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 Over recent decades, the marine ecosystems of Prince William Sound (PWS), 

Alaska have experienced the concurrent effects of a major anthropogenic disturbance, 

the 1989 Exxon Valdez oil spill (EVOS), and a dynamic atmospheric-oceanic 

environment. Studies of top marine consumers can provide insights into processes of 

ecosystem change. Using data collected during boat-based marine bird surveys in PWS 

over the period 1989-2012, I used complimentary taxon- and community-centric 

approaches to investigate patterns of distribution and abundance of marine birds across 

space and time. In doing so, I sought to provide insight into processes that may have 

affected both the birds themselves and the ecosystems of which they are a part. 

 I found that the marine bird community as a whole was spatially structured along 

a primary onshore-offshore environmental gradient, and secondarily structured along an 

estuarine-marine environmental gradient. I found two patterns of community variability 

across time. The first temporal community-level pattern was likely related to sustained 

rates of change in the abundance of some genera, likely caused by demographic 



 
 

 

processes. This pattern was correlated with climate variability at time-scales of several 

years to a decade. The second temporal community-level pattern was characterized by 

fluctuations that correlated with climate variability at an annual time-scale, likely caused 

by movements of birds between PWS and the adjacent Gulf of Alaska. I also evaluated 

changes in the abundance of 18 genera of marine birds, and found that seven had 

declined in abundance and three had increased over the study period; all genera that 

declined were piscivorous or planktivorous. Furthermore, the rates of population change 

of genera were related to their position in the onshore-offshore gradient, with the highest 

rates of decline occurring in offshore-associated genera. 

 I also investigated spatial habitat associations and temporal changes in 

abundance of a focal taxon, the seabird genus Brachyramphus. Two species within this 

piscivorous, pursuit-diving genus occur in PWS, the marbled murrelet (B. marmoratus) 

and the Kittlitz’s murrelet (B. brevirostris). Both are species of conservation concern, and 

both experienced acute mortality in PWS caused by the EVOS. Using a statistical model 

that accounted for variables affecting observed abundance across space and time, I 

found that abundance decreased by more than two-thirds over the study period. I found 

no evidence that rates of change differed along environmental or geographic gradients. 

There was also no evidence that changes in seasonal patterns of abundance occurred. 

These results are indicative of a widespread decline in the abundance of 

Brachyramphus murrelets within PWS.  

 Taken as a whole, the results of my thesis are consistent with the hypothesis that 

climate change has differentially affected nearshore and offshore components of PWS 

food webs. This in turn has likely contributed to the failure of some taxa, including 

Brachyramphus murrelets, to recover from population injury caused by the EVOS.
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GENERAL INTRODUCTION 

 

 

Daniel A. Cushing 
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 All living things respond to their surroundings in ways that are shaped by their 

individual phenotypes (Hutchinson 1957). Yet, through the myriad interactions of species 

with each other and with their common physical and chemical surroundings, arise 

communities and ecosystems that are organized across space and time (Stokstad 

2009). Processes that affect individual organisms can ultimately alter populations, 

communities, and ecosystems. Abiotic or biotic agents of change may affect populations 

by directly acting on variables such as demographic rates, or by indirectly acting through 

trophic linkages, modifications of species interactions, and alteration of the environment 

(Wootton 1994, Menge 1995). Depending on their magnitude, perturbations of the 

population dynamics of interacting species can be a source of stability or instability for 

food webs (Vasseur and Fox 2007).  

Perturbations that induce large-amplitude, synchronous fluctuations in the 

abundance of multiple interacting species are predicted to reduce the stability of food 

webs (Gouhier et al. 2010). Indeed, a growing body of evidence suggests that 

disturbance can erode the resiliance of ecological systems, and increase the probability 

that the state or dynamic of the system will change (Sheffer et al. 2001, Folke et al. 

2004). The conservation of biodiversity depends in part on understanding of individual 

species, their natural history, their responses to their environment, the threats they face, 

and the fluctuations of their populations. The conservation of biodiversity also depends 

on an understanding of communities, how they arise, how they are structured, and how 

and why they persist in a given state or change over time. A perspective encompassing 

both the proverbial forest and the trees can contribute to efforts to conserve both 

individual species and the ecosystems of which they are a part. 
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The present study had its origin in the immediate aftermath of a major 

anthropogenic perturbation, which occurred when, shortly after midnight on March 24, 

1989, the tanker vessel Exxon Valdez grounded on Bligh Reef in northeastern Prince 

William Sound (PWS), Alaska. The T/V Exxon Valdez subsequently released over 40 

million liters of crude oil into the Sound (Galt et al. 1991). During the following weeks, 

winds and currents spread the oil through central and southwestern PWS and into the 

Gulf of Alaska (GOA), polluting over 1750 km of shoreline (Wolfe et al. 1994). Marine 

birds were among the taxa injured by the Exxon Valdez oil spill (EVOS). In the months 

following the spill, more than 30,000 carcasses of oiled marine birds were retrieved in 

the oil spill area, including approximately 3,400 in PWS (Piatt et al. 1990). Total acute 

mortality of marine birds was estimated at 250,000 individuals, although this estimate is 

imprecise (Piatt and Ford 1996).  

In the years following the EVOS, numerous studies investigated the short- and 

long-term effects of the spill on various components of the PWS ecosystem (Rice et al. 

