control, eliminating human disturbance at nesting territories, and increasing law 

enforcement and public outreach to reduce illegal shooting (Shea et al. 2002) As the population 

increased in response to initial conservation measures, managers began translocating trumpeter 

swans from RRLNWR to other national wildlife refuges as early as 1938. Greater numbers of 

RRLNWR trumpeter swans were removed as translocation, private propagation, and restoration 

efforts increased in the late 1950’s. Focused on expanding winter distribution, reducing 

vulnerability of trumpeter swans wintering in the greater Yellowstone area, and reestablishing 

migration routes, translocation efforts were redoubled during the 1980’s and 1990’s when over 

1,400 RMP trumpeter swans were moved to alternate wintering habitat in Idaho, Wyoming, 

Oregon, and Utah (Drewien et al. 2002, Shea et al. 2002). Concurrently, fall hazing of swans 

from high-risk wintering sites and draining of wintering ponds occurred to reduce concentrations 

of wintering swans (Proffitt et al. 2009). While helping to expand the overall geographic range of 

trumpeter swans, these management actions may have impacted local RMP swan numbers and 

prevented areas like RRLNWR or the broader tri-state region from acting as sources of 

immigrants into YNP. 

 As a species that experienced a genetic bottleneck during the early 20th century, 

especially in YNP, some researchers have questioned the genetic viability of trumpeter swans in 

YNP and the Greater Yellowstone area. Inbreeding depression has been shown in bird and 

mammal populations to impact birth weight, survival, reproduction, and resistance to disease, 

predation, and environmental stressors (Keller and Waller 2002, Mills and Smouse 1994). 

Recognizing that populations with reduced genetic diversity often experience reduced growth 
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rates and adaptive potential (Keller and Waller 2002, Lacy 1993), several studies have 

investigated the genetic diversity of RMP trumpeter swans. Despite having a low level of genetic 

variability compared to other vertebrate species, comparison of trumpeter swans from Alaska, 

Alberta, and both RMP breeding segments (including genetic samples taken from YNP) found 

no significant differences in genetic structure or diversity (Barrett and Vyse 1982, Oyler-

McCance et al. 2007). Furthermore, the captive WWS flock, source of trumpeter swans for 

YNP’s restoration efforts, was found to have similar levels of genetic diversity to the RMP and 

determined to be suitable for supplementations or reintroductions into the RMP (Ransler et al. 

2011). Results from these studies suggest that concerns about the genetic viability of RMP 

trumpeter swans has been adequately addressed and do not warrant further investigation at this 

time. 

 Outside of YNP, lead poisoning, power line and fence collisions, disease, parasites, and 

shooting account for a large amount of documented trumpeter swan mortality (Bennett et al. 

1981, Blus 1994, Drewien et al. 2002). Monitoring of over 1,000 RMP trumpeter swans 

translocated during the 1990’s to new wintering areas documented 116 cases of known mortality. 

Blood parasites (32%), power line and fence collisions (24%), illegal shooting (23%), predation 

(10%), and lead poisoning (5%) were the leading causes of mortality (Drewien et al. 2002). Blus 

et al. (1989) reported that 20% of known trumpeter swan mortality in the tri-state region of 

Idaho, Montana, and Wyoming was the result of lead toxicosis due to ingested shotgun pellets 

and fishing sinkers. Despite these observations, swans within YNP are likely only minimally 

impacted as they are afforded protection from illegal shooting, lead poisoning, and collisions due 

to the Park’s relatively modest and unchanging infrastructure. Swans that move to other portions 
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of the Greater Yellowstone area may still be susceptible to these sources of mortality, but there is 

currently no evidence of mortality due to these causes. Staff that research and monitor many of 

YNP’s bird species have not observed any trumpeter swans exhibiting symptoms of lead 

poisoning, disease, or parasites in recent years (D. Smith, pers. comm.). As a result, further 

investigation of these mortality factors is not of great concern. 

Results from previous studies of the YNP trumpeter swan population have been 

inconclusive; the cause or causes of YNP’s trumpeter swan decline are not well understood and 

may still act on population trends today. Given the current number of resident swans in YNP, 

especially those that breed and successfully fledge cygnets, opportunities to actively study 

trumpeter swans in the Park are limited. As intensive management actions have taken place for 

nearly a decade and are ongoing, observations can no longer be made on the natural system that 

first experienced declining swan abundance and productivity in the 1960’s. Consequently, this 

study was designed to be a retrospective analysis to take advantage of long-term trumpeter swan 

monitoring and explore the potential of existing data sets to investigate the various hypotheses 

regarding the decline in YNP trumpeter swan abundance and productivity. As existing covariate 

data relating to YNP swans and the potential mechanisms behind their decline have not been 

fully assessed, an important task of this research was to centralize and describe potential 

covariate data sets. Further investigation of the mechanisms underlying the initial decline in YNP 

swan abundance and productivity can help to better understand current population trends and the 

efficacy of ongoing restoration efforts. 

Given the historical significance of trumpeter swans in YNP and the Greater Yellowstone 

area and prioritization of trumpeter swan restoration in the Park’s Strategic Plan, YNP managers 
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would benefit from an investigation of the hypotheses for swan decline that can be addressed 

within statistical analyses using existing data sets. My primary objectives were to (1) document 

and summarize existing data for covariates that might be related to spatial and temporal variation 

in swan use of YNP, (2) evaluate temporal patterns in swan use of YNP using annual Park-wide 

counts of how many territories were observed with or without swans and/or cygnets, (3) conduct 

statistical analyses to investigate hypothesized relationships between model covariates and 

temporal and spatial patterns in swan abundance and productivity, and (4) evaluate the potential 

implications of the results for future trumpeter swan management and restoration efforts in YNP. 

Annual autumn trumpeter swan surveys were conducted in 80 years between 1931 and 2020, and 

can be used to describe absence, presence, and success of trumpeter swans at 194 unique 

locations within YNP. Considering the diverse set of hypotheses for trumpeter swan decline, I 

organized data on drivers of two binary response variables describing the status of swan 

territories (Absent/Present and Present/Successful) and evaluated the extent to which covariates 

representing swan decline hypotheses help explain temporal and spatial variation in swan 

territory status. 

Methods 

Study System 

 Yellowstone National Park encompasses approximately 8,991 km2 of northwestern 

Wyoming with small tracts within neighboring Idaho and Montana. Elevation ranges from 1,600 

m in the northwest to nearly 3,500 m in the southeast corner of the Park, at the summit of Eagle 

Peak (Elliot and Hektner 2000). Much of YNP is situated on a forested plateau between 2,128 
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and 2,432 m in elevation and is cut from west to southeast by the Continental Divide (Shea 

1979). The Absaroka, Gallatin, and Washburn mountain ranges, and Red Mountains encircle 

much of the Park’s central plateau. Ranging in size from ponds less than 0.1 acre in size to 

Yellowstone Lake’s 340 km2, more than 600 lakes and ponds exist on the landscape. Wetlands, 

which vary greatly in size, depth, and availability of water, make up a small fraction of the 

Park’s area. Evidence of the region’s volcanic history, geysers and hot springs are commonplace; 

the runoff from thermal features helps maintain small ice-free areas on the Park’s rivers and 

lakes during even the coldest weather. In total, YNP’s water resources account for a productive 

and dynamic 10.3% of the Park’s area (Elliot and Hektner 2000). 

 YNP’s climate is characterized by short, cool summers and long, cold winters (Despain 

1990). Mean annual precipitation ranges from 10 cm along the northern boundary to over 200 cm 

in YNP’s southwest corner, with approximately 30-70% falling as snow depending on elevation 

(Despain 1990). In YNP, nearly 50% of the total annual precipitation is contained in the 

snowpack on the first of April. Thus, the size of the snowpack and timing of its release over the 

following months play a key role in soil and surface water conditions (Despain 1990). 

Temperatures ranging from -54 to 39 degrees Celsius have been recorded (Elliot and Hektner 

2000). Characterized by its varied topography, the Park’s weather conditions can vary greatly 

between different geographic areas of the Park and between years (Shea 1979). Long-term trends 

in the climate of YNP, such as prolonged drought or increased frequency of severe weather 

events, may further contribute to the extreme conditions which the Park’s wildlife experience. 
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Trumpeter Swan Data Collection and Response Variable Development 

 The first year a complete survey of trumpeter swans in YNP was conducted was 1931. 

Recognizing that a thorough survey of the Park’s trumpeter swans by foot or horseback was 

nearly impossible, surveys were recommended to take place from airplane as early as 1934 

(Yellowstone National Park Archives 2020). While early trumpeter swan surveys in YNP may 

show less consistency in survey coverage or personnel, these issues likely improved as surveys 

began to be conducted by aircraft, methods were refined and repeated, and surveys were 

eventually incorporated into a cooperative, interagency effort. Despite potential incongruencies 

in early years, the autumn survey represents the longest-term, most consistent effort to monitor 

YNP’s trumpeter swan population. Original paper or digital copies of all autumn trumpeter swan 

surveys from 1931 to 2020 were located to ensure that the location-specific trumpeter swan 

count data used in the analysis were as accurate and complete as possible. 

Autumn surveys to estimate abundance of resident trumpeter swans in YNP occurred 

annually from 1931 to 2020, except in 1942, 1943, and 1945 due to wartime constraints, and 

1969, 1970, 1972, 1973, 1975, 1981, and 1982 due to insufficient funding. The autumn survey 

generally took place during the second or third week of September, allowing for the distinction 

between adults/subadults and cygnets produced during the current breeding season based on size 

and color. Surveys were generally conducted from a fixed-wing aircraft with one pilot and one 

observer counting birds at approximately 60 meters above ground level. High continuity among 

pilots and observers combined with high visibility of trumpeter swans likely resulted in very high 

detection probability and consistency across years (Bart et al. 2007). Consequently, counts of 

white birds and cygnets were not adjusted for detection probability. To streamline computation 
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and improve readability of tables/figures, 194 unique locations where trumpeter swans were 

observed during autumn surveys were grouped into 50 complexes based on their geographic 

proximity (Appendix A, Table A1). Some single territories remain that were not situated within a 

larger geographic grouping. Single territories and territory complexes are simply referred to as 

territories hereafter. In the context of this analysis, territory is used to denote locations where 

swans were observed during the autumn survey but does not necessarily indicate 

territorial/breeding behavior. 

 Location-specific count data of white birds and cygnets from YNP autumn trumpeter 

swan surveys from 1931 to 2020 were used to develop two new response variables. First, a three-

level categorical response variable was created that describes the annual status of a given 

territory as having trumpeter swans Absent, Present, or Successful. In the context of this study, 

the levels of this response variable refer to territories where trumpeter swans were Absent, 

Present but unsuccessful, and present and Successful. The levels of territory status were chosen 

for their biological significance and to prevent overlap of the response data. If no trumpeter 

swans, white bird or cygnet, were observed at a given territory during the autumn survey, the 

territory’s status was designated as Absent. If one or more white birds but no cygnets were 

observed, i.e., swans were present but unsuccessful in fledging young, the territory’s status was 

designated as Present. If one or more trumpeter swan cygnets were observed, regardless of the 

presence of white birds, the territory’s status was designated as Successful.  

 It is assumed that the location where cygnets are observed during the autumn survey is 

the territory where they were produced. The autumn survey is designed to capture productivity as 

well as total abundance and distribution and is conducted at a time when swans are generally 
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situated on breeding territories and when cygnets are close to fledging (Groves 2017). Thus, 

observations during the autumn survey of swan cygnets at territories other than those where they 

were produced are thought to be rare. It should also be acknowledged that, due to the timing of 

the autumn survey, it is possible that failed nesting attempts could have been overlooked, or non-

breeding swans may have been observed at a different territory than the one where a nest attempt 

was made. As survey flights during the early breeding period were not conducted regularly 

throughout the study period, no observations were made that would allow for further 

investigation of these cases. Despite these difficulties, the autumn survey remains the longest-

term, most consistent effort to monitor the Park’s trumpeter swan population, and data from the 

survey are used here as they are the best data available regarding spatio-temporal variation in 

trumpeter swan use of the Park for the many decades considered here. 

Second, the three levels from the categorical territory status variable described above 

were used to create two binary response variables: (1) Absent territories versus Present but 

unsuccessful territories, where Absent=0 and Present=1, and (2) Present but unsuccessful 

territories versus Successful territories, where Present=0 and Successful=1. Hereafter, Absent, 

Present, and Successful (capitalized) refer to their respective levels of the territory status 

response variable. The two binary territory status response variables shared the Present level and 

allowed for the exploration of covariates that could influence the transition of territories from 

being designated as Absent to Present, and from being designated as Present to Successful. In 

this way, the binary response variables facilitated the investigation of relationships between 

covariates representing swan decline hypotheses and patterns of territory status through space 

and time. 
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Analytical Framework 

 I conducted two broad types of analyses: (1) analysis of annual counts across all 

territories for each status category, i.e., Absent, Present, and Successful, and (2) comparisons of 

annual territory-level data for territories where swans were (a) Absent versus Present (A/P) and 

(b) Present versus Successful (P/S). For the second analysis, each set of territory status 

comparisons (A/P and P/S) were analyzed for two time periods (1931-2011 and 1979-2019) to 

explore potential differences in these two time periods in the model covariates (see below) that 

were useful to explain temporal and spatial variation in annual territory status. As I believed 

there could be differences in covariate impacts on the different territory status levels, separate 

analyses for each pair of response outcome levels (A/P and P/S) were conducted. Biological and 

management changes within YNP, including increased predator and competitor abundance, and 

release of captive-reared swans suggested that a different set of drivers could have been 

impacting swan trends during early and later time periods of the study. The earlier time period 

was chosen to include the time during which trumpeters first began to decline but exclude 

restoration efforts. The later time period was chosen to allow several additional covariates to be 

investigated and to explore their impacts on territory status during more recent years. 

Model Covariates 

 To investigate the varied hypotheses regarding YNP’s trumpeter swan decline, a number 

of covariates were developed. Initially, extensive literature review and meetings with YNP 

personnel, including wildlife biologists, hydrologists, geographic information system specialists, 

backcountry office personnel, and many others helped to determine the availability of potential 

covariate data sets or the steps necessary to develop them. Considerable effort was made to 
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explore many aspects of the hypotheses for swan decline and to gather potential covariate data 

sets. Several alternative covariate data sets were often developed to address a single hypothesis, 

with one being chosen to be included in statistical analyses based on its biological merit and the 

time period over which it was recorded. In many cases, an attempt to develop a covariate data set 

ended with a description of how the spatial scope or temporal coverage of existing data would 

not allow a given hypothesis to be investigated in statistical analyses. In the context of this long-

term retrospective study, one of the challenges was finding or developing covariates that dated 

back to the 1930’s but also had repeated measures so that potential changes over the duration of 

the study would be captured.  

 The covariate data included in models to explain temporal and spatial variation in 

territory status display a variety of temporal patterns themselves (see Appendix B for time-series 

plots and summary statistics). Many covariates for environmental conditions such as average 

cumulative precipitation, magnitude and timing of Yellowstone River discharge, and number of 

ice-free days on Yellowstone Lake show a large amount of variability from year to year without 

a strong trend through time. The ordinal date of maximum discharge of the Yellowstone River 

ranges from day 160 to day 193, i.e., the date of maximum discharge (a proxy for peak 

snowmelt/runoff) has occurred as early as June 10th or as late as July 13th. The number of days 

Yellowstone Lake was ice-free, a proxy for the available swan breeding period, varied by over 

70 days (mean=217.3, SD=14.8). Other environmental covariates like average monthly summer 

temperature remain relatively stable throughout the entire study period (averaged across all 

climate divisions; mean=13.9, SD=0.9). Four covariates show strong, positive trends through 

time: RMP Canada geese abundance indices, GYE grizzly bear abundance, YNP wolf 
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abundance, and total annual Park visitors. For example, grizzly bear abundance ranges from a 

minimum of 99 in 1979 to a maximum of 757 bears in 2014 (mean=343.5, SD=210.4), and gray 

wolf abundance ranges from a minimum of 0 from 1931-1995 to a maximum of 174 individuals 

in 2003 (mean=34.6, SD=54.7). 

 Although not tied directly to a hypothesis for declining YNP swan abundance, a linear 

year term was also included as a covariate to assess whether declining trumpeter swan abundance 

in YNP could be attributed to a linear trend through time. The four covariates described above 

that showed strong trends through time, i.e., Canada geese abundance, grizzly bear abundance, 

wolf abundance, and annual Park visitators, were highly correlated with the linear year covariate 

(see below for how highly correlated variables were handled in analyses). As a result of pairwise 

correlations, these five covariates could not be included in the same models and were instead 

evaluated separately. Despite this complication, I felt it was necessary to include the linear year 

term in models explaining temporal and spatial variation of territory status to address the impact 

of a trend through time. Additionally, average monthly spring and summer temperatures, 

RRLNWR and tri-state total trumpeter swan abundances, and Palmer Hydrological Drought 

Index (PHDI) and maximum Yellowstone River discharge were highly correlated with one 

another for some combinations of territory status (A/P and P/S) and time period (1931-2011 and 

1979-2019), preventing their inclusion in the same models. 

 Most covariates have data available for every year since trumpeter swan monitoring 

began in YNP in 1931. Environmental and climate covariates are especially reliable but YNP 

backcountry camper, Canada geese, grizzly bear, and Yellowstone Lake ice-free period covariate 

data does not become available until about the 1970’s. Small gaps in data coverage for several 
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covariates were resolved by taking the mean of the covariate values preceding and proceeding 

the missing value. For all covariates included in analyses, the greatest number of consecutive 

missing data values that were interpolated or extrapolated was two. Although 2020 is the latest 

complete year that annual covariate data could be available, some of this information is 

contained in annual reports which are often not published until the following year. In addition, 

the global COVID-19 (SARS-CoV-2) pandemic halted or cancelled some monitoring efforts and 

annual surveys. Consequently, covariate data from 1931-2019 were included in the analysis of 

which covariates were useful to include in models explaining temporal and spatial variation in 

territory status (see Table 1 for brief enumeration of model covariates).  
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Table 1. Brief enumeration of covariates included in models that explore temporal and spatial 
patterns of trumpeter swan territory status. 

 
1 Number of missing values contained in covariate data set. Maximum possible number of observations is n=79. 
2 Figure/Table identifier; page number – Plots of covariate data time series and summary statistics can be found in 
Appendix B. Detailed discussion of covariate research and development can be found in Appendix C. 

Statistical Procedures 

 All statistical procedures were conducted in the R statistical computing environment (R 

Core Team, 2021) and a Bayesian modeling framework was employed throughout, which 

allowed us to evaluate hypotheses while accommodating the hierarchical nature of data 

Covariate Description Hypothesis Addressed Missing1 Reference2

anPHDI Palmer Hydrological             
Drought Index

Environmental conditions,        
habitat quality 0 B6; p. 77

bpbc.visitor
Backcountry visitors during 

breeding period Human disturbance 40 B2; p. 73

cang
RMP Canada geese   

abundance Competition 35 B5; p. 76

icefree
Ordinal date of Yell.              

Lake ice-off Environmental conditions 19 B14; p. 85

iceoff
Annual no. of days Yell.             

Lake ice-free Environmental conditions 0 B13; p. 84

grizzly
GYE grizzly bear               

abundance Predation 27 B4; p. 75

TRItrus Total tri-state TRUS                    Management outside YNP 0 B15; p. 86

RRLtrus RRLNWR total TRUS Management outside YNP 0 B16; p. 87

spPCP
Cumulative spring          

precipitation
Environmental conditions,       

habitat quality 0 B7; p. 78

spTAVG
Average monthly spring  

temperature
Environmental conditions,       

habitat quality 0 B8; p. 79

suPCP
Cumulative summer       

precipitation
Environmental conditions,       

habitat quality 0 B9; p. 80

suTAVG
Average monthly summer 

temperature
Environmental conditions,       

habitat quality 0 B10; p. 81

visitor
Annual YNP recreation            

visitor Human disturbance 0 B1; p. 72

wolf YNP wolf abundance Predation 0 B3; p. 74

year Year Time trend 0 NA

YRmax
Maximum discharge of               
Yell. R. @ Lake outlet

Environmental conditions,       
habitat quality 0 B11; p. 82

YRodate
Ordinal date of maximum    

discharge of Yell. R.
Environmental conditions,       

habitat quality 0 B12; p. 83

Brief description of covariates included in RJMCMC modeling
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collection (observations from multiple territories per year and repeated observations of the same 

territories across year: see below). The first step was to fit generalized linear regression models 

to characterize temporal patterns in the status of trumpeter swan territories. For that, I used the 

rstanarm package (Goodrich et al. 2020) to fit Bayesian generalized linear regression models of 

annual counts of how many territories were in each response category (Absent, Present, and 

Successful). I evaluated three competing models of annual counts for each level of territory 

status: an intercept-only model, a model with a linear year term, and a model that included year 

in a quadratic functional form of the model. Values for year and year squared (in the quadratic 

functional form) were centered using the mean and scaled by one standard deviation prior to use 

in modeling. Models were fit using both a Poisson response distribution and a negative binomial 

distribution to check for potential issues with possible overdispersion in the response data.  

Functions from the loo R package (Vehtari et al. 2020) were used to select the best-

supported model and evaluate which functional form best fit each level of territory status. A 

Bayesian approximation of leave-one-out cross-validation was employed to estimate the 

predictive ability of fitted models and perform model selection. A model’s expected log 

pointwise predictive density (ELPD) is a measure of its predictive ability (Vehtari et al. 2017a). 

Pairwise comparison of ELPD estimates of competing models allows for the ranking of fitted 

models by their ELPD and ELPD differences, similar in their presentation to AIC and ΔAIC, 

respectively (Burnham and Anderson 2004). Standard convergence and model diagnostics were 

checked using the shinystan R package (Gabry 2018), including visual inspection of trace plots 

and examination of the Gelman-Rubin convergence diagnostic (𝑅𝑅�) (Gelman and Rubin 1992). I 
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present coefficient estimates that are posterior means, standard deviations, and 90% credible 

intervals (CI) that resulted from analyses that used centered and scaled covariate values. 

Next, I conducted analyses of annual, territory-level binary response values for each 

territory using hierarchical, generalized logistic regression models to evaluate which covariates 

were useful for distinguishing between territories where swans were (1) Absent versus Present 

(A/P) and (2) Present versus Successful (P/S). Separate analyses for each pair of response 

outcome levels (A/P and P/S) were conducted as I believed there could be differences in 

covariate impacts on the different territory status levels. Biological and management changes 

within YNP, including increased predator and competitor abundance, and release of captive-

reared swans suggested that a different set of drivers could have been impacting swan trends 

during early and later time periods of the study. Additionally, some covariate information 

(predator, competitor, and some visitation and environmental data) did not become available 

until later years of the analysis, which dictated that the analysis be split into two time periods. As 

a result, analyses of temporal and spatial patterns of territory status were conducted separately 

for a longer time series during which trumpeter swans began to decline and restoration activities 

had not yet begun (1931-2011) and for a later time series that included restoration efforts (1979-

2019), which resulted in four separate sets of analyses, or model suites: (1) A/P from 1931-2011, 

(2) P/S from 1931-2011, (3) A/P from 1979-2019, and (4) P/S from 1979-2019.  

I used reversible jump Markov chain Monte Carlo (RJMCMC) methods to evaluate 

which covariates were supported by the data for inclusion in models explaining variation in 

patterns in the A/P and P/S binary responses for both early and late time series. At each iteration 

of the RJMCMC work, any covariate being considered can be included or not in the model, and 
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the model structure is allowed to change at each new iteration of the RJMCMC. By summarizing 

the posterior, it is possible to evaluate how often each covariate was chosen for inclusion in 

models and to summarize the coefficient for any given covariate across all models (even when it 

was not included and so had a coefficient value of zero) or just when it was included and so had 

a coefficient value different from zero. Green (1995) developed the method which allowed 

different numbers and combinations of covariates to be included in the model on a given MCMC 

iteration and that allows inclusion or not of covariates to be reversible, i.e., a covariate can come 

in or out of the model as the iterations progress. Thus, Bayesian RJMCMC methods used in this 

analysis provided me a means of performing both variable and model selection. 

RJMCMC uses a sampler algorithm, in this case a Metropolis-Hastings random walk 

algorithm, to select one value for the coefficient associated with a given covariate and to then 

evaluate the model’s predictive ability. This exercise is repeated for all potential covariates 

across many thousands of simulations, with values being chosen based on the performance of 

covariates/values in previous Markov chains, or MCMC samples. Indicator variables, zx, are used 

to control which covariate(s), x, are included in the structure of a given MCMC sample. In this 

way, the MCMC simulations spend more time estimating coefficient values for covariates that 

are useful for explaining variation in response variable values. Covariates that are useful will be 

included in the model structure of a larger fraction of MCMC samples than covariates that are 

not. The number of times a given covariate was included in the structure of an MCMC sample 

relative to the total number of samples is a measure of that covariate’s predictive ability and 

importance of its relationship to the response.  
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The modeling approach always included an intercept and random effects of territory and 

of year. During YNP’s autumn trumpeter swan surveys, repeated observations are made on the 

same territories across years. Within a year, all observations are made during one survey flight. 

Thus, there is possible lack of independence across years for multiple observations of the same 

territory and across territories sampled in the same year. To account for potential lack of 

independence between such observations, random effects for both territories and years were 

included in all RJMCMC models. The random effect of year also represents unobserved (latent) 

annual variation in conditions in YNP that may have had detrimental or beneficial impacts on 

trumpeter swan presence or success, beyond what is represented by the measured covariates 

considered for inclusion in a given RJMCMC model. Random effects of territory were used to 

explore and formalize something that has been observed in YNP since its first swan studies: with 

regard to swan presence and productivity, some territories are more likely than others to have 

swans present and/or successful, and a small fraction of territories produce the vast majority of 

cygnets each year. An adjustment to the model intercept, random effects specific to each territory 

allow for a comparison of relative habitat quality.  

All continuous covariate values were centered using the mean and scaled by one standard 

deviation to increase the speed of model simulations and allow for more direct comparison of 

coefficient estimates. Pairwise correlations between covariates were assessed using the ggcorr 

function from the R package GGally (Schloerke et al. 2021). Standard pairwise Pearson 

correlation coefficients were examined after filtering the input data to include only the two levels 

of territory status needed for a given model and the desired time period. Covariates with an 
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absolute correlation coefficient value greater than or equal to 0.70 were not included in the same 

RJMCMC model. 

RJMCMC models were fit using the nimble R package (de Valpine et al. 2021). Three 

chains were run in parallel for each RJMCMC model with each chain creating 100,000 MCMC 

samples and discarding 10,000 burn-in samples. To reduce the output file size and streamline 

posterior calculations, MCMC samples were thinned so that one in every ten samples was stored, 

resulting in a posterior distribution with 27,000 MCMC samples for each model fit. Model 

convergence was assessed using the standard Geweke diagnostic which compares whether the 

beginning and end of each MCMC are equal, Gelman-Rubin diagnostic values, and visual 

inspection of trace plots using output and functions from the MCMCvis R package (Youngflesh 

2018). Random effects for territory and year were assumed to be normally distributed around a 

mean of zero with variance σterritory and σyear, respectively. Standard uninformed priors were used 

for fixed and random effects in the models. 

RJMCMC model output and coefficient estimates are centered and scaled. In analyses of 

A/P territories, models estimate the log-odds of a territory being in the Present category, given 

the impact of all measured covariates also included in the models. In analyses of P/S territories, 

models estimate the log-odds of a territory being in the Successful category, again given the 

impact of all covariates included in the models. Coefficient estimates were applied to centered 

and scaled covariate values and regard adjustments to the log-odds of a territory being in the 

Present or Successful category (depending on the model suite in question) for a change of 1 

standard deviation in the relevant covariate value. Two types of output from the RJMCMC 

models are presented. First, I provide coefficient estimates from the RJMCMC output that are 



36 
 

conditional on a given covariate of interest being included in the model, i.e., the indicator 

variable, z, was equal to one. Second, coefficient estimates from all iterations of the RJMCMC 

posterior are provided, which provide model-averaged coefficient estimates based on all 27,000 

MCMC samples regardless of whether or not a given covariate was included in the model 

structure and incorporates the uncertainty in the variable-selection process. As a result, a 

covariate that was included in the model structure for only a small number of MCMC samples 

has its model-averaged coefficient estimate pulled towards zero. On the other hand, a covariate 

that was included in the model structure of every MCMC sample has model-averaged coefficient 

estimates equal to the conditional coefficient estimates based only on iterations where the 

covariate was included in the model.  

Due to pairwise correlation between model covariates, multiple RJMCMC modeling 

efforts were conducted for each of the four model suites: (1) A/P 1931-2011, (2) P/S 1931-2011, 

(3) A/P 1979-2019, and (4) P/S 1979-2019 to evaluate which covariates were important to 

explaining variation in swan territory status. Specifically, in different modeling efforts for a 

given suite, different covariates that were too correlated to include together were evaluated 

separately, e.g., one effort would consider annual visitor numbers, whereas another would 

consider the highly correlated alternative such as annual abundance index of Canada geese. A 

total of 17 different covariates designed to address varied hypotheses regarding YNP 

habitat/climate, human disturbance, predation/competition, and swan management and 

population trends outside of YNP were included in fitted RJMCMC models. A summary of 

output of one model from each model suite is included in the Results section to illustrate output 

structure and facilitate discussion of results. To place posterior means into a biologically relevant 
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context, plots of predicted values for specific covariates which were highly selected during 

RJMCMC simulations are presented on the original parameter scale. Model covariates which 

were selected in ≥5% of MCMC samples are shaded gray in RJMCMC model summary tables, 

but predictive plots were made only for covariates selected in ≥50% of MCMC samples. Model 

covariates referred to in-text are presented in italics. 

Results 

 Autumn aerial trumpeter swan surveys were conducted annually in YNP in 80 years over 

the 90-year period of 1931 to 2020. During that time, 2,749 white birds (annual mean=34.36, 

SD=17.27) and 533 cygnets (annual mean = 6.66, SD = 5.90) were observed at 194 unique water 

bodies, or territories, within the Park (Figure 1). The number of trumpeter swans observed during 

annual autumn surveys ranged from a maximum of 87 total swans in 1954 to a minimum of 2 in 

2010 (Table 2). Total abundance tended to increase from 1931 through the 1950’s, to decline 

steadily from the 1960’s through 2010, and to increase in recent years at about the time that 

management actions to restore trumpeter swans began in 2012.  
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Figure 1. YNP autumn trumpeter swan survey count data of white birds, cygnets, and total swan 
abundance, 1931-2020. 

 
 
 
Table 2. Summary statistics for autumn aerial survey count data of white birds, cygnets, and total 
trumpeter swans in YNP, 1931-2020. 

 
 

Regression Analyses of Annual Counts by Territory Status  

Bayesian generalized linear regression modeling of annual counts of the number of 

territories in each status category did not indicate any issues with overdispersion of the territory 

status count data. Thus, results are presented from Poisson regression models rather than from 

more-complex, negative binomial models (Table 3). Poisson models with a quadratic year term 

Adult Cygnet Total
Min. - Max. 2.000 - 69.000 0.000 - 29.000 2.000 - 87.000
Mean (SD) 34.362 (17.272) 6.662 (5.902) 41.025 (20.683)

Median (Q1, Q3) 30.000 (20.000, 49.000) 5.000 (2.000, 9.250) 35.000 (25.500, 57.500)

Count of Trumpeter Swans
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were favored for counts of the annual numbers of territories in both the Absent and Present 

categories based on ELPD differences (Table 3). For counts of the number of Successful 

territories, a model with a linear trend for year received similar support from the data to that for 

the more complex, quadratic functional form (ELPD_diff = -0.038, SE = 1.688). Thus, I chose to 

summarize and plot output from the simpler linear form given that it had a slightly higher ELPD 

estimate (ELPD_loo = -132.497).  

Results indicate that the temporal trends were quite different for counts of swan 

territories in the Absent, Present, and Successful categories. The number of territories without 

swans (Absent) was lowest from the 1940’s through mid-1960’s, increased during subsequent 

decades and reached its highest number in 2010 when all but one of the Park’s territories were 

designated as Absent (Figure 2; Table 4). A sharp decrease in the number of Absent territories 

(all plotted below the trend line) follows the initiation of restoration efforts in 2012. The number 

of territories with swans Present had a pattern opposite that found for counts of territories where 

swans were Absent. The largest number of territories in the Present category was recorded from 

about the mid-1940’s to mid-1960’s with a steady decrease thereafter (Figure 3; Table 5). During 

the first half of the 2010’s, observed values were well below average. In the most recent years, 

when YNP restoration efforts took place, counts of territories with swans Present were higher 

than average. In contrast, counts of the number of Successful territories were most numerous 

from the 1930’s through the 1950’s and generally decreased thereafter (at least until 2010) with 

no evidence of any intermediate peak as seen in counts in the Present category (Figure 4; Table 

6). From the 1990’s onward, no successful territories were recorded in a number of years. As for 

counts of territories in the Absent and Present categories, the pattern for the number of 
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Successful territories appears to have shifted around the early 2010’s when swan restoration was 

initiated and when approximately 100-day-old captive-raised cygnets were released as part of 

restoration activities.   

 

Table 3. Model selection results for Bayesian leave-one-out cross-validation to determine best-
supported model structure (intercept-only, year, or year2) and response variable distribution 
(Poisson or negative binomial). 

 

 

 
 

Leave-one-out cross validation summary 

Absent ELPD_loo ELPD_diff (SE) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 + 𝛽𝛽2𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦2 -230.349 0 (0.000) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 -235.081 -4.732 (2.021) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 -239.673 -9.324 (2.021) 

𝑁𝑁𝑁𝑁[𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 + 𝛽𝛽2𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦2 -264.638 -34.289 (0.824) 

𝑁𝑁𝑁𝑁[𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 -266.572 -36.223 (0.986) 

𝑁𝑁𝑁𝑁[𝑎𝑎𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 -268.388 -38.038 (1.018) 

Present     

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 + 𝛽𝛽2𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦2 -193.100 0 (0.000) 

𝑁𝑁𝑁𝑁[𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 + 𝛽𝛽2𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦2 -204.078 -10.979 (2.480) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 -219.960 -26.861 (8.221) 

𝑁𝑁𝑁𝑁[𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 -220.266 -27.166 (4.515) 

𝑁𝑁𝑁𝑁[𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 -222.336 -29.236 (4.547) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑝𝑝𝑦𝑦𝑎𝑎𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎] = 𝛽𝛽0 -223.922 -30.823 (7.839) 

Successful     

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃𝑃𝑃] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 -132.497 0 (0.000) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃𝑃𝑃] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 + 𝛽𝛽2𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦2 -132.535 -0.038 (1.688) 

𝑁𝑁𝑁𝑁[𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃𝑃𝑃] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 -137.940 -5.443 (1.420) 

𝑁𝑁𝑁𝑁[𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃𝑃𝑃] = 𝛽𝛽0 + 𝛽𝛽1𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦 + 𝛽𝛽2𝑦𝑦𝑎𝑎𝑎𝑎𝑦𝑦2 -138.552 -6.055 (1.943) 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃[𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃𝑃𝑃] = 𝛽𝛽0 -155.154 -22.657 (6.247) 

𝑁𝑁𝑁𝑁[𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑃𝑃𝑃𝑃] = 𝛽𝛽0 -155.380 -22.884 (4.489) 
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Figure 2. Bayesian Poisson regression of annual counts of territories in YNP with trumpeter 
swans Absent, 1931-2020. 

 
 
 
Table 4. Best-supported Bayesian Poisson regression model coefficient estimates for territories 
in YNP with trumpeter swans Absent, 1931-2020. 

 
 
 
 
 
 
 
 
 
 
 
 

Mean SD 90% CI
intercept 3.586 0.029 (3.540, 3.631)

year 0.061 0.018 (0.033, 0.090)
year2 0.068 0.021 (0.034, 0.103)

Model Summary
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Figure 3. Bayesian Poisson regression of annual counts of territories in YNP with trumpeter 
swans Present, 1931-2020. 

 
 
 
 
Table 5. Best-supported Bayesian Poisson regression model coefficient estimates for territories 
in YNP with trumpeter swans Present, 1931-2020. 

 
 
 
 
 
 
 
 
 
 
 
 

Mean SD 90% CI
intercept 2.481 0.053 (2.391, 2.567)

year -0.184 0.044 (-0.258, -0.112)
year2 -0.357 0.051 (-0.442, -0.274)

Model Summary
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Figure 4. Bayesian Poisson regression of annual counts of territories in YNP with trumpeter 
swans Successful, 1931-2020. 

 
 
 
 
Table 6. Best-supported Bayesian Poisson regression model coefficient estimates for territories 
with trumpeter swans Successful, 1931-2020. 

 

Evaluation of Covariate Relationships with Annual Territory Status  

RJMCMC methods for logistic regression models of binary annual territory status 

(Absent/Present and Present/Successful) indicated that (1) it was important to consider a trend 

through time, that (2) random effects of territories were larger than random effects of years, (3) 

just a few covariates were typically important to consider, and (4) the covariates important to 

Mean SD 90% CI
intercept 0.760 0.080 (0.627, 0.898)

year -0.506 0.073 (-0.628, -0.374)

Model Summary
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consider changed depending on which model suite was being considered (A/P or P/S and 1931-

2011 or 1979-2019).  

Absent/Present 1931-2011 Thirteen covariates were used in RJMCMC models to explore 

their potential impact on the designation of swan territories as being either Absent or Present 

from 1931-2011. Pairwise correlations prevented all 13 covariates from being investigated within 

one model (Figure 5); to explore all possible covariate combinations, eight separate RJMCMC 

models were fit, each with a slightly different set of covariates. All covariate evaluations 

included anPHDI, iceoff, spPCP, suPCP, wolf, YRmax, and YRodate. With those covariates 

included, separate covariate evaluation runs were completed for different combinations of the 

highly correlated spTAVG and suTAVG, TRItrus and RRLtrus, and visitor and year covariates 

(Table 1, Figure 5). Of the 13 covariates explored in this model suite, four were highly favored 

when they were included in RJMCMC models: annual tri-state total swan abundance (TRItrus; 

Ppn. Sel. = 1.000), annual RRLNWR total swan abundance (RRLtrus; Ppn. Sel. = 1.000), annual 

YNP recreation visitors (visitor; Ppn. Sel. ≈ 0.997), and year (Ppn. Sel. ≈ 0.999). All other 

covariates were selected in far less than 5% of MCMC samples. Pairwise correlation prevented 

TRItrus and RRLtrus, and visitor and year from being evaluated in the same models but each was 

selected in approximately 100% of MCMC samples when evaluated in separate models. The 

results that follow in this section are for model evaluation that uses visitor and TRItrus, however, 

results for a model evaluation that uses year and RRLtrus would be similar in all respects except 

that year would replace visitor and RRLtrus would replace TRItrus. Presentation of results from 

the model that includes visitor and TRItrus is not meant to indicate that I prefer an interpretation 
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where these are the better covariates; as noted above, year and visitor are too strongly correlated 

to be distinguished in the analyses presented here, as are TRItrus and RRLtrus. 

 In the model that evaluated annual visitor abundance and tri-state swan abundance as 

covariates, TRItrus (Ppn. Sel. = 1.000) and visitor (Ppn. Sel. = 0.998) were both found to be 

important covariates that helped explain variation in whether a territory was more likely to be in 

the Present versus the Absent category (Table 7). Model-averaged results show the scaled impact 

of TRItrus was positive (mean = 0.654, SD = 0.086), such that when swans are more abundant in 

the broader geographic area around YNP, territories in the Park were more likely to have swans 

Present. The coefficient estimate of visitor was negative (mean = -0.523, SD = 0.092), which is 

in accordance with the hypothesis that human disturbance of breeding trumpeter swans in YNP 

has detrimental impacts on its trumpeter swan population. However, it is crucial to note that 

annual visitor numbers and year are strongly correlated, which results in multiple interpretations 

of this result: a negative impact of visitor numbers on the log-odds of swans being Present as 

opposed to Absent, or a negative trend through time for other reasons. Similarly, tri-state swan 

abundance and RRLNWR swan abundance are strongly correlated, making it impossible to 

attribute their similar impact on territory status to one or the other. Given the similarity of model 

results when TRItrus and RRLtrus were evaluated separately, it is more likely that these two 

covariates represent slightly different quantifications of the same biological processes (out-of-

Park populations serving as a source for YNP swan territories) as opposed to competing 

hypotheses. 

In the small proportion of times in which Palmer Hydrological Drought Index (PHDI) 

and cumulative summer precipitation (suPCP) were chosen for inclusion (Ppn. Sel. = 0.016 and 
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Ppn. Sel. = 0.019, respectively), the conditional coefficient estimates were positive and had 90% 

CIs that did not overlap zero, in keeping with the hypotheses that long-term drought conditions 

and summers with low precipitation negatively impact swans. However, their rare inclusion in 

models led to their model-averaged coefficient estimates to be near zero and suggested that these 

covariates were not useful to distinguish between territories where swans were Present as 

opposed to Absent. 

 Random effects of territory (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡; mean = 2.120, SD = 0.254) were much larger than 

values for random effects of year (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑦𝑦𝑡𝑡; mean = 0.323, SD = 0.105) (Figures 6 and 7). 

Estimates of territory-specific intercept adjustments ranged from -3.096 (SD = 1.254) to 3.640 

(SD = 0.473), whereas estimates associated with individual years fell within a narrow range of -

0.484 (SD = 0.352) to 0.398 (SD = 0.317). Random effects of territory, adjustments to the log-

odds of a given territory having trumpeter swans Present, were found to correspond well with 

observations from autumn swan surveys. Intercept adjustments for Fern-Tern-White Complex, 

Madison River Complex, Trumpeter Lake Complex, Yellowstone Lake (S.E. Arm), and Riddle 

Lake had the largest, positive values (Figure 6).  

Based on the full posterior for models that evaluated inclusion of TRItrus and visitor, 

predicted values obtained when values were varied for each of these covariates (one covariate 

was varied at a time while all other covariates were held constant at their means) indicate that the 

probability that an average territory in an average year would have swans Present would increase 

from 0.058 (90% CI: 0.031, 0.096) to 0.255 (90% CI: 0.156, 0.369) as total tri-state area 

trumpeter swan abundance is increased from 79 to 651 individuals (Figure 8) and decrease from 

0.124 (90% CI: 0.070, 0.192) to 0.056 (90% CI: 0.031, 0.090) as total YNP recreation visitors is 
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increased from ~87,000 to ~3.64 million visitors (Figure 9). The random effects of territory were 

quite similar for most territories. However, for the few territories with the highest estimated 

random effects values, adjustments were notable. For example, the estimated probability for the 

Fern-Tern-White Complex having swan Present during an average year with average covariate 

conditions was 0.793 (90% CI: 0.639, 0.894), which is much higher than the estimate of 0.091 

(90% CI: 0.055, 0.144) for an average territory. 

 
 
Figure 5. Pairwise Pearson correlation coefficients for covariates included in RJMCMC models 
exploring relationship between covariates and territories where swans were Absent versus 
Present from 1931-2011. 
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Table 7. A/P 1931-2011 – Summary of RJMCMC model exploring which covariates help 
explain variation in Absent versus Present territories. Coefficient means are adjustments to the 
log-odds of an average territory in an average year having swans Present. Results are presented 
for a model that includes suTAVG, visitor, and TRItrus but findings are similar for models that 
instead include spTAVG, RRLtrus, and visitor.  

 
Sigma values for random effects of territory and year represent the standard deviations of random effect adjustments 
for all MCMC samples. The intercept term and random effects of both territory and year were included in every 
model iteration so that conditional and model-averaged estimates are equal.   

 
 
 
 
 
 
 
 
 
 
 
 

          x N Ppn. Sel. Mean (SD) 90% CI Mean (SD) 90% CI
intercept 27,000 -- -2.298 (0.321) (-2.840, -1.783) -2.298 (0.321) (-2.840, -1.783)
anPHDI 419 0.016 0.136 (0.075) (0.026, 0.251) 0.002 (0.019) (0.000, 0.000)

iceoff 154 0.006 -0.080 (0.076) (-0.193, 0.045) 0.000 (0.008) (0.000, 0.000)
spPCP 109 0.004 -0.068 (0.075) (-0.181, 0.052) 0.000 (0.006) (0.000, 0.000)
suPCP 519 0.019 0.136 (0.069) (0.027, 0.244) 0.003 (0.021) (0.000, 0.000)

wolf 212 0.008 -0.142 (0.126) (-0.350, 0.046) -0.001 (0.017) (0.000, 0.000)
YRmax 89 0.003 -0.055 (0.102) (-0.248, 0.088) 0.000 (0.007) (0.000, 0.000)

YRodate 97 0.004 0.040 (0.067) (-0.059, 0.150) 0.000 (0.005) (0.000, 0.000)
suTAVG 340 0.013 -0.147 (0.121) (-0.345, 0.052) -0.002 (0.021) (0.000, 0.000)
TRItrus 27,000 1.000 0.654 (0.086) (0.515, 0.795) 0.654 (0.086) (0.515, 0.795)

visitor 26,948 0.998 -0.524 (0.089) (-0.670, -0.378) -0.523 (0.092) (-0.670, -0.377)
27,000 -- 2.120 (0.254) (1.740, 2.569) 2.120 (0.254) (1.740, 2.569)
27,000 -- 0.323 (0.105) (0.142, 0.489) 0.323 (0.105) (0.142, 0.489)

Model-averaged coefficient 
estimatesConditional coefficient estimates when zx=1
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Figure 6. A/P 1931-2011 – Territory-specific adjustments to the log-odds of having trumpeter 
swans Present in an average year for a model that includes TRItrus, and visitor. Points represent 
full posterior (model-averaged) means, whiskers indicate 90% CIs, and the red vertical line 
represents an intercept adjustment of zero, or an average territory.   
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Figure 7. A/P 1931-2011 – Year-specific adjustments to the log-odds of an average territory 
having trumpeter swans Present for a model that includes TRItrus and visitor. Points represent 
full posterior (model-averaged) means, whiskers indicate 90% CIs, and the red horizontal line 
represents an intercept adjustment of zero, or an average territory. 

  

 

Figure 8. A/P 1931-2011 –  Predicted probability (whiskers indicate 90% CI) that an average 
trumpeter swan territory during an average year would have swans Present rather than Absent 
based on model-averaged results for a model that evaluates the impact of total abundance of tri-
state trumpeter swans, includes all other model covariates not highly correlated with tri-state 
swan abundance at their means and varies tri-state trumpeter swan abundance across the range of 
observed values.  
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Figure 9. A/P 1931-2011 – Predicted probability (whiskers indicate 90% CI) that an average 
trumpeter swan territory during an average year would have swans Present rather than Absent 
based on model-averaged results for a model that evaluates the impact of total annual YNP 
recreation visitors, includes all other model covariates not highly correlated with visitor numbers 
at their means and varies visitor numbers across the range of observed values. 

  

 

Present/Successful 1931-2011 Thirteen covariates were used in RJMCMC models to 

investigate their importance to the designation of trumpeter swan territories as having swans 

either Present or Successful from 1931 to 2011. Strong pairwise correlations were found between 

visitor and year (0.960), and between TRItrus and RRLtrus (0.768) (Figure 10). Thus, four 

separate RJMCMC model evaluations were conducted. All models included anPHDI, iceoff, 

spPCP, suPCP, spTAVG, suTAVG, wolf, YRmax, and YRodate, and different combinations of the 

highly correlated TRItrus and RRLtrus, and visitor and year covariates (Table 1). The total 

number of annual park visitors, visitor (Ppn. Sel. = 1.000), and a linear trend through time, year 

(Ppn. Sel. = 1.000), were the only covariates to receive a large amount of support from the data. 

Due to their extreme correlation, these two covariates could not be included in the same models, 
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and when they were evaluated separately, they were selected in an approximately equal number 

of MCMC samples. Across all four models fit for P/S from 1931-2011, no covariates except for 

visitor and year were selected in greater than 2% of MCMC samples. 

 In the model presented below, which includes visitor instead of year, visitor (Ppn. Sel. = 

1.000) was selected in all but six of 27,000 MCMC iterations, evidence that this covariate was 

useful for explaining variation in whether a territory was more likely to have swans in the 

Successful category than in the Present category (Table 8). Again, the impact of visitor cannot be 

separated from that of a linear trend through time. Although the high rate of inclusion of visitor 

and its negative, model-averaged, coefficient estimate (mean = -0.743, SD = 0.128) are in 

accordance with the hypothesis that human disturbance negatively affects swan nesting, 

incubating, and brood-rearing, the strong correlation between visitor and year prevent strong 

inference regarding the underlying cause for the negative linear trend through time in the 

response being evaluated. Estimated YNP wolf abundance (wolf) was the only other covariate 

that had a conditional coefficient estimate whose 90% CI did not overlap zero. Although it was 

selected only rarely, when wolf was included in the model structure, the conditional estimate was 

negative (mean = -0.290, SD = 0.177) as would be predicted by the predation hypothesis. 

However, the conditional coefficient estimate was small enough to yield only modest changes in 

the log-odds and the model-averaged coefficient estimate was very close to zero due to the rare 

inclusion of the covariate. Thus, the results did not provide strong support for the predation 

hypothesis. 

  Random effects of territory (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡; mean = 1.113, SD = 0.243) were again shown to 

be much greater than random effects of year (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑦𝑦𝑡𝑡; mean = 0.136, SD = 0.096). Estimates of 
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territory-specific intercept adjustments were as low as -1.214 (SD = 0.844) and as high as 2.201 

(SD = 0.413) (Figure 11). On the other hand, year-specific intercept adjustments ranged from 

just -0.057 (SD = 0.168) to 0.064 (SD = 0.171) (Figure 12). Intercept adjustments for this model 

suite represent adjustments to the log-odds of territories having trumpeter swans Successful. The 

rankings of territory-specific intercept adjustments were re-ordered to reflect the focus on 

Successful territories and were found to have a close affinity to locations in the Park that have 

historically fledged cygnets successfully. The top five territories that were most likely to increase 

the log-odds of swans being Successful were Riddle Lake, Madison River Complex, Robinson 

Lake Complex, Fern-Tern-White Complex, and Trumpeter Lake Complex (Figure 11). 

 In the model presented, only visitor and year were found to be important in determining 

whether a trumpeter swan territory was more likely to be in the Successful category rather than 

the Present category. Using the full posterior for models that evaluated inclusion of visitor, 

predicted values obtained when annual YNP visitor numbers were varied across the range of 

observed values while holding all other covariates constant at their means indicate that the 

probability that an average swan territory in an average year would be Successful would decrease 

from 0.280 (90% CI: 0.176, 0.389) to 0.035 (90% CI: 0.018, 0.058)  as total annual YNP 

recreation visitors increases from ~87,000 to ~3.64 million visitors (Figure 13). When the largest 

positive random effect of territory, i.e., the value for Riddle Lake, was applied to average 

covariate values in an average year, the probability of the territory being in the Successful 

category was 0.462 (90% CI: 0.309, 0.635), which is much higher than the estimate of 0.087 

(90% CI: 0.054, 0.129) for an average territory). 
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Figure 10. Pairwise Pearson correlation coefficients for covariates included in RJMCMC models 
exploring relationship between covariates and territories where swans were Present versus 
Successful from 1931-2011. 
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Table 8. P/S 1931-2011 – Summary of RJMCMC model exploring which covariates help explain 
variation in Present versus Successful territories. Coefficient means are adjustments to the log-
odds of an average territory in an average year having swans Successful. Results are presented 
for a model that includes RRLtrus and visitor, but findings are similar for models that instead 
include TRItrus and year. 

 
Sigma values for random effects of territory and year represent the standard deviations of random effect adjustments 
for all MCMC samples. The intercept term and random effects of both territory and year were included in every 
model iteration so that conditional and model-averaged estimates are equal.   

 
 
 
 
 
 
 
 
 
 
 
 

          x N Ppn. Sel. Mean (SD) 90% CI Mean (SD) 90% CI
intercept 27,000 -- -2.352 (0.293) (-2.869, -1.907) -2.352 (0.293) (-2.869, -1.907)
anPHDI 103 0.004 -0.121 (0.105) (-0.282, 0.063) 0.000 (0.010) (0.000, 0.000)

iceoff 67 0.002 -0.044 (0.119) (-0.208, 0.156) 0.000 (0.006) (0.000, 0.000)
spPCP 71 0.003 -0.036 (0.122) (-0.249, 0.177) 0.000 (0.006) (0.000, 0.000)
suPCP 70 0.003 -0.028 (0.089) (-0.168, 0.100) 0.000 (0.005) (0.000, 0.000)

spTAVG 175 0.006 0.189 (0.146) (-0.026, 0.432) 0.001 (0.019) (0.000, 0.000)
suTAVG 124 0.005 0.124 (0.168) (-0.148, 0.393) 0.001 (0.014) (0.000, 0.000)

wolf 339 0.013 -0.290 (0.177) (-0.585, -0.034) -0.004 (0.038) (0.000, 0.000)
Yrmax 78 0.003 -0.076 (0.117) (-0.260, 0.114) 0.000 (0.007) (0.000, 0.000)

Yrodate 135 0.005 -0.140 (0.095) (-0.294, -0.007) -0.001 (0.012) (0.000, 0.000)
RRLtrus 75 0.003 0.089 (0.102) (-0.040, 0.236) 0.000 (0.007) (0.000, 0.000)

visitor 26,994 1.000 -0.743 (0.127) (-0.955, -0.535) -0.743 (0.128) (-0.955, -0.535)
27,000 -- 1.113 (0.243) (0.767, 1.553) 1.113 (0.243) (0.767, 1.553)
27,000 -- 0.136 (0.096) (0.018, 0.316) 0.136 (0.096) (0.018, 0.316)

Conditional coefficient estimates when zx=1 Model-averaged coefficient 
estimates
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Figure 11. P/S 1931-2011 – Territory-specific adjustments to the log-odds of having trumpeter 
swans Successful in an average year for a model that includes visitor. Points represent full 
posterior (model-averaged) means, whiskers indicate 90% CIs, and the red vertical line 
represents an intercept adjustment of zero, or an average territory. 
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Figure 12. P/S 1931-2011 – Year-specific adjustments to the log-odds of an average territory 
having trumpeter swans Successful for a model that includes visitor. Points represent full 
posterior (model-averaged) means, whiskers indicate 90% CIs, and the red horizontal line 
represents an intercept adjustment of zero, or an average territory. 

 

 
 
Figure 13. P/S 1931-2011 – Predicted probability (green band indicates 90% CI) that an average 
trumpeter swan territory during an average year would have trumpeter swans Successful rather 
than Present based on model-averaged results for a model set that evaluates the impact of total 
annual recreation visitors, includes all other model covariates not highly correlated with visitor 
numbers at their means and varies visitor numbers across the range of observed values. 
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Absent/Present 1979-2019 Four covariates that were not available during the earlier time 

series (1931-2011) were included in RJMCMC models to investigate what covariates are useful 

to explain variation in the designation of swan territories as Absent versus Present from 1979 to 

2019. With the addition of GYE grizzly bear abundance, RMP Canada geese abundance index, 

YNP backcountry campers during the swan breeding period, and the number of ice-free days on 

Yellowstone Lake, 16 total covariates were investigated during the later time series. Additional 

covariates introduced further pairwise correlations and 16 RJMCMC models were fit to explore 

all possible covariate combinations (Figure 14). All models included bpbc.visitor, icefree, 

TRItrus, RRLtrus, spPCP, suPCP, and YRodate, and different combinations of the highly 

correlated spTAVG and suTAVG, anPHDI and YRmax, and cang, grizzly, visitor, wolf, and year 

covariates (Table 1). Three covariates were highly selected when they were included in 

RJMCMC models: GYE grizzly bear abundance (grizzly; Ppn. Sel. = 0.999), annual YNP 

recreation visitors (visitor; Ppn. Sel. ≈ 0.851), and year (Ppn. Sel. ≈ 0.998). Pairwise correlations 

prevented all three of the most frequently selected covariates from being evaluated in the same 

RJMCMC models. Additionally, the RMP Canada geese abundance index (cang; Ppn. Sel. ≈ 

0.069) and number of ice-free days on Yellowstone Lake (icefree; Ppn. Sel. ≈ 0.053) were 

selected in slightly more than 5% of MCMC samples, but model-averaged coefficient estimates 

were near zero due to the rarity of their inclusion in the model structure. 

 In the model presented below, grizzly (Ppn. Sel. = 0.999) was included in the structure of 

nearly every MCMC sample (Table 9) and had a negative model-averaged coefficient estimate 

(mean = -0.478, SD = 0.089), which suggests that bear abundance was negatively associated 

with the probability of a territory being in the Present category in this time period. Again, it is 
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important to remember that due to pairwise correlation, the impact of grizzly on territory status 

cannot be differentiated from other covariates that trended similarly through time, including 

cang, visitor, and year, and discussion of the model that includes grizzly does not indicate that 

this was a better covariate than any of the highly correlated alternatives just listed. The number 

of ice-free days on Yellowstone Lake was selected in 5.4% of MCMC samples: in the very 

modest number of iterations in which the covariate was included, the negative conditional 

coefficient estimate (mean = 0.235, SD = 0.091) indicated some evidence that a longer ice-free 

period had a positive impact on territories having swans Present. Additionally, coefficient 

estimates of TRItrus (mean = 0.293, SD= 0.153) and spPCP (mean = -0.158 , SD = 0.083) had 

90% CIs that did not overlap zero when included in models, which provides modest support to 

the ideas that a territory was more likely to be in the Present than the Absent category when there 

were more swans in the broader region and when there was less spring precipitation. However, 

because TRItrus, spPCP, and icefree were seldom included in the structure of MCMC samples, 

their conditional coefficient estimates were quite modest in size, and their model-averaged 

coefficient estimates were near zero, evidence for those covariates having strong relationships 

with territory status is weak.  

 Random effects of territories and years showed similar trends as to what was found for 

the earlier time period, but the difference between them was more pronounced; territory-specific 

model intercept adjustments (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡; mean = 2.569, SD = 0.422), which represent adjustments 

to the log-odds of territories having trumpeter swans Present, were much larger than those for 

year-to-year variation (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑦𝑦𝑡𝑡; mean = 0.294, SD = 0.155) (Figures 15 and 16). Random effects 

of territory ranged from -2.533 (SD = 1.674) to 4.306 (SD = 0.580), whereas random effects of 
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year ranged from -0.124 (SD = 0.214) to 0.111 (SD = 0.203). Rearrangements in the ranking of 

territory-specific intercept adjustments correspond well with observed changes in swan territory 

use during the later time period. The five territories with the largest positive random effects of 

territory for the period 1979-2019 were Yellowstone Lake (S.E. Arm), Madison River Complex, 

Trumpeter Lake Complex, Fern-Tern-White Complex, and Beula Lake Complex (Figure 15). 

 In the focal model that evaluated the utility of including grizzly, only grizzly was selected 

in >50% of MCMC samples and shown to be useful in explaining whether territories were more 

likely to be in the Present rather than the Absent category. Based on the full posterior, predicted 

values obtained when GYE grizzly bear abundance values were varied across the range of 

observed values while all other covariates were held at their means indicate that the probability 

that an average territory in an average year would have swans Present decreased from 0.083 

(90% CI: 0.039, 0.144) to 0.020 (90% CI: 0.008, 0.037) as grizzly was increased from 99 to 757 

bears (Figure 17). However, due to a strong temporal trend, predictions for year follow a similar 

pattern and strong inferences cannot be made with regard to grizzly. In this model suite, the swan 

territory with the highest probability of having swans Present was Yellowstone Lake (S.E. Arm), 

and its probability of having swans Present during an average year was 0.781 (90% CI: 0.586, 

1.000), which was notably higher than the probability for an average territory (0.046, 90% CI: 

0.023,  0.086).  
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Figure 14. Pairwise Pearson correlation coefficients for covariates included in RJMCMC models 
exploring relationship between covariates and territories where swans were Absent versus 
Present from 1931-2011. 
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Table 9. A/P 1979-2019 – Summary of RJMCMC model exploring which covariates help 
explain variation in Absent versus Present territories. Coefficient means are adjustments to the 
log-odds of an average territory in an average year having swans Present. Results are presented 
for a model that evaluates the inclusion of grizzly, but findings are similar for models that instead 
include year or visitor. 

 
Sigma values for random effects of territory and year represent the standard deviations of random effect adjustments 
for all MCMC samples. The intercept term and random effects of both territory and year were included in every 
model iteration so that conditional and model-averaged estimates are equal.   

 

 

 

 

 

 

 
 
 
 
 

          x N Ppn. Sel. Mean (SD) 90% CI Mean (SD) 90% CI
intercept 27,000 -- -3.037 (0.427) (-3.768, -2.365) -3.037 (0.427) (-3.768, -2.365)

bpbc.visitor 46 0.002 -0.035 (0.083) (-0.166, 0.092) 0.000 (0.004) (0.000, 0.000)
icefree 1,458 0.054 0.235 (0.091) (0.092, 0.381) 0.013 (0.057) (0.000, 0.016)

TRItrus 607 0.022 0.297 (0.153) (0.064, 0.547) 0.007 (0.050) (0.000, 0.000)
RRLtrus 146 0.005 0.119 (0.124) (-0.103, 0.293) 0.001 (0.013) (0.000, 0.000)

spPCP 206 0.008 -0.158 (0.083) (-0.297, -0.019) -0.001 (0.016) (0.000, 0.000)
suPCP 51 0.002 0.015 (0.090) (-0.137, 0.173) 0.000 (0.004) (0.000, 0.000)

Yrodate 68 0.003 -0.064 (0.099) (-0.204, 0.084) 0.000 (0.006) (0.000, 0.000)
spTAVG 107 0.004 0.079 (0.146) (-0.174, 0.282) 0.000 (0.010) (0.000, 0.000)

Yrmax 105 0.004 -0.085 (0.076) (-0.202, 0.045) 0.000 (0.007) (0.000, 0.000)
grizzly 26,970 0.999 -0.478 (0.088) (-0.624, -0.338) -0.478 (0.089) (-0.624, -0.337)

wolf 161 0.006 0.149 (0.132) (-0.058, 0.338) 0.001 (0.015) (0.000, 0.000)
27,000 -- 2.569 (0.422) (1.969, 3.338) 2.569 (0.422) (1.969, 3.338)
27,000 -- 0.294 (0.155) (0.068, 0.570) 0.294 (0.155) (0.068, 0.570)

Conditional coefficient estimates when zx=1 Model-averaged coefficient 
estimates
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Figure 15. A/P 1979-2019 – Territory-specific adjustments to the log-odds of having trumpeter 
swans Present in an average year for a model that includes grizzly. Points represent full posterior 
(model-averaged) means, whiskers indicate 90% CIs, and the red vertical line represents an 
intercept adjustment of zero, or an average territory.
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Figure 16. A/P 1979-2019 – Year-specific adjustments to the log-odds of an average territory 
having trumpeter swans Present for a model that includes grizzly. Points represent full posterior 
(model-averaged) means, whiskers indicate 90% CIs, and the red horizontal line represents an 
intercept adjustment of zero, or an average territory. 

 

 
 
Figure 17. A/P 1979-2019 – Predicted probability (green band indicates 90% CI) that an average 
trumpeter swan territory during an average year would have swans Present rather than Absent 
based on model-averaged results for a model that evaluates the impact of estimate GYE grizzly 
bear abundance, includes all other model covariates not highly correlated with grizzly bear 
abundance at their means and varies grizzly bear abundance across the range of observed values. 
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Present/Successful 1979-2019 Sixteen covariates were explored across eight RJMCMC 

models to explore which covariates help explain variation in trumpeter swan territories that have 

swans Present versus Successful from 1979-2019. Predator (grizzly and wolf), competitor (cang), 

and Park visitors (visitor) were again found to be highly correlated with year, preventing their 

inclusion and simultaneous exploration in the same RJMCMC models. All models included 

bpbc.visitor, icefree, TRItrus, RRLtrus, spPCP, suPCP, spTAVG, suTAVG, and YRodate, and 

combinations of the highly correlated anPHDI and YRmax, and cang, grizzly, wolf, visitor, and 

year (Table 1, Figure 18). Of the 8 models fit to explore all possible covariate combinations; no 

covariates were selected in >4% of MCMC samples. As described in previous sections, 

trumpeter swan abundance and productivity declined precipitously in YNP; the combination of 

the later time-series (1979-2019) and exploration of Successful territories (P/S) represents a time 

period that has some of the Park’s lowest recorded levels of white bird and cygnet abundance. 

The relative paucity of observations during this time made it difficult to investigate relationships 

between covariates and the territory status response. 

 In the model presented below, total trumpeter swan abundance in the tri-state segment of 

the RMP (TRItrus) received the largest amount of support from the data and was the only 

covariate whose 90% CI did not overlap zero but was included in >5% of MCMC samples (Ppn. 

Sel. = 0.038) (Table 10). The conditional coefficient estimate for TRItrus was positive impact 

(mean = 0.640, SD = 0.273) in accordance with the hypothesis that greater swan abundance in 

the region would lead to more swans in YNP. However, when model-averaged results and the 

rarity of covariate inclusion in RJMCMC models were considered, the impact of TRItrus was 

zero or near zero such that only weak inference can be made.  
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 Random effects follow the pattern of territory-specific model intercept adjustments 

(𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡; mean = 0.996, SD = 0.321) being larger than year-specific adjustments (𝜎𝜎�𝑅𝑅𝐸𝐸𝑡𝑡𝑡𝑡𝑦𝑦𝑡𝑡; mean 

= 0.461, SD = 0.288), in this case indicating adjustments to the log-odds of territories being 

Successful. It can also be seen that fewer territories are included in the caterpillar plot of territory 

random effects for this model suite, indicating that fewer than the 50 potential territories had 

observations of swans Present/Successful during the later time series. This was also manifested 

in larger credible intervals of random effects of territories and years (Figure 19 and Figure 20). 

Rankings of territory-specific model intercept adjustments again reflect temporal changes in 

trumpeter swan territory use in the Park. The five best territories were Riddle Lake, Madison 

River Complex, Robinson Lake Complex, Yellowstone River (Canyon through Hayden Valley), 

and Grebe Lake (Figure 19). Riddle Lake has produced cygnets in every decade of the study and 

was especially productive during the 2000’s and 2010’s (21 cygnets fledged) after it experienced 

a lull during the 1970’s, 80’s, and 90’s (9 cygnets fledged). The intercept adjustment for Riddle 

Lake during this later time series indicates that the probability of having swans Successful rather 

than Present during an average year is 0.421 (90% CI: 0.206, 0.684), much higher than that for 

an average territory (0.090, 90% CI: 0.047, 0.146). As no covariates received a large amount of 

support from the data, no prediction plots were constructed. 
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Figure 18. Pairwise Pearson correlation coefficients for covariates included in RJMCMC models 
exploring relationship between covariates and territories where swans were Absent versus 
Present from 1931-2011. 
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Table 10. P/S 1979-2019 – Summary of RJMCMC model exploring which covariates help 
explain variation in Present versus Successful territories. Coefficient means are adjustments to 
the log-odds of an average territory in an average year having swans Successful. Results are 
presented for a model that evaluates the inclusion of year, but findings are similar for models 
that instead include grizzly or visitor. 

 
Sigma values for random effects of territory and year represent the standard deviations of random effect adjustments 
for all MCMC samples. The intercept term and random effects of both territory and year were included in every 
model iteration so that conditional and model-averaged estimates are equal.   

 

 
 

 

 

 

 

 

 

 

          x N Ppn. Sel. Mean (SD) 90% CI Mean (SD) 90% CI
intercept 27,000 -- -2.314 (0.383) (-3.003, -1.765) -2.314 (0.383) (-3.003, -1.765)

bpbc.visitor 59 0.002 -0.115 (0.191) (-0.421, 0.146) 0.000 (0.010) (0.000, 0.000)
icefree 71 0.003 -0.133 (0.195) (-0.452, 0.138) 0.000 (0.012) (0.000, 0.000)

TRItrus 1,027 0.038 0.640 (0.273) (0.200, 1.101) 0.024 (0.133) (0.000, 0.000)
RRLtrus 131 0.005 0.281 (0.216) (-0.095, 0.617) 0.001 (0.025) (0.000, 0.000)

spPCP 173 0.006 -0.326 (0.202) (-0.660, 0.039) -0.002 (0.031) (0.000, 0.000)
suPCP 60 0.002 -0.192 (0.200) (-0.434, 0.113) 0.000 (0.013) (0.000, 0.000)

spTAVG 186 0.007 0.336 (0.242) (-0.047, 0.703) 0.002 (0.034) (0.000, 0.000)
suTAVG 140 0.005 0.323 (0.284) (-0.140, 0.769) 0.002 (0.031) (0.000, 0.000)
YRodate 71 0.003 -0.142 (0.182) (-0.412, 0.137) 0.000 (0.012) (0.000, 0.000)
anPHDI 45 0.002 -0.114 (0.231) (-0.494, 0.256) 0.000 (0.010) (0.000, 0.000)

year 124 0.005 0.031 (0.461) (-0.787, 0.667) 0.000 (0.031) (0.000, 0.000)
27,000 -- 0.966 (0.321) (0.520, 1.551) 0.966 (0.321) (0.520, 1.551)
27,000 -- 0.461 (0.288) (0.058, 0.979) 0.461 (0.288) (0.058, 0.979)

Conditional coefficient estimates when zx=1 Model-averaged coefficient 
estimates
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Figure 19. P/S 1979-2019 – Territory-specific adjustments to the log-odds of having trumpeter 
swans Successful during an average year for a model that includes year. Points represent full 
posterior (model-averaged) means, whiskers indicate 90% CIs, and the red vertical line 
represents an intercept adjustment of zero, or an average territory. 
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Figure 20. P/S 1979-2019 – Year-specific adjustments to the log-odds of an average territory 
having trumpeter swans Successful. Points represent full posterior (model-averaged) means, 
whiskers indicate 90% CIs, and the red horizontal line represents an intercept adjustment of zero, 
or an average territory. 

 

Discussion 

Results from Poisson regression models of the count of territories by status indicated that 

territories with swans Present first increased during the 1930’s, were most numerous from the 

mid-1940’s to the mid-1960’s, then decreased until ~2010. The number of territories with swans 

Successful, on the other hand, was highest from the 1930’s through the 1950’s and showed a 

general decline until ~2010. Patterns in the temporal trends of Absent, Present, and Successful 

territories suggest that restoration activities in the Park are helping; trends in the number of 

Absent, Present, and Successful territories shift around the time intensive management action 

and restoration efforts began in 2012. A sharp decrease can be seen in the number of Absent 

territories in the five years after captive-raised swans began to be released in the Park. In 



71 
 

addition, the annual number of territories with trumpeter swans Present has remained higher after 

the implementation of restoration efforts than during the five years preceding them. As a 

Successful territory needs to have cygnets observed there to receive that designation, and 

approximately 100-day-old captive-raised cygnets are released as part of the Park’s restoration 

activities, it is certainly the case that the number of territories considered Successful has 

increased as a result of restoration efforts. Additional monitoring of cygnets observed in the 

Park, field-readable bands on all released restoration swans, or telemetry work (see below) may 

help to contribute new swan observations to swan releases or immigrants from outside the Park.  

Results from the model suite analyzing Absent/Present swan territories from 1931-2011 

provide evidence for the human disturbance hypothesis, but a strong temporal trend in visitor 

numbers resulted in multiple interpretations that prevented strong inference. A host of studies 

have found that disturbance of nesting, incubating, and brood-rearing trumpeter swans can have 

detrimental effects, including egg mortality due to exposure, predation of eggs or cygnets, nest 

abandonment, depressed feeding rates of adults, and avoidance of otherwise suitable habitat 

(Cooper 1979, Shea et al. 2013, Hansen et al. 1971, Henson and Grant 1991, Page 1976, Shea 

1979). Inclusion of the visitor covariate in the structure of nearly every MCMC sample in this 

model suite may lend evidence to the habitat avoidance hypothesis of human disturbance, 

suggesting that fewer territories within the Park have trumpeter swans Present when there are 

greater numbers of visitors. However, due to strong correlation with year, this finding could also 

be attributed to a temporal trend in swan decline over time due other unmeasured covariates.  

Total annual YNP recreation visitors was the only covariate that could address potential 

disturbance impacts in the early years of the study; in the absence of another way to quantify 
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human disturbance, it was not possible to distinguish its impacts from a trend through time. 

While alternative information may not exist to describe human disturbance impacts for early 

decades of the study, there may be ways to describe human impacts in recent years to gain a 

better understanding of its impact on current patterns of swan territory use. Territory-level 

observations of breeding trumpeter swans with a focus on human activity, possibly conducted at 

territories that receive relatively few visitors (naturally occurring or due to management action) 

and at territories where visitors are common, may provide additional insight. Recent increases in  

total swan abundance in the Park may increase the opportunity for these types of observations.  

 The swan movement hypothesis that trumpeter swans from outside of YNP immigrate 

into the Park’s population also received support during the earlier time period (1931-2011). 

Seasonal movements of trumpeter swans between YNP and other areas of the tri-state or Greater 

Yellowstone area are largely unknown, though they are thought to occur. Some anecdotal 

evidence exists for movement between RRLNWR and YNP, but strong inferences cannot be 

made due to the design of past studies (McEneaney 1986, McEneaney and Sjostrom 1986). A 

2009 study that affixed trumpeter swans from RRLNWR with satellite transmitters did not find 

dispersal to YNP although local movements within the Greater Yellowstone area were common 

(Olson et al. 2009). Given their high correlation and similar performance in RJMCMC models 

when evaluated separately, it’s not clear whether there is a stronger connection between the Park 

and the tri-state region (TRItrus) or RRLNWR (RRLtrus), but it is the case that territories in YNP 

had a greater probability of having trumpeter swans Present rather than Absent when there were 

more total trumpeter swans in the geographic area around YNP, either in the tri-state region or 

RRLNWR in particular. This supports the notion that immigration of trumpeter swans from other 
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areas of the RMP into the Park may be important to the longevity of its resident population. In 

the context of ongoing Park efforts to restore trumpeter swans and increase territorial pairs, the 

importance of including TRItrus and RRLtrus in models investigating patterns in Absent/Present 

territories may suggest that the current management strategy may be working to mimic natural 

processes. Release of captive-raised trumpeter swans could be a means of stimulating the same 

immigration-type processes whereby more of the available habitat within the Park is used by 

trumpeter swans and more territorial or breeding behavior may eventually be realized as a result. 

Efforts to restore trumpeter swans in the Blackfoot Valley, MT suggest that it may be necessary 

to release many swans over a long time period before territorial or breeding behavior is seen; 

observations of swans returning to the Valley did not occur for five years, but eventually this 

area annually supported ~30 total swans after the release of more than 200 captive-reared swans 

over a ten-year period (B. Long pers. comm.). 

The only covariate found to be useful when exploring Present versus Successful 

territories during the longer time series (1931-2011) was visitor (and the highly correlated year). 

Once again, there are multiple interpretations for this finding. Results may support the human 

disturbance hypothesis where human disturbance may negatively affect trumpeter swans through 

nest abandonment, predation of eggs or cygnets, or issues with embryo development. 

Alternatively, as YNP visitor numbers have a strong trend through time and cannot be 

disentangled from year, there may have been unmeasured time-trending covariates that were not 

included in the analysis. Inherent in a retrospective study that dates back to the 1930’s, it must be 

acknowledged that there is potentially useful information that was not gathered during the time 

that trumpeter swans were declining. Changes in habitat quality that went unmeasured, 
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conditions on wintering grounds that could have carried over into the breeding season, or 

predator species that were not closely monitored, e.g., coyotes and ravens, could have affected 

patterns of swan territory use. 

When the later time series (1979-2019) was considered, several additional covariates 

were included in models and one was found to be useful in determining whether territories had 

trumpeter swans Absent versus Present during the autumn survey. In addition to visitor (Ppn. 

Sel. ≈ 0.851) and year (Ppn. Sel. ≈ 0.998) which were again highly selected when included in 

RJMCMC models, GYE grizzly bear abundance (grizzly; Ppn. Sel.= 0.999) was also found to be 

important to describe whether trumpeter swans were Present at territories rather than Absent. 

Although generally not closely monitored until the later decades of the study, the abundance of 

many predator species, as well as observations of predator-induced mortality of trumpeter swans 

or their eggs/young, increased during the later time series (Koel et al. 2019, McEneaney 2006, 

Proffitt et al. 2010, Smith et al. 2013, Smith et al. 2016).  

 Predation has generally not been considered an important factor for YNP’s 

trumpeter swan population, but there is an exception. Early Park naturalists tasked with studying 

a species on the brink of extirpation believed that predators like coyotes and ravens would be 

responsible for harming the trumpeter swan population (Childs 1934, Barrows 1936, Condon 

1941). Despite convictions that may reflect the prevailing attitude towards predator species at 

that time, researchers may also have recognized the potential impact of even a few additional 

cases of mortality on a long-lived species with low annual reproduction. Thus, there may be time 

periods in the Park when predation of trumpeter swan adults, eggs, and cygnets may play an 

outsized role in population trends. YNP’s trumpeter swan population may have found itself in a 
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similarly precarious position from the 1980’s into the 2010’s as the average number of cygnets 

fledged per breeding pair was estimated to be 0.35 per year (Proffitt et al. 2010), punctuated by 

the observation of only two total trumpeter swans during 2010’s autumn survey. As declining 

trumpeter swan abundance and increasing predator abundances intersect during the later time 

series, my results suggest predator-induced mortality may become more impactful; increased 

grizzly bear abundance was predicted to decrease the probability of territories having trumpeter 

swans present. Again, this is only one possible interpretation of these results. Estimated 

abundance of GYE grizzly bears trended strongly through time such that it was highly correlated 

with year and the two could not be differentiated.  

Use of satellite transmitters could help to better understand a number of aspects of 

trumpeter swan decline hypotheses and address gaps in knowledge. Location data from satellite 

transmitters would be useful to better understand the contribution of released swans to patterns of 

territory use and distinguish between swans that are naturally found in the Park. In addition, 

valuable information may be learned with regard to winter habitat use of YNP swans, both 

within the park and nearby vicinity. Previous concerns for the wintering distribution of RMP 

trumpeter swans suggest that this could be an important aspect of trumpeter swan behavior that is 

not well understood. In addition, satellite transmitter location data may help Park researchers 

more closely monitor trumpeter swans during the breeding period to assess potential impacts of 

humans, various predator species, or environmental conditions, e.g., nest flooding, on trumpeter 

swan adults, nests, eggs, and hatchlings. Lastly, if a swan affixed with a transmitter died, a 

mortality signal would be received and a detailed investigation of the cause of death could take 

place. 
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 The final model suite was not able to explain temporal and spatial variation in patterns of 

Present/Successful territories during the later (1979-2019) time series. Even the visitor and year 

covariates that were favored in analyses of some other versions of the data were not found to be 

important in RJMCMC models for this dataset. This is likely the result of the relative paucity of 

observations of territories with Successful trumpeter swans during this time. Relative to the 

analysis of Present/Successful territories for 1931-2011, which had 838 total observations across 

49 territories with about 21% being observations of Successful territories, investigation of 

Present/Successful territories from 1979-2019 included 339 total observations across 32 

territories with only about 15% belonging to Successful territories. 

 Issues with correlation between year and other time-trending covariates, such as total 

YNP visitor numbers and grizzly bear abundance, were apparent throughout the study. Strong 

correlation between these covariate data sets prevented stronger inferences from being made 

regarding several hypotheses for swan decline. Although several different approaches were tried 

when developing covariate data sets, it was often the case that covariates that spanned a longer 

time period were difficult to compile. Thus, it was often the case that covariates like total annual 

Park visitors, or other park-wide annual averages, had to be used instead as proxies as they were 

the only metrics available, especially for the earliest decades of the study, that could be used that 

provide at least some relevant information related to swan-decline hypotheses. For example, nine 

potential covariates that have not been used (to the best of my knowledge) in previous research 

to describe human disturbance were investigated, but only two proved fruitful and could be used 

in analyses, and annual Park visitor numbers remained the only covariate that could describe 

potential disturbance impacts in the earliest decades of this study. In the absence of alternative 
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methods to describe predation, competition, and human disturbance, the impact of these potential 

drivers of trumpeter swan population trends will remain confounded with year in a regression 

framework. 

Despite difficulties with pairwise correlations, a large set of covariates were developed 

that have biological merit and the potential to investigate the varied hypotheses regarding 

trumpeter swan decline in YNP. While the full suite of covariates was able to address a variety of 

biological processes that potentially underly all of the main hypotheses for swan decline, they 

were often a proxy for a more direct measurement or observation. In addition, with the exception 

of some environmental condition and climate data, the majority of covariate data sets contained 

annual averages of park-wide measurements or were from an even larger geographic area like the 

Greater Yellowstone ecosystem. Despite considerable effort to locate and develop covariate data 

sets, data sets specific to individual territories could not be located. In the context of this 

retrospective study that dates back to the 1930’s, if more detailed measurements or intensive 

monitoring efforts did exist, they tended to lack the spatial scope or temporal coverage necessary 

to be included in statistical analyses of this kind. 

In addition to radio or satellite telemetry, a period of intensive trumpeter swan monitoring 

in YNP from 1987-2007 may suggest another solution. First, an additional flight during the early 

breeding season was conducted to record whether nesting attempts were made and their specific 

location, then ground crews regularly monitored breeding swans during the incubation and pre-

fledging stages to document cause-specific failure of trumpeter swan nests, eggs, and cygnets. 

Lastly, the autumn survey was used to confirm the number of fledglings estimated from ground 

observations. These observations helped to quantify the relative frequency of reproductive failure 
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due to various predator species and to nest flooding. I believe that this type of monitoring effort, 

although a much greater commitment of time and effort, may provide a more accurate account of 

the mechanisms driving patterns of trumpeter swan abundance and productivity. While the 

number of resident trumpeter swans still remains relatively low, increases in territories with 

swans Present and Successful in recent years may suggest that there could be an opportunity to 

conduct this type of observation-based work as restoration efforts continue. I believe issues with 

correlation could be largely avoided as well with this type of observation-based data. There may 

not be adequate substitutes for this type of direct observation and there may be a great deal of 

information lost when a proxy is used instead.  

Analyses of trumpeter swan territory status provided quantitative methods to identify 

specific locations that are important to observations of Present and Successful territories in the 

Park. While park managers have recognized many of the territories which are most often visited 

or used by breeding trumpeter swans, this analysis organizes the observations within one 

document with an emphasis on locations where trumpeter swans are Present but unsuccessful, 

and Successful. This information could be used to identify territories where targeted 

management may be suitable, such as construction of nest platforms or release of captive-raised 

swans outside of the frequently used areas. Alternatively, this information could be used to 

justify the use of closures around important nesting lakes or of hiking trails to help reduce 

potential disturbance impacts. 

 Random effects of territories were consistently larger than those of random effects of 

years across all four model suites. As random effects can also represent unobserved or latent 

variation in the response beyond what is explained by a given model’s covariates, it may suggest 
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a deficiency in one particular type of Park data: territory-specific information. The Park has a 

host of weather stations, stream gauges, and other programs to monitor environmental conditions 

and climate information. As a result, many covariates were used to describe these conditions 

experienced by all trumpeter swans within a given year, including covariates that describe 

temperature, precipitation, ice conditions, river discharge, and more. Although these types of 

covariates were rarely selected as being useful in RJMCMC models, they may have explained 

some variation in the year-specific conditions trumpeter swans experienced and reduced the size 

of year-specific random effects relative to territory-specific random effects. 

On the other hand, data sets that describe territory-specific characteristics or conditions 

through time are lacking. Previous research has identified habitat characteristics that are thought 

to be important to nesting trumpeter swans including stable water levels; nesting substrate, e.g., 

floating vegetation mat, beaver lodge, or muskrat house; nest location, e.g., shoreline or small 

island; availability of multiple nest sites; aquatic plant diversity and availability; and irregular 

shoreline (Hansen et al. 1971, Kiviat 1978, Lockman et al. 1987, Maj 1983, Page 1976, Proffitt 

et al. 2010, Shea 1979, Squires and Anderson 1995). In YNP, these types of habitat information 

have not been well studied. The National Wetlands Inventory (NWI) may be the most descriptive 

data set with full coverage of YNP’s wetlands and lakes, but the single-date aerial photographs 

used to generate the inventory are not informative with respect to wetland dynamics although it 

is well known that water levels of wetlands can vary widely both within and among years 

(Cowardin and Golet 1995, Wright and Gallant 2007). In higher-elevation landscapes like YNP, 

wetlands are largely dependent on precipitation inputs and are expected to respond to 

precipitation variability fairly rapidly (Winter 2000). Thus, fluctuations in habitat quality or 
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potential risk of nest flooding, potentially of great importance to trumpeter swans, are likely 

missed when repeated observations are not made both within and between years. Without this 

type of monitoring effort, it may be difficult to further detail what habitat characteristics make 

certain territories better than others beyond what can be captured with random effects. 

Recent advancements in methods that utilize Landsat satellite imagery suggest that there 

may be a solution. Estimations of water within a grid of pixels in the Landsat satellite images can 

provide an accurate account of surface water area/extent, even when there is interspersion of 

emergent vegetation or shallow water as is often the case in arid or semi-arid regions (Halabisky 

et al. 2016). While Landsat images are not available before the time when trumpeter swans 

initially declined in YNP, they are available from 1984 to present and can be used to reconstruct 

hydrological information back to that time. In addition, variations of these methods may be used 

to describe the sensitivity or resiliency of different wetland types to predicted impacts of climate 

change. Methods utilizing Landsat data have already been used to describe surface water decline 

in snowmelt-driven watersheds in the western U.S. (Donnelly et al. 2020) and to detect a 

misalignment of seasonal wetland flooding with migrating waterbirds in semi-arid landscapes 

(Donnelly et al. 2019). While a previous attempt to utilize Landsat data to describe potential 

habitat change of historical nesting areas in YNP faced a variety of challenges (Cockrell 2014), I 

believe advancements in these methods may allow for a powerful analysis of YNP’s changing 

wetland habitat in future analyses. 
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Conclusions 

 Long-term monitoring of trumpeter swans in YNP revealed spatial and temporal patterns 

in territories where trumpeter swans were Absent, Present but unsuccessful, and Successful in 

fledging cygnets. Changes in the temporal patterns of counts of Absent, Present, and Successful 

territories that occur around the time intensive management actions began in 2012 suggest that 

ongoing Park restoration efforts have helped to increase the number of Present and Successful 

territories somewhat. If so, continued releases could allow swans to occupy more of the Park’s 

swan habitat and provide improved opportunities to further evaluate covariate relationships if 

swans attempt breeding on more territories. Sixteen covariate data sets were developed to 

address a variety of biological processes believed to underly the main hypotheses for trumpeter 

swan decline. I did not have information from direct observations of individual birds or nests and 

thus, lacked information on bird behavior on territories, causes of mortality, possible disturbance 

of nests and/or birds, and or factors such as flooding of nests that would have been helpful for 

understanding the underlying reasons for why birds were present and successful on some 

territories versus absent or unsuccessful. Consequently, I used covariate information as a proxy 

for more focused, swan-specific information. Further, several of the covariates that represented 

competing hypotheses for declines were highly correlated due to trends in values over time, 

which made strong inference about competing hypotheses difficult. Reversible jump Markov 

chain Monte Carlo (RJMCMC) methods were useful to perform both variable and model 

selection while incorporating uncertainty in the variable selection process via model-averaging, 

and allowed for the inclusion of random effects for both territories and years to account for 

potential lack of independence between observations. 
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 I found support for the hypothesis that trumpeter swan population trends outside of YNP 

affect the number of swans found Present at territories within the Park, possibly through 

immigration. Although the human disturbance and predation hypotheses did receive some 

support from the data, the covariates used to quantify these hypotheses were strongly correlated 

with a trend through time. Due to these strong correlations and multiple interpretations of these 

covariate relationships, strong inference was prevented with regard to human disturbance and 

predation hypotheses. In the absence of alternative covariate data sources to describe predation 

and human disturbance, the impact of these potential drivers of trumpeter swan territory use are 

confounded with temporal trends in a regression framework. In the context of this retrospective 

analysis, investigation of some hypotheses for trumpeter swan decline may not possible if 

potential covariate data was not collected prior to the time when swans began to decline, or if 

existing covariate information does not have adequate spatial scope or temporal coverage. 

 Analyses of random effects of territories provided a description of important territories 

that are more likely to have trumpeter swans Present and Successful. This information can be 

used by YNP wildlife managers to focus restoration efforts or justify management actions, e.g., 

lake or hiking trail closures, to protect specific trumpeter swan territories. Patterns in the relative 

size of random effects of territories and years suggest that latent or unobserved variation, 

possibly a result of unmeasured covariates, is greater for territories than for years. Environmental 

and climate covariates used in this analysis may better describe the annual conditions 

experienced by trumpeter swans while territory-specific characteristics or observations in the 

Park may be lacking.  



83 
 

 Future work should focus on obtaining location-specific data on trumpeter swan 

territories within the Park to better understand habitat characteristics that are important to 

trumpeter swans and that may be changing through time. Methods that utilize Landsat satellite 

imagery to reconstruct lake and wetland hydrology data may provide a useful analytical tool to 

describe habitat change during the last 35 years and explore the resiliency of YNP’s different 

wetland types to proposed impacts of climate change. Telemetry methods using satellite 

transmitters could be one way to focus monitoring efforts within the Park or gather more-direct 

information on human disturbance impacts, predation of trumpeter swan eggs, cygnets, or adults, 

nest failure due to predation or flooding, and detailed wintering locations of YNP swans. If 

reintroduction efforts continue, it is possible that increased opportunities to monitor individual 

birds may exist. If so, and if future years provide combinations of covariate values that are less 

correlated, improved information might be obtained through future research that follows similar 

methods. 
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APPENDIX A 

 

TRUMPETER SWAN RANGE MAPS, TERRITORY COMPLEX DESCRIPTIONS, AND 

SUPPLEMENTAL FIGURES 
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Figure A1. Approximate summer breeding range of Pacific Coast, Rocky Mountain, and Interior 
populations of trumpeter swans, as reported by 2015 North American Trumpeter Swan Survey 
cooperators (Groves 2017). 
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Figure A2. Approximate summer breeding range of Rocky Mountain Population U.S. breeding 
segment trumpeter swans (Pacific Flyway Council 2017). 
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Figure A3. YNP autumn trumpeter swan survey count data of white birds and cygnets, 1931-
2020.  
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Table A1. Breakdown of trumpeter swan complex groupings by unique territories where 
trumpeter swans were observed during autumn surveys, 1931-2019. 

 

Complex Territory

Beach Springs Complex Beach Springs Lagoon
Indian Pond (Squaw Lake)
Indian Pond (Squaw Lake) area
Lower Pelican Creek
Pelican Creek (mouth)
Pond, E. Indian Pond (Squaw Lake)
Turbid Lake
Yellowstone Lake (Mary Bay)
Yellowstone Lake (Storm Point)

Bechler Complex Bechler area
Bechler Meadows
Bechler River
Boundary Creek
Boundary Creek pond

Beula Lake Complex Beaver pond, N. Beula Lake
Beula Lake
Beula Meadows
Falls River, N. Beula Lake
Hering Lake
Pond, 1 mi. W. Beula Lake
Pond, 2 mi. W. Beula Lake
Pond, W. Beula Lake
South Boundary Lake
South Boundary Pond
Tanager Lake

Blacktail Ponds Complex Blacktail Ponds
Blacktail Ridge pond

Buffalo Lake Complex Buffalo Lake
Lake, 1 mi. W. Boundary Creek Cabin
Pond, 2 mi. W. Boundary Creek Patrol Cabin
Ponds, S. Boundary Creek Patrol Cabin

Delusion Lake Complex Delusion Complex
Delusion Lake
Delusion Ponds
N. Delusion Pond
Pond, S.E. Delusion Lake
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Table A1 cont. 

 
 

Pond, S.W. Delusion Lake
S. Delusion Pond

Duck Creek/Richard's Creek pond Duck Creek
Richard's Creek Pond

Falls River Basin Complex Cave Falls Pond
Falls River
Falls River Basin
Pond, 1.5 mi. E. mouth of Calf Creek
Pond, Calf Creek/Falls River
Winegar Lake
Winegar Lake ponds

Fern-Tern-White Complex Broad Creek
Broad Creek, S. turn
E. Tern Lake
Fern Lake
Tern Lake
White Lake
White Lake area

Foster Lake Complex Foster Lake
Soda Butte Creek/Lamar River junction
Trout Lake

Geode Lake Complex Crescent Hill Beaver Pond
Floating Island Lake
Geode Creek area
Geode Lake
Geode Lake/Pond
Geode Pond
Geode Ponds
Hellroaring Ponds
Pond, 1 mi. S.W. mouth of Geode Creek

Grebe Lake Complex Cascade Lake
Cygnet/Solfatara Lakes
Grebe Lake
Ice Lake
Wolf Lake

Grizzly Lake Complex Grizzly Lake
Lake of the Woods
Nymph Lake
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Table A1 cont. 

 

Obsidian Creek
Obsidian Lake
S. Twin Lake

Heart Lake Complex Basin Creek Lake
Heart Lake

Lily Pad Lake Complex Lily Pad Lake
Lily Pad pond
Pond, E. Lily Pad Lake
Pond, W. Lily Pad Lake

Madison River Complex Lower Madison River
Madison Junction/Harlequin Lake
Madison R.
Madison R. (7-Mile Bridge)
Madison R. (8-Mile)
Madison R. (9-Mile)
Madison R. (below Three Brothers Mountains)
Madison R. (Mt. Haynes)
Madison R. (National Park Mountain Meadow)
Madison R. (near Madison Junction)
Madison R. (Purple Mountain)
Madison R. (W. Purple Mountain)
Madison R., 7-Mile Bridge to West Yellowstone

Mount Everts Complex Mount Everts N. Lake
Mount Everts S. Lake

Robinson Lake Complex Little Robinson Pond
N. Robinson Lake
Phone Line Lake
Pond, 1 mi. N.W. Bechler R.S.
Pond, 2 mi. N. Bechler R.S.
Pond, E. Horseshoe Lake
Robinson Creek Trail Pond
Robinson Lake
Robinson Lake ponds
S. Robinson Lake
W. Robinson Lake

Shoshone Lake Complex Shoshone Lake
Shoshone Lake (Moose Creek)
Shoshone Lake (Shoshone Creek/Geyser Basin)
Shoshone Lake inlet
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Table A1 cont. 

 

Slough Creek Complex McBride Lake
Slough Creek
Upper Slough Creek

Swan Lake Complex Bunsen Ponds
Pond, 1 mi. S. Bunsen Peak
Pothole, W. Swan Lake
Swan Lake
Swan Lake area

Trumpeter Lake Complex Crescent Pond
Geology Exhibit Pond
Junction Butte area
Junction Butte Lake
Junction Butte ponds
Kidney Ponds
Little Trumpeter Lake
Pond, 0.5 mi. N.E. Lamar water gauge
Pond, 0.5 mi. S. mouth Slough Creek
Pond, E. Trumpeter Lake
Ponds, mouth Slough Creek
Tower Junction area
Trumpeter Lake
Trumpeter Pond

Upper Yellowstone Complex Upper Yellowstone R.
Upper Yellowstone R. (Mountain Creek)
Upper Yellowstone R. (Trappers Creek)

Yellowstone Lake (Other) Yellowstone Lake
Yellowstone Lake (Lake R.S.)
Yellowstone Lake (W. Thumb)
Yellowstone Lake, near Delusion Lake

Yellowstone Lake (S. Arm) Yellowstone Lake - S. Arm
Yellowstone Lake - S. Arm (Chipmunk Creek)
Yellowstone Lake - S. Arm (Grouse Creek)
Yellowstone Lake - S. Arm (Peale Island)

Yellowstone Lake (S.E. Arm) Lower Upper Yellowstone R.
Pond, Yellowstone R. Delta
Trail Lake
Yellowstone Lake - S.E. Arm
Yellowstone Lake - S.E. Arm (Trail Creek)
Yellowstone R. Delta
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Table A1 cont. 

 

Yellowstone R., Canyon through Sour Creek, 2 mi. W. hot springs
Hayden Valley Wrangler Lake

Yellowstone R. (Alum Creek)
Yellowstone R. (Chittenden Bridge)
Yellowstone R. (Elk Antler Creek)
Yellowstone R. (Grizzly Overlook)
Yellowstone R. (Hayden Valley)
Yellowstone R. (Otter Creek)
Yellowstone R. (Trout Creek)
Yellowstone R., 1 mi. below Mud Volcano
Yellowstone R., 1 mi. S.E. Cottongrass Creek
Yellowstone R., Alum Creek to Grizzly Overlook

Yellowstone R., Fishing Bridge to Yellowstone R. (Fishing Bridge)
Hayden Valley Yellowstone R. (N. Fishing Bridge)

Yellowstone R., 0.5 mi. below Fishing Bridge
Yellowstone R., 1 mi. below Fishing Bridge
Yellowstone R., 1 mi. S. Thistle Creek
Yellowstone R., 2 mi. N. Yellowstone Lake
Yellowstone R., Fishing Bridge to LeHardy Rapids

NA Firehole River
Gibbon River, 1 mi. E. Madison/Gibbon junction
Goose Lake
Lake, S. Mud Volcano
Lewis Lake
Little America pond
Lost Lake near Canyon
Mary Lake/pond
Mountain Ash Creek - Falls River Basin
Pond, 2 mi. S.W. Dunanda Falls
Pond, E. Barronette bridge site
Pond, E. Slough (S. of road)
Pond, S. Beach Lake
Pond, W. of N. Geyser Basin
Pond, Winegar Creek
Pothole E. of Elk Traps
Rainbow Lakes
Riddle Lake
Sportsman Lake
Yellowstone Lake - Flat Mountain Arm
Yellowstone R., Canyon to Fishing Bridge
Yellowstone R. (Other)
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Figure A4. National Oceanic and Atmospheric Administration’s (NOAA) U.S. Climatological 
Divisions. The vast majority of Yellowstone National Park lies within the Yellowstone and 
Snake River Drainage divisions (4801 and 4802, respectively) of Wyoming, with small tracts 
within the Southwestern and South Central divisions (2402 and 2405, respectively) of Montana 
and Eastern Highlands division (1010) of Idaho (for further information U.S. Climate Divisions 
see Guttman and Quayle 1996). 
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APPENDIX B 

 

COVARIATE TIME SERIES PLOTS AND SUMMARY STATISTICS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



96 
 

Note: To help visualize temporal patterns, all covariate time-series plots utilize a standard 
(gaussian response distribution) linear model to fit a trend line with 95% confidence intervals. 
Visual comparisons of models with year, year2, and year3 terms were performed to determine the 
best-fitting, but most parsimonious, functional form. 
 
 
 
Figure B1. visitor – Annual number of recreation visitors in Yellowstone National Park, 1931-
2019. 

 
 
 
 
Table B1. Summary statistics for annual number of recreation visitors in Yellowstone National 
Park, 1931-2019. 

 
 

Annual recreation visitors 
(millions)

Min. - Max. 0.087 - 4.257
Mean (SD) 2.135 (1.108)

Median (Q1, Q3) 2.222 (1.340, 2.993)
Missing 0
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Figure B2. bpbc.visitor – Annual number of overnight backcountry visitors during the trumpeter 
swan breeding period (May – September), 1931-2019. 

 
 
 
 
Table B2. Summary statistics for the annual number of overnight backcountry visitors during the 
trumpeter swan breeding period (May – September), 1931-2019. 

 
 
 
 
 
 
 
 
 

Backcountry visitors during 
breeding period (thousands)

Min. - Max. 21.469 - 43.569
Mean (SD) 36.963 (5.671)

Median (Q1, Q3) 38.302 (35.197, 41.257)
Missing 40
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Figure B3. wolf –Estimated YNP wolf abundance, 1931-2019. 

 
 
 
 
Table B3. Summary statistics for estimated Yellowstone National Park wolf abundance, 1931-
2019. 

 
 
 
 
 
 
 
 
 
 
 

YNP wolf abundance
Min. - Max. 0.000 - 174.000
Mean (SD) 34.582 (54.707)

Median (Q1, Q3) 0.000 (0.000, 90.000)
Missing 0
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Figure B4. grizzly – Estimated greater Yellowstone ecosystem grizzly bear abundance, 1931-
2019. 

  
 
 
 
Table B4. Summary statistics for estimated greater Yellowstone ecosystem (GYE) grizzly bear 
abundance, 1931-2019. 

 
 

 
 
 
 
 
 
 
 

GYE grizzly bear bundance
Min. - Max. 99.000 - 757.000
Mean (SD) 343.519 (210.399)

Median (Q1, Q3) 236.000 (201.250, 466.000)
Missing 27
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Figure B5. cang – U.S. Fish and Wildlife Service estimated annual abundance of Rocky 
Mountain Population Canada geese, 1931-2019. 

  
 
 
 
Table B5. Summary statistics for annual estimates of Rocky Mountain Population of Canada 
geese abundance, based on interagency aerial surveys led by the U.S. Fish and Wildlife Service. 

 

 
 
 
 
 
 
 
 
 

Canada geese estimated (thousands)
Min. - Max. 19.600 - 252.700
Mean (SD) 107.048 (60.222)

Median (Q1, Q3) 114.800 (50.850, 141.300)
Missing 35
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Figure B6. anPHDI – Average annual Palmer Hydrological Drought Index (PHDI) value, by 
climate division, 1931-2019 (see Appendix A, Figure A4 for descriptions of U.S. climate 
divisions). 

  

 
 
Table B6. Summary statistics for average annual Palmer Hydrological Drought Index (PHDI) 
value, 1931-2019. 

 

 
 
 
 
 
 

1010 2402 2405 4801 4802
Min. - Max. -6.173 - 6.376 -5.669 - 4.7 -6.21 - 4.513 -4.965 - 3.357 -4.646 - 4.32
Mean (SD) -0.206 (2.480) -0.241 (2.287) -0.454 (2.857) -0.158 (1.960) -0.104 (1.960)

Median (Q1, Q3) -0.297 (-2.075, 1.548) -0.130 (-1.632, 0.885) 0.018 (-2.783, 1.944) -0.177 (-1.513, 1.525) -0.082 (-1.717, 1.227)
Missing 0 0 0 0 0

Climate Division

Average annual Palmer Hydrological Drought Index (PHDI)
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Figure B7. spPCP – Annual cumulative spring precipitation, by climate division, 1931-2019. 

 

 
 
Table B7. Summary statistics for annual cumulative spring precipitation by climate division, 
1931-2019. 

 
 
 
 
 
 
 
 
 
 
 

1010 2402 2405 4801 4802
Min. - Max. 10.160 - 32.106 14.326 - 34.265 12.395 - 35.001 17.069 - 40.462 15.037 - 50.343
Mean (SD) 19.474 (5.625) 23.507 (4.736) 21.162 (4.872) 26.775 (4.876) 29.321 (6.775)

Median (Q1, Q3) 19.329 (14.796, 22.733) 22.555 (20.422, 26.238) 20.523 (18.009, 23.368) 26.365 (23.050, 30.290) 28.651 (24.181, 33.769)
Missing 0 0 0 0 0

Climate Division

Cumulative spring precipitation (cm)
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Figure B8. spTAVG – Average monthly spring temperature by climate division, 1931-2019.  

 
 
 
 
Table B8. Summary statistics for average monthly spring precipitation, by climate division, 
1931-2019. 

 

 
 
 
 
 
 
 
 

1010 2402 2405 4801 4802
Min. - Max. 4.500 - 10.000 2.375 - 7.806 4.736 - 10.278 1.069 - 6.125 1.194 - 6.153
Mean (SD) 6.953 (1.143) 4.879 (1.137) 7.704 (1.223) 3.486 (1.118) 3.237 (1.063)

Median (Q1, Q3) 6.806 (6.097, 7.681) 4.736 (4.132, 5.542) 7.611 (7.000, 8.556) 3.347 (2.694, 4.083) 3.125 (2.451, 3.938)
Missing 0 0 0 0 0

Climate Division

Average monthly spring temperature (C)
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Figure B9. suPCP – Annual cumulative summer precipitation, by climate division, 1931-2019. 

  
 
 
 

Table B9. Summary statistics for annual cumulative summer precipitation, by climate division, 
1931-2019. 

 
 
 
 
 
 
 
 
 
 

1010 2402 2405 4801 4802
Min. - Max. 3.099 - 23.419 6.756 - 29.896 4.902 - 31.090 6.731 - 32.893 5.258 - 28.600
Mean (SD) 12.247 (4.495) 18.038 (5.133) 16.657 (4.847) 18.726 (5.226) 17.213 (5.274)

Median (Q1, Q3) 11.735 (8.915, 15.075) 18.212 (14.580, 22.111) 16.485 (13.183, 19.825) 18.618 (14.872, 22.822) 17.094 (13.056, 20.523)
Missing 0 0 0 0 0

Climate Division

Cumulative summer precipitation (cm)
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Figure B10. suTAVG – Average monthly summer temperature, by climate division, 1931-2019. 

  

 
 
Table B10. Summary statistics for average monthly summer temperature, by climate division, 
1931-2019. 

 

 

 
 
 
 
 
 

1010 2402 2405 4801 4802
Min. - Max. 13.042 - 17.486 10.583 - 14.903 13.625 - 18.653 9.597 - 13.514 9.458 - 13.389
Mean (SD) 15.895 (0.843) 13.355 (0.859) 16.564 (0.987) 11.964 (0.830) 11.835 (0.730)

Median (Q1, Q3) 15.958 (15.389, 16.451) 13.306 (12.771, 13.931) 16.514 (16.076, 17.194) 11.903 (11.542, 12.507) 11.903 (11.285, 12.257)
Missing 0 0 0 0 0

Climate Division

Average monthly summer temperature (C)
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Figure B11. YRmax – Annual maximum discharge (m3/s) of the Yellowstone River at 
Yellowstone Lake outlet, 1931-2019. 

 
 
 
 
Table B11. Summary statistics for annual maximum discharge of the Yellowstone River at 
Yellowstone Lake outlet, 1931-2019. 

 

 
 
 
 
 
 
 
 

Maximum discharge (m3/s) of Yell. 
River at Yell. Lake outlet

Min. - Max. 49.271 - 281.186
Mean (SD) 138.299 (49.465)

Median (Q1, Q3) 132.523 (101.657, 160.982)
Missing 0
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Figure B12. YRodate – Ordinal date of maximum discharge of the Yellowstone River at 
Yellowstone Lake outlet, 1931-2019. 

  
 
 
 
Table B12. Summary statistics for ordinal date of maximum discharge of the Yellowstone River 
at Yellowstone Lake outlet, 1931-2019. 

 

 
 
 
 
 
 
 
 

Ordinal date of max. discharge of 
Yell River at Yell. Lake outlet

Min. - Max. 160.000 - 193.000
Mean (SD) 177.797 (9.086)

Median (Q1, Q3) 178.000 (170.000, 186.000)
Missing 0
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Figure B13. iceoff – Annual ordinal date of Yellowstone Lake ice-off, 1931-2019. 

 
 
 
 
Table B13. Summary statistics for annual ordinal date Yellowstone Lake ice-off, 1931-2019. 

 
 
 
 
 
 
 
 
 
 
 

Ordinal date of Yellowstone 
Lake ice-off

Min. - Max. 117.000 - 162.000
Mean (SD) 141.519 (8.506)

Median (Q1, Q3) 141.000 (136.500, 148.000)
Missing 0
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Figure B14. icefree – Annual number of days Yellowstone Lake was ice-free, 1931-2019.  

 
 
 
 
Table B14. Summary statistics for annual number of days Yellowstone Lake was ice-free, 1931-
2019. 

 
 
 
 
 
 
 
 
 

Annual number of days Yellowstone 
Lake was ice-free

Min. - Max. 181.000 - 254.000
Mean (SD) 217.250 (14.838)

Median (Q1, Q3) 219.000 (206.000, 225.000)
Missing 19
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Figure B15. RRLtrus – Red Rock Lakes National Wildlife Refuge (RRLNWR) autumn trumpeter 
swan survey data of combined white bird and cygnet abundance, 1931-2019. 

  
 
 
 
Table B15. Summary statistics for RRLNWR fall trumpeter swan survey data of total swan 
abundance, 1931-2019. 

 
 
 
 
 
 
 
 
 
 
 

Total trumpeter swan observed 
in RRLNWR

Min. - Max. 24.000 - 380.000
Mean (SD) 147.209 (88.221)

Median (Q1, Q3) 128.000 (72.000, 204.000)
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Figure B16. TRItrus – Total estimated abundance of tri-state (Idaho, Montana, and Wyoming) 
U.S. breeding segment of RMP trumpeter swans, 1931-2019. 

  
 
 
 
Table B16. Summary statistics for total abundance of RMP U.S. Breeding Segment trumpeter 
swans, 1931-2019. 

 

 

 

 
 

Total trumpeter swan estimated 
in tri-state U.S. breeding segment 

of RMP
Min. - Max. 79.000 - 747.000
Mean (SD) 448.139 (164.290)

Median (Q1, Q3) 482.000 (368.500, 564.000)
Missing 0



112 
 
 

APPENDIX C 

 

DETAILED COVARIATE BACKGROUND AND EXPLORATION 
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Human Disturbance 

While the myriad ways that incubating or brooding trumpeter swans can be disturbed by 

humans have been well documented, it is difficult to quantify the specific location, timing, or 

severity of human disturbance impacts. In YNP, detailed records have been kept that describe the 

number of visitors that come to the Park each year, and often the nature of their visit. Early 

superintendent’s annual reports show that in some years they even went so far as to record the 

make and model of vehicles, the State of their license plate, or their country of origin 

(Yellowstone National Park Archives 2020). Despite careful record-keeping, many visitation 

statistics may not adequately describe the way visitors use specific areas of the Park important to 

trumpeter swans and may therefore fail to quantify their potential to disturb swans. To make 

matters more difficult, it is likely that a specific interaction or set of circumstances result in the 

detrimental impacts of human disturbance. In other words, nesting trumpeter swans may not be 

disturbed by the cumulative presence of 1,000 or 10,000 visitors which keep a respectful distance 

but could be caused to abandon a nest by just one particularly reckless or uninformed visitor. 

In previous studies on trumpeter swans in YNP, several metrics of Park visitation have 

been used. Shea (1979) considered road access and seasonal weather which could have precluded 

visitation of particular portions of the Park. As a result, two groups were described: (1) 17 sites 

which received no human visitation until after cygnets hatched, and (2) 14 sites which received 

human visitation during incubation and brood-rearing periods. While cygnet productivity did not 

differ significantly between the two groups, the number of active nests per territory did differ 

significantly between undisturbed (0.91 nests) and disturbed (0.69 nests) sites (Shea 1979). A 

different approach was taken by Proffitt et al. (2010) to investigate potential effects of human 
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activity; covariates for minimum distance of a territory to the nearest road, trail, and campsite 

were included in regression models. They found little evidence that a nesting site’s proximity to 

roads, trails, or campsites affected fledging success (Proffitt et al. 2010). In addition to using 

similar metrics which considered proximity to Park roads and trails, annual Park visitation was 

also utilized in another study to explore its relationship with patterns of territory occupancy and 

cygnet production. Again, these metrics of potential human disturbance did not yield statistical 

significance in describing patterns of territory occupancy (Cockrell 2014). 

In the absence of location-specific visitor information which is particularly sparse or even 

non-existent as one goes further back in time, I felt it would be prudent to try to focus on the 

activities which might make a subset of Park visitors more likely to disturb trumpeter swans. 

Fishing is one such activity that seemed likely to put Park visitors at an increased risk of 

interacting with nesting, incubating, or brood-rearing trumpeter swans. Unfortunately, it is 

difficult to quantify the effort fishermen and fisherwomen put forth each year. While YNP 

personnel did keep track of the number of fishing permits it issued each year, there was no fee 

associated with the fishing permits until 1994. Prior to 1994, any visitor who felt they might go 

fishing or simply wanted to entertain the possibility could have received a permit without any 

real intention of doing so. Thus, the number of permits issued during this time period is unlikely 

to reflect the number of Park visitors that did in fact fish its waters. From around 200,000 fishing 

permits issued in the mid- to late-1970’s—a number which dropped to fewer than 100,000 after a 

fee was required—around 45,000 permits have been issued in recent years (P. Doepke pers. 

comm.). As a result of the disconnect between the number of fishing permits issued and the 

number of visitors which actually engage in the activity of fishing, it was determined that fishing 
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permit data would be not be an appropriate covariate to quantify human disturbance. Similarly, 

fish stocking records from 1881 to 1980 showed very little overlap in the waters stocked with 

fish and those utilized by breeding trumpeter swans (Varley 1981). 

Backcountry hiking and camping are other activities which I believe could put visitors in 

close proximity to nesting, incubating, or brood-rearing  swans. Again, as is the case in 

describing fishing activity within the Park, the number of backcountry visitors and the nature of 

their activity can be difficult to quantify. YNP allowed non-designated, dispersed camping in 

backcountry areas of the Park until 1972. Prior to this time, there is no reliable way to describe 

which areas of the Park were being used by backcountry visitors, a time when trumpeter swans 

had already begun to decline. Furthermore, after examining a subset of YNP’s backcountry 

permit data from 1992-2018, prior to which the data has not been digitized, I found that there is 

little association between designated campsite locations and the lakes and wetlands where 

trumpeter swans have been observed. Only one of the ten territories that have historically 

produced the greatest number of cygnets in YNP has closely associated campsites. Out of the 

nearly 200 locations where swans have been observed in the Park during autumn aerial surveys, 

only about 25 have campsites nearby. As a result of the Park’s backcountry camping policy prior 

to 1972 as well as patterns in the geographic location of established backcountry campsites since 

that year, it was determined that YNP’s backcountry permit data would not allow for the 

calculation of a viable human disturbance covariate. 

The difficulties in describing fishing activity and backcountry use further suggest that the 

Park’s visitation data may not adequately describe the activity of another group of Park visitors: 

day use. Many visitors to the YNP choose to stay in the campgrounds, hotels, and lodges 
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maintained by Park staff and are therefore not counted as backcountry campers but will take 

advantage of  YNP’s extensive trail network during the day. The Park’s more than 900 miles of 

hiking trails provide easy access to many of the lakes and wetlands which trumpeter swans use 

for nesting or foraging, many of them within a day’s hike. Riddle Lake, for example, is one of 

the most popular day hikes in the Park. Visitors which choose to make the roughly 5-mile hike to 

the lake would only be counted as a recreation visitor upon entering the Park, but no more-

detailed information would be collected that would allow for a more refined understanding of 

day-use in the Park. 

Another avenue which I believed could indirectly address the human disturbance 

hypothesis is YNP’s infrastructure. If access to certain areas of the Park, especially remote 

backcountry areas, were limited by the roads or trails available during the Park’s early history, I 

felt this could have prevented all but the most dedicated visitors from reaching certain lakes and 

wetlands. After further investigation, I discovered that the history of the Park’s roads and trails 

does not support this theory. Construction of the Park’s Grand Loop Road—the main highway 

which connects the major points of interest within the Park—was completed in 1915 (Rosenberg 

2015). By 1931, there were already over 900 miles of trails within the Park, essentially 

accounting for the trails that are present today (Rosenberg 2015). In short, I found no reason to 

believe that the Park’s infrastructure, or lack thereof, would have prevented visitors from 

accessing lakes and wetlands important to swans during the early time period of this study. 

Lastly, I explored the Human Footprint Index (HFI) as another potential method of 

describing human activity within the Park. Nine datasets are used to generate a standardized 

score for four types of human influence: population density, land transformation, accessibility, 
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and power infrastructure. Summation of these scores, normalized by regionally defined biome 

and larger biogeographic realm, provides a score from 0 to 100, where 0 represents no human 

influence and 100 represents the maximum amount of human influence (WCS and CIESIN 

2005). Although the HFI inherently quantifies human influence on the landscape, it has severe 

limitations when applied in this context. As a national park, land transformation, human access, 

and power infrastructure—three of the main metrics upon which the HFI is constructed—have 

remained relatively unchanged since the early 1900’s. In addition, as the number of permanent 

YNP residents has also remained relatively constant, so too has the Park’s population density. In 

other words, the HFI is not able to capture the seasonal influxes of visitors which the Park 

experiences each year. Furthermore, the HFI is based largely on remotely sensed survey 

information and is therefore not available before 1993 at which point trumpeter swans had 

already been declining for several decades. Given its shortcomings in this particular application, 

it was decided that the HFI would not be a viable method to quantify potential human 

disturbance of trumpeter swans in YNP. 

Despite the difficulties outlined above, YNP has kept close record of the total number of 

visitors which enter the Park each year, available from 1904 to the present year. While this 

information is not very detailed, i.e., it does not describe the timing or location of visitor use, it 

does encompass the entire time period of this study and includes all types of visitors. One 

covariate was developed using this data that includes all annual recreation visitors from 1931 to 

2019 (see Appendix B, Figure and Table B1). Beginning in 1979, Park visitation records of 

greater detail are available which break down visitation by month as well as describing the 

nature of their stay, e.g., backcountry camping or RV camping. The detailed records from 1979 
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to 2019 were used to create a covariate describing overnight backcountry visitors during the 

breeding period (May-September) (see Appendix B, Figure and Table B2).  

Coyotes  

Coyotes received labels like “the swans greatest enemy” and “the greatest threat in the 

trumpeter’s struggle for existence” from early YNP naturalists (Childs 1934, Barrows 1936). 

Management actions to control their numbers were recommended during the 1930’s, especially 

around swan nesting areas. Similar convictions can be found scattered in superintendent’s annual 

reports from the early 1900’s (Yellowstone National Park Archives 2020), but there is little 

evidence of coyote predation of trumpeter swans in the early decades of this study (Banko 1960). 

It is not until the 1980’s that cause-specific mortality of trumpeter swans was closely monitored. 

YNP bird program records from 1987 to 2007 help to illustrate the potential importance of 

coyotes as egg and cygnet predators; of 103 instances of egg or cygnet mortality, 14 (12%) cases 

are attributed to coyotes. Another 27 (26%) instances are categorized as undetermined egg or 

cygnet predation, suggesting that the 14 cases attributed to coyote predation may be a 

conservative estimate of their impact (Proffitt et al. 2010). 

Studies of coyotes in YNP have been conducted only sporadically, making it difficult to 

describe coyote ecology or population trends in any certain terms. In perhaps the earliest 

estimate of coyote abundance in YNP, Skinner (1927) suggests a minimum of 400 individuals. 

Following this, as part of a more extensive study on coyotes, Murie (1940) cites this same figure 

and suggests that coyote abundance was largely unchanged through the 1930’s. A detailed 

examination of over 5,000 coyote droppings found that their diet was made up predominately of 

large and small mammals, although birds were also included. Trumpeter swans were not 
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explicitly listed but remains or shells could have been included in “Large bird” or “Large bird 

egg” entries that were not further identified (Murie 1940). Additional studies in the mid-1940’s 

and early 1950’s focused on seasonal movements of coyotes into and out of the Park’s 

boundaries but did not attempt to estimate abundance or detail food habits (Robinson and 

Cummings 1947, Robinson and Cummings 1951, Robinson 1952). 

To the best of my knowledge, coyote abundance in YNP was not again estimated after 

Murie’s work (1940) until the 1990’s. Crabtree and Sheldon (1999) placed the number of 

individuals at approximately 450. Diet analysis was again conducted, but only large and small 

mammals that made up the majority of its diet were considered (Crabtree and Sheldon 1999). 

Limited sources suggest that coyote abundance remained relatively stable in the last century 

though it is likely that interspecific interactions with other predator species in more recent 

decades may have done more to alter coyote behavior than coyote abundance. Based on the 

limited information available and general evidence that coyote abundance did not vary greatly 

over the course of the study, it was determined that the impact of coyotes as trumpeter swan egg 

and cygnet predators could not be reliably quantified. No covariates relating to coyotes were 

included in the analysis. 

Ravens 

Early observation of ravens destroying the eggs of a pair of trumpeter swans at Tern Lake 

in YNP led researchers to believe that this could be a relatively common occurrence, and to 

brand ravens “as number one enemy to the trumpeter swans” for their propensity to destroy 

numerous eggs and nests (Childs 1934). Again, there is little evidence to attribute trumpeter 

swan egg failure to ravens. At least one instance of nest failure due to ravens was documented at 
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Red Rock Lakes NWR in 1990 (Mitchell 1990). YNP bird program records from 1987 to 2007 

provide further evidence that ravens destroy trumpeter swan eggs. During observation of 85 

instances of egg failure, eight (9%) were attributed to ravens. Another 16 cases of undetermined 

egg predation were recorded, suggesting that this should be considered a conservative estimate 

(Proffitt et al. 2010). 

Perhaps due to their common nature, relatively little attention has been given to the 

common raven and their demography in YNP is largely unknown (Stahler et al. 2002). I was 

unable to find any study implemented to estimate, or monitor for any length of time, the number 

of ravens inhabiting the Park. However, while investigating YNP bird program records in the 

Park archives in Gardiner, an estimate made by Park ornithologist McEneaney in 1999 was 

discovered. At the time, McEneaney estimated the number of nesting pairs to be 140-160, with a 

winter population of 500-810 ravens. After reintroduction of wolves, it is further suggested that 

raven wintering areas have changed, resulting in ravens being found in closer association with 

wolf packs (Stahler et al. 2002). Likely the byproduct of many hours of observation in the Park, 

no information is given on how these raven estimates were made. Within the context of this 

long-term study, this snapshot does little to describe raven behavior or population trends as they 

might relate to trumpeter swans. As a result, it was determined that no covariate could accurately 

quantify raven abundance or egg predation and therefore be included in the analysis. 

Wolves  

Anecdotal evidence from trumpeter swan studies and monitoring programs suggests that 

predation of swans and their eggs by gray wolves occurs on an opportunistic basis. Generally 

capable of defending themselves against wolves, there are early accounts in British Columbia of 
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trumpeter swans being killed by wolves after a severe left them in poor condition (Chapman 

1942). Campbell (2004) details the case of a lone wolf that destroyed four trumpeter swan eggs 

when the adults were taking a break from the nest, also in British Columbia. In addition, an adult 

swan was killed by a GPS-collared wolf in Minnesota (Gable et al. 2019). Eyewitness accounts, 

scene examination, and necropsy results led to the determination that wolves killed three adult 

trumpeter swans during two separate incidences in YNP in 2005 (McEneaney 2006). 

Reported to be abundant in the 1870’s, wolves were made scarce by the 1880’s as a result 

of hunting and poisoning programs. The last wolves were removed in the 1920’s although a few 

were reported in years afterwards (Murie 1940). Wolves were effectively absent from the Park 

ecosystem for approximately 70 years, including the time period during which trumpeter swan 

abundance began to decline. Since their reintroduction in 1995, population trends have been 

carefully monitored and detailed records have been kept to document their progress. After the 

release of 31 translocated wolves into the Park in 1995 and 1996, YNP’s wolf population peaked 

at 174 individuals in 2003, eventually remaining relatively stable from 80 to 108 individuals 

between 2009 and 2019 (Phillips and Smith 1997, Smith et al. 2020). Population abundance 

estimates, found in annual reports published by the National Park Service, were used as a 

covariate to quantify the potential impact of wolf predation on trumpeter swans or their eggs (see 

Appendix B, Figure and Table B3).  

Eagles 

Perhaps the only winged predator capable and willing to challenge a full-grown trumpeter 

swan is the eagle. Although this is likely attempted only occasionally, swan cygnets and 

juveniles are easier quarry which are likely targeted more frequently. Both bald and golden 
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eagles have been documented to prey on trumpeter swans both within and outside the Greater 

Yellowstone area. Early reports from Red Rock Lakes National Wildlife Refuge document 

“smoky grey” cygnets being killed infrequently by golden eagles. A total of three cygnets were 

killed on the refuge during the winter of 1944-1945, one of which was struck in the air (Sharp 

1951). Similarly, there are eyewitness accounts of eagles killing swans in the Madison Valley of 

Montana and in British Columbia (Banko 1960). In more recent years in YNP, bald eagles have 

been observed preying upon newly hatched trumpeter swan cygnets with increasing frequency 

(McEneaney 2006, Smith et al. 2016). 

One study that compiled golden eagle diet information with samples collected largely in 

western North America, found their diets to be made up of approximately 15% birds with 

trumpeter swans and many other species of waterfowl included (Olendorff 1976). In short, 

golden eagles are opportunistic predators which will prey on anything they are capable of taking 

down; trumpeter swans would certainly fall under that category. However, this likely occurs 

much less frequently than bald eagle predation and has not been documented within YNP. 

Furthermore, in the Park, the areas used by golden eagles and trumpeter swans largely do not 

overlap and the opportunity for golden eagles and swans to interact is likely minimal (D. Haines, 

pers. comm.). As a result, it was deemed unnecessary to include a covariate that would address 

potential golden eagle predation in the Park. 

At Seney National Wildlife Refuge in Michigan’s Upper Peninsula, personnel 

documented increased predation of young trumpeter swan cygnets by bald eagles over the course 

of several years. The pools at Seney are relatively unproductive for fish, and it is believed that 

bald eagles identified young trumpeter swans as a reliable food source and began actively 
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hunting them (Corace et al. 2006). Similarly, in YNP, firsthand accounts suggest that young 

trumpeter swans are an increasingly important prey source for bald eagles, possibly due to the 

lack of Yellowstone cutthroat trout available to them (Koel et al. 2019, Smith et al. 2016). Bald 

eagle monitoring efforts in YNP did not begin in earnest until the late 1980’s and only a few 

studies were conducted in select years prior. Murphy recorded summer population abundance 

estimates and reproductive information for bald eagles in YNP from 1960-1963 and in 1965 and 

1968. Swenson (1975) continued this work beginning in 1972, eventually expanding the project 

to study areas of the Greater Yellowstone ecosystem through 1982 (Swenson 1975, Swenson et 

al. 1986). Since regular bald eagle monitoring efforts by YNP bird program staff began in 1987, 

reproductive information similar to that collected during Murphy and Swenson’s studies has 

been collected on an annual basis. Combining all sources of eagle data provides information 

from 1960 to present with only ten missing years. Unfortunately, the monitoring effort has not 

been consistent, and each year may see a different subset of bald eagle nests monitored making 

comparison across years challenging. No covariate could be developed that would describe 

potential changes in total bald eagle abundance or predation behavior.  

Bears 

Both grizzly bears and American black bears—opportunistic, generalist omnivores which take 

advantage of seasonal abundances of a wide variety of food sources—have been documented to 

destroy the eggs of nesting trumpeter swans. Studies of grizzly and black bear diets documented 

at least 266 different species consumed, including several bird species, with an average of 7.3 

different foods consumed per day (Costello et al. 2016, Fortin et al. 2013, Gunther et al. 2014). 

Despite the limited number of areas in which both bears and trumpeter swans occur, observations 
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of bear predation of swans or their eggs have been made both within and outside of YNP. 

Observations of a black bear destroying a clutch of trumpeter swan eggs and an adult swan being 

killed by an unspecified bear species are included in a preliminary report on YNP’s trumpeter 

swans (Condon 1941). In 2005, grizzly bears were responsible for destroying the egg clutches of 

two separate swan territories in YNP, accounting for the failure of two of only three nest 

attempts made that year (McEneaney 2006).  

During a three-year study in the Copper River Delta, Alaska, destruction of four 

trumpeter swan nests was attributed to bears; as both black and grizzly bears were common 

throughout the study area the species responsible could not be determined (Hansen et al. 1971). 

In perhaps the only photographic documentation of an encounter between trumpeter swans and a 

large mammalian predator, Henson and Grant (1992) captured a time lapse movie of a lone adult 

trumpeter swan attempting to defend its nest from an adult brown bear. During the brief 

exchange the swan spread its wings towards the bear in a defensive posture but was unsuccessful 

in driving it away. The swan was eventually forced to retreat, and the bear consumed the eggs, 

leaving only a few shell fragments (Henson and Grant 1992).  

Superintendent’s annual reports from the early 1900’s can provide glimpses into the 

status of YNP’s black and grizzly bear populations but not without limitations. Despite 

occasionally including counts and estimates for both black bears and grizzly bears, it is not clear 

how these estimates were determined and what scientific methods, if any, were used 

(Yellowstone National Park Archives 2020). Due to this uncertainty and the sporadic reporting 

of bear population data, it was determined that the information found within superintendent’s 
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annual reports could not be used to adequately quantify trends in either black bear or grizzly bear 

abundance in the early years of the study period. 

The first scientific study of grizzly bears did not occur until 1959. At the time, garbage 

dumps in and near YNP provided food sources that were important to the behavior, reproduction, 

and survival of many grizzly bears. A 1969 report by a science advisory committee of the 

National Park Service suggested a new approach to bear management in YNP. The new 

approach resulted in the closure of seven garbage dumbs in and near YNP between 1968 and 

1979. Prevented from obtaining human food and refuse, bears were returned to a wild existence. 

Grizzly bear abundance declined steeply in the Greater Yellowstone area after the closure of 

dumps. The Interagency Grizzly Bear Study Team (IGBST) was formed in 1973 and grizzly 

bears were given protection under the Endangered Species Act in 1975. Monitoring efforts by 

the IGBST suggest that grizzly bear numbers increased by 4 to 7% per year from 1983 to 2001 

and bears eventually recolonized habitat outside of YNP, expanding their range by nearly 50% 

(White et al. 2017). 

Observations and reports of trumpeter swan reproductive failure due to grizzly bears 

occurred both before and after major changes in grizzly bear management. Although interactions 

between grizzly bears and trumpeter swans likely occur only opportunistically, the closure of 

garbage dumps and elimination of human food sources may have had a marked impact on bear 

behavior. Food-conditioned bears would have had to learn to subsist on natural foods that may 

have led to an increased number of bears wandering the landscape in search of their next meal. 

While interactions between grizzly bears and trumpeter swans likely occur rarely overall, 
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reproductive failure of trumpeter swans due to grizzly bears may have increased in the decades 

following the Park’s paradigm shift in grizzly bear management.  

There are no YNP-specific estimates of grizzly bear abundance. The Greater Yellowstone 

area is the ecological unit which is monitored by the IGBST and grizzly bears are known to 

wander regularly across Park boundaries. Still, trends in grizzly bear abundance are likely to be 

similar across this geographic area; estimates for the Greater Yellowstone area should describe 

changes experiences in the Park as well. Grizzly bear abundance estimates are available from 

1959 to present with only three years of missing data. From 1959 to 1974, population estimates 

are based on garbage dump census counts (Craighead et al. 1974). From 1975 to 1977, no 

population estimates were made as garbage dumps were closed and new methods had to be 

developed. From 1978 to 2020, IGBST annual reports provide population estimates. Although 

several different methods were used to estimate population abundance over the course of grizzly 

bear monitoring efforts, these figures represent the most reliable, long-term record of grizzly 

bear abundance. As such, grizzly bear population estimates for the greater Yellowstone area 

were used in this study to quantify the potential impact of grizzly bears on trumpeter swans 

(Appendix B, Figure and Table B4).  

Although black bears are not as well studied in the Park, there is some evidence to 

suggest that black bear density, and therefore abundance, may have remained relatively stable 

(Barns and Bray 1967, Tiesberg et al. 2013). Even as grizzly bear abundance increased, 

sympatric black bears segregated their resource use to avoid dominant grizzly bears (Tiesberg et 

al. 2013). As both bear species also track seasonal abundances of a wide variety of food 

resources, it is particularly difficult to describe their distributions relative to one another, or to 
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areas within the park utilized by trumpeter swans. Given general trends in black bear density, it 

was assumed that the opportunity for black bear predation of trumpeter swans or their eggs/nests 

also remained relatively constant. Thus, biological interpretation of the covariate describing 

GYE grizzly bear abundance was actually thought of as the potential for combined black bear 

and grizzly bear predation. 

Habitat Quality 

Previous studies have explored aspects of habitat quality in YNP and attempted to 

explain how they may have changed over time, but questions remain. Cockrell (2014) compared 

several characteristics of nesting territories between sites where swans were present during the 

study period and those where they were absent. Among the characteristics examined were the 

presence of lead in nesting area soils and a host of water quality metrics, including free acidity, 

alkalinity, carbon dioxide, dissolved oxygen, water hardness, and pH. No statistically significant 

differences were found in the characteristics examined between territories where swans were 

present and those where swans were absent during the study period (Cockrell 2014). Given 

Cockrell’s findings, I felt it was not likely that water chemistry or lead poisoning were 

contributing factors in the Park’s initial swan decline. 

Multiple studies have investigated elevation and the area of wetlands or wetland 

groupings. Elevation of nesting habitat has never been shown to significantly impact swan 

presence, occupancy, clutch size, or fledging success within YNP (Cockrell 2014, Shea 1979, 

Proffitt et al. 2010). While variation does exist in the elevation of nesting territories in YNP, 

when compared to other areas within the RMP or to breeding areas in Alaska or Canada, all of 

YNP may effectively be considered high elevation. While wetland area was shown to impact 
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clutch size and, to a lesser degree, fledging success (Proffitt et al. 2010), repeated observations of 

wetlands and lakes in YNP which would capture habitat quality changes through time have not 

been made. Similarly, habitat characteristics which could be important to trumpeter swans have 

not been measured or systematically monitored in YNP, such as nest location, e.g., shoreline or 

small island; nesting substrate, e.g., emergent vegetation, floating vegetation mat, beaver lodge, 

or muskrat house; shoreline complexity; and aquatic plant diversity and availability. The 

National Wetlands Inventory (NWI) may be the most descriptive data set on YNP’s wetlands and 

lakes, but its purpose is to be a current description of wetlands and cannot be used to explore 

potential changes in wetland classification, persistence, or area through time.  

Precipitation and Temperature 

Weather stations located within the Park have collected climate data since the late 1800’s. 

While daily climate data from specific weather stations may provide information most closely 

tied to nearby swan territories, individual weather stations regularly have periods of missing 

data, can be decommissioned or moved, or new stations can be built at any time. Due to these 

inconsistencies, it was instead decided to use monthly climate data averaged across many 

weather stations within a climate division (Appendix A, Figure A4). Although the spatial and 

temporal scale of monthly divisional climate data is less focused, it had complete coverage of the 

entire study period without any missing data and still provided climate covariates which were 

more specific than Park-wide averages.  

Divisional climate data were used to develop five covariates related to environmental 

conditions. The Palmer Drought Severity Index (PDSI) has been used in at least one previous 

trumpeter swan study but there was little evidence that it impacted swan presence at nesting 
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areas (Cockrell 2014). I felt the previously unexplored Palmer Hydrological Drought Index 

(PHDI) may be more focused on the hydrological impacts of long-term drought conditions 

affecting trumpeter swan habitat. Nonetheless, the two drought indices had a correlation 

coefficient of 0.96; inclusion of either would have supplied much of the same information. PHDI 

values were used to quantify long-term drought conditions (see Appendix B, Figure and Table 

B6) and covariates for cumulative spring (March-June) and summer (June-September) 

precipitation, and average monthly spring and summer temperature were included in the analysis 

(see Appendix B, Figures and Tables B7-B10).  

Nest Flooding  

In addition to weather stations, stream gauges located on several rivers in YNP and the 

surrounding area have collected daily flow readings since before 1931. Two stream gauges were 

considered: (1) Yellowstone River at Corwin Springs, approximately 12 km NW of YNP’s north 

entrance, and (2) the Yellowstone River at the Yellowstone Lake outlet. Daily flow readings 

were filtered to find the highest annual discharge value (cubic feet per second) as well as the 

ordinal date that it occurred. Due to its central location in the Park, I felt the Yellowstone Lake 

outlet gauge would be more closely tied to peak snowmelt and was chosen in favor of the 

Corwin Springs gauge. Covariates for the maximum annual discharge and ordinal date that it 

occurred were included in models to serve as proxies for the magnitude and timing of peak 

snowmelt or runoff, a time when swan nests may be most vulnerable to flooding (see Appendix 

B, Figures and Tables B11 and B12).  

 



130 
 

Ice-free Period 

Some researchers have noted variability in spring melt and the date that trumpeter swan 

nesting habitat is free of ice (Shea et al. 2013, Shea 1979, Henson and Cooper 1993). Given the 

trumpeter swan’s lengthy breeding period, this could have a large impact on breeding success. 

While ice-out data specific to locations where swans were observed during autumn surveys 

would be preferable, no such records exist. Nonetheless, this type of information has been kept 

for Yellowstone Lake. The date Yellowstone Lake became ice-free has been reliably 

documented during the entire study period. On the other hand, the date that the lake became 

frozen is often missing during the 1930’s, 40’s, and 50’s, becoming more consistent after the 

1970’s. As a result, two covariates were developed: (1) the ordinal date that Yellowstone Lake 

became ice-free, from 1931-2019, and (2) the number of ice-free days, or potential breeding 

period. These two covariates were included in the analysis as proxies for the available breeding 

period (see Appendix B, Figures and Tables B13 and B14). Due to missing values, the number of 

ice-free days was only used in analysis of the later time period (1979-2011).  

Canada Geese 

The increase in the number of Canada geese observed in YNP in recent years and 

potential impact as competitor for trumpeter swan food resources or habitat can be quantified in 

two ways: (1) the North American Breeding Bird Survey (BBS), and (2) waterfowl population 

monitoring surveys conducted by the U.S. Fish and Wildlife Service (USFWS). The BBS is a 

long-term, large-scale international avian monitoring program initiated in 1966 to track the status 

and trends of North American bird populations. Participants skilled in bird identification conduct 

roadside point count surveys every 0.5 miles along an approximately 25-mile route, recording 
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every bird heard or seen within a 0.25-mile radius (Pardieck et al. 2020). In YNP, three BBS 

survey routes have been conducted since 1988; two routes cover the Park’s northern range, and 

one route covers the interior, including Hayden Valley and the northern shore of Yellowstone 

Lake.  

The USFWS provides population abundance indices for Canada geese estimated from 

surveys conducted by biologists from state, federal, and provincial agencies, or from universities 

(USFWS 2019). The latest report includes population abundance figures for the RMP of Canada 

geese from 1970 to 2019. The BBS is focused entirely within the Park, but its single-day 

observations of areas only adjacent to roads may not adequately describe larger temporal or 

spatial trends. In contrast, the USFWS abundance indices for the RMP of Canada geese may 

serve as a more accurate proxy for utilization of the entire Park by Canada geese and also 

includes 15 additional years of data coverage. For these reasons, USFWS RMP Canada goose 

abundance indices were chosen for inclusion in modeling (see Appendix B, Figure and Table 

B5). 

Trumpeter Swan Movement/Management 

 Previous researchers have suggested immigration of trumpeter swans into YNP may have 

helped support increased levels of swan abundance and productivity within the Park. Definitive 

evidence for swan movements between RRLNWR and YNP is lacking, but it has been suggested 

to occur (McEneaney 1986, McEneaney and Sjostrom 1986, Mitchell and Shandruk 1992). Local 

movements between other areas of the Greater Yellowstone area are thought to occur much more 

regularly (Olson et al. 2013). Intensive swan translocation efforts beginning in the late 1950’s 

and redoubled during the 1980’s and 1990’s removed large numbers of trumpeter swans from the 
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RMP (the majority of swans were taken from RRLNWR). These management actions may have 

further impacted movements of swans within the broader geographic area around the Park and 

prevented areas like RRLNWR from acting as sources of immigration into the Park. To 

investigate the relationship between swans from RRLNWR in particular and swans from the 

larger geographic area around the Park, two covariates were included in models. First, total swan 

abundance from RRLNWR from 1932-2020 was included as a covariate (Appendix B, Figure 

and Table 15) . Second, total swan abundance from the tri-state portion of the U.S. breeding 

segment of RMP trumpeter swans, found in the Pacific Flyway Council management plan for the 

RMP of trumpeter swans, was also included (Appendix B, Figure and Table 16) (Pacific Flyway 

Council 2017). 
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