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Abstract

Survey data for trumpeter swans were collected throughout Alaska since 1968, 

but due to design difficulties and past analytical limitations, previous analyses were 

limited to simple summary statistics. The main purpose of my work was to rigorously 

analyze these data using advanced methods and determine rates of population change, the 

effects of environmental change on habitat use, and the influences of habitat features on 

habitat occupancy. I estimated that the adult population grew at a rate of 5.9% (95% 

credible interval = 5.2% to 6.6%) and production of cygnets increased at 5.3% (95% 

credible interval = 2.2% to 8.0%) annually. I also found evidence that variation in 

occupancy was positively related to average annual temperature, indicating that climate 

warming positively affects trumpeter swans. However, I found no evidence that small 

levels of pond shrinkage (-3% on average), another effect of climate change, was 

affecting swan occupancy in the Cordova area. Habitat occupancy was dependent on 

wetland type and increased with wetland size, history of fire, and warmer springs. 

Increased elevation and the presence of transportation infrastructure negatively affected 

occupancy. An additional goal for this project was to further develop analytical methods 

for analyzing survey and survival data in general. To accomplish this I developed 

Bayesian hierarchical models that: account for missing data, provide estimates of 

goodness-of-fit, and use multiple random effects to help explain heterogeneity in the data. 

These problems have proven to be difficult or impossible to overcome using previously 

available methods and can cause misleading results if inadequately addressed. I also 

show that previous methods can lead to underestimates of survival in the presence of



overdispersion. The Bayesian survival model that I present explicitly accounts for 

overdispersion and provides an estimate of goodness-of-fit for the survival of nests and 

young. These features improve estimates for data of this type by reducing bias and 

providing an estimate of model adequacy. Overall this work advances our understanding 

of how the ecology of a vertebrate avian species is affected by climate change and 

provides advances in methods for analyzing complex data streams with problems 

commonly encountered in studies of wildlife populations.
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GENERAL INTRODUCTION

This work expands our body of knowledge of trumpeter swan population 

dynamics and the response of this species to climate change, and further develops 

analytical techniques that will be useful for similar wildlife studies. Wildlife biologists 

must make management decisions based on careful analyses of data that have often been 

collected over the course of many years, and the methods that are used for these analyses 

can have profound impacts on the results, their interpretation, and subsequent 

management actions. This makes it imperative that the best available analytical 

techniques are used, especially when the data collection procedures are less than ideal. 

Often data sets are incomplete (eg. skipped transects in some years due to logistical 

constraints) or other potential problems (e.g. overdispersion) are present. Standard 

analytical techniques are often unable to account for these difficulties and can lead to data 

being censored in order to leave only complete records. Ignoring these complications can 

lead to negatively biased point estimates (Natarajan and McCulloch 1999, Link et al. 

2002, Murphy and Dunne 2005), underestimates of uncertainty (Burnham and Rexstad 

1993, Flint et al. 1995), and over-fitting of models (Anderson et al. 1994). These 

problems have often been intractable in the past, but recent advances in computing 

technology have provided the opportunity to address them directly (Gelman et al. 2004). 

The main purpose of my research was to thoroughly analyze the Alaska trumpeter swan 

survey data set to determine rates o f population change, habitat use, and the effects of 

climate change on trumpeter swan habitat occupancy. A parallel objective was to 

develop more rigorous analytical methods for survey and survival data in general.



Trumpeter swans (Cygnus buccinator) had nearly become extinct by the early 

1900’s due largely to over-harvest (Bellrose 1980), and the destruction of estuarine 

winter habitat. Pairs were rediscovered in Alaska in 1954 in the Copper River Basin, and 

this prompted additional surveys in the Kenai National Moose Range (Hansen et al. 

1971). This led to the first broad scale trumpeter swan aerial survey in 1968 covering 

most suspected breeding areas (Caithamer 2001), and since 1975, surveys have been 

conducted at 5-year intervals. Although these data have been collected for nearly 40 

years, a rigorous, comprehensive analysis has been lacking due to difficulties associated 

with the sampling design, therefore past analysis has been limited to relatively simple 

summary statistics of the counts. This type of information can be useful, but a formal 

analysis would allow much stronger conclusions to be drawn about population changes. 

The identification of important habitat characteristics on a large scale have also been 

lacking, and by using this long-term data set I was able to provide these estimates and 

investigate the effects of climate change on this species. Although trumpeter swans 

populations have largely recovered in Alaska, a more thorough understanding of their 

habitat requirements may help prevent future declines.

Quantifying the rate o f annual population change for this data set was difficult 

because the size of the area surveyed increased during each survey period to reflect 

perceived increases in swan breeding range during intervening years. Separating 

population changes from changes in survey extent are quite difficult, and standard 

analytical techniques were inadequate in this situation. To overcome this problem, I 

developed Bayesian hierarchical models which allow for incomplete surveys and provide



a robust way to analyze data of this type (Chapter 1). These models allow full use of the 

available data and produce unbiased estimates with more accurate levels of precision. 

Standard (i.e. frequentist) analytical methods are generally impractical for survey data of 

this type because it is difficult if not impossible to simultaneously account for all of the 

relevant factors affecting inference (Link and Sauer 2002, Link et al. 2002). Our intent 

was for these models to be useful for a broad range of survey data that may have similar 

problems due to increases in survey extent or partial survey coverage in some years. To 

provide a comparison between methodologies, I conducted the analysis twice, once using 

the missing data and once using back-filled data.

Apparent increases in the range of trumpeter swans, especially in northern areas, 

also led me to investigate the potential role of climate change on trumpeter swan habitat 

use through the use of occupancy models (Chapter 3). A theoretical northern limit to 

trumpeter swan breeding range based on the number of ice-free days (n = -145 days) was 

proposed by Hansen et al. (1971), but this boundary has been crossed in recent years.

This suggests that changing climate conditions may be lengthening the breeding season in 

some areas, allowing trumpeter swans to colonize areas that were previously unsuitable. 

Survey grid cells were used as the sampling unit, and if a swan was sighted within a 

given unit, it was considered to be occupied for that year. I then calculated the mean 

number of days above freezing for the 5 years prior to the survey to provide an index of 

climate conditions that swans would have experienced prior to the survey year. I then fit 

occupancy models to the data using the number of days above freezing, latitude, and a



time trend as covariates to determine whether any of these explained changes in swan 

occupancy probability.

Future management of this species also depends on an understanding of the 

influences of habitat features on use. To assess this on a large scale I used data from 4 

different areas of the state that were surveyed annually for many years: Minto Flats State 

Game Refuge (MFSGR), MFSGR and the surrounding area, Tetlin National Wildlife 

Refuge (TNWR), and the Cordova area. Wetland characteristics, along with manmade 

features, such as transportation infrastructure, were included as covariates to help explain 

variation in habitat use (Chapter 4). An understanding of which habitats are preferred by 

trumpeter swans is very important for management as development pressures increase. 

Identification of high probability breeding areas could help prevent disturbance during 

critical periods. However, many of these breeding areas may be changing due to climate 

warming. Closed-basin ponds have been shrinking throughout Alaska and this could 

impact use by breeding swans. To investigate this possibility, I modeled changes in 

occupancy by nesting swans in the Cordova region relative to changes in pond size 

between 1982 and 1996. A negative relationship between occupancy and decreases in 

pond size would indicate that this aspect of climate warming was negatively affecting 

swan habitat use.

Finally, frequentist survival models for nests and young have been known to have 

substantial limitations that have not been adequately addressed. When overdispersion 

and heterogeneity among sampling units are unaccounted for, negatively biased survival 

estimates and unreasonably high levels of precision can result (eg. Natarajan and



McCulloch 1999) . Also, a method for estimating goodness-of-fit has been lacking 

leaving no way to quantify the adequacy of model fit. Commonly used methods employ 

post-hoc adjustment factors to correct model selection results for overdispersed data 

(e.g., c ;White and Burnham 1999), but they do not address negative bias. One way to 

address this problem is to include appropriate random effects terms which can be used to 

model overdispersion and heterogeneity directly, however, the ability to fit mixed-effects 

models using frequentist methods is limited. To address these issues I developed a 

Bayesian survival model that can include many complex random effects providing more 

realistic results (Chapter 2). I also developed a measure of model goodness-of-fit which 

can help to identify discrepancies between the proposed model and the data. This model 

is broadly applicable to a variety of nest and young survival data and will help to improve 

survival estimates in the future. The difficulties with this type of data had been identified 

previously, but this is the first instance where they have been addressed simultaneously in 

a straightforward manner.

Overall, this work expands our knowledge of how vertebrate populations might 

respond to environmental change now and into the future. This study represents one of 

the first examinations of the effects of change at a scale containing most (70-80%) of a 

species’ breeding range (Parmesan and Yohe 2003) and provides new insights into how 

other species may respond to continued climate warming. Others have shown small 

northward range shifts (<20 km on average) in passerine species on a regional scale 

(Thomas and Lennon 1999), but larger-scale studies of vertebrate species are rare. The 

shift in range observed for trumpeter swans was large (>200 km) and may not be



representative of the response of other species, but this study provides evidence that 

responses to changes in climate may be dramatic. Because the northern extent of the 

trumpeter swans’ breeding range is directly related to the length of the ice-free period, I 

would expect this species to show a strong relationship between further increases in 

temperature. Additional range expansion will likely occur as the climate continues to 

warm, but additional effects such as pond shrinkage may begin to decrease densities on 

the landscape. These potentially contrasting effects provide the opportunity to investigate 

conflicting responses to environmental change in more detail. For this reason trumpeter 

swans provide a unique opportunity to more fully understand the potential impacts of 

continued environmental change.
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Chapter 1:

Monitoring Alaskan Trumpeter Swan Population Change using Bayesian 

Hierarchical Models1

ABSTRACT

Time series of survey data provide essential data for management of wildlife. To 

improve management of swans in Alaska, we analyzed aerial survey data of trumpeter 

swans, which were collected in all known breeding habitats in Alaska from 1968-2005. 

As is common for many surveys, these data presented some analytical challenges. For 

example, during the period of study, numbers of swans counted increased 9-fold and the 

area surveyed increased 4-fold, which made it difficult to separate changes in the 

population from changes in the area surveyed. Other survey problems that are commonly 

encountered include missing data, and differences in observers, sites, or years. Each of 

these can be addressed individually in a frequentist framework, but a Bayesian approach 

provides a formal framework which can simultaneously address these issues. We used 

Bayesian hierarchical negative binomial models of swan counts because the additional 

scaling parameter in this distribution helped to more accurately describe our data than did 

over-dispersed Poisson models. We analyzed adult and cygnet counts separately, and to 

investigate the bias associated with making assumptions about missing values, we 

reanalyzed the data filling in missing values with 0’s prior to the addition of a given

1 Prepared for submission to The Journal o f  Wildlife Mangement as Schmidt, J.H., M.S. Lindberg, D.S. 
Johnson, B. Conant, and J. King. Monitoring Alaskan trumpeter swan population change using Bayesian 
hierarchical models. .



geographic unit to the survey. This analysis strategy was in response to the suggestion 

that survey units were added as swans colonized them, so prior years would have had 

counts of zero. We estimated that adult populations grew at an average rate of 5.9% 

annually and cygnet production grew at a rate o f 5.3% annually. We also found evidence 

that cygnet production exhibited higher rates o f increase at higher latitudes in later years, 

which may be evidence for population level effects due to climate change. An increase in 

production in later, warmer years may indicate that the number o f ice-free days has 

increased enough to allow successful reproduction to occur. Given probable continued 

increases in trumpeter swan numbers, managers should consider the size of the wintering 

population that is desired or that can be supported by the available winter habitat and the 

effects that breeding-range expansion might have on tundra swan populations.

Key words: Alaska, Bayesian methods; climate change; Cygnus buccinator; hierarchical 

models; population trend; survey data; trumpeter swan

Trumpeter swans had nearly become extinct by the early 1900’s due largely to 

over-harvest associated with subsistence use by settlers and the swan skins trade 

(Houston et al. 2003), and possibly the destruction of estuarine winter habitat. This 

resulted with the only known pairs remaining in Yellowstone National Park and Red 

Rock Lakes in Centennial Valley, although it was later discovered that small populations 

also existed in Alaska (Bellrose 1980). In the twentieth century, the first breeding pairs 

in Alaska were positively identified in 1954 in the Copper River Basin (Hansen et al. 

1971). This discovery prompted the initiation ofsurveys in the Kenai National Moose



Range where 20 additional breeding pairs were located (Hansen et al. 1971). These data 

led to the first broad scale aerial survey for trumpeter swans, which was conducted over 

most suspected breeding areas in Alaska in 1968 (Caithamer 2001). Since then, aerial 

surveys of all suspected breeding areas in Alaska have been conducted at regular 

intervals using individual 1:63,360 topographic maps as survey units. Swan numbers and 

their locations were recorded, but due to data complexity, a comprehensive analysis was 

not conducted (but see Conant et al. 2002).

Analyses of survey data often indicate population changes through time, although 

many of the conclusions from these types of studies are controversial due to inherent 

design deficiencies (Link and Sauer 2002). Survey data are often criticized for being 

unrepresentative of the population as a whole due to poor sampling design and failure to 

estimate detection probability (MacKenzie et al 2006). Surveys that lack estimates of 

detection probability and representative coverage are often called index surveys (Link 

and Sauer 2002). Also, indices do not provide unconditional estimates of population 

change, and their limitations can make adequate analysis complicated at best (Edwards 

1998, Link and Sauer 1998, Link and Sauer 2002). Other potential problems include 

differences in observer ability, changes in detection probability through time, random 

variation between sites, and spatial autocorrelation between observations. These 

problems can lead to erroneous conclusions or provide estimates with unacceptable levels 

of uncertainty that are of limited use for management. All of these factors add levels of 

analytical complexity, which together can be quite formidable. Standard (i.e. frequentist) 

analytical methods are generally impractical for survey data o f this type because it is



difficult if  not impossible to simultaneously account for all of the relevant factors 

affecting inference (Link and Sauer 2002, Link et al. 2002). In the past, many potentially 

unrealistic assumptions would have been necessary (eg. all sample units are identical, 

observers abilities are equal) or data would have been partitioned in order to complete an 

analysis. However, in recent years Bayesian methods have provided a robust framework 

for incorporating many sources of uncertainty concurrently (Gelman et al. 2004, 

Thogmartin et al. 2006). These methods have been applied to point-count and aerial 

survey data (e.g. Link et al. 2002, Link and Sauer 2002, Thogmartin et al. 2004, 

MacKenzie et al 2006) and have been used to analyze portions of long time series of data 

such as the North American Breeding Pair Survey for waterfowl (Jamieson and Brooks 

2004, Viljugrein et al. 2005) and the North American Breeding Bird Survey (NABBS: 

Peterjohn et al. 1996) for passerines (e.g. Sauer and Link 2002, Thogmartin et al. 2004).

The Alaska Trumpeter Swan Survey (ATSS) data contains several of the 

complexities common to long-term survey data. First, survey units were added during 

each subsequent survey in response to apparent population expansion. This makes the 

comparison of counts between years difficult because the amount of surveyed area 

increased along with the increase in counts. Nuisance effects are also likely to be present 

in the form of overdispersion, and random variation among units and between years. 

Overdispersion occurs when some sites have counts that are much larger than the mean. 

This causes poor fit for Poisson models because the Poisson distribution assumes that the 

mean and variance of the counts are equal, and when some individual counts are very 

large, fit tends to be poor. Random variation can also cause problems because an implicit



assumption in a frequentist framework is that all survey units are homogeneous. Ignoring 

heterogeneity can lead to biased point estimates and artificially small estimates of 

precision, and accounting for these effects in order to identify the true change in 

population size would be quite difficult if not impossible using frequentist methods.

We used hierarchical models to directly account for the specific difficulties in the 

ATSS data by simulating across the missing counts, thereby allowing the inclusion of all 

available data, and incorporating parameters for random effects to account for different 

sources o f random variation such as years and survey units. This is preferable to using 

only portions of the data for which there are comparable numbers of surveys, and 

provides more accurate estimates in the presence of heterogeneity. Our specific 

objectives were to estimate rates of change for adult and cygnet populations of trumpeter 

swans in Alaska and to further develop general tools for analyzing other wildlife survey 

data.

STUDY AREA

Alaska trumpeter swan surveys were conducted throughout all known nesting 

habitats in the state. Surveys were concentrated in lower elevation areas where wetlands 

occurred between 55.6° to 67.9° latitude and -159.8° to -130.8° longitude. Most lands 

were within the Yukon, Tanana, Kuskokwim, Koyukuk, Susitna, and Copper river 

drainages, and these areas included large portions of Tetlin, Kenai, Innoko, Koyukuk, 

Nowitna, Kanuti, and Yukon Flats National Wildlife Refuges.



METHODS

The first comprehensive survey for trumpeter swans in Alaska was conducted in 

1968, and from 1975-2005, surveys of all known nesting habitats were conducted every 5 

years during August and September (Conant et al 1996, Caithamer 2001). Survey units 

consisted of individual 1:63,360 quadrangle maps (units) where swans were known or 

suspected to occur, and survey coverage increased from 181 units in 1968 to 796 units in

2005. Surveys were conducted from a single engine fixed-wing aircraft with the intent of 

counting each individual swan within each map (i.e. ‘a census’). To achieve this goal, a 

modified transect survey design was employed. Transects were located -1.6 km apart 

across all potential habitat in the unit, and the pilot and observer were each responsible 

for searching the area within ~0.8 km on one side of the aircraft. In order to increase the 

accuracy o f the counts and specific locations of each swan, additional time was spent 

circling any group or individual that could not be positively identified, counted, or 

assigned to a specific location from the transect line. This provided complete aerial 

coverage of all potential swan habitat for each unit. The survey route and the exact 

location of each swan sighting were recorded directly on a topographic map of the area to 

guard against double-counting and to provide accurate spatial information. Each swan 

location was recorded as a single, a pair, a pair with a brood, or a flock. The number of 

cygnets and the number of individuals in each flock were also recorded. In later years, 

planes were equipped with computers with automatic GPS tracking software to record the 

survey route, and recently some planes have had touch screens installed on the instrument 

panel, which allowed locations to be directly recorded onto a digital map of the area.



Survey coverage increased substantially throughout the study period and in response to 

an apparent increase in the distribution of breeding trumpeter swans observed during 

other waterfowl surveys conducted during the intervening years.

We used Bayesian hierarchical models, similar to those formulated by Link and 

Sauer (2002) and Thogmartin et al. (2004), to describe the spatial and temporal factors 

affecting the abundance, distribution, and production of swans from 1968-2005 

throughout Alaska. Models were fit using Markov Chain Monte Carlo (MCMC) methods 

in WinBUGS 1.4.1 (Spiegelhalter et al. 2004). In these models, observed values are 

dependent on parameters, which are themselves specified in terms of hyperparameters 

(Gelman et al. 2004:117). This formulation allows the inclusion of enough parameters to 

fit the model, while using the dependence among those parameters to avoid overfitting 

(Gelman et al. 2004:117). Failure to use these models when hierarchical structure is 

present in the data can result in poor model fit (Gelman et al. 2004:117).

Because our data consisted of counts of the number of individuals within each 

survey unit, we had two logical candidate distributions from which our data may have 

been generated; the Poisson and the negative binomial. The Poisson contains a single 

parameter describing both the mean and the variance and assumes that large counts are 

rare (Neter et al. 1996), while the negative binomial distribution has two parameters, one 

of which is a scaling parameter describing the right-hand tail o f the distribution when the 

mean and variance are not equal (ie. overdispersed counts). The Poisson was a logical 

starting point for our models because this distribution is commonly used for survey data 

(Link and Sauer 1997). In our case, however, the variance of the counts was more than



an order of magnitude larger than the mean and large counts occurred in some units. We 

initially considered using overdispersed Poisson models as in other similar studies (e.g. 

Link and Sauer 2002, Link et al. 2006), but this was an inadequate description of the data 

and resulted in poor model fit. Others have used the negative binomial distribution (eg. 

White and Bennetts 1996) in similar situations, and in our case it improved model fit 

greatly.

One of the advantages of a Bayesian approach is that missing values can be 

included in the analysis by simulating the missing values based on the model during each 

iteration of the MCMC sampler. The simulated values do not influence the outcome, but 

the known values can then be used to help estimate the regression parameters. In our 

case, we did not have counts for all units in all years due to the increase in survey area 

over time. This could present a substantial problem for a frequentist analysis because 

either those units without complete data would have to be excluded, or an assumption 

that the counts were 0 prior to their addition to the survey would have to be made. Either 

choice could substantially influence the outcome of the analysis. In this case, WinBUGS 

estimates the missing values in the data matrix at each MCMC iteration, allowing the 

inclusion of all surveyed areas without the introduction of bias associated with making 

assumptions about the missing values. They are simply estimated along with all other 

unknown parameters during the updating process.

In formulating our candidate set of models, we began by assuming that there was 

an identifiable slope term because the number of swans counted statewide had increased 

nine-fold between 1968-2005 and not all of this increase was likely due to increases in

14



the area surveyed. Because it was unlikely that the initial number of swans and rate of 

population change were the same at each unit location, we built models which allowed 

the slope to vary by unit, and also included a quadratic effect of time to examine the 

possibility of a nonlinear relationship. There was some evidence that in later years swans 

were occupying habitat at higher latitudes and higher elevations (Conant and King pers. 

obs.), possibly due to climate warming which may have increased the number of ice free 

days. To investigate this possibility we included an interaction between the latitude at the 

center of each surveyed unit, and the year of the survey.

There were also several nuisance effects that were addressed through the use of 

random effects terms, which were added as intercept adjustments. We expected that 

there would be inherent differences between units and that counts in areas in close 

proximity to one another may be correlated due to some unmeasured variable (e.g. 

habitat) common to the areas. To account for this, we investigated both an independently 

distributed random effect at the unit level, and a random effect with a row-standardized 

proper Gaussian conditional autoregressive (CAR) structure (Spiegelhalter et al. 2004, 

Thogmartin et al. 2004). CAR models allow a relaxation of the assumption that all units 

are independent of one another by allowing the counts in neighboring units to be 

dependent upon one anther to some degree . Neighbors were defined as units sharing 

corners, therefore an individual unit could have as many as 8 neighbors.

We also added an individual year random effect term to account for random 

differences among annual surveys. These differences could have been due to large scale 

weather patterns or the timing of spring breakup, which could have impacted the counts.



For example, large scale nest failure related to weather conditions could have led to low 

cygnet production or earlier migration of some birds. This would have had direct effects 

on counts in those years. Using combinations of these variables we constructed models 

with varying levels of complexity and then used the Deviance Information Criterion 

(DIC) to select among competing models (Spiegelhalter et al. 2002).

Model.— Our most highly parameterized model was specified as

log(nij) = a  UCi(tj) + ta(tj)2 + Pi(latj) + p2(latj* tj) + jj + yj 

where the expected value of the observed counts (Yy) is denoted by gy given the values of 

the intercept (a), trend effects (kn, Mi), latitude effect (Pi) and the interaction (p2) 

between latitude (lat,) and trend (tj), individual unit random effects (v,), and individual 

year random effects (yj). Subscripts i and j represent unit and year respectively. Both 

spatial CAR and independent random effects were considered for individual unit-level 

effects, and both independent and autoregressive (AR) time structures were considered 

for year effects. The remainder of our model set consisted of nested models containing 

combinations of these parameters. We also investigated the potential effects of observer 

and survey date to investigate their potential influence on counts. Observer teams were 

assigned to categories based on the office or organization that carried out the survey of a 

given area in each year. Grouping in this manner allowed the counts of individual 

observer teams to vary after accounting for the other covariates in the model. Observer 

effects have been shown to be important in other survey data (e.g. Link and Sauer 2002) 

and we included it to investigate potential variation in detection probability between



different observer teams. If a date effect was supported, it would indicate that timing of 

surveys had an influence on the number of swans counted in a given unit.

Due to the amount of time necessary for a model to reach convergence, we started 

analysis with a simple model and then added parameters based on the top models from 

that subset. We began by treating the slope and intercept as fixed effects and then added 

the quadratic term, observer and date effects, and latitude effects individually and in 

combination resulting in 8 initial models. All models within 10 DIC units of one another 

were carried to the next step where we added random effects terms to this subset of 

models as intercept adjustments or in place of the slope term.

Models were constructed using the statistical software R 2.2.0 (R core 

development team 2005) and the R2WinBUGS package (Sturtz et al. 2005) and were 

fitted in WinBUGS 1.4.1. Covariates were standardized to have a mean of 0 and a 

standard deviation of 1 to improve MCMC convergence properties (Spiegelhalter et al. 

2004). For each model, we generated three independent Markov chains up to 1,000,000 

iterations each, depending on complexity, and were thinned by a factor of 10-30 to ensure 

that convergence was reached and to obtain reasonable effective sample sizes. Most 

models that reached convergence did so within approximately 1,000-30,000 iterations, 

but some took slightly longer. Simpler models without random effects converged 

quickly, often 20,000 iterations were sufficient. The convergence properties of the chains 

were analyzed using the R package ‘coda’ (Plummer et al. 2006), and convergence was 

determined by examining plots of the chains to ensure adequate mixing and by using the 

Gelman-Rubin diagnostic (Gelman and Rubin 1992, Brooks and Gelman 1998). Once
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we determined that convergence had been reached, the initial iterations were discarded as 

‘burn-in’ and the remaining iterations were used to estimate the posterior distributions of 

the parameters and calculate the DIC. Generally the bum-in period was approximately 

2,000 iterations for fixed-effects models and 50,000 iterations for models containing 

random effects, but some were slightly longer depending on the degree of mixing 

observed in the diagnostic plots.

We evaluated model goodness of fit in the same manner as Link and Sauer (2002) 

and Thogmartin et al. (2004), using the Bayesian P value which compares model fit to 

the fit of a replicate data set.

p = £  (Y„ ~ Vit)2 
y P

The Bayesian P  value measures the proportion of simulations where the replicated 

data is greater than the observed data, with good fit occurring when P=0.5 (Gelman et al. 

2004: Chapter 6). Major failures of the model occur when P<0.01 or P>0.99 (Gelman et 

al. 2004: 175).

In constructing our models we used vague priors (Gelman et al. 2004: 61, Link 

and Sauer 2002, Thogmartin et al. 2004) allowing the inference to be based almost 

entirely on the data with little influence from the prior distribution. Model parameters 

were specified as being normally distributed with a mean of 0, and hyperparameters were 

given virtually flat priors with mean=0 and variance=1000. These prior distributions 

were diffuse enough to be nearly certain to contain the true values of the effects.



These models were fit to both adult and cygnet count data collected over the 

entire study period to identify differences in population responses and trajectories 

between these two groups. Additionally, to investigate any bias that would be introduced 

by making explicit assumptions about areas that were added in later years, we reanalyzed 

the data assuming that swans colonized each unit just prior to its inclusion in a survey.

To examine this, we assumed that the count at any unit first surveyed in year j was 0 in 

all years prior to j. These ‘augmented’ analyses are different from the ‘standard’ 

analyses, where the missing values are estimated along with all of the other unknown 

parameters. This augmentation had been previously suggested as one way to make the 

analysis tractable in a frequentist framework and allowed us to compare results based on 

estimates of previous years’ counts with those of “known” counts (i.e. count=0). By 

comparing the results from the standard analysis with no assumptions made about the 

values of the missing values, to the augmented analysis where the missing values were 

replaced by 0’s, we were able to asses the amount of bias that could result by assuming 

that all units were added immediately after colonization.

RESULTS

The final models that were selected for each of the four analyses (adults, 

augmented adults, cygnets, augmented cygnets) were quite similar in structure and 

supported fewer parameters than we initially expected. It quickly became apparent that 

our data did not support random slope terms, or a spatial CAR structure on the random 

site effects for any o f the analyses (convergence failure), and there was no evidence for 

effects of observers or survey date (ADIC-l 0,000) suggesting that detection probabilities



were probably high and relatively constant. Our final models included combinations of 

year and latitude effects, and random effects of year and survey unit. Results are based 

on the top model from each analysis because in each case the top model received nearly 

all of the model weight. Bayesian / ’-values for all top models indicated that model fit 

was adequate in analysis.

. The top non-augmented adult count model indicated a positive trend and negative 

latitude effects with independent random variation in each year and in each unit (Table 

1). This means that counts increased through time, but were lower at higher latitudes. 

Based on standardized covariate values, the trend across years explained 3 times as much 

variation as latitiude, but latitude was still an important predictor. The estimated 

unstandardized rate o f yearly increase in adult counts was 5.9% (95% credibility interval 

= 5.2% to 6.6%). Predicted adult abundance for the entire study area corresponded with 

observed counts except for the first and last years and increased from 2,738 to 23,730 (SE 

= 198 to 1400; Figure 1).

The top augmented adult count model supported 2 more parameters than the non

augmented analysis, trend2 and an interaction between latitude and trend. The directions 

of the common effects trend and latitude were the same, but the magnitudes of the effects 

were larger (Table 1, Figures 2,3). Assuming known counts for all years at all locations 

led to an estimated unstandardized yearly rate of increase in adult counts of 10.4% (95% 

credibility interval = 9.7% to 11.1%), and the negative trend2 term indicated that the rate 

was slowing in later years. The support for the interaction term also indicates that in later 

years counts at higher latitudes grew at a faster rate.
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The top non-augmented cygnet model included a positive effect of trend and 

trend , a negative effect of latitude, an interaction between latitude and trend, and 

independent, random effects in each year and in each unit. Counts at each site increased 

through time in a quadratic fashion, were lower at higher latitudes, but increased at higher 

rates at higher latitudes in later years (Table 1). The estimated unstandardized yearly rate 

of increase in cygnet counts was 5.3% (95% credibility interval = 2.2% to 8.0%). 

Predicted cygnet abundance for the entire study area corresponded with observed counts 

except for the first and last years and varied considerably between years (Figure 4).

The top augmented cygnet model included all of the same terms as the non

augmented analysis except for the random year effect. The directions of the fixed 

parameters were the same as in the previous analysis, but the magnitudes varied (Table 1, 

Figures 5,6). The estimated unstandardized yearly rate of increase was nearly double that 

of the previous analysis at 9.3% (95% credibility interval = 8.7% to 9.8%) and was 

increasing more quickly in later years. The latitude effects are similar, although the 

latitude by trend interaction was slightly higher than in the non-augmented analysis 

(Table 1).

DISCUSSION

Previous estimates of trends in Alaska tumpeter swan abundance calculated by 

comparing changes in statewide counts between surveys (Caithamer 2001, Conant et al. 

1995, Conant et al. 2002) had an unknown level of bias because these analyses did not 

explicitly account for the increased survey area through time. One suggestion of how to 

deal with this problem was to assume that all maps were added as soon as swans



populated them, but comparisons of the results from the augmented vs. non-augmented 

analyses indicated that this assumption can cause bias in the parameter estimates. Fixing 

the unknown count values to 0 forces the intercept to a lower value than if unknown 

counts are simply treated as missing values to be estimated during the updating process. 

As a result, the effect sizes of the remaining parameters are artificially increased to 

compensate for the lower intercept. We observed this effect in both the year and latitude 

parameters which resulted in higher estimated growth rates for both augmented analyses. 

We believe that by allowing WinBUGS to estimate the missing counts in the non

augmented analysis, less precise but potentially less biased estimates are obtained 

because the intercept is calculated from the available data and missing values are allowed 

to be non-zero. Also, support for random effects of year and unit indicated that there was 

additional variation present in the data that was not explained by the fixed parameters. 

Including these terms allowed this variation to be accounted for while simultaneously 

estimating the fixed parameter values. For these reasons, we believe that all inference for 

this population should be based on the non-augmented analysis.

An estimated annual growth rate of 5.9% is relatively high for a long-lived 

species such as swans, and may indicate that they are not yet constrained by the carrying 

capacity of the breeding habitats and thus may be exploiting new breeding areas or 

repopulating areas from which they had been extirpated. Cygnet counts also increased at 

a similar rate during this time period (5.3%), although the variability in the estimate was 

higher than for adults. This greater variability was expected because production is much 

more likely to be affected by annual variation than is adult survival. In the future, a



slowing population trajectory or a reduction in the increase in cygnet production 

statewide might be expected due to saturation of breeding habitat, although there is little 

evidence that this is occurring yet at this scale. The support for a positive interaction 

between year and latitude for cygnets may be an indication that breeding areas at lower 

latitudes are approaching some maximum number of breeding pairs. Swan populations 

have been present in low latitude areas throughout the study period, and may have had 

time to saturate breeding areas which could have caused a per capita decrease in cygnet 

production. This would result in increasing counts at higher latitudes as new breeding 

pairs moved into the available habitat and began producing cygnets. .

Evidence of lower counts at higher latitudes was expected because the initial 

population of swans was concentrated in the southern part of the state. Only in later 

years did they begin breeding in more northern areas, so counts were generally higher at 

lower latitudes where the population had been growing for years. The positive 

interaction between year and latitude in the cygnet model was of note because it indicated 

that counts at higher latitudes in later years were increasing at a faster rate, as suspected.

It is possible that this change in population distribution and growth is due in part to 

climate warming. Swans are likely limited in the northern part of their range by the 

number of ice-free days necessary to successfully nest and fledge young (n=145-150; 

Hansen et al. 1971). Parmesan and Yohe (2003) found that spring events have been 

advancing at a rate of 2.3 days each decade globally, and Hinzman et al. (2005) describe 

many changes in Alaska that are related to climate warming, including an increase in the 

number of ice-free days. It is feasible that this increase in the number of ice-free days is



enough to allow swans to breed in areas that were previously unavailable due to ice 

cover. Our study may represent one of the first demonstrated shifts in breeding range in a 

large bodied bird due to climate change within a relatively short period of time, and this 

could have implications for future management of this and other species (Peterson 2003). 

Other factors such as terrain, precipitation, and local climate also likely influence swan 

populations, but were beyond the scope of this study. For trumpeter swans, it appears 

that breeding range limits have been relaxed, but the opposite may be true for other 

species. Overall, our results suggest that breeding habitat is not yet limiting population 

growth for Alaskan trumpeter swans, and further population increases may depend on 

other factors, such as the availability of wintering habitat.

The ATSS is unique compared to other surveys such as the NABBS because the 

ATSS attempts to cover all of the known breeding areas in the state and includes roughly 

75-85% of the entire North American population (Caithamer 2001), making large-scale 

conclusions possible. One major criticism of surveys such as the NABBS is that the 

counts are biased to an unknown degree because most are located in close proximity to 

roads and do not necessarily represent the landscape as a whole (Sauer et al. 2004).

When a majority of the breeding area is covered, the sample is more likely to be 

representative of the population. The detection probability of trumpeter swans is also 

likely to be higher and more consistent through time than surveys that are based on 

counts of singing males, as in the NABBS. NABBS counts are likely influenced by the 

effects of changing weather conditions, wind-speed, and ambient noise on singing 

propensity and an observer’s ability to hear and properly identify a song during the



observation period (Farnsworth et al. 2002). The design of the ATSS does not allow the 

direct estimation of detection probability, but has the advantage of relatively constant and 

favorable detection conditions. The birds contrast sharply with the surrounding habitat 

making them visible from a distance, swans are usually located on or near an open 

wetland, and surveys are only conducted when the weather allows safe aircraft operation, 

which also ensures good sightability. Surely some unknown quantity of swans is not 

detected, but it is unlikely that this is a large proportion of the population in a given year. 

Also, the number of individuals missed is not likely to be highly variable between 

observers because of the ease of detection, and the relatively low densities of swans 

enable more accurate counting compared with other waterfowl surveys such as the North 

American Breeding Pair Survey (Hodges et al. 1996). This was evidenced by the lack of 

support for either observer or survey date effects, which would be expected to be 

important predictors if  detection probability varied. If detection was variable or lower 

than expected, our estimates of abundance would be conservative. Because detection 

probability cannot possibly be 1.0, our estimates should be viewed as conservative, but 

we believe that there is no reason to expect that substantial or systematic bias is present.

The methods we have used here formally address several problems that are 

common to survey data which pose substantial problems for analysis: missing data, 

overdispered counts, and heterogeneity between sites or years. Missing data is a frequent 

problem either due to changes in survey area or skipped survey years or units.

Accounting for this is generally difficult using a frequentist approach and often results in 

truncation of the data so that corresponding years and units form a comparable data set,



or unrealistic assumptions about the missing values (eg. missing counts=0). Finally, 

hierarchical models allow multiple random effects to be included in the models which 

can reduce bias in the parameters of interest. Survey data often contain variation that is 

not explained by the available covariate information, and it is important to consider the 

effects on the precision of parameter estimates. For this reason, random terms should be 

considered in survey data analyses where unexplained variation may exist between years 

or sample units. These random terms can help account for nuisance effects such as 

random variation between survey units or years that is not explained by the available 

covariates. The relative ease with which all of these problems can be dealt with 

simultaneously in a Bayesian framework should make future analysis of survey data more 

practical and informative, while ignoring these problems can produce inaccurate results 

with unknown levels of bias.

MANAGEMENT IMPLICATIONS

Consistent high rates of population increase along with high rates of cygnet 

production indicate that breeding habitat is not likely to be a limiting factor currently for 

the Alaskan breeding population, although the lower growth rates at lower latitudes 

suggest that southern breeding habitats are becoming saturated. The survey methods 

employed during this study appear to be adequate for monitoring this population, and 

further monitoring should be conducted to identify new breeding areas and quantify 

population growth rates throughout the state. Given probable continued increases in 

trumpeter swan numbers, consideration should be given to the size of the wintering 

population that is desired or that can be supported by the available winter habitat. Also,
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if the northward range expansion continues, there is also a possibility for conflict between 

trumpeter and tundra swans. As ranges begin to overlap, tundra swans may be displaced 

by the larger, more aggressive trumpeter swans. New methods for differentiating 

between these species during aerial surveys might also become necessary to identify 

competition for or exclusion from nesting areas.
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Table 1. Posterior distributions of mean standardized model parameters including 95% 

credibility intervals from the top models for each analysis.

Top Models Year Year2 Latitude Latitude* Year

Adult 0.79 -0.29

(0.66, 0.84) (-0.42,-0.16)

Augmented Adult 1.31 -0.08 -0.51 0.41

(1.23, 1.41) (-0.17, 0.02) (-0.66, -0.33) (0.37, 0.46)

Cygnet 0.67 0.06 -0.66 0.25

(0.28, 1.02) (-0.34, 0.40) (-0.82, -0.48) (0.18,0.33)

Augmented 1.17 0.03 -0.66 0.36

Cygnet (1.11, 1.24) (-0.03, 0.09) (-0.83, -0.50) (0.29, 0.43)
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Figure 1. Annual adult abundance from the hierarchical analysis with 95% credible 

intervals (dashed lines). The solid line indicates estimates from the best model. Solid 

circles indicate raw counts collected during surveys in each year.
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Figure 2. Effect of year on adult abundance at mean latitude based on the top adult 

models. Solid lines indicate scaled abundance using the posterior means of model 

parameters, dotted lines indicate 95% credible intervals. Abundance is scaled to the 

number o f birds/survey unit.
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Figure 3. Effect of latitude on adult abundance with year fixed at 1985 based on the top 

adult models. Solid lines indicate scaled abundance from the posterior means of the 

model parameters, dotted lines indicate 95% credible intervals. Abundance is scaled to 

the number o f birds/unit.
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Figure 4. Annual abundance of cygnets from the hierarchical analysis with 95% credible 

intervals (dashed lines). The solid line indicates estimates from the best model. Solid 

circles represent the raw survey counts.
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Figure 5. Effect of year on cygnet abundance at mean latitude based on the top cygnet 

models. Solid lines indicate scaled abundance from the posterior means of the model 

parameters, dotted lines indicate 95% credible intervals. Abundance is scaled to the 

number of birds/unit.
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Figure 6. Effect of latitude on cygnet abundance with year fixed at 1985 based on the top

cygnet models. Solid lines indicate scaled abundance from the posterior means of the

model parameters, dotted lines indicate 95% credible intervals. Abundance is scaled to

the number of birds/unit.
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Chapter 2: 

A General Bayesian Hierarchical Model for Estimating Survival of Nests and 

Young2 

ABSTRACT

Models for estimating survival probability of nests and young have changed dramatically 

since the development of the Mayfield method. Improvements in software and a steady 

increase in computing power have allowed more complexity and realism in these models 

allowing researchers to provide less biased estimates of survival and relate survival rates 

to relevant covariates. However, most current analytical methods can only accommodate 

fixed effects models with the implicit assumption that the covariates explain all of the 

variation in the data. This is generally a fragile assumption, and, in the presence of 

overdispersion, these estimates have been shown to be negatively biased. We present a 

general Bayesian modeling framework applicable for survival of nests and young that 

simultaneously allows for the inclusion of individual covariates and random effects and 

provides an estimate of goodness-of-fit. The inclusion of random effects also allowed us 

to provide more accurate estimates of parameter variances and account for variation 

remaining in the data after the inclusion of the fixed effects parameters. We used 

previously published data on survival of common goldeneye ducklings in interior Alaska
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and nest survival for 3 species of prairie nesting ducks nesting in the Missouri Coteau 

region of North Dakota to demonstrate the utility of this approach.

KEYWORDS: duckling survival, goodness-of-fit, heterogeneity, nest survival,

overdispersion, random effects

INTRODUCTION

Accurate estimates and predictions of the survival probability of both nests and 

young are o f considerable interest and importance to researchers and managers who study 

and work with avian populations. Information about these parameters is used to make 

inferences about habitat quality, predator-prey relationships, life-history trade-offs, and 

population dynamics (Johnson et al. 1992). Researchers often define nest survival as the 

persistence of a clutch of eggs until at least one egg hatches (Williams et al. 2002), and 

survival of young as the survival of individual young until some period of interest has 

elapsed: often the period between hatching and fledging (Sargeant and Raveling 1992), 

but these definitions could be modified to address survival over any period of interest.

Variations of Mayfield’s method (Mayfield 1961, 1975) and other exposure-based 

binomial survival models (eg. Johnson 1979, Bart and Robson 1982, Dinsmore et al. 

2002) are the most commonly-used methods for estimating nest and young survival 

(Rotella et al. 2004). These models frequently rely on the theoretical framework of the 

binomial distribution for estimation (Williams et al. 2002), but the assumptions of a 

binomial process are often too restrictive when applied to actual field data. In practice 

the implicit assumptions of homogeneity of survival probabilities and independence 

among sampling units are often violated (eg. Johnson and Hoeting 2003). The combined



effects of heterogeneity and lack-of-independence are often referred to as overdispersion 

(McCullagh and Nelder 1989, Burnham and Anderson 2002) and can lead to negatively 

biased point estimates (Natarajan and McCulloch 1999, Link et al. 2002b, Murphy and 

Dunne 2005), underestimates of uncertainty (Burnham and Rexstad 1993, Flint et al. 

1995), and over-fitting of models (Anderson et al. 1994). This has led to the suggestion 

that researchers assume overdispersion is present unless investigations prove otherwise 

(McCullagh and Nelder 1989, Natarajan and McCulloch 1999).

Several solutions to the problem of overdispersion have been proposed because of 

its implications for the interpretation of results from ecological studies. Many of these 

require estimation o f a post-hoc correction factor which is then applied to the estimated 

sampling variances and model selection criteria (e.g., c ;White and Burnham 1999).

There are 3 major limitations to this approach. First, correction factors do not offer any 

recourse for the investigator to distinguish between the components of overdispersion and 

evaluate their relative effects on survival estimates. Second, estimating the magnitude of 

the variance correction factor is problematic because estimates of c ( c = deviance/df) 

are positively biased (Dinsmore et al. 2002, White 2002). Third, these post-hoc 

correction methods do not address the problem of negatively biased survival estimates 

(Natarajan and McCulloch 1999) when heterogeneity and lack-of-independence are 

p re s e n t.

Overdispersion can be modeled directly using a beta-binomial distribution (eg. 

Natarajan and McCulloch 1999, Smith et al. 2005). This approach accounts for 

overdispersion, but does not allow the identification of the source (e.g. individual or site).
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A more informative solution to these problems would explicitly account for heterogeneity 

and lack-of-independence with appropriate random-effects (Natarajan and McCulloch 

1999, Williams et al. 2002). These models are known as mixed effects or hierarchical 

models (Pinheiro and Bates 2000). Hierarchical models provide a feasible way to model 

heterogeneity and lack-of-independence and facilitate inference from a sample of nests, 

broods, or sites, to a larger population (Natarajan and McCulloch 1999, Link et al.

2002b). Frequentist nest survival models have been developed that incorporate a single 

random effect at the study site level (e.g. Stephens et al. 2005): unfortunately, 

overdispersion at finer levels (e.g. individual nest) or from multiple sources often cannot 

be addressed using this technique due to computational limitations (Rotella et al. 2004).

With the advent of readily-available, open-source software such as R (R 

Development Core Team 2006) and WinBUGS (Spiegelhalter et al. 2004) and more 

powerful personal computers, complex hierarchical models for binomial data have 

become a realistic option for applied researchers. The parameters of models with 

multiple random effects can be estimated using Markov Chain Monte Carlo (MCMC) 

techniques in a Bayesian framework (Link et al. 2002a). Some researchers have taken 

advantage of increased computing power to construct both Bayesian and frequentist nest 

and young survival models of varying complexity that can account for overdispersion and 

include som e covariates (N atarajan and M cC ulloch 1999, He et al. 2001, He 2003, Smith 

et al 2005). Nevertheless, a freely available and flexible analysis approach that can 

simultaneously incorporate individual covariates, address overdispersion at multiple 

levels, and assess goodness-of-fit is lacking. Our goals were to (1) develop working



program code that would allow the estimation of fixed coefficients and multiple random 

effects from exposure-based, survival models within a Bayesian framework, (2) develop 

a goodness-of-fit test for these models, and (3) provide a comparison between our results 

and the results obtained through two other commonly-used statistical packages, Program 

MARX (White and Burnham 1999) and SAS (SAS Institute 1999), that do not allow for 

such estimation. We accomplished this in two example analyses.

METHODS

We analyzed duckling survival data that were collected in 2002-2003 from a nest- 

box population of common goldeneye (Bucephala clangula) located in central Alaska 

(Schmidt et al. 2006). Data comprised histories from 338 ducklings from 46 broods over 

the 2 year study period, which were followed until 30 days of age when possible. The 

original analysis of these data in Schmidt et al. 2006 used the nest survival module in 

Program MARK and included an exploration of models containing group and individual 

covariates that were treated as fixed effects. Overdispersion in the data was estimated 

using c , results were adjusted accordingly, and Akaike’s Information Criterion adjusted 

for overdispersion and small sample size (QAICc) was used to select the best 

approximating model (Schmidt et al. 2006). In this paper, we use WinBUGS to fit a 

subset of models from the Schmidt et al. (2006) analysis to examine the effects of year, 

season date, and daily precipitation on duckling survival. W e then added random  effects 

to 2 of these models to explore their effects on model selection and individual parameter 

estimates.
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We also analyzed nest survival data collected in the Missouri Coteau region of 

North Dakota during April-July 2000. Data were collected at eighteen, randomly- 

selected 10.4-km2 sites. The sites were searched for nests throughout the breeding 

season, and once a nest was located, it was visited every 3-9 days until hatch or failure. 

Three site-level landscape variables were also collected to help explain variation in nest 

survival: proportion grass, crop edge, and a count of the number of wetland basins on 

each site. Data comprised nest histories from 1686 nests of 3 species: mallard (Anas 

platyrynchos), blue-winged teal (Anas discors), and gadwall (Anas strepera). These data 

were previously analyzed and published as part of a larger study (see Stephens et al. 

2005). We used SAS PROC NLMIXED (SAS Insititute 1999) to generate maximum- 

likelihood estimates of daily nest survival probability under a model set containing 

combinations of the fixed effects of species and the landscape covariates. The model 

structures were chosen based on the results from the larger analysis conducted by 

Stephens et al. (2005). Overdispersion in the data was estimated using c , and we used 

AICc differences to distinguish among competing fixed-effects models. We then added a 

normally-distributed random effect of site to the best-approximating fixed-effects model 

in an attempt to account for site-level heterogeneity. Multiple random effects were not 

considered in the SAS analysis because NLMIXED only accommodates a single random 

effect. F iner scale random  effects with m any levels (e.g. nest-level) w ere not estim ated 

because they took an inordinate amount of time to fit and never produced reasonable 

estimates.



For the Bayesian analyses, we used the program WinBUGS 1.4.1 to fit all of the 

models used in the frequentist analyses, as well as models containing additional random 

effects. To accomplish this, we used program R 2.2.0 to create capture histories and 

structure the covariate information, and the R package R2WinBUGS (Sturtz et al. 2005) 

to communicate covariate values and capture histories to WinBUGS. We created capture 

histories based on 3 values: the day the individual or nest was found (i), the last day the 

individual or nest was seen alive (j), and the last day the observer looked for that 

individual or nest (k). This format was very similar to the method used by Dinsmore et 

al. (2002) to create capture histories in Program MARK. The problem of estimating the 

timing of mortality over an interval was addressed using a Bayesian framework where 

each day was treated as missing data, and these missing values in the capture history were 

imputed during each iteration. The MCMC simulations effectively use the information 

provided in the data to estimate the most likely day of each mortality.

We modeled daily survival of individual i, y It, as a series of Bernoulli trials with a 

probability of success (j)lt = Pr{individual i alive at time t | alive at time M }. Daily

survival, (j)u, was then modeled via

g(<t>u) =  +  sit,

where g  is an appropriate link function, x,r is a vector of individual (possibly time 

dependent) covariates, P is a vector of coefficients, and slt is a zero mean normal random 

effect. Note that while all terms in this description are indexed at the individual level,



they need not be unique for all individuals. For example, sit might refer to a brood effect 

where all individuals in the same brood have an identical value.

We assigned uninformative normal priors with mean 0 and precision 0.001 to the 

fixed effects. Priors on the random effect standard deviations were somewhat informed 

in some cases to prevent numerical overflow problems (see Appendix 1). This did not 

appear to influence the results. To obtain posterior distributions of model parameters, 

multiple independent chains were run simultaneously for between 10,000 and 200,000 

iterations for each model for both examples, depending on model complexity. We used 

both the Gelman-Rubin diagnostic (Gelman and Rubin 1992) and visual inspection of the 

chains using the R package ‘coda’ (Plummer et al. 2006) to determine when convergence 

had been reached. We discarded values prior to convergence as burn-in and then used the 

remaining iterations to calculate posterior parameter estimates. We used the Deviance 

Information Criterion (DIC) to select among the fixed effects models (Spiegelhalter et al. 

2002), and then added random effects to the best models to explore sources of variation 

that were unexplained by the fixed effects parameters. We used DIC to determine if the 

improvement in fit due to the added structure from the random effects terms was 

justified.

We measured goodness-of-fit of the fixed effects models using a version of the 

Bayesian predictive / ’-value which compared the fit of the empirical survival curve to the 

fit of the predicted survival curve (see Appendix A). Major failures of the model occur 

when P  <0.01 or P>0.99 (Gelman et al. 2004). The Bayesian P-value provided a 

measure of model adequacy that was not available in Program MARK or SAS. A P-
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value near 0 or 1 indicates that important patterns in the data are not captured by the 

proposed model. We used a comparison of the empirical survival curve to the predicted 

survival curve via the fit statistic

where Sit = (f)t\ 4>â <pu is the cumulative probability of survival until time /. During each 

iteration of the MCMC routine D is calculated for the observed data and for a replicate 

data set generated from the model. The Bayesian P-value is the proportion of iterations 

where the observed data has a lower value of D (i.e., better fit). Comparisons of 

cumulative survival were only made until age 30 and 35 for duckling and nest survival 

respectively to prevent calculating fit past the age of potential observation. We were 

unable to calculate R-values using this method for random effects models because for 

some levels of the random effects, cumulative survival probability approached 0; 

however, we assumed that the inclusion of a random effect would not decrease fit. 

RESULTS

Model selection for fixed effects models of duckling survival based on DIC 

resulted in a similar model ranking as the analyses conducted using program MARK and 

QAICc (Table 1). The model containing year specific intercepts and slopes and an 

additive effect of precipitation was selected based on both model selection criteria. The 

addition of a brood-level random effect decreased DIC substantially (ADIC=145).

Results from fixed effects models using the two different methods were very similar. For 

example, the maximum-likelihood estimate of survival to 30 days of age for the intercept



only model was 0.654 (95%CI: 0.590-0.710); the Bayesian estimate was 0.652 (95%CI: 

0.592-0.711), although there was some evidence of overdispersion in the data (c = 1.84). 

In hierarchical models, point estimates for fixed parameters were similar, except the 

intercept term was greater when random effects were included (Table 2). The 95% 

credible intervals around all fixed effects parameters also widened after the addition of 

the random effect of brood (Table 2). A random effect at the individual duckling-level 

was not supported. Bayesian survival estimates to 30 days of age at the mean yearly 

hatch dates were 0.60 (95%CI: 0.47-0.72) and 0.65 (95%CI: 0.57-0.73) for 2002 and 

2003 respectively, based on the best approximating fixed effects model. The equivalent 

survival estimates from the top model overall containing the additional random effect of 

brood, were 0.62 (95%CI: 0.37-0.83) and 0.73 (95%CI: 0.57-0.88) for 2002 and 2003 

respectively. The goodness-of-fit of the best fixed-effects model was adequate (P =

0.33).

Model selection results for the nest survival analysis were similar between 

methods (Table 3). A species-specific model containing landscape covariates was 

selected based on both criteria and showed little evidence of overdispersion (c = 0.94 ), 

however, the addition of a site specific random effect was strongly supported by AICc 

and DIC. Including a random effect at the level of the individual nest did not improve the 

model (Table 3). Parameter estimates from the best fixed-effects model vs. the same 

model with a random site effect were very similar, although confidence intervals around 

the estimates were larger for the random effects model (Table 4). Bayesian survival 

estimates to 35 days of age (-length of nesting period) from the best fixed-effects model



at mean landscape covariate levels were 0.20 (95%CI: 0.17-0.24), 0.25 (95%CI: 0.21

0.29), and 0.20 (95%CI: 0.16-0.24) for mallards, blue-winged teal, and gadwall 

respectively. Survival over the same period for a similar model containing a random 

effect of site was 0.19 (95%CI: 0.14-0.24), 0.24 (95%CI: 0.19-0.30), and 0.19 (95%CI: 

0.13-0.24) for mallards, blue-winged teal, and gadwall respectively. The goodness-of-fit 

o f the best fixed-effects model for this example was also determined to be adequate (P = 

0.59).

DISCUSSION

Our results indicated that parameter estimates and model selection results for 

models with the same structure were very similar regardless of the estimation method 

used. Small differences were likely due to a difference in link functions (logit in MARK 

and SAS and complementary log-log in WinBUGS), and numerical solutions (MARK 

and SAS) vs. simulation based results (WinBUGS). We used the complementary log-log 

link for the Bayesian analysis instead of the logit link to prevent numerical complications 

caused by daily survival rates that approached 1.0. The complementary log-log link 

function approaches infinity more gradually (McCullagh and Nelder 1989) preventing 

numerical difficulties in these cases. This close agreement between estimates using both 

the frequentist vs. Bayesian frameworks gives us confidence that our conclusions based 

on the overall Bayesian analysis are accurate. We also could have rerun the frequentist 

analyses using the complementary log-log link, but felt that it was unnecessary due to the 

close similarity of the estimates. The most important differences between methods for



our application were the ability to include random effects at any level of interest and to 

provide reasonable estimates of goodness- of-fit and parameter variances.

The Bayesian modeling framework provided more flexibility compared to the 

frequentist approaches we used. The ability to construct hierarchical models in a 

straightforward manner provided the opportunity to fit more realistic models to the data 

than was possible using commonly available frequentist methods. The inclusion of a 

random brood effect allowed us to investigate lack-of-independence among brood-mates 

as a source of overdispersion in the data. The inclusion of the brood effect dramatically 

reduced the DIC, implying that there was variation in survival among individual broods 

that was unaccounted for by the fixed effects covariates. Similarly, a random site effect 

included in the nest survival analysis helped explain site-level variation in survival that 

was not fully explained by the landscape covariaties. This framework could also 

accommodate the exploration of additional sources of variation (e.g. individual, year), but 

in our examples additional random terms were not supported. Hierarchical models also 

had the added benefit of producing more reasonable estimates of precision for the model 

parameters because there was no dependence on a post-hoc correction factor for 

adjustment; Use of c can result in confidence intervals that are over-inflated (Dinsmore 

et al. 2002), but this approach has been used by others to avoid the consequences of 

underestimated uncertainty (e.g. Schmidt et al. 2006, Walker and Lindberg 2005). We 

suspect that modeling overdispersion directly will provide more realistic estimates of 

precision than correction factors (Barry et al. 2003), unless a large amount of 

overdispersion remains in the data. Overdispersion in our examples was relatively low,
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but the hierarchical models likely improved our estimates in both cases and provided an 

intuitive method for estimating precision from the data.

Bayesian methods also allowed us to easily address the issue of negatively biased 

survival estimates in the presence of unmodeled overdispersion. Few studies address this 

problem, but recent theoretical work has shown that this might be a common problem 

(Link et al. 2002b, Murphy and Dunne 2005); especially when survival probability is low 

(Natarajan and McCulloch 1999). This bias could have implications for understanding 

population dynamics; for example biased estimates of survival probability could reduce 

the accuracy of sensitivity analyses or other population models. Results from our 

duckling survival analysis are consistent with past observations from simulations. Our 

point estimates of survival to 30 days of age increased by 0.02 and 0.08 in 2002 and 2003 

respectively after including a random effect of brood to the top fixed-effects model. We 

have no way of knowing true survival probability, however, our mixed-effects estimates 

of survival probability are probably less biased than the estimates we obtained using 

standard maximum-likelihood (i.e. fixed-effects) approaches because we explicitly 

accounted for more of the variation remaining in the data. Point estimates of nest 

survival did not change substantially with the addition of the random site effect, and we 

suspect this was due to the relative lack of overdispersion in the nest survival data.

Another important characteristic of our general approach is a straightforward 

method for estimating the goodness-of-fit for these models. A valid, easily-applied 

measure of goodness-of-fit for exposure-based binomial models has been lacking due to 

computational limitations, but Bayesian methods circumvent this problem through the
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use of MCMC simulation. By comparing the area under the empirical survival curve to 

the area under the predicted survival curve over the potential survival period, we were 

able to determine whether the observed data were consistent with the predicted survival 

probabilities. We found that in general our models had reasonable fit and did not 

substantially over or underestimate cumulative survival probabilities. We were unable to 

assess the fit of models containing random effects due to numerical limitations, but 

assumed that additional parameters would not decrease model fit. Neither Program 

MARK nor SAS provide an unbiased assessment of goodness-of-fit for nest and duckling 

survival models, and this leaves the investigator with no way of knowing whether a 

model fits the data. We feel that this measure of goodness-of-fit will allow researchers to 

place more confidence in the proposed models in the model set.

The main difference between the two methodologies we used here was that the 

frequentist methods (SAS, Program MARK) provide numerical solutions for each model, 

while the Bayesian application (WinBUGS) uses simulation to approximate the solutions. 

Both provide similar estimates, but the Bayesian methods provide a more straightforward 

approach for building more complex random effects models while also producing 

reasonable estimates of model fit. Software that depends on numerical solutions to these 

models can often fit some forms of random effects, but quickly run into problems when 

the number of potential levels in a random effect is high, or multiple random terms are 

included in one model. The Bayesian approach circumvents these issues through the use 

of simulation, which also provides a straightforward method for producing cumulative 

survival estimates with appropriate variances without the need for additional steps such



as the delta method (Seber 1982). Samples are simply drawn from each parameter’s 

posterior distribution during the update process. The ability to easily combine all of these 

features within one framework, and the solutions to some of the problems that have long 

been associated with these models, makes a Bayesian approach appealing.

The main drawback to a Bayesian approach for analyzing survival data of this 

type is the time involved in learning to utilize the software and fit the models. We intend 

for our model description (Appendix A) to provide a starting point for those interested in 

learning how to use this valuable tool, and future increases in computing power should 

greatly reduce the amount of time needed to fit these models. We hope this will help 

others to begin to address some of the current problems associated with data of this type 

such as appropriate estimates of precision, negatively biased survival estimates, and 

measures of goodness-of-fit.
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Table 1. Comparison of model selection results for common goldeneye duckling 

survival. (,)=constant survival, year=differences between 2002 and 2003, T=trend, 

precip=daily precipitation, brood[i]=random effect of brood. Models including random 

effects were not possible in program MARX, so QAICc values were not available.

59

Model QAICc AQAICc DIC ADIC

Syear*T+precip+brood[i] NA NA 7 0 5 0

Sbroodfi] NA NA 7 3 7 3 2

Syear*T+precip 3 5 1 .1 4 0 8 5 0 145

S(.) 3 5 2 .9 2 1 .7 8 8 9 9 19 4



Table 2. Comparison of parameter estimates and associated 95% credible intervals from 

the top fixed effects model, and the same model with a random effect of brood added. Cl

coverage indicates the difference between the upper Cl (UCI) and lower Cl (LCI).

S y c a r* T + p rc c ip S  yea r* T+prcci p+brood 111

P a r a m e t e r M e a n L C I U C I C l  c o v e r a g e M e a n L C I U C I C l  c o v e r a g e

i n t e r c e p t 2oo2

0 . 9 7 3 0 0 . 6 7 2 2 1 . 2 5 9 0 0 . 5 8 6 8 1 . 1 2 7 4 0 . 6 1 9 7 1 . 6 1 4 0 0 . 9 9 4 3

t r e n d 20 o2

0 . 0 2 3 3 0 . 0 0 9 8 0 . 0 3 8 2 0 . 0 2 8 4 0 . 0 1 8 2 0 . 0 0 1 9 0 . 0 3 6 8 0 . 0 3 4 9

i n t e r c e p t

a d j u s t m e n t 2(io3

0 . 5 9 3 5 0 . 2 7 9 4 0 . 9 3 8 5 0 . 6 5 9 2 0 . 6 6 6 7 0 . 1 6 0 4 1 . 2 2 4 0 1 . 0 6 3 6

t r e n d

a d j u s t m e n t 2 o<)3

- 0 . 0 2 4 7 - 0 . 0 3 9 9 - 0 . 0 1 0 7 0 . 0 2 9 2 - 0 . 0 2 5 1 - 0 . 0 4 4 6 - 0 . 0 0 7 3 0 . 0 3 7 3

p r e c i p i t a t i o n

e f f e c t

- 0 . 8 4 5 1 - 1 . 2 9 9 0 - 0 . 3 8 0 9 0 . 9 1 8 1 - 0 . 7 6 9 1 - 1 . 3 0 5 0 - 0 . 2 6 9 8 1 . 0 3 5 2

b r o o d  [ i]  

v a r i a n c e

N A N A N A N A 0 . 1 3 8 0 0 . 0 5 9 6 0 . 2 9 3 5 0 . 2 9 7 6

P

0 . 3 3 N A N A N A N A N A N A N A



Table 3. Comparison of model selection results for nest survival in the Missouri Coteau 

region in 2000. (,)=constant survival, species=3 species differences (mallard, blue

winged teal, gadwall), landscape=3 landscape variables (% grass cover, amount of crop 

edge, basin count), site[i]=random effect of site, e[i]=random effect of individual nest.

Model A I C c A A IC c D IC A D IC

Sspecies+landscape+[site[i]] 4 6 4 2 0 6 1 6 4 0

Sspecies+landscape 4 6 4 6 4 6 2 3 2 6 8

Sspecies 4 6 9 3 51 6 2 6 4 1 0 0

Sspecies+landscape+e[i] N A N A 6 2 9 6 1 3 2

S(.) 4 6 9 8 5 6 6 3 7 2 2 0 8



Table 4. Comparison of parameter estimates and associated 95% credible intervals from 

the top fixed effects model, and the same model with a random site effect. Cl coverage

62

indicates the difference between the upper Cl (UCI) and lower Cl (LCI).

S p e c ie s+ la n d s c a p e S sp e c ie s+ la n d sc a p e + s ite [i]

Parameter Mean LCI UCI Cl Mean LCI UCI Cl

intercept™,i
1.131 1.099 1.166 0.067 1.117 1.064 1.167 0.103

intercept

a d ju s tm e n t^ 0.046 - 0 . 0 0 1 0.092 0.092 0.052 0.005 0.100 0.095

intercept

adjustmentgadw
-0.002 -0.057 0.050 0.107 -0.002 -0.055 0.051 0.106

basin count
-0.025 -0.048 -0.003 0.045 -0.025 -0.069 0.019 0.088

crop edge
-0.034 -0.066 -0.002 0.064 -0.024 -0.093 0.050 0.142

%grass
0.043 0.011 0.074 0.063 0.054 -0.021 0.136 0.157

random effect 

variance
NA NA NA NA 0.006 0 . 0 0 1 0.018 0.017

P 0.59 NA NA NA NA NA NA NA



APPENDIX

#WinBUGS code for the best approximating duckling survival model, lines pertaining to 

#the calculation of the fit statistic are commented out because a random effect is included. 

#in the model.

^Parameters: alpha=intercept, B=year effect, B2=seasonal trend, B3=intercept adjustment 

#for year 2 trend, B4=precipitation effect, brd=brood random effect (N=46 broods/levels)

model {for(i in 1 :ind){ #ind=number of individuals

for(j in 2:31) { #30=number of days an individual could survive

x[i,j]~dbern(p[i,j])

cloglog(q[i,j])<-alpha+B[group[i]] + B2*day[i,j] +

B3[group[i]]*day[i,j] + B4*precip[i,j] + brd[brood[i]] 

P[ij]< -((x[ij- l]*q[ij]))

# x.rep[i,j]~dbern(pl[i,j])

# pl[i,j]<-(x.rep[i,j-l])*q[i,j]

# cumq[i,j]<-q[i,j]*(Cumq[i,j-l])

}

# x.rep[i,l]<-l

# cumq[i,l]<-l

}
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# for (i in 1 :ind){
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# for(j in 2:31){

# x.rep2[i,j]<-pow(x.rep[i,j]-cumq[i,j],2)/(cumq[i,j]*(l-cumq[ij]))

# x.2[i,j]<-pow(x[i,j]-cumq[i,j],2)/(cumq[i,j]*(l-cumq[i,j]))

# }

# x.rep3[i]<-sum(x.rep2[i,2:31])

# x.3[i]<-sum(x.2[i,2:31])

# } '

# x.rep4<-sum(x.rep3[l:ind])

# x.4<-sum(x.3[l:ind])

# P<-step(x.rep4-x.4)

^Calculates survival estimate for each day of age 

for(k in 1:49){

survival l[k]<-l-exp(-exp(alpha+B2*seasonday[k]+B4*seasonlprecip[k])) 

survival2 [k] <-1 -exp(-exp(alpha+B [2]+B2 * seasonday [k]

+B3 [2] * seasonday [k]+B4* season2precip[k]))

}

cumsurvivall [15]<-survivall [15] 

cumsurvival2[l l]<-survival2[l 1]

#Calculates survival to 30 days of age based on mean hatch date for each year 

for(m in 16:44){
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cumsurvivall [m]<-survivall [m]*cumsurvivall [m-1]} 

for(m in 12:40){

cumsurvival2[m]<-survival2[m] *cumsurvival2[m-1 ]}

fprior for brood level random effects 

for(k in 1:46) {

brd[k]~dnorm(0,tau)}

#Other priors 

B[l]<-0

B[2]~dnorm(0,0.5)

B2~dnorm(0,l)

B3[l]<-0 

B 3 [2]~dnorm(0,1)

B4~dnorm(0,0.5) 

tau<-l/(sigma* sigma) 

sigma~dunif(0.1,0.8) 

alpha~dnorm(l,l)

}
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Chapter 3: 

The Effects of Climate Warming on Habitat Occupancy of Trumpeter Swans in 

Alaska3 

ABSTRACT

Aim To investigate the potential relationship between changes in climate and trumpeter 

swan habitat occupancy throughout Alaska between 1968 and 2005.

Location Alaska, USA

Methods Statewide surveys for trumpeter swans were first undertaken in 1968, and from 

1975-2005 surveys covering all known breeding areas were conducted every 5 years 

during August and September. We used Bayesian hierarchical occupancy models to 

examine the effects of latitude, time, and the average number of days above freezing on 

occupancy of suitable habitat by trumpeter swans.

Results The average number of days above freezing generally decreased as latitude 

increased. Model selection results indicated support for a model containing relationships 

between both latitude and the number of days >0°C and occupancy probability. Model fit 

was determined to be satisfactory based on the Bayesian f-value. The predicted 

probability of occupancy from the best approximating model increased as the number of 

days >0°C increased. Sites at higher latitudes had lower occupancy probabilities. Even 

though these parameters were partially correlated, model selection procedures indicated

3 Prepared for submission to Global Ecology and Biogeography as Schmidt, J.H., M.S. Lindberg, D.S. 
Johnson, D.L. Verbyla. The effects o f climate warming on habitat occupancy o f trumpeter swans in 
Alaska.



that models containing both latitude and the number of days >0°C were a better 

explanation of the data than models containing only one o f these parameters.

Main conclusions Strong support for a relationship between occupancy and the average 

number o f days >0°C indicated that the recent increase in the range of trumpeter swan 

populations in Alaska may be related to climate warming. This may be resulting in 

competition between trumpeter and tundra swans for breeding habitat and may impact 

some segments of these populations. The future impacts of continued climate change on 

the Alaskan trumpeter swan population are unknown, but this study is one of the few of 

which we are aware that directly investigates the effects of climate change on an avian 

species, and the first for a waterfowl species in particular, over most of its range. 

KEYWORDS: Alaska, climate change, Cygnus buccinator, hierarchical models, 

occupancy, range expansion, trumpeter swan 

INTRODUCTION

Recent estimates of climate warming have indicated that the global temperature 

has increased by approximately 0.6°C over the past 100 years and is expected to increase 

at a rapid rate in the future (Root et al. 2003). The rate of warming in Arctic regions in 

particular has been even greater over the past 30 years (Hinzman et al. 2005) and has 

occurred in conjunction with a variety of landscape level changes such as reduction in 

glacial extent and an increase in permafrost temperatures in many areas (Serreze et al. 

2000). Climate related changes and their effects on habitats will likely have a major 

impact on Arctic and sub-arctic wildlife in the future.



These changes in climate have been related to northward shifts in species ranges 

on a global scale, and there is evidence that spring events have been advancing by 2-5 

days per decade (Parmesan and Yohe 2003, Root et al. 2003, Parmesan 2007). One of 

the primary limitations for these types of studies is the availability of data sets at large 

enough spatial and temporal scales to provide range-wide inferences for a given species. 

Very few such studies have been conducted at a spatial scale that covers a majority of a 

species’ range, particularly for birds (Parmesan 2006). This makes range-wide inferences 

difficult. However, of the few avian studies that have been conducted, there is strong 

evidence that species’ ranges are shifting northwards (La Sorte and Thompson 2007). It 

seems likely that the effects of climate warming may be particularly noticeable for 

waterfowl species that rely on wetlands for breeding (Sorenson et al. 1998, Murphy- 

Klassen et al. 2005, Forcey et al. 2007) because these habitats have been shrinking, 

especially in boreal forest regions (eg. Riordan et al. 2006). Reductions in size and 

numbers of wetlands would reduce overall available habitat and changes in vegetative 

and invertebrate communities (Smol et al. 2005) could alter food availability, but higher 

temperatures could increase the availability of wetlands at high latitudes. Because 

waterfowl are so dependent on these habitats, they could provide a good indicator of 

climate-induced ecosystem change. Changes in breeding distributions relative to climate 

variables could provide convincing evidence that climate warming is having an effect on 

wetland species and may be changing the characteristics of ponds on a large scale.

One species o f waterfowl that has been of particular concern is the trumpeter 

swan. This North American species was almost driven to extinction by the early 1900’s



(Bellrose 1980), but in Alaska has recovered substantially since then. Approximately 75

85% of the population breeds in Alaska and a large proportion of the remaining birds 

breed in northern and central Canada (Caithamer 2001). Because this species is so 

dependent on boreal forest habitats, changes there could have a substantial impact on the 

entire continental population. Trumpeter swans prefer shallow ponds for nesting and 

brood-rearing, especially those with emergent vegetation (Mitchell 1994), and recent 

research has shown that closed basin ponds across Alaska have been shrinking over the 

past 50 years (Klein et al. 2005, Riordan et al. 2006). It is not known whether pond 

shrinkage is negatively affecting trumpeter swan breeding habitat locally, but overall, 

populations in Alaska have been increasing since 1968 (Caithamer 2001, Conant et al. 

2002, Schmidt et al. in review). Our data set provides a unique opportunity to investigate 

the effects of climate warming. Long-term surveys covering a majority of a species’ 

range are quite rare, and aerial swan surveys are especially accurate due to the size and 

coloration of trumpeter swans. Alaska is also relatively free from anthropogenic changes, 

so changes in swan populations are likely less confounded with human factors such as 

urbanization and pollution than other areas. Based on the qualities of this data set, we 

believed that if  localized population changes were correlated with changes in climate, it 

would provide evidence that wetland-breeding species are being affected by climate 

change in the boreal forest.

We suspected that continued increases in the trumpeter swan population were due 

to positive changes in habitat that outweighed any negative consequences of pond 

shrinkage and complete loss of smaller ponds at this time. One of the most likely



scenarios was that increased average annual temperatures had caused an increase in the 

average number of ice-free days thereby lengthening the potential breeding season.

There is evidence that the ice-free window has been increasing around the Northern 

Hemisphere for some time (Magnuson et al.2000) and a significant increase has been 

identified in Alaska in particular (Sagarin and Micheli 2001). In 1976, the North Pacific 

region, including Alaska, underwent a dramatic shift to a climate regime that saw 

substantial increases in winter and spring temperatures, and lesser increases in summer 

and autumn, when compared to the previous 25 years (Hartman and Wendler 2005). 

Others have shown that all areas of the state warmed significantly, especially winter 

temperatures in the interior region where an increase of 2.2°C was observed (Stafford et 

al. 2000). This is of particular interest for large birds such as trumpeter swans because 

they require a long ice-free period (145-150 days; Hansen et al. 1971) in which to breed 

and successfully fledge young. This warming could lead to range expansion which could 

affect management of swans within Alaska because there is some evidence that trumpeter 

swans are beginning to overlap in range with tundra swans in some areas (Bryant et al. 

2005). If competition for nest sites or hybridization begin to occur, both species could be 

affected.

Previous research has shown that swan counts are related to latitude and that rates 

of increase in cygnet production are higher at higher latitudes (Schmidt et al. in review). 

We suspected that climate change may have played a role in this increase, so to address 

the hypothesis that trumpeter swans are colonizing new areas in response to extended 

breeding seasons, we examined swan habitat occupancy throughout Alaska from 1968-



2005 relative to the number of days above freezing in a given year. We expected that this 

variable would be highly correlated with the length of the ice-free period, so a positive 

effect would provide strong evidence that swans are responding to an increase in 

breeding season length. It is also likely that other habitat characteristics such as 

vegetative communities are responding to longer growing seasons, but we expect that an 

ice-free period long enough to successfully reproduce would be the proximate factor 

determining habitat occupancy in most areas.

METHODS

Statewide surveys for trumpeter swans were first conducted in Alaska in 1968, 

and from 1975-2005 surveys covering all known breeding areas were conducted every 5 

years during August and September (Conant et al. 1996, Caithamer 2001, Schmidt et al. 

in review). Individual 1:63,360 quarter quadrangle maps (units) where swans were 

suspected to occur were surveyed from a single engine fixed-wing aircraft with the intent 

of counting every individual within each unit. A modified transect survey design was 

employed to provide complete coverage of all the potential swan habitat in each unit (see 

Schmidt et al. in review). Survey units were considered to be occupied in a given year if 

>1 swan was sighted, and additional units were added through time in response to 

apparent range expansion (Schmidt et al. in review).

We acquired local temperature information for each survey unit from the National 

Oceanic and Atmospheric Administration’s (NOAA) National Climatic Data Center 

(NCDC) to provide an estimate of local climate conditions. We chose weather stations 

(n=14) from around the state that had collected data for a majority of the period from



1964-2005 (Fig. 1). We then calculated the average number of days with a minimum 

temperature >0°C during the potential breeding season (April-October) of the survey year 

and the 4 years prior to the survey. We assumed that the 5 year average would be 

representative of the conditions that may have affected occupancy during each 5 year 

survey. Units were assigned a number of days above freezing from the nearest weather 

station for each survey period. Weather stations and survey areas both occurred in 

predominantly lowland landscapes. Most groupings of survey units had a weather station 

near the center of the group to provide a representative number of days above freezing 

(Fig. 1).

We used Bayesian hierarchical occupancy models to investigate the effects of the 

number of days above freezing on the probability of occupancy for each survey unit from 

1968-2005. We used Markov Chain Monte Carlo (MCMC) methods to fit models 

describing variation in swan occupancy through time relative to covariates of interest. 

Parameters were standardized or scaled to facilitate convergence. These methods 

allowed us to include all survey units regardless of the year that they were added to the 

survey, and also allowed us to investigate models containing random effects (see Schmidt 

et al. in review).

When constructing our model set we began by assuming that there was a trend in 

occupancy through time because of the apparent increase in the species’ range and the 

increasing trend in the number of swans counted in each unit (Schmidt et al. in review). 

This assumption helped us to separate general population increases from increases due to 

changes in average temperature. We included linear and quadratic covariates for the



number of days above freezing to explore the potential relationship between occupancy 

and average temperature. We then considered models including linear and quadratic 

relationships with latitude. We suspected that other factors such as increased daylight 

hours at high latitudes or differences in colonization rates at various latitudes might help 

explain changes in occupancy probability that were not explained by the temperature- 

based covariate alone. We used the Deviance Information Criteria (DIC) to select among 

competing models containing combinations of these variables (Spiegelhalter et al. 2002) 

and then added random effects of survey year to the top fixed-effects model to help 

account for any remaining heterogeneity in the data. DIC model selection procedures are 

analogous to those of Akaike’s Information Criteria.

We used R 2.4.0 (R core development team 2006) and WinBUGS 1.4.1 

(Spiegelhalter et al. 2004) to fit our set of candidate models. We generated multiple 

independent Markov chains up to 100,000 iterations in length, and convergence 

properties were assessed using the Gelman-Rubin diagnostic (Gelman and Rubin 1992, 

Brooks and Gelman 1998) and a visual inspection of the chains. Initial iterations were 

discarded as burn-in, and estimates of the posterior distributions of the parameters and 

DIC were calculated from the remaining iterations. Goodness of fit (P) was estimated in 

a similar manner as Link and Sauer (2002) and Schmidt et al. (in review) by comparing 

the fit of the model to the fit of a replicate data set. Good fit occurs when P=0.5 and 

major failures o fthe model occur when P<0.01 orP>0.99 (Gelman etal. 2004:175).



RESULTS

The 5 year average number of days above freezing observed at each weather 

station generally decreased as latitude increased (Fig. 1) and ranged between 96 and 117 

days at a more northern location (Circle) and 178-197 at the most southern location 

(Skagway). Model selection results indicated support for a model containing quadratic 

relationships of both latitude and the number of days >0°C and occupancy probability. 

Models containing both of these variables performed much better (DIC=4380) than 

reduced models containing the latitude (DIC=4402) or days >0°C (DIC=4460) covariates 

alone and the inclusion of a random year effect also improved the model (DIC=4367; 

Table 1). Model fit was determined to be satisfactory based on the Bayesian P-value 

fP=0.44 for the simplest model). Individual logit-scale parameter estimates from the best 

approximating model in the model set were fairly imprecise (Table 2), indicating 

uncertainty in their magnitude and direction, likely due to correlation between the latitude 

and days >0°C variables. Estimates from models including only latitude or days >0°C 

covariates were unambiguous in their directions. Despite uncertainty in individual 

estimates, predicted probability of occupancy increased with increases in the number of 

days >0°C (Fig. 2). Based on the best approximating model, latitude had negative linear 

(-0.279; 95%CI: -0.361 to -0.198) and quadratic (-0.393; 95%CI: -0.473 to -0.314) effects 

and days >0°C had a positive linear (11.726; 95%CI: 7.162 to 15.94) and negative 

quadratic (-3.767; 95%CI: -5.246 to -2.170) effect on occupancy on the logit scale. 

Parameter estimates indicate means and 95% Bayesian credible intervals.



DISCUSSION

Strong support for models with a relationship between occupancy and the average 

number of days >0°C corroborated our hypothesis that the recent increase in the range of 

trumpeter swan populations in Alaska may be related to climate warming. These models 

provide evidence that swan habitat use is directly related to the average annual 

temperature conditions at a given location and average annual temperatures have been 

increasing over the last several decades in Alaska. This could explain why more 

peripheral areas of the current trumpeter swan breeding range were not used until later 

years, after additional warming had occurred. The number of days >0°C likely captures 

local variations in temperature that latitude alone cannot, providing a more realistic 

representation of the data. The negative non-linear effect of latitude indicated that 

habitats at higher latitudes had a lower probability of occupancy than areas at lower 

latitudes. This could indicate that although northern areas were warming, it took some 

time for colonization to occur. Waterfowl in general, and swans in particular, are highly 

philopatric (Anderson et al. 1992), so substantial amounts of time may be required for 

swans to colonize newly available habitat which would lower the average occupancy 

probability. Juveniles are the most likely dispersers (Lindberg et al. 1998) and usually 

take 4-5 years to reach breeding age, and this lag could have slowed colonization even 

after habitats became suitable.

The lack of precision in our estimates suggests uncertainty in the direction and 

magnitude of the effects, however, this is not surprising considering the high degree of 

correlation between these two variables. We initially considered the days >0°C variable



as a replacement for latitude in the models, but this was not supported by the model 

selection results. In fact, models containing both latitude and days >0°C performed much 

better than models containing either of these variables individually. The correlation 

between these two variables likely made it difficult to precisely estimate the effects of 

each individual covariate, but together explained substantial amounts of variability in the 

data. We believe that the selection of models containing the number of days >0°C 

covariate supports our hypothesis that changes in temperature are one of the causes of the 

apparent range expansion of trumpeter swans in Alaska over the past 40 years.

There have been few other long-term range-wide studies that have related changes 

in climate to changes in bird phenology or habitat use (Parmesan 2006), and this has 

limited the identification of the effects of climate change on avian populations. A 

combination of nearly 40 years of survey data with the fact that such a large proportion of 

the trumpeter swans in North America breed in Alaska provided us with a unique 

opportunity to examine the effects of climate over most of the breeding range of this 

species. For this species, it appears that any negative effects of climate warming, such as 

wetland shrinkage, have so far been outweighed by the positive effects of increased 

available habitat due to extended ice-free periods. It is possible that some wetlands are 

no longer suitable due to shrinkage, while some deeper types, such as ponds and lakes, 

may be becoming shallower and therefore more suitable for breeding. If this is the case, 

we would expect range expansion to continue with increases in temperature, but in the 

future, areas prone to shrinkage may begin to see a decline in production and occupancy 

due to an overall loss of habitat as drying continues. In chapter one I presented some



evidence that cygnet production at lower latitudes is slowing, and this may indicate that 

breeding habitats are becoming saturated or that climate effects such as wetland 

shrinkage are affecting habitat suitability.

The amount of new potential habitat for trumpeter swans in Alaska probably more 

than compensates for any current decreases in habitat in warmer regions and could result 

in continued range expansion over the next decades. One probable result of expansion 

into northern and western areas of the state could be increases in conflicts and 

competition with tundra swan populations. It appears that trumpeter swans could inhabit 

many of the areas that are currently utilized only by tundra swans if the breeding season 

became long enough. One main difference between these two species is the tundra swan 

needs -30-45 fewer ice-free days to successfully fledge young (Bellrose 1980), which 

historically may have provided a natural division of habitat between them and the bigger, 

more aggressive trumpeter swans during the breeding season. If rising temperatures 

eliminate this barrier, there could be increased competition between the two species for 

breeding habitat, perhaps to the detriment of tundra swans. Hansen et al. (1971) 

proposed a theoretical northern limit of the breeding range for trumpeter swans that has 

been crossed in recent years and this may result in more interaction between the two 

species. This appears to be occurring currently on the Koyukuk National Wildlife Refuge 

where in 1985-1987 nesting pairs were identified to be 96% tundra swans, but by 2004 

50% of the nesting pairs sampled were found to be trumpeter swans (Bryant et al. 2005). 

These species have also been know to hybridize with one another in captivity (Wood et
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al. 2002). If contact increases due to continued warming, there could be consequences 

for the management of both species in the future.

Other implications for continued range expansion could be considerable. 

Additional breeding areas may allow the trumpeter swan population to continue to grow 

at increasing rates, but this could begin to put pressure on wintering areas where birds are 

dependent on agricultural areas (Mitchell 1994). Based on increases in the overall 

population and rates of production (Schmidt et al. in review), it appears that the amount 

o f potential breeding habitat has increased at a faster rate than wetland loss, but this 

scenario is likely to be temporary because additional wetland habitat is limited. The 

tradeoffs between increased habitat availability as the number of ice-free days increases, 

and the loss of wetlands due to climate warming are unknown. There is a limited number 

of wetlands potentially available, and at some point loss could outpace gains due to 

increased season length. Because this species is long-lived, a reduction in the number of 

successfully breeding pairs could decline long before the overall population declines. For 

this reason, future monitoring should concentrate on estimating the number of breeding 

pairs on the landscape relative to the overall population. Also, monitoring the number of 

breeding pairs in different areas of the state could help identify potential decreases in 

production before a population-level effects are observed and may help to identify the 

effects of local habitat loss due to pond shrinkage or other factors.

The future impacts of continued climate change on the Alaskan trumpeter swan 

population are unknown, but this study is one of the few of which we are aware that 

directly investigates the effects of climate change on an avian species, and the first for a
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waterfowl species in particular, over most of its range. It appears that trumpeter swans 

are benefiting from this change in the short term, but we advise caution in the future until 

their long term response to other climate change factors, such as pond drying, are more 

fully understood. Also, the observed positive effects on this species may be quite 

different than those for other waterbirds because most others are not as limited by 

breeding season length. For other avian species, an advancement of spring conditions 

can cause a mismatch between breeding and food source availability (Both and Visser 

2001, Inouye et al. 2000), or substantial changes in habitat that could negatively affect 

populations (Ward et al. 2005) . Others have shown that abundances of some waterfowl 

species in the Prairie Pothole Region are positively related to precipitation (Forcey et al. 

2007) and that pond loss associated with climate warming could have a dramatic negative 

effect on waterfowl populations (Sorenson et al. 1998). These studies strongly suggest 

that wetland-breeding bird populations as a group will be negatively impacted by a 

warming climate if precipitation and wetland numbers decrease. These results combined 

with our own lead us to believe that many wetland species are currently being affected by 

climate warming. In the case of the trumpeter swan, the overall effects currently appear 

to be positive, but this might not be true for other species.
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Table 1. Comparison of selection results based on Deviance Information Criterion (DIC) 

for models describing occupancy probabilities for trumpeter swans. Trend=trend across 

years, lat-latitude, days=5 year average number of days above freezing, e[j]=random 

effect of year, e[i]=random effect of the individual survey unit.
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Model DIC ADIC

trend+lat+lat2+days+days2+e[j] 4367 0

trend+lat+lat2+days+days2 4380 13

trend+lat+lat2 4402 35

trend+day s+day s2+e [j ] 4446 79

trend+days+days2 4460 93

trend+days 4491 124

trend+lat 4493 126



Table 2. Logit-scale parameter estimates from the best approximating model describing 

occupancy probability for trumpeter swans. Trend=trend across years, lat=latitude, 

days=5 year average number of days above freezing, LCI and UCI refer to the upper and 

lower bounds of the 95% credible intervals around the mean parameter estimates.

Parameter Mean LCI UCI

intercept -0.858 -4.129 1.867

trend 0.238 -0.018 0.476

lat -0.062 -0.175 0.042

lat2 -0.470 -0.569 -0.369

days 1.609 -2.272 6.294

days2 0.012 -1.705 1.425

year random effect variance 0.073 0.011 0.359
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Figure 1. Approximate breeding range for trumpeter swans in Alaska (dotted lines), 

locations of the 14 weather stations used in the analysis (dark circles), and the range of 5 

year averages of days >0°C for each weather station (in parenthesis).
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Figure 2. Predicted real relationship between probability of occupancy of a survey unit at 

mean latitude and the average number of days >0°C with year held constant at 1985.

Days >0°C covers the range of observed values statewide. Dotted lines represent 95% 

credible intervals.



Environmental and Human Influences on Trumpeter Swan Habitat Occupancy in 

Alaska4 

ABSTRACT

Approximately 70-80% of the entire continental population of trumpeter swans depend 

heavily on wetland habitats in Alaska for reproduction. This makes the identification of 

important habitat features and the impacts of human interactions essential for the long

term management of this species. We conducted an analysis of habitat preferences in 4 

areas throughout the state and found that some wetland types, especially larger closed- 

basin wetlands such as lakes and ponds, were occupied by swan broods at much higher 

rates than other wetland types such as shrubby or forested wetlands. We also found a 

negative effect of transportation infrastructure on occupancy by broods in and around the 

Minto Flats State Game Refuge (MFSGR) and the Tetlin National Wildlife Refuge 

(NWR). This finding is of particular interest because most of the MFSGR has recently 

been licensed for oil and gas exploration. We also investigated the potential effects of the 

shrinkage of closed-basin ponds on habitat occupancy by nesting trumpeter swans. A 

reduction in the number and size of ponds throughout the state is occurring on a large 

scale and this could have important impacts on breeding swans in the future. We 

compared pond use by nesting swans with pond size and change characteristics between 

1982 and 1996 and found no relationships between occupancy and changes in pond size.

4 Prepared for submission to The Auk  as Schmidt, J.H., M.S. Lindberg, D.S. Johnson, and J.A. Schmutz. 
Environmental and human influences on trumpeter swan habitat occupancy in Alaska.

Chapter 4:



However, we believe that the recent and rapid growth of trumpeter swan populations in 

Alaska may be saturating available breeding habitat and anthropogenic and climate 

induced changes to swan breeding habitats have the potential to limit future production. 

INTRODUCTION

By the early 1900’s trumpeter swans were nearly extinct with only a few small 

populations remaining in Yellowstone National Park and Red Rock Lakes in Centennial 

Valley (Bellrose 1980). In the 1950’s, small numbers of trumpeter swans were identified 

in Alaska (Hansen et al. 1971) and monitoring efforts began. In 1968, swans were 

surveyed throughout the state across all known breeding habitats (Caithamer 2001) and 

since then populations have increased substantially (Conant et al. 2002, Chapter 1).

Although abundance of trumpeter swans increased in Alaska, and continental 

populations have begun to recover, much is still unknown about the ecology of these 

birds, and habitat changes (natural and anthropogenic) may affect their population 

dynamics. General habitat preferences are poorly described and factors such as 

development activities and climate change may reduce available habitat. Earlier studies 

have identified some of the basic habitat features important for breeding swans (Hansen 

et al. 1971, Mitchell 1994), but a larger scale assessment of habitat use by breeding swans 

could provide additional insight into habitat suitability. Identification of the habitat 

features most important to breeding swans may help managers anticipate the effects of 

climate warming and human interference on this species. It is particularly important to 

identify and protect trumpeter swan breeding areas in Alaska because most of the



population breeds there and changes in Alaska therefore have implications for the 

continental population.

One important consideration, especially for trumpeter swans, is the amount of 

human development and recreational activity in and around breeding areas during the 

reproductive season. Swans are sensitive to human disturbance (Hansen et al. 1971, 

Henson and Grant 1991), and increasing the numbers of roads, pipelines, and other types 

of infrastructure could result in habitats becoming less suitable. These birds are strongly 

territorial and seldom breed in high densities (Hansen et al. 1971, Bellrose 1980), so if 

current breeding areas are made less suitable through development fewer swans will be 

able to breed successfully in a given year. This has important implications for areas such 

as the Minto Flats State Game Refuge (MFSGR) where large numbers of trumpeter 

swans breed annually. Most of this area has been licensed for oil and gas exploration 

(Alaska Department of Natural Resources 2002), and the associated increase in human 

activity could reduce the suitability of large portions of this important area if swans 

respond negatively to these disturbances.

Environmental variables may also play a role in the use o f breeding areas. 

Wildfires are quite common in Interior Alaska and could change drainage, food 

availability, or cover in wetland habitats (Schindler et al. 1996). Rising temperatures in 

Alaska (Hartmann and Wendler 2005, Sagarin and Micheli 2001, Stafford et al. 2000) 

might increase the number of ice-free days allowing swans to breed in areas where they 

had not bred previously (Chapter 3), such as at higher altitudes or latitudes. A late 

spring, or high levels of precipitation could negatively affect breeding and cygnet
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survival. The length of the breeding season is an important factor in determining habitat 

suitability (Hansen et al. 1971) and we expected that spring conditions might explain 

some variation in habitat use.

Another aspect of climate change that may influence trumpeter swans is pond 

drying. Many areas of the state have been experiencing a reduction in the number and 

extent of closed-basin ponds (Klein et al. 2005, Riordin et al. 2006), and this could result 

in a permanent reduction in breeding habitat over the long term with obvious implications 

for trumpeter swan populations. Others have suggested that these changes in climate 

could have effects on populations of breeding waterfowl by changing pond characteristics 

or through the loss of some ponds entirely (Sorenson et al. 1998, Murphy-Klassen et al. 

2005, Forcey et al. 2007). Pond shrinkage could have some positive effects in the short 

term, such as an increase in available foraging areas as ponds become shallower. 

Depending on the magnitude of these effects and extent of this change, breeding swan 

populations could be affected over a majority of their range.

To investigate the relationships between habitat and occupancy by breeding 

swans, we conducted 2 separate analyses. The first was a general habitat analysis that 

related occupancy of wetlands of all types (as classified by the U.S. Fish and Wildlife 

Service (USFWS) National Wetlands Inventory (NWI)), by trumpeter swan broods in 

four regions throughout the state to anthropogenic and ecological factors discussed 

above. The second analysis used historical imagery combined with nesting swan data to 

investigate variation in occupancy of closed-basin wetlands (ponds hereafter) by nesting 

swans relative to changes in pond area. Our goals were to describe preferred habitats for
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breeding swans and identify how habitat changes may affect future abundance of 

Trumpeter Swans in Alaska.

METHODS

Habitat

Four regions throughout Alaska - the Cordova area, areas in and around Tetlin 

National Wildlife Refuge (TNWR), the core MFSGR, and the greater MFSGR area (Fig. 

1) - were surveyed on an annual basis for portions of the time period between 1978 and 

2006 depending on the region. Two separate analyses were conducted for the MFSGR 

area to explore differences between the core area of the MFSGR and the greater area 

around and including the MFSGR because habitat and survey frequency differed between 

the 2 areas. More frequent surveys of the core area allowed us to more closely examine 

the habitat characteristics in that area. Fall (late August/early September) brood surveys 

were available in these areas between 1978 and 2005 for 28 (1978-2005), 11 (1985

1995), 16 (1980-1986, 1988, 1990, 1991, 1994-1996, 2000, 2003, 2005), and 8 (1980, 

1985, 1988, 1990, 1994, 1995, 2000, 2005) years for the Cordova, TNWR, MFSGR, and 

greater MFSGR regions respectively. Surveys were conducted using a modified strip- 

transect design, with transects ~1.6 km apart. Swans observations within 800m of either 

side of the aircraft were recorded, providing complete coverage of the area. Survey units 

were based on 1:63,360 quadrangle maps containing potential swan breeding habitat. 

When a swan was sighted, a circle was made if necessary to obtain an accurate count of 

individuals and record the location accurately. The intent was to provide complete 

coverage of all potential habitats. This information was either recorded directly on a
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topographic map by the observer, or entered directly into a laptop computer through the 

use of a touch-screen mounted in the cockpit (Chapter l).W e used these survey data to 

examine relations between occupancy and human related and environmental variables.

An occupied wetland was defined as a wetland containing >1 brood. Each polygon in the 

NWI database that was not labeled as ‘upland’ was considered to be a wetland.

Occupancy data for all wetlands in the surveyed area were considered to be true 

presence/absence data (i.e. detection probability^) due to the high sightability of swans 

and the full coverage o f each area. In most situations, multiple surveys are needed to 

estimate detection rates before occupancy can be estimated because the assumptions of 

constant and high rates of detection through time are not usually met by single sample 

surveys (MacKenzie et al. 2006). We did not have the option of collecting multiple 

samples in this case, and it is likely that some broods were missed during each survey, 

but we believe that the number missed is small enough to treat wetlands where a brood 

was not sighted as unoccupied for that year. Swans are highly visible from the air and 

there do not appear to be large differences in detectability between observers (Chapter 1). 

Imperfect detection would bias our occupancy estimates low.

We considered variation in the probability of occupancy relative to wetland size, 

wetland type, year, elevation, fire history, mean April temperature and snow depth, 

summer precipitation, presence of transportation infrastructure (roads, railroads, airstrips) 

and presence of oil/gas wells. We also considered an interaction between wetland size 

and type that may indicate that size effects vary by type. This could result in large 

uniform habitats being not as important as large open-waterbodies, for example. Each
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wetland’s type and area was determined using wetland classification maps produced as 

part of the USFWS NWI. We used the wetland classification to assign each wetland to 

one of 9 major categories: lacustrine, palustrine unconsolidated bottom (PUB), palustrine 

aquatic bed (PAB), palustrine emergent, palustrine scrub shrub, palustrine unconsolidated 

shore, palustrine forested, estuarian, and riverine (not all regions contained all types). A 

historical fire map was obtained from the Bureau of Land Management Alaska Fire 

Service (http://agdc.usgs.gov/data/blm/fire) to identify the boundaries of most of the large 

wildfires that have occurred since 1950. If a wetland was located within a fire perimeter, 

it was considered to have been burned to provide a comparison between burned and 

unburned habitats. The average elevation of each wetland was determined using a digital 

elevation model of the state. We included the April mean temperature and snow depth as 

indices of the spring weather conditions. We also included the amount of summer 

precipitation because we expected that precipitation might affect habitat suitability or 

brood survival. Weather data from the nearest weather station with complete data for 

each area were acquired from the National Climatic Data Center. Weather stations were 

either within the study regions or immediately adjacent to them. Finally, we used oil and 

gas well data produced by the Alaska Department of Natural Resources (AKDNR) 

Division of Oil and Gas to identify the location of oil and gas wells in our study area and 

when it was constructed. This information, combined with a GIS coverage of 

transportation infrastructure produced by the AKDNR Land Records Information 

Section, allowed us to determine if a wetland was within 402m of either potential source 

of human disturbance during a given year. Transportation infrastructure was added
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through time in all areas except TNWR, and proximity was not limited to any specific 

wetland type. We used a buffer of 402m based on the AKDNR, Division of Oil and Gas 

Nenana Basin Exploration License: Final Finding of the Director, which stated in the 

mitigation section that no permanent facilities, including roads, may be located within 

0.25 miles (402m) of known trumpeter swan nesting sites (AKDNR 2002). Because this 

distance is being used in current regulations, we thought it would be an appropriate 

distance for assessing the effects of infrastructure on swan use during the breeding 

season.

We used program R 2.6.1 (R Development Core Team 2006) and the lme4 

package (Bates 2007) to fit generalized linear models to the occupancy data from all four 

regions. This package uses Laplace’s approximation method (see Bates 2007) to provide 

a solution to complex likelihoods containing random effects that could not be easily 

maximized. To constrain occupancy probabilities between 0 and 1 we used the logit-link 

function, a common choice for binomial data (Williams et al. 2002). We began with 

simple models, and then added additional parameters successively based on our a priori 

ranking o f their potential importance. Based on prior studies (Hansen et al. 1971) we 

believed that combinations of year, type, size, interaction between type and size, and 

transportation disturbance would be the most important variables and considered them 

first. Next the effect of elevation and an interaction between elevation and year were 

considered to investigate perceived changes in the use of higher elevation wetlands 

during later years (J. King pers. comm.). The remaining variables, burned/unburned, oil 

wells (mostly unused during the study), and weather variables were expected to have less



influence on swan habitat use and were added last. We used Akaike’s Information 

Criteria (AIC) to select among competing models (Burnham and Anderson 2002), and if 

a parameter did not improve the model based on AIC comparisons, it was removed 

before additional parameters were added. After all fixed effects parameters were 

considered, random effects of individual wetland, year, and an individual trend for each 

wetland were added to help explain any remaining variation in the data. We again used 

AIC to determine whether the additional complexity due to the random effects was 

justified.

Pond Shrinkage:

In the Cordova region, nest surveys were also conducted in the spring between 

1978 and 2005 using the same methodology as was used for the brood surveys. We 

considered using brood information, but movements introduced uncertainties in 

associating a specific pond with a specific brood. Nest ponds could be easily identified 

and we expected that nest wetlands would provide similar information because they are 

often used for brood-rearing as well. We identified infrared imagery for the Cordova 

region that was available at sufficiently fine resolution during this period to provide 

information on changes in pond size during the survey period. To avoid complications 

associated with annual variability in water levels and swan occupancy, we only chose 

years with data from both sources. This resulted in 2 years with corresponding nest and 

imagery data, 1982 and 1996. Using the survey data, we identified ponds (n = 79) that 

were associated with a nest in either of these 2 years. Margins of open water areas were 

then digitized in each year using ArcGIS 9.1 to provide an estimate of any change in



pond area between the two time periods. To provide a comparative sample of 

unoccupied ponds from across the landscape, we randomly selected 79 additional ponds 

that were considered to be potential swan habitat, but were not occupied, during either 

year. We used R to fit generalized linear occupancy models relating swan occupancy to 

changes in pond size. We believed that using occupancy by nesting swans to identify 

responses to changes in pond size was a better choice than using broods because nests 

could be more definitively assigned to a single pond. The models contained 

combinations of the following independent variables: differences in pond size between 

survey years, pond size in both years, and rate of change between the two years. 

RESULTS 

Habitat

Annual surveys were conducted for 11 quad maps in the Cordova region annually 

between 1978 and 2005. The quad maps that were covered included: Cordova A l, A2, 

B1-B5, and C2-C5. During this period, 1326 wetland occupancies were observed. Areas 

in and around the TNWR were surveyed annually between 1985 and 1995, covered 9 

quad maps, and 207 wetland occupancies were recorded. The maps surveyed included 

Nabesna B l, B2, C l, and Tanancross A2-A4, B4-B6. Between 1980 and 2005, portions 

of the MFSGR and surrounding areas were surveyed. The core area included 6 quad 

maps covering most of the MFSGR: Fairbanks C4, C5, D4, D5 and Livengood A4, A5. 

This area was surveyed 16 years during the study period and 1830 wetland occupancies 

were observed. Surveys of MFSGR and the surrounding area included the quad maps 

from the core analysis as well as the maps: Fairbanks B1-B4, C2, C3, D6 and Livengood



B4. Brood surveys were conducted over this entire area 8 times during the study period 

and 1287 wetland occupancies were observed (Fig. 1). A separate analysis was 

conducted for each of the 4 regions for comparison.

Model selection results showed many similarities between each of the 4 areas.

The best approximating model for each included similar combinations of year, wetland 

size and type, proximity to transportation infrastructure, elevation, trend through time, 

and random effects of individual wetland and rate of change in occupancy through time 

(Table 1). All areas except the greater MFSGR supported the random effects terms. The 

Cordova area was the only region where an influence of one or more spring weather 

condition variables was not supported (AIC values increased 0-2 units when any of the 

weather covariates were added to the model). Precipitation during the breeding season 

did not appear to have any effect on habitat occupancy in any o f the areas (AIC values 

increased 0-2 units when precipitation was added; Tables 1 and 2).

O f the 9 habitat types that were identified, larger lacustrine, palustrine aquatic bed 

(PAB), and palustrine unconsolidated bottom (PUB) habitats were the most likely to be 

used in all areas, while forested and riverine wetland habitats were used much less often 

(Table 2). Wetland size was also an important predictor (AIC values decreased by 90

400 in all 4 areas) and generally had a positive effect on occupancy but varied in 

magnitude by type. The additional adjustment for wetland area for PAB and PUB 

habitats in all 4 areas had a large positive effect on occupancy when compared to other 

wetland types (Table 2), and occupancy probability increased (core MFSGR, fUze = 

7.63E'4 SE: 2.45E'4; greater MFSGR area, psize= 1.24E'3 SE: 2.30E'4; TNWR, psize =
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1.24E'4 SE: 1.05'4; Cordova, Psiz.e~ 1.22E'4 SE: 1.00E'4) as wetland size increased within 

all wetland types (Figure 2). Wetlands at higher elevations had lower occupancy 

probabilities in all 4 areas (core MFSGR, peiev = -0.035 SE: 0.006; greater MFSGR area, 

peiev= -0.014 SE: 0.003; TNWR, peiev= -0.017 SE: 0.007, Cordova, peiev = -0.011 SE: 

0.002) and there was some evidence that this relationship was changing through time (in 

all 4 areas AIC decreased by 1 when the interaction between elevation and year was 

added), but the magnitude and direction were uncertain (Table 2). Fires did not occur in 

the Cordova area, but for other areas fire positively affected occupancy probability (AIC 

decreased by 1-9 units; core MFSGR, Pf,re= 0.120 SE: 0.068; greater MFSGR area, Pf,re~ 

0.291 SE: 0.073; TNWR, Pfke- 0.489, SE: 0.266), although the estimates were imprecise. 

The presence of transportation infrastructure within 402m of wetlands had a negative 

effect (AIC decreased 8-85 units) on the probability of occupancy (Figure 2) in the core 

MFSGR (Ptrans=-1.13 SE: 0.35), the greater MFSGR (pbans= -1.32 SE: 0.44), and the 

TNWR (Ptrans ~ -1.84 SE: 0.76), while there was a small positive effect in the Cordova 

area (Ptrans -  0.85 SE: 0.10). The inclusion of a covariate representing the presence of oil 

wells (a majority were plugged and abandoned) was not supported in the Cordova area 

(AIC increased by 2 units), the only site with oil development (Table 1).

Pond Shrinkage

Change in pond size between 1982 and 1996 was variable and both decreases and 

increases in area were common. On average, the ponds in our sample decreased in size 

by 0.32ha (SD = 1.73) between 1982 and 1996. The average wetland size was 10.24ha, 

but individual wetland size was highly variable (SD = 30.13). The only parameter



supported by model selection procedures was an intercept adjustment for 1996 (3.1 AIC 

units lower than the constant model) and indicated that occupancy probability was greater 

(Pi996 = 0.565 SE:0.253) in that year. There was little support for an effect of the pond 

size (AAIC=3.3) or change parameter (AAIC =4.2) on occupancy probabilities of nesting 

trumpeter swans.

DISCUSSION

Habitat

Our results confirmed several habitat associations identified by past research and 

identified additional important factors affecting wetland occupancy by trumpeter swan 

broods in 4 important breeding areas in the state. We found that some wetland types, 

larger lakes and ponds (PAB and PUB types) in particular, were occupied at higher rates 

than others. Wetlands within historical fire perimeters also increased occupancy 

probabilities, which could be important considering the recent large fires in many areas in 

Alaska. Spring weather conditions were important predictors of brood habitat occupancy 

probably indicating negative effects of cold weather early in the breeding season on 

breeding probability and brood survival. The effects of higher elevations were similar to 

the weather effects and appeared to change in later years, possibly indicating a response 

to increased season-length due to climate change. Finally, one of the more important 

findings was a strong negative influence of transportation infrastructure on wetland 

occupancy by broods. This relationship could have important implications for 

management decisions involving development activities in the future.



The higher occupancy probabilities of some water bodies such as lakes and PAB 

and PUB habitats (the 2 most common types of closed basin ponds) over other wetland 

types was not surprising because swans feed primarily on submerged aquatic and 

emergent plants (Mitchell 1994). These plants would be more abundant in these areas 

than in forested or shrub-dominated wetlands. These results agree with those of others 

who have previously identified lakes and ponds as important swan breeding areas (eg. 

Hansen et al. 1971). We also found that the probability of occupancy of both PAB and 

PUB habitats increased dramatically as size increased, indicating that larger ponds of 

these types are particularly important brood-rearing areas. A similar positive effect of 

pond size on occupancy was also identified in a similar species, tundra swans (Cygnus 

columbianus columbianus, Earnst and Rothe 2004). This suggests that priority should be 

given to lake and pond wetland habitats, especially larger ones, when considering 

management actions or development activities in areas where swans breed.

The effects of spring weather conditions on breeding swans were similar to those 

found for other large-bodied waterfowl (e.g. Bluhm 1992, Lindberg et al. 1997). The 

positive effect of April temperature and a negative effect of April snow depth are likely 

related to breeding probability and cygnet survival until the fall survey period. Others 

have shown that spring conditions can delay nesting in other waterfowl species (Johnson 

et al. 1992), and this could be particularly important for trumpeter swans because they are 

limited by the number of ice-free days in the season in some areas (Hansen et al. 1971, 

Chapter 3). In years with cold springs, some pairs may forego breeding in that year due to 

the shortened season. This would be reflected in lower occupancy rates in the fall brood
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survey data. The lack of these effects in the Cordova region probably reflects the longer 

breeding season and the moderating influence of the ocean on air temperature in the area. 

Elevation likely had a negative effect for similar reasons, higher elevations would likely 

have a shorter nesting season and colder weather. A change in this relationship through 

time was indicated by the support for an interaction between elevation and year. This 

suggests that a warming climate may be affecting habitat suitability, but a small sample 

of wetlands at higher altitudes resulted in imprecise estimates. Most habitats occurred in 

lowland areas with little variation in elevation, however, if  climate warming continues we 

would expect the occupancy rates of high elevation wetlands to increase.

A positive association between occupancy and the number of years since an area 

was burned for the 2 MFSGR areas and TNWR suggests that wildfires improve the 

quality of brood-rearing habitats. Others have shown that boreal lakes have substantially 

higher levels of phosphorous, nitrogen, and potassium after fires (Carignan et al. 2000), 

and this could indicate that wetlands in and around wildfire areas are more productive 

due to increased nutrient inputs. This may improve the quality and quantity of the forage 

available to both adults and cygnets in these areas. Extreme fire years have increased in 

frequency in Alaska (Soja et al. 2007), and this change could improve the long-term 

suitability of some wetland habitats for swans in the state.

Based on previous research (Hansen et al. 1971, Henson and Grant 1991), we 

expected that roads, railroads, and airstrips might decrease habitat use due to increased 

noise and direct interference associated with increases in recreation and other human 

activities. The Cordova area had a small positive effect, but we suspect that this could be
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due to much of the infrastructure getting little to no use. Unlike others (Hansen et al. 

1971), we did not find any effect of oil wells on swan occupancy in the Cordova region, 

but we caution the interpretation of this result because most of the wells in the area were 

not in use during the study period. Active wells would probably have a different effect. 

The negative impacts of actively used transportation infrastructure supports the findings 

of past studies (Hansen 1971, Henson and Grant 1991) and is of special concern for the 

MFSGR because most of the area has been licensed for oil and gas exploration (AKDNR 

2002). A network of roads, pipelines, and increased human presence would likely make 

large portions of this important area less suitable for breeding swans in the future, and 

additional monitoring in any newly developed areas within the MFSGR may be required 

to assess the impacts o f these disturbances.

The negative associations between swans and human infrastructure indicate that 

mitigation measures used by management agencies such as the AKDNR may not 

adequately protect populations of breeding swans from development activities. An 

AKDNR report on the Nenana Basin Exploration License, including much of the 

MFSGR, states that “permanent facilities, including roads, material sites, storage areas, 

powerlines, and aboveground pipelines may be prohibited within ‘/4-mile of known 

nesting sites” in the area (2002). We believe that brood-rearing habitats should be 

included in this prohibition as well because of the probable negative effects of this new 

infrastructure on brood-habitat occupancy. The result of this change could be very 

important for many locations in the MFSGR because of the large number of current and 

historic brood-rearing areas and the potential for reductions in swan habitat use and
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productivity. Future development in potential breeding areas should consider restrictions 

to areas within 402m from all lakes and ponds, not nest sites alone, if minimizing impacts 

to trumpeter swans is considered to be important.

Overall our occupancy estimates should be considered conservative because small 

errors associated with the NWI classifications, discrepancies between swan locations and 

the topographic maps, and variable swan brood movements can result in smaller wetlands 

being ‘unoccupied’ during a survey. NWI classifications were created using one or two 

years’ imagery and annual differences in water levels could have resulted in associating a 

brood with a nearby habitat type during the surveys. In our analysis, swan locations were 

not buffered based on habitat type to prevent an arbitrary bias for one wetland type over 

another. Due to the small size of many wetlands, especially ponds, small amounts of 

error probably resulted in broods being associated with surrounding wetland types in 

some cases. For this reason, we believe that closed-basin wetlands (lakes and ponds) are 

probably even more important than our results indicated.

Pond Shrinkage

We did not detect any differences in habitat occupancy by trumpeter swans 

relative to variation in pond size, despite observing size changes in many ponds in our 

sample between 1982 and 1996. We originally suspected that these changes could affect 

breeding swans on our study area, but based on the data that were available; this does not 

appear to be the case. Our results may indicate that swans are not responding to changes 

in pond size or at the level of change that was observed on our study area at this time.
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It seemed reasonable to expect that occupancy would be negatively affected by 

shrinking pond size based on the previous habitat analysis where wetland size was an 

important predictor of occupancy by broods. Others have also suggested that climate 

warming could have negative consequences, including wetland shrinkage, for waterfowl 

on a large scale (Johnson et al. 2005). If this was also the case for swans, it would be 

important to understand their response for future management in Alaska. In our study 

there were some ponds that substantially decreased in size through time, but others grew 

and neither scenario appeared to affect swan occupancy. This could indicate that swans 

do not respond to pond size alone and that other factors are more important in the 

selection of nesting habitats. It is also possible that most of the ponds in the sample were 

large enough to prevent any size dependent response. There could be some minimum 

pond size necessary to provide adequate room for feeding and take-off, and if the ponds 

sampled did not shrink below that minimum, then reductions in occupancy would not be 

expected.

Overall, we believe these results should be viewed with caution due to the 

potentially large changes in pond size and number as climate warming continues (Klein 

et al. 2005, Riordin et al. 2006). Our sample was relatively small and it is possible that 

over longer time-periods larger changes in size might be observed. In some areas of 

Alaska (eg. Riordin et al. 2006), waterbodies have completely disappeared over longer 

time periods and this level of change would have obvious effects on occupancy by 

breeding swans. The time scale for which we had data also might not have been 

sufficient to detect population-level responses. In the previous analysis, habitat



occupancy by broods was found to be variable between years, suggesting that other 

factors may be influencing swan use of individual ponds on an annual basis. This 

additional annual variability would make it more difficult to identify the effects of a 

reduction in pond size if present. The metric we used, nesting swans, might also be too 

coarse for the levels of change that are occurring. It may take a much larger change to 

make a pond completely unsuitable for nesting, but there is some evidence that other 

waterfowl experience reduced clutch sizes or lowered nest or young survival when 

habitat quality is diminished (Johnson et al. 1992). Larger samples or additional years of 

both survey and imagery data will likely be necessary to accurately identify long-term 

responses to climate change by trumpeter swans.
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Figure 1. Locations of the 4 study regions: the greater Minto Flats State Game Refuge 

(MFSGR) area, the core of the MFSGR area, the Tetlin National Wildlife Refuge (NWR) 

area, and the area around Cordova. The shaded portion inside the MFSGR area indicates 

the core of the MFSGR.
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Figure 2. Predicted effects of transportation infrastructure and wetland size (acres) on 

occupancy probability for one wetland type (PAB) in the MFSGR core area based on the 

best approximating model. Assumptions: Elevatiom=100m, April temperature=0°C, 

fire^O, snow depth^O, year=H980. Solid lines indicate means, dotted lines indicate 

95%CFs. Heavy lines represent mean and 95%CFs in the absence of transportation 

infrastructure. Range of wetland sizes covers the observed range for this wetland type.



Table 1. Model selection results for all 4 sites: MFSGR, MFSGR and surrounding area, 

Tetlin NWR area, and Cordova area. Different models were run for each area and 

missing values indicate that the model was not fit for that area. Variables included: 

Year=trend through time, Size=size of wetland, Type=wetland type, Trans=transportation 

infrastructure, Elev=elevation, Fire=effect o f wildfire, Wellsnum=number of wells 

present within 402m, Wellspresent=oil wells present within 402m, Precip=precipitation, 

Snow=number of days in April with snow cover, Temp=average April temperature, 

e[i]individual random effect, e[j]=year random effect.
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M FSG R

Core

M FSG R

Core

M FSG R

All

M FSG R

All

Tetlin

N W R

Tetlin

N W R

Cordova Cordova

M odel Structure AIC AAIC AIC AAIC AIC AAIC AIC AAIC

Y ear+Size+SizeA2+Type*Size+T rans

+E lev*Y ear+Fire+Tem p+Snow +e[i]+Y ear[i] 12972 0

Y ear+Size+SizeA2+Type*Sizc+T rans

+E lev*Y ear+Fire+Tem p+Snow +e[i]+e[j] 13130 158

Y ear+Size+SizeA2+Type*Size+T rans+

E lev*Y ear+Fire+T em p+Snow +e[ij 13130 158

Y ear+ Size+SizeA2+Type*Size+T rans

+Elev*Y ear+Fire+Tem p+e[i]+Y ear[j] 2237 0

Y ear+Size+SizeA2-l-Type*Size+Trans

+Elev*Y ear+Fire+Tem p+e[i] 2275 38

Y ear+ Size+SizeA2+Type*Size+T rans

+E iev*Y ear+Fire+Tem p+e[i]+e[j] 2277 40

Y ear+ Size+SizeA2+Type*Size

+Trans+E Iev*Y ear+e[i]+Y ear[i] 11533 0

Y ear+Size+SizeA2+Type*Size+

Trans+Elev*Y ear+e[i] 11761 228

Y e a rH - S iz c + S iz e A2 + T y p e * S i z e +

T rans+Elev*Y ear+e[i]+e[j] 11762 229

Y ear+Size+SizeA2+Type*Size+

T rans+Elev*Y ear+Fire+T em p+Snow 13563 591 10833 1

Y ear+Size+SizeA2+Type*Size+

Trans+Elev*Y ear+Fire+T em p 13565 593 10834 2 2334 97

Y ear+Size+SizeA2+Type*Size+

Trans+-Elev*Year+-Fire+Snow 13567 595 10832 0
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Table 1 continued.

Y ear+Size+SizeA2+Type*Size+

Trans+Elev*Y ear+Fire 13575 603 10844 12 2335 98

Y ear+Size+SizeA2+Type*Size+

Trans+Elev*Y ear+Fire+Precip 13576 604 10846 14

Y ear+S ize+S i zeA2+T ype* S i ze+ 

Trans+E!ev*Y ear 13576 604 10856 24 2336 99 12152 619

Year+Size+SizeA2+Type*Size+

Trans+Elev+Fire 13576 604 10846 14 2335 98

Y ear+Size+SizeA2+Type*Size+

Trans+Elev+Precip 2338 101 12153 620

Y ear+Size+SizeA2+Type*Size+  ' 

T rans+Elev 13577 605 10857 25 2337 100 12153 620

Y ear+Size+SizeA2+T ype*Size+

Trans+Elev+W ellsnum 12154 621

Y  ear+S ize+S i zeA2+T y pe * S i ze+ 

Trans+Elev+Snow 12154 621

Y ear+ Size+SizeA2+Type*Size+

Trans+Elev+W ellspresent 12155 622

Year+S ize+S izeA2+Type* S i ze+ 

T rans+El ev+T emp 12155 622

Y ear+Size+SizeA2+Type*Size+

Trans 13701 729 11065 233 2349 112 12634 1101

Year+S ize+S izeA2+Type* Size 13733 761 11089 257 2357 120 12719 1186

Y ear+ S ize+S izeA2+T ype 13979 1007 11659 827 2437 200 13221 1688

Y ear+Size+SizeA2 16406 3434 13672. 2840 2738 501 14547 3014

Y ear+Size 16723 3751 13826 2994 2758 521 15760 4227

Size 16845 3873 13874 3042 2809 572 15776 4243

Year 17277 4305 14032 3200 2896 659 15985 4452



Table 2. Logit-scale parameter estimates (SE) for the best approximating model for each 

of the 4 sites: MFSGR, MFSGR and surrounding Size, Tetlin NWR Size, and Cordova 

Size. PAB=palustrine aquatic bed, PEM=palustrine emergent vegetation, 

PFO=palustrine forested, PSS=palustrine scrub shrub, PUB=palustrine unconsolidated 

bottom, R=riverine, E=estuarine, PUS=palustrine unconsolidated shore, Fire=years since 

fire, April temp=mean April temperature, April snow=mean April snow depth, 

e[]=random effect. NA=parameter was not included in the best approximating model for 

that site.

P a r a m e t e r M F S G R M F S G R + S u r r T e t l i n  N W R C o r d o v a

I n t e r c e p t 1 . 4 2 0  ( 0 . 6 2 2 ) - 0 . 9 4 3  ( 0 . 3 2 6 ) 4 . 0 5 0  ( 3 . 7 1 0 ) - 2 . 8 9 0  ( 0 . 1 1 0 )

Y e a r - 0 . 0 2 6  ( 0 . 0 3 6 ) 0 . 0 7 0  ( 0 . 2 1 4 ) - 0 . 4 6 9  ( 0 , 4 1 3 ) 0 . 0 1 9  ( 0 .0 0 4 )

7 . 6 3 E ' 4 1 , 2 4 E ' 3 1 .2 4 E " * 1 , 2 2 E '4

W e t l a n d  S i z e ( 2 . 4 5 F 4) ( 2 . 3 0 F 4) ( 1 . 0 5 E ' 4) ( 1 . 0 0 F 4)

W e t l a n d  S i z e 2 - 1 . 4 3 E ' 7 ( 1 . 1 4 E ' 8) - 2 . 0 7 E ' 9 ( 1 . 3 1 E " 10) - 3 . 4 4 F ' J ( 1 . 0 6 E - 9) - 1 . 1 6 E ' 8 ( 1 . 5 7 F 9)

P A B - 2 . 9 3 0  ( 0 . 2 8 5 ) - 2 . 5 4 0  ( 0 . 2 5 4 ) - 4 . 2 4 0  ( 0 . 5 2 0 ) - 2 . 5 5 0  ( 0 . 3 3 3 )

P E M - 1 . 8 7 0  ( 0 . 0 7 7 ) - 2 . 1 5 0  ( 0 . 0 7 9 ) - 2 . 3 9 0  ( 0 . 1 9 4 ) - 1 . 8 0 0 ( 0 . 1 0 0 )

P F O - 4 . 0 4 0  ( 0 . 1 6 6 ) - 3 . 6 7 0  ( 0 . 1 6 3 ) - 3 . 7 7 0  ( 0 . 4 9 4 ) - 4 . 1 4 0  ( 0 . 2 7 7 )

P S S - 3 . 3 1 0  ( 0 . 1 1 8 ) - 2 . 9 6 0  ( 0 . 1 0 7 ) - 3 . 2 3 0  ( 0 . 3 3 8 ) - 2 . 5 3 0  ( 0 . 1 2 3 )

P U B - 2 . 6 8 0  ( 0 . 1 7 8 ) - 2 . 9 4 0  ( 0 . 2 1 1 ) - 3 . 2 8 0 ( 0 . 2 7 9 ) - 3 . 3 4 0  ( 0 . 1 2 5 )

R - 3 . 8 6 0  ( 0 . 7 2 5 ) - 5 . 1 3 0  ( 0 . 4 5 1 ) 0 - 4 . 0 3 0  ( 0 .6 8 3 )

E N A N A N A - 3 . 0 2 0  ( 0 .8 4 0 )

P U S N A N A N A - 3 . 3 2 0  ( 0 .8 4 8 )

T r a n s p o r t a t i o n - 1 . 1 3 0  ( 0 . 3 5 4 ) - 1 . 3 2 0  ( 0 . 4 4 4 ) - 1 . 8 4 0  ( 0 . 7 6 3 ) 0 . 8 5 2  ( 0 .0 9 6 )

E l e v a t i o n  . - 0 . 0 3 5  ( 0 .0 0 6 ) - 0 . 0 1 4 ( 0 . 0 0 3 ) - 0 . 0 1 7  ( 0 . 0 0 7 ) - 0 . 0 1 1  ( 0 .0 0 2 )

F i r e 0 . 1 2 0  ( 0 .0 6 8 ) 0 . 2 9 1  ( 0 . 0 7 3 ) 0 . 4 8 9  ( 0 . 2 6 6 ) N A

A p r i l  T e m p 0 . 0 2 7  ( 0 . 0 1 1 ) N A 0 .0 6 5  ( 0 .0 3 8 ) N A

A p r i l  S n o w - 0 . 0 0 7  ( 0 .0 0 3 ) - 0 . 0 1 7  ( 0 .0 0 5 ) N A N A

W e t l a n d  S i z e * P A B 0 .0 8 6  ( 0 . 0 1 4 ) 0 . 0 8 7  ( 0 . 0 1 3 ) 0 . 1 9 2  ( 0 . 0 3 4 ) 0 . 1 2 0 ( 0 . 0 3 0 )
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Table 2 continued.

W e t l a n d  S i z e * P E M 0 . 0 0 1  ( 0 .0 0 0 2 ) 0 .0 0 0 8  ( 0 .0 0 0 3 ) 0 .0 0 1  ( 0 .0 0 0 3 ) 0 .0 0 1  ( 0 . 0 0 0 1 )

W e t l a n d  S i z e * P F O 0 . 0 0 1  ( 0 .0 0 0 2 ) - 0 .0 0 1  ( 0 .0 0 0 2 ) 0 .0 0 0 4  ( 0 .0 0 0 1 0 .0 0 4  ( 0 .0 0 0 5 )

W e t l a n d  S i z e * P S S 0 .0 0 1  ( 0 .0 0 0 2 ) - 0 .0 0 1  ( 0 .0 0 0 2 ) 0 .0 0 0 2  ( 0 . 0 0 0 1 ) 0 .0 0 1  ( 0 . 0 0 0 1 )

W e t l a n d  S i z e * P U B 0 . 0 5 8  ( 0 . 0 1 0 ) 0 . 1 1 7 ( 0 . 0 1 2 ) 0 . 0 5 4  ( 0 . 0 1 5 ) 0 . 0 7 7  ( 0 . 0 0 7 )

W e t l a n d  S i z e * R 0 . 0 0 2  ( 0 .0 0 0 3 ) - 0 . 0 0 1  ( 0 .0 0 0 4 ) N A 0 .0 0 1  ( 0 .0 0 0 2 )

W e t l a n d  S i z e * E N A N A N A 0 .0 0 0 3  ( 0 . 0 0 0 1 )

W e t l a n d  S i z e * P U S N A N A N A - 0 . 0 5 8  ( 0 . 0 9 1 )

Y e a r * e l e v a t i o n 0 .0 0 0 6  ( 0 .0 0 0 4 ) - 0 . 0 0 0 4  ( 0 .0 0 0 2 ) 0 .0 0 1  ( 0 . 0 0 1 ) - 0 .0 0 0 2  ( 0 . 0 0 0 1 )

e [ w e t l a n d ]  v a r i a n c e 0 . 1 6 7 N A 0 . 2 4 2 0 .0 9 5

e [ y e a r ]  v a r i a n c e 0 .0 0 0 9 N A 0 .0 0 5 0 .0 0 0 3



GENERAL CONCLUSION

These in-depth analyses of the Alaskan trumpeter swan survey data set have 

broadly expanded the available knowledge of the population dynamics and breeding 

habitat preferences of this species in the state in response to a changing climate. 

Previously this information was only available anecdotally because of difficulties 

associated with a formal analysis, and the techniques that I developed to address these 

problems will be useful for similar data sets. Long-term data often require advanced 

methodology to adequately address inherent design and data collection limitations, and 

these new methods will improve the quality and reliability of results. This will allow 

managers to make more informed and defensible decisions in the future.

One of the primary goals for this project was the estimation of the population 

growth rate, and after fitting a series of these models to the survey data, I estimated that 

the adult segment of the population was increasing at 5.9% (95% credible interval = 5.2% 

to 6.6%) and production of cygnets was increasing at 5.3% (95% credible interval = 2.2% 

to 8.0%) annually (Chapter 1). Also, cygnet counts at each site increased through time in 

a quadratic fashion, were lower at higher latitudes, but increased at higher rates at higher 

latitudes in later years. I also conducted an ‘augmented analysis’ that back-filled all 

missing values with 0’s to provide a comparison between methods. The top models from 

this analysis estimated that the adult population grew at a much faster rate of 10.4% (95% 

credible interval = 9.7% to 11.1 %), while cygnet production increased at a rate of 9.3% 

(95% credible interval = 8.7% to 9.8%) annually (Chapter 1). This discrepancy indicates 

the large differences that can result when using standard methodology that assumes
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values for missing data. I believe that the estimates from the non-augmented analysis are 

much less biased and represent more reasonable estimates of the population growth rate 

for trumpeter swans in Alaska.

I also found evidence that climate warming is likely responsible for some of the 

observed range expansion of trumpeter swans into new areas (Chapter 3). The best 

approximating model indicated that occupancy probability increased through time, 

decreased at higher latitudes, and increased as the number of days above freezing 

increased. Because the number of days above freezing is likely to be highly correlated 

with the number of ice-free days, this is strong evidence that warming temperatures are 

probably affecting swan habitat occupancy. If warming continues, trumpeter swans may 

continue to expand their range into additional habitats. This could result in increased 

competition with tundra swans in the future.

Trumpeter swan broods also use closed-basin wetlands such as lakes and ponds, 

especially larger ones, more often than other wetland types. This suggests that these 

types of wetlands should receive special consideration when management actions are 

proposed (Chapter 4). The proximity of transportation infrastructure (i.e. roads, railroads, 

airstrips) tended to decrease occupancy probability in 3 of the 4 areas considered, 

suggesting that increased development could negatively affect habitat use by swan 

broods. This could have negative consequences for swan populations in important 

breeding areas such as MFSGR where extensive oil and gas development licensing has 

occurred. The standard setback for development of infrastructure is 0.25 miles (402m) 

from nesting sites, but this appears to be insufficient to eliminate the negative effects on
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broods. A more effective restriction might include a buffer around all closed-basin 

wetlands because these seem to be the preferred brood-rearing habitats.

An analysis of occupancy of closed-basin ponds in the Cordova region (Chapter 

4) failed to identify any changes due to pond shrinkage between 1982 and 1996. There 

was support for an increased probability of occupancy in 1996, but no relationship 

between occupancy and pond size characteristics. I suggest caution in the interpretation 

of these results, however, because the time period was relatively short and only 2 years 

were available for analysis. Additional years’ data over a longer time period might be 

necessary to separate long-term change from annual variability and to identify responses 

by swans to changes in ponds. The amount of change observed in this study was variable 

but relatively low (<5%) on average. If swans respond to changes in pond size, it may be 

at greater levels than were observed in this area.

A rigorous analysis of the Alaska trumpeter swan survey data set required the 

development of new analytical techniques (i.e. Bayesian hierarchical models) and also 

led to improvements that could be made in survival models using similar methods 

(Chapter 2). In an example using common goldeneye data, Bayesian survival estimates 

to 30 days of age at the mean yearly hatch dates were 0.60 (95%CI: 0.47-0.72) and 0.65 

(95%CI: 0.57-0.73) for 2002 and 2003 respectively, based on the best approximating 

fixed effects model. The additional random effect of brood increased the estimates of 

survival to 0.62 (95%CI: 0.37-0.83) and 0.73 (95%CI: 0.57-0.88) for 2002 and 2003 

respectively. This illustrates the potential bias associated with ignoring heterogeneity 

when it is present. Directly modeling the heterogeneity instead of using a post-hoc
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correction factor, leads to less bias and more accurate estimates of precision. Similar 

survey and survival data are collected regularly for other waterfowl species and the 

methods developed here will be directly applicable to those data. My intent was for the 

advanced techniques presented here to be used to improve future estimates of survival 

and abundance based on similar data.

The wide spatial and temporal extent of this study provided a unique opportunity 

to investigate the responses of a large vertebrate species to environmental change.

Studies at a sufficiently large scale to cover the majority of a species range for a long 

enough period to detect range shifts are rare (Parmesan and Yohe 2003) and my work 

expands our knowledge of how vertebrate taxa may respond to continued warming in the 

future. Also, because trumpeter swan surveys are so detailed and straightforward to 

conduct, this species provides an exceptional case for further in-depth work on the effects 

of climate warming. This species could also provide additional information on the 

intricate, conflicting effects of climate warming than has been possible in the past.

Ranges might be expanding due to warmer temperatures, but the effects of warming may 

decrease the amount or quality of some habitats across large portions of the range. The 

ability to address some of these questions is exceedingly rare due to the lack of data at the 

appropriate scales and highlights the importance of my research to the understanding of 

the effects of environmental change.

123



LITERATURE CITED

Anderson, D.R., K.P. Burnham, and G.C. White. 1994. AIC model selection in 

overdispersed capture-recapture data. Ecology 75:1780-1793.

Bellrose, F. C. 1980. Ducks, geese & swans of North America. Stackpole Books, 

Harrisburg, Pennsylvania. 544pp.

Burnham, K.P. and E.A. Rexstad. 1993. Modeling heterogeneity in survival rates of 

banded waterfowl. Biometrics 49:1194-1208.

Caithamer, D.F. 2001. Trumpeter swan population status, 2000. Migratory Bird 

Management, U.S. Fish and Wildlife Service, Laurel, Maryland. 14pp.

Flint, P.F., K.H. Pollock, D. Thomas, and J.S. Sedinger. 1995. Estimating prefledgling 

survival: allowing for brood mixing and dependence among brood mates. Journal 

of Wildlife Management 59:448-455.

Gelman, A., J.B. Carlin, H.S. Stern, D.B. Rubin. 2004. Bayesian data analysis.

Chapman and Hall/CRC, Boca Raton, Florida, 668pp.

Hansen, H.A., P.E.K. Shepherd, J.G. King, and W.A. Troyer. 1971. The trumpeter 

swan in Alaska. Wildlife Monographs 26:3-83.

Link, W.A., E.G. Cooch, and E. Cam. 2002. Model-based estimation of individual 

fitness. Journal of Applied Statistics 29:207-224.

Link, W.A. and J.R. Sauer. 2002. A hierarchical analysis of population change with 

application to cerulean warblers. Ecology 83:2832-2840.



Murphy, V. and A. Dunne. 2005. Mixed effects versus fixed effects modeling of binary 

data with inter-subject variability. Journal of Pharmacokinetics and 

Pharmacodynamics 32:245-260.

Natarajan, R. and C.E. McCulloch. 1999. Modeling heterogeneity in nest survival data. 

Biometrics 55:553-559.

Parmesan, C. and G. Yohe. 2003. A globally coherent fingerprint of climate change 

impacts across natural systems. Nature 421:37-42.

Thomas, C.D., and J.J. Lennon. 1999. Birds extend their ranges northwards. Nature 

399:213.

White, G. C., and K. P. Burnham. 1999. Program MARK: survival estimation from 

populations of marked animals. Bird Study 46:Supplement:120-138.

125