1996, Peterson et al. 2003). One such study was a marine bird survey program, which 

was initiated as part of the Natural Resource Damage Assessment following the EVOS 

(Klosiewski and Laing 1994). This survey program continued over two subsequent 

decades, to monitor the population status of injured marine bird taxa. This survey 

dataset now comprises the most comprehensive regional at-sea seabird dataset in 

Alaska, and is the basis of the present thesis. 

 The EVOS occurred within a dynamic subarctic marine ecosystem (Spies 2007). 

Forcing of the northeastern Pacific Ocean by atmospheric processes causes low-

frequency variability in ocean circulation, temperature, salinity, and nutrients (Chhak et 

al. 2009, Di Lorenzo et al. 2009). These processes affect the quantity, distribution, and 
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timing of primary production, the transport of larval organisms, and the growth and 

survival of zooplankton and fish (Eslinger et al. 2001, Hunt and McKinnell 2006). 

Concurrent with atmospheric-oceanic fluctuations, tremendous changes have occurred 

in the marine food webs of the GOA (Frances et al. 1998, Hare and Mantua 2000). 

These included changes in the abundance of some mid-trophic level species that are 

important prey for piscivorous seabirds (Anderson and Piatt 1999). While seabirds are 

long-lived organisms that can buffer moderate environmental variability, their vital rates 

are nonetheless sensitive to periods of low prey availability (Cairns 1987, Piatt et al. 

2007, Cury et al. 2011). Thus, understanding the response of GOA ecosystems to 

climate forcing is essential for understanding the effects of the EVOS on marine birds 

(Piatt and Anderson 1996, Agler et al. 1999). 

 The primary aim of this thesis is to provide insight into the dynamics of a marine 

community that has experienced the concurrent effects of climatic change and 

anthropogenic disturbance. By doing so, I hope to provide information that will help 

guide research and restoration priorities in PWS. To accomplish these goals, I 

investigated the factors that affected the distribution and abundance of marine birds 

within PWS across space and time, using both taxon- and community-centric 

perspectives.  

 In Chapter 2, I investigated the relationships between spatial and temporal 

patterns of distribution and abundance within a diverse group of 18 genera of marine 

birds. Because the responses of individual marine bird taxa to their environment are 

shaped by their phenotypes, patterns of change within communities comprised of 

ecologically diverse taxa can provide information regarding agents of ecological change. 

My first objective was to evaluate spatial patterns of community structure and the 
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relationships between community structure and habitat. My second objective was to 

evaluate population- and community-level changes over time, and determine whether 

community-level changes correlated with climate variability. My third objective was to 

evaluate the relationships between temporal changes and the spatial structure of the 

marine bird community. The results from Chapter 2 provided insights regarding agents of 

ecosystem change in PWS, context for population fluctuations observed in other marine 

species, and information relevant to understanding the variable recovery of marine bird 

taxa injured by the EVOS. 

 In Chapter 3, I investigated a single focal taxon, the seabird genus 

Brachyramphus. Two species within this genus occur in PWS, the marbled murrelet (B. 

marmoratus) and the Kittlitz’s murrelet (B. brevirostris). Both are species of conservation 

concern, and both experienced acute mortality in PWS caused by the EVOS (Kuletz et 

al. 2011). Evaluating the Brachyramphus genus as a whole, I assessed spatial habitat 

associations, temporal changes in abundance, and factors affecting variability in rates of 

change in abundance over time. The results from Chapter 3 provided information 

relevant to the conservation and management of both Brachyramphus murrelet species, 

as well as a detailed case study relevant to other sympatric taxa of marine birds.  

 In Chapter 4, I provided a general summary and synopsis of my thesis. I 

integrated my community- and taxon-level findings from Chapters 2 and 3. I then placed 

my findings within the context of other studies, and discussed the implications of my 

conclusions for the conservation and management of the biological resources of PWS. 
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ABSTRACT 

 Over recent decades, the marine ecosystems of Prince William Sound (PWS), 

Alaska, have experienced concurrent effects of climatic change and anthropogenic 

disturbance. The responses of marine bird taxa to environmental perturbations are 

expected to depend on their use of resources and habitats; therefore, community-level 

patterns may provide important clues regarding agents of ecological change. We used 

boat-based surveys of marine birds conducted during 1989-2012 to investigate the 

relationship between spatial and temporal patterns of variability in the marine bird 

community of PWS. First, we found that an onshore-offshore environmental gradient 

was the dominant factor spatially structuring the marine bird community; in addition, an 

estuarine-marine environmental gradient was a secondary factor. Second, we evaluated 

changes in the abundance of 18 genera of marine birds, and found that seven had 

declined in abundance and three had increased over the study period; all genera that 

declined were piscivorous or planktivorous. Third, we found that the majority of temporal 

variability in the marine bird community was related to log-linear changes in abundance 

of genera, likely caused by sustained rates of demographic change. This pattern was 

correlated with climate variability at time-scales of several years to a decade. A second 

temporal community pattern was characterized by fluctuations that correlated with 

climate variability at an annual time-scale, likely caused by movements of birds between 

PWS and the adjacent Gulf of Alaska. Finally, a primary finding was that the rates of 

population change of genera were related to their position on the onshore-offshore 

gradient, with the highest rates of decline occurring in offshore-associated genera. 

These observations are consistent with the hypothesis that climate change has 

differentially affected nearshore and offshore components of PWS food webs.  
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INTRODUCTION 

 Understanding how communities vary in space and time has long been a 

fundamental question in ecology and natural history (McCune and Grace 2002, Stokstad 

2009). Patterns of species abundance and composition – that is, community structure – 

are often organized along environmental gradients. However, ecological communities 

are also shaped by biotic interactions and by disturbance (Beals 1984). Perturbation 

events can alter the population dynamics of sympatric competitor species by inducing 

positively correlated changes in the abundance of multiple species within a community 

(Keitt 2008, Loreau and de Mazancourt 2008, Mutshinda et al. 2011). If weak or 

moderate in amplitude, such synchronous population changes can limit compensatory 

dynamics, promoting food web stability (Vasseur and Fox 2007). However, if of sufficient 

magnitude, synchronous interspecific population fluctuations can destabilize food webs 

(Vasseur and Fox 2007, Gouhier et al. 2010). The marine ecosystems of the northern 

Gulf of Alaska (GOA) have experienced major natural and anthropogenic perturbations 

over recent decades (Spies 2007). Over the same time period, dramatic changes have 

occurred in numerous marine populations (Anderson and Piatt 1999). In this paper, we 

asked whether temporal patterns of change in abundance and community composition 

differed along important spatial gradients in a GOA marine bird community. 

 Coherent fluctuations of both climate and marine populations have been 

observed across vast spatial scales in the Pacific Ocean (Frances et al. 1998, Chavez et 

al. 2003). One proposed explanation for low-frequency fluctuations in marine biological 

time-series is cumulative integration of climate variability (Di Lorenzo and Ohman 2013). 

Oceanic integration of atmospheric variability over time can produce physical ocean 
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time-series characterized by low-frequency fluctuations (Hasselmann 1976, Hsieh et al. 

2005). Low-frequency physical variability can be enhanced in biological populations, if 

the rate of population change is forced by the environment, but damped across the time-

scale (such as generation time) over which the population responds to the environmental 

forcing (Di Lorenzo and Ohman 2013). A second proposed explanation for low-

frequency fluctuations involves nonlinear biological dynamics (Sheffer et al. 2001, Hsieh 

et al. 2005). Nonlinear dynamics may occur due to feedbacks or differences in forcing-

response relationships between alternative ecosystem states (May 1977, Beisner et al. 

2003, Scheffer and Carpenter 2003). A relevant example of such processes is climate-

regulated shifts between top-down and bottom-up trophic control (Hunt et al. 2002, 

Litzow and Cianelli 2007). Strong low-frequency environmental variability is generally 

predicted to reduce the stability and persistence of food webs (Ruokolainen et al. 2009, 

Gouhier et al. 2010). 

 The 1989 Exxon Valdez oil spill (EVOS) was a notable anthropogenic 

perturbation of ecosystems in the northern GOA, especially in Prince William Sound 

(PWS), where the spill occurred. The EVOS had immediate acute effects on marine 

organisms, as well as long-term biological effects that persisted for a decade or more 

(Peterson et al. 2003). Some species associated with nearshore sediments have 

experienced chronic oil exposure (Trust et al. 2000, Golet et al. 2002, Esler et al. 2010), 

which affected population demographics and recovery from acute mortality (Iverson and 

Esler 2010). PWS marine communities have thus experienced concurrent effects of 

anthropogenic disturbance and a dynamic geophysical environment.  

 Studies of top marine consumers can provide insights into processes of 

ecosystem change (Reid and Croxall 2001, Frederiksen et al. 2006). Marine birds are a 
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relatively conspicuous group of species in ocean environments, where many organisms 

are difficult to observe (Piatt et al. 2007b). While they possess adaptations to buffer 

moderate variability in their food supply, the vital rates of marine birds are sensitive to 

large fluctuations in prey availability (Cairns 1987, Piatt et al. 2007a, Cury et al. 2011). 

Marine birds are relatively long-lived organisms, with delayed maturity, low reproductive 

rates, and high adult survivorship (Lack 1967). Fluctuations in marine bird populations 

may therefore be expected to most directly correspond to environmental variability over 

response time-scales from several years to decades. As long-lived top consumers that 

can buffer moderate variability, changes in marine bird populations can be indicative of 

important ecosystem perturbations (Irons et al. 2008). 

 Marine birds constitute an ecologically diverse group of species, adapted to a 

broad range of food resources and habitats, from the intertidal to the open ocean (Lack 

1967, Schreiber and Burger 2001). Given this ecological variation, regionally sympatric 

marine bird populations may be expected to have dissimilar responses to the same 

perturbations, based on differences in their use of resources and habitats. Patterns of 

change within marine bird communities can therefore provide information about major 

factors affecting marine ecosystems. For example, Agler et al. (1999) concluded that, 

coincident with physical changes in the ocean that affected forage fish abundance, 

piscivorous taxa of marine birds declined more than non-piscivorous taxa in PWS 

between the early 1970’s and the early 1990’s. 

 In addition to their value as ecosystem indicators, marine birds are of intrinsic 

conservation concern (Croxall et al. 2012). This is especially true in PWS following the 

EVOS, which caused extensive mortality of marine birds (Piatt et al. 1990). We used 

boat-based surveys, conducted during July throughout PWS in 12 different years within 
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the period 1989-2012, to investigate the relationship between spatial and temporal 

patterns of variability within a diverse group of marine bird taxa. In doing so, we sought 

to provide insight into processes that may have affected both the birds themselves and 

the broader ecosystems of which they are a part.  

 Our first objective was to evaluate spatial patterns of community structure and 

the relationship between community structure and habitat. Our use of the term 

“community” follows the concrete community concept (McCune and Grace 2002), and 

refers to the organisms that occur within a specific location in space and/or time. We first 

evaluated community structure, which we then related to habitat. This approach required 

no assumptions about the relative importance of various biotic or abiotic factors that may 

structure a community.  

 Our second objective was to evaluate population- and community-level changes 

over time, and determine whether community-level changes correlated with climate 

variability. First, we determined whether sustained increases or decreases in the 

abundance of each evaluated genus had occurred over the study period. Second, we 

evaluated temporal patterns of community-level variability. We then assessed 

relationships between these temporal community patterns and leading modes of internal 

atmospheric-oceanic variability, across annual to decadal time-scales of biological 

response to physical forcing.  

 Our third objective was to evaluate the relationship between temporal changes 

and the spatial structure of the marine bird community. Synchronous population changes 

among co-occurring genera would suggest common extrinsic agents of change, linked to 

the same factors that spatially structure the community.  
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METHODS 

Study area 

 PWS is a subarctic, semi-protected body of water that is separated from the 

northern GOA by several large islands and surrounded by the mountains of the 

Chugach, Kenai, and St. Elias ranges. PWS has estuarine characteristics, as it receives 

high volumes of freshwater input from precipitation, runoff, and glacial ablation (Royer 

1979, Berthier et al. 2010). PWS also has characteristics of a fjord system, with a deep 

central basin connected to Hinchinbrook Canyon, which cuts across the continental shelf 

and is silled near the shelf-slope break (Niebauer et al. 1994). Seasonally and annually 

variable exchanges of both surface and deep water occur between PWS and the GOA 

(Vaughan et al. 2001, Bang and Mooers 2003, Halverson et al. 2013a). Wind forcing, 

freshwater input, strong tides, and exchange with the GOA produce variable horizontal 

circulation (Halverson et al. 2013b) characterized by a mean cyclonic flow (Colas et al. 

2013, Wang et al. 2013), which gives PWS characteristics of a small inland sea 

(Niebauer et al. 1994). Habitats include bays and estuaries, narrow channels, glacial 

fjords, numerous large and small islands, shallow reefs, and deep basins. The diverse 

habitats of PWS support a rich and abundant community of marine birds (Isleib and 

Kessel 1973). Our study area comprised an area of approximately 9,000 km2 (Figure 

2.1), and included all marine waters of PWS and all land within 100 m of the shore, 

except for the outer coasts of Montague, Hinchinbrook, and Hawkins islands, which 

bound the inside waters of PWS from the GOA. 

Marine bird surveys 

 We conducted boat-based surveys of marine birds throughout PWS between 

June 30 and August 1 during 12 different years within the 23-year period of 1989-2012. 
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Surveys employed a stratified sampling design, with shoreline and offshore primary 

strata (Figure 2.1, Table 2.1). The shoreline strata comprised waters within 200 m of 

shore and land within 100 m of the waterline. This area was divided into 742 transects of 

unequal length defined by prominent geographic features. We divided the shoreline into 

two substrata, Eastern and Western, with slightly different sampling intensities, and 

randomly selected a total sample of 212 shoreline transects. Offshore waters greater 

than 200 m from shore were divided into 5-minute latitude by 5-minute longitude blocks, 

with small areas isolated by complex shorelines merged with adjacent blocks. Blocks 

containing greater than 1.8 km of shoreline were categorized as coastal, and the 

remainder as pelagic; 44 out of 206 coastal and 29 out of 86 pelagic blocks were 

randomly selected, and transects were systematically placed in each block along north-

south lines. We treated all transects nested within each block as a single sample unit. 

 Surveys were conducted from 7.6-m boats traveling at speeds of 10-20 km/h, 

with three survey vessels operating simultaneously. On each vessel, two observers, 

aided by a boat operator, counted all birds and mammals detected within 100 m on 

either side of, ahead of, or above the vessel, using binoculars to aid in identification. 

During shoreline surveys, the sampling area included waters within 200 m of the shore 

and land within 100 m of the waterline. Observers were trained in distance estimation, 

and radar and rangefinders were used to maintain distance from shore. Most surveys 

were conducted when mean wind-wave heights were less than 30 cm. No surveys 

where wind-wave heights were greater than 60 cm were retained during analysis. In 

total, our analysis incorporated 3,300 surveys totaling approximately 24,000 linear km, 

during which we observed over 335,000 individual birds and mammals. This study 

focused on marine birds; results for mammals are presented by Cushing et al. (2012). 
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 Observers identified birds to the lowest possible taxonomic level. As some bird 

species are similar in appearance, it was not possible for observers to identify all 

observed birds to species. We aggregated bird observations at the genus level, where 

identification rates were very high. We defined our community of interest as comprising 

taxa generally considered seabirds, shorebirds, waterbirds, and waterfowl (orders 

Gaviiformes, Podicipediformes, Procellariiformes, Pelecaniformes, Suliformes, 

Anseriformes, and Charadriiformes). Species abundance distributions tend to follow a 

macro-ecological pattern characterized by several dominant species, a larger number of 

intermediate species, and a great many rare ones (McGill et al. 2007). Our data were no 

exception. Unless evaluating species richness, community analyses often benefit from 

removal of very rare species (McCune and Grace 2002), which contain limited 

information about the overall relationship between a community and its environment. We 

used two criteria to select genera for inclusion in our analyses. First, we excluded 

genera that did not occur in every survey year. Second, we excluded genera that did not 

occur at least once in at least 5% of the sample units within at least one of the primary 

strata (shoreline or offshore). Application of these criteria resulted in the inclusion of 18 

genera (Table 2.2) with diverse ecological characteristics. 

Habitat data 

 We obtained habitat data from several sources described below. For each 

transect, we calculated mean values for four variables: water depth (m), distance from 

shore (m), sea surface salinity (SSS; psu), and sea surface temperature (SST; oC). For 

shoreline transects, we calculated mean values for two additional variables: substrate 

composition and exposure to wave energy (see below). We processed geospatial data 

using the program ArcGIS 10.0. We calculated mean transect water depth using an 8/3 
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arc-second bathymetric–topographic digital elevation model for PWS (Caldwell et al. 

2009), after removing positive elevation values (i.e., offshore rocks, shorelines). We 

calculated mean transect distance from shore using a 1:63,360 Alaska coastline layer 

(Alaska Department of Natural Resources, 1998).  

 We obtained geospatial data on shoreline substrate and sediment composition 

and shoreline exposure to wave energy from the ShoreZone Coastal Habitat Mapping 

Program (Harney et al. 2008). The ShoreZone Program utilized spatially-referenced, 

low-altitude aerial imagery collected during negative tidal elevations to produce fine-

scale mapping of shoreline geomorphology and biological resources (Harney et al. 

2008). Within the ShoreZone geodatabase, the variable “BC Class” categorized the 

shoreline type of alongshore units, and used a nested classification system based on 

substrate type, overlaying sediment type, across-shore width, and slope. We collapsed 

the nested classification levels into categories based only on substrate and sediment, 

with a value of 1.0 corresponding to rock substrate with no overlying sediment, and a 

value of 8.0 corresponding to sedimentary substrate overlaid with organic sediments 

(Table 2.3). Because the ShoreZone alongshore units were smaller than our marine bird 

survey transects, we generated a continuous substrate index by averaging substrate 

values weighted by relative length within transects. We excluded substrate values from 

alongshore units classified as either anthropogenic, current-dominated channel, or 

glacial ice as these rare classifications (combined 0.6% of sample) were incompatible 

with a continuous substrate size index. The ShoreZone variable “Biological Wave 

Exposure” categorized the wave exposure of alongshore units using the wave energy 

tolerance of indicator species and biobands (Harney et al. 2008). Biological Wave 

Exposure was classified into six levels (Very Protected, Protected, Semi-protected, 
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Semi-exposed, Exposed, Very Exposed), which we converted to a continuous index 

from 1.0 (Very Protected) to 6.0 (Very Exposed) by calculating the weighted average of 

wave exposure values within transects. 

 During marine bird surveys, we measured SSS and SST (1-m depth) at the 

beginning of each transect. SSS was measured to the nearest 0.1 practical salinity units 

(psu) during eight of the 12 survey years, beginning in 1996, using YSI model 63 digital 

meters. SST was measured to the nearest 0.1°C during all 12 survey years, using either 

YSI model 63 digital meters or thermometers. We averaged SSS and SST values within 

each sample unit across all measured years. 

Modes of atmospheric-oceanic variability 

 Two primary modes of internal atmospheric-oceanic variability have been 

characterized in the northeastern Pacific Ocean (Chhak et al. 2009). The Aleutian Low 

(AL) is a statistical low-pressure center that occurs in the western GOA near the Aleutian 

Islands during winter, and is associated with frequent and intense storms (Wilson and 

Overland 1986). Changes in the location and intensity of the AL are important drivers of 

the first mode of variability in monthly sea surface height anomalies (SSHa; Chhak et al. 

2009). This mode of SSHa variability is correlated with the first mode of monthly SST 

anomalies (SSTa; Di Lorenzo et al. 2008), which is defined as the Pacific Decadal 

Oscillation (PDO; Mantua et al. 1997, Zhang et al. 1997). The positive phase of the PDO 

corresponds to the strengthening of the AL (Graham 1994, Bond et al. 2003), and also to 

the strengthening of the Alaska Gyre circulation and the weakening of the California 

Current (Di Lorenzo et al. 2008).  

 A second atmospheric pattern over the North Pacific Ocean is the North Pacific 

Oscillation (NPO; Walker and Bliss 1932), which is characterized by an opposing North-
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South dipole structure. The NPO is correlated with the second mode of SSHa variability, 

defined as the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al. 2008). The 

NPGO is correlated with the second mode of SSTa variability (Di Lorenzo et al. 2008), 

termed the Victoria Pattern (Bond et al. 2003), and is also correlated with fluctuations in 

SSS and nutrients (Di Lorenzo et al. 2009). The positive phase of the NPGO is 

associated with a strengthening of the North Pacific Current, the Alaska Gyre, and the 

California Current (Di Lorenzo et al. 2008). We used the PDO and NPGO indices as 

proxies for broad-scale atmospheric-oceanic variability. 

Spatial structure of the marine bird community 

 We evaluated the spatial structure of the marine bird community using ordination, 

which is a family of multivariate statistical methods used to extract common signals from 

correlated multivariate data. Ordination analyses have a history of use in climate science 

and physical oceanography (e.g., derivation of the PDO and NPGO indices; Di Lorenzo 

et al. 2008) and have also provided insights in marine ecology (e.g., Hare and Mantua 

2000, Zador et al. 2013). We used Nonmetric Multidimensional Scaling (NMS), which is 

an iterative, nonparametric ordination method based on ranked dissimilarities (Kruskal 

1964, Mather 1976), and which is regarded as the most effective ordination method for 

community data (McCune and Grace 2002).  

 Before performing ordination, we first calculated the mean density (birds/km2), of 

each of the 18 focal genera of marine birds, within each sample unit and across all 

survey years. Marine birds can be spatially aggregated, with large differences in 

abundance between sample units. Log transformation expresses these differences as 

multiplicative. A generalized log transformation (McCune and Grace 2002) is a 

monotonic transformation that retains zero values, which are an important feature of 
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community data (McCune and Grace 2002). For the values in our data, the generalized 

log transformation simplified to the equation 

log 0.1 1, equation (1) 

where  is the transformed value of the mean density value  for genus j in sample 

unit i. 

 We then performed NMS ordination on the transformed values, with sample units 

(n = 282) ordinated on axes based on similarity in species composition. We performed 

the ordination using the program PC-ORD 6.07 and the Bray-Curtis distance metric 

(Bray and Curtis 1957, Faith et al. 1987), a random starting configuration, 1000 real 

runs, 1000 randomized runs, an instability criterion of 10-8, and a maximum of 500 

iterations. We selected a two-axis solution based on scree plots and a Monte Carlo test. 

The final run used the lowest stress prior result as the starting configuration, and 

reached convergence (instability < 10-8) in 109 iterations, with a final stress value of 

17.32. We rotated the final ordination by orthogonal principal axes. To determine the 

percent of variance in the distance matrix represented by the ordination, we calculated r2 

between the Bray-Curtis distance values among transects and the Euclidian distances 

among points in the ordination space (McCune and Grace 2002). 

 For each ordination axis, we calculated the weighted average position p of each 

genus j,  

	
∑

∑
, equation (2) 

where  is the ordination axis coordinate of sample unit i,  is the abundance value for 

genus j in sample unit i, and  is the design weight for sample unit i, calculated as the 

area of the corresponding stratum divided by the total area of all strata.  
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Relationships between spatial community structure and habitat 

 We evaluated the relationships between spatial community structure and six 

environmental variables: water depth, distance to shore, shoreline wave exposure, 

shoreline substrate, SSS, and SST. We used generalized additive models (GAMs; Wood 

2011) to evaluate the relationship between each environmental variable and the 

ordination coordinates of sample units. In order to determine whether the value of an 

environmental variable was significantly greater than or less than it’s mean within parts 

of the ordination configuration, we first calculated standardized anomalies for each 

variable by subtracting the weighted mean from each observation (using the   

described for equation 2) and then dividing the differences by their weighted standard 

deviation. We then fit GAMs using package mgcv in program R 2.15.2 (R Core Team 

2012). For shoreline wave exposure and shoreline substrate models, we excluded 

transects from offshore strata, where these variables were not measured. Models used 

standardized anomalies as the response variable, and incorporated the same design 

weights  as described for equation 2, with a two-dimensional isotropic smoothing term 

estimated as a function of the sample unit ordination coordinates and the smoothing 

parameter optimized via generalized cross-validation. We then generated a grid of 

coordinates over the ordination space, and predicted response values and 95% 

prediction intervals for each grid point using the fitted model. To avoid predictions 

supported by few or no data, we first removed grid cells with fewer than five sample units 

within a Euclidian distance equal to 15% of the length of the longer axis.  

Rates of change in abundance of genera 

 To evaluate temporal population- and community-level changes, we first 

estimated annual abundance within the entire study area for each genus. For each 
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genus, annual abundance estimates were first calculated separately within each stratum, 

and then summed for all strata. Within strata, abundance estimates were calculated as 

total count divided by surveyed area multiplied by total stratum area. Standard errors 

and confidence intervals (CI) were calculated via bootstrap resampling (Manly 1997), 

with 10,000 bootstrap iterations for each genus, stratum, and year. For each genus and 

year, the total abundance estimate was calculated as the mean of the bootstrap 

distribution of the summed stratum estimates; the variance was calculated as the 

variance of the bootstrap distribution of the summed stratum estimates; and the 95% CI 

of the abundance estimate was calculated as the 0.025th and 0.975th quantiles of the 

bootstrap distribution of the summed stratum estimates. Abundance estimates were 

uncorrected for detection probability, and thus under-estimate actual abundance. Given 

the constant sampling design, annual estimates generated from replicated surveys over 

time represent indices of abundance, which are useful for evaluating temporal changes. 

 Rates of change in abundance over time were estimated using weighted 

nonlinear regression (Bates and Watts 1988). As the variance of abundance estimates 

differed between years, we weighted each estimate by the inverse of its variance. We 

used exponential models, and initiated the optimization using the 1989 annual estimate 

for the intercept parameter, and 1.0 for the rate parameter, using function nls in program 

R 2.15.2. 

Temporal structure of the marine bird community 

 We used NMS ordination to evaluate temporal change in the community as a 

whole. This approach made no assumptions regarding the functional form of community 

change over time. However, we did assume that underlying changes were multiplicative. 

We performed a log10 transformation of the abundance values, and then performed a 
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NMS ordination (n = 12 years) using the same distance measure and analytical settings 

as in the previous spatial community ordination. We selected a two-axis solution based 

on scree plots and a Monte Carlo test. The final run reached convergence in 47 

iterations, with a stress value of 8.01, and we performed a rotation by orthogonal 

principal axes. We calculated the weighted average ordination axis position of each 

genus, using equation (2) with years i and genera j, and omitting .  

 To determine the extent to which either of the two temporal ordination axes 

represented the same patterns described by the exponential trend models, we 

calculated the correlation between the weighted average ordination axis coordinates of 

genera and the estimated rates of change in abundance of genera over time.  

Relationships between temporal community structure and atmospheric-oceanic 
variability 

 Di Lorenzo and Ohman (2013) proposed a damped first-order autoregressive 

equation as a null model for biological response to ocean forcing, in which organisms 

integrate ocean variability across natural damping time-scales, such as their generation 

time, 

	∅ , equation (3) 

where  is the state of an ecological variable at time t, ∅ 	is the state of the ocean 

variable at time t, and  is the damping time-scale for the ecological variable. We refer 

to this damped autoregressive response to environmental variability as “biological 

integration.” To elucidate the relationship between temporal community structure and 

internal climate variability, we calculated the Pearson correlation coefficient between the 

two temporal community time-series obtained by ordination and the PDO and NPGO 

indices. The indices were transformed by equation (3) using 	values from one to 10, 
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representing annual to decadal time-scales of biological integration of physical ocean 

variability. 

Relationships between temporal changes and spatial community structure 

 To evaluate the relationships between temporal changes and the spatial 

structure of the marine bird community, we used weighted multiple linear regression to 

determine whether the estimated rates of change in abundance of genera were 

predicted by their spatial ordination positions, with each estimate weighted by the 

inverse of its variance. Similarly, we fit two multiple linear regression models, one for 

each of the two orthogonal temporal modes, with the temporal coordinate of genera as 

the response, and the spatial coordinates of genera as the predictors. Models were fit 

using function lm in program R 2.15.2. 

RESULTS 

Spatial structure of the marine bird community 

 Evaluation of the spatial structure of the PWS marine bird community using NMS 

ordination depicted patterns of similarity and dissimilarity in marine bird community 

composition among sample units as arrangements of points on axes. The resulting 

ordination had two orthogonal axes (Figure 2.2), each of which represented more 

community variability among transects, as measured by the Bray-Curtis distance metric, 

than expected by chance (Monte Carlo tests, p = 0.001). Ordination Axis 1 represented 

73.1% of compositional variability, and Axis 2 represented an additional increment of 

14.0%, for a total of 87.1% of the variability in marine bird community composition 

among transects represented by the two orthogonal axes. Thus, the vast majority of the 
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variability in marine bird community composition among transects could be explained by 

two orthogonal axes, representing two compositional gradients. 

Relationships between spatial community structure and habitat 

 In order to elucidate the relationship between habitat and the dominant spatial 

gradients in marine bird community composition, we related the ordination axis 

coordinates of sample units to design and habitat variables. Spatial ordination Axis 1, 

which represented the majority of the variability in community composition among 

sample units, separated transects by sampling strata along a gradient from shoreline, to 

coastal, to pelagic, with small amounts of overlap (Figure 2.2b). The two shoreline 

substrata were interspersed along Axis 1. GAMs indicated that both distance from shore 

(Figure 2.3a, p < 0.001, r2 = 0.75) and depth (Figure 2.3b, p < 0.001, r2 = 0.51) were 

strongly related to Axis 1. Stratum, distance from shore, and depth all co-vary along 

what can be described as an “onshore-offshore” environmental gradient. Axis 1 therefore 

represented a spatial gradient in marine bird community composition which 

corresponded to stratum, distance from shore, and depth, or an onshore-offshore 

environmental gradient. 

 Spatial ordination Axis 2 represented an additional increment of variability in 

marine bird community composition among sample units. Spatial ordination Axis 2 did 

not separate strata; however, pelagic sample units showed little variability along Axis 2 

(Figure 2.2b). GAMs indicated that SSS was strongly related to Axis 2 (Figure 2.3c, p < 

0.001, r2 = 0.55). There was a moderately strong relationship between Axis 2 and 

shoreline exposure to wave energy (Figure 2.3f, p < 0.001, r2 = 0.32). In PWS, SSS is 

generally lowest where rivers and glaciers meet the sea in the protected inner reaches of 

bays and fjords. SSS and wave energy exposure therefore co-vary along what can be 
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described as an “estuarine-marine” environmental gradient. Axis 2 thus represented a 

spatial gradient in marine bird community composition, which corresponded to SSS and 

shoreline wave energy exposure, or an estuarine-marine environmental gradient. 

 GAMs indicated shoreline substrate composition was related, with moderate 

strength, to both ordination axes (Figure 2.3f, p < 0.001, r2 = 0.25), as was SST (Figure 

2.3d, p < 0.001, r2 = 0.18). These variables thus moderately, but significantly, 

corresponded to the two spatial gradients of marine bird community composition.  

Rates of change in abundance of genera 

 We used weighted nonlinear regression to estimate exponential rates of change 

in abundance over the period 1989-2012 for each of the 18 evaluated genera of marine 

birds. We estimated that the abundance of three genera increased significantly, while 

seven genera significantly declined in abundance (Table 2.4; Figure 2.4). These declines 

were substantial: six genera decreased by at least two-thirds. Among the evaluated 

marine bird genera, all significant declines in abundance occurred among piscivorous or 

planktivorous taxa, and no benthic- or intertidal-foraging taxa significantly declined 

(Table 2.5). However, 14 of the 18 evaluated genera were primarily piscivorous or 

planktivorous. 

Temporal structure of the marine bird community 

 We evaluated temporal structure of the marine bird community by performing a 

NMS ordination of annual abundance values for 18 evaluated genera of marine birds. In 

this analysis, years were simply units that were compared based on marine bird 

community composition; there was no assumed order of years over time. The temporal 

ordination had two orthogonal axes, both of which represented more community 
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variability among years, as measured by the Bray-Curtis distance metric, than expected 

by chance (Monte Carlo tests, p = 0.001). Temporal ordination Axis 1 represented 78.0% 

of variability in marine bird community composition among years. Plotted against time 

(Figure 2.5a), temporal ordination Axis 1 was approximately linear. Because abundance 

values were log-transformed prior to ordination, this linear pattern is equivalent to a 

constant rate of change on the original scale. Temporal ordination Axis 2 represented an 

additional increment of 14.3% of the variability in marine bird community composition 

among years, and, plotted against time (Figure 2.5b), was characterized by fluctuations 

over time-scales of several years. Thus, most of the variability in marine bird community 

composition over time could be represented by two compositional gradients, one of 

which was approximately linear (constant rate), and one of which was characterized by 

fluctuations. 

 Weighted mean positions of genera on temporal ordination Axis 1 were 

negatively correlated with exponential rates of change in abundance, as estimated via 

nonlinear regression (r = -0.96, p < 0.001). The very strong negative correlation between 

exponential rates of change in abundance and the mean position of genera on the 

approximately linear, negatively-sloped temporal ordination Axis 1, which was derived 

from log-transformed abundance estimates, indicated that both methods described the 

same pattern of change in abundance over time. This is because the mean Axis 1 

position of a declining genus would be highest in earlier years, producing a negative 

correlation between Axis 1 position and the annual rate of change in abundance. These 

results indicated that the primary form of temporal variability within the marine bird 

community of PWS over the 23-year study period was sustained rates of increase or 

decrease in abundance of genera. 
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 Mean positions of genera on temporal ordination Axis 2 were not correlated with 

estimated rates of change in abundance (r = 0.32, p = 0.202). This simply indicated that 

the fluctuations represented by Axis 2 represented a different temporal pattern than that 

described by the exponential abundance trends. These fluctuations represented a 

secondary form of temporal variability within the marine bird community over time. 

Relationships between temporal structure of the marine bird community and 
atmospheric-oceanic variability 

 We calculated the correlation between the two axes of temporal variability in the 

marine bird community and two indices of atmospheric-oceanic variability, the PDO and 

NPGO, integrated per equation (3) using biological integration time-scales ( ) of one 

to 10 years. The correlation between temporal ordination Axis 1 and the biologically 

integrated PDO was significant at integration time-scales greater than three years, with 

the highest correlation at time-scales of five to six years (Figure 2.5d). The correlation 

between temporal ordination Axis 1 and the NPGO was weaker than the correlation with 

the PDO, and was significant at biological integration time-scales greater than five years 

(Figure 2.5g). Thus, temporal ordination Axis 1, which explained most of the variability in 

community composition among years, and represented a log-linear pattern of temporal 

change in abundance of genera, was correlated with two indices of atmospheric-oceanic 

variability at biological integration time-scales of several years to a decade. This 

approximately corresponds to the expected generation time of marine birds. 

 The correlation between temporal ordination Axis 2 and the PDO was not 

significant at any time-scale of biological integration, with the strongest correlation at a 

time-scale of one year (Figure 2.5e). Temporal ordination Axis 2 was significantly 

correlated with the NPGO at a biological integration time-scale of one year, and the 
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correlation became progressively weaker at longer biological integration time-scales 

(Figure 2.5h). Thus, temporal ordination Axis 2 was characterized by fluctuations, and 

was correlated with physical variability at an annual biological integration time-scale. 

Relationships between temporal changes and spatial structure of the marine bird 
community 

 We used weighted multiple regression analysis to determine whether the mean 

coordinates of marine bird genera on the two orthogonal axes of spatial community 

structure (Figure 2.2a) predicted annual rates of change in abundance (Table 2.4). 

Spatial ordination coordinates explained over half of the variability in rates of change in 

abundance among the evaluated genera (r2 = 0.52). There was strong evidence that 

positions of genera on spatial ordination Axis 1 were closely associated with rates of 

change in abundance (p = 0.002); higher mean position on spatial Axis 1 was associated 

with decreased abundance over time, while lower mean position on spatial Axis 1 was 

associated with increased abundance over time (Figure 2.6a). This result indicated that 

the positions of genera on spatial ordination Axis 1, which explained the majority of 

variability in community composition among transects, and which corresponded to an 

onshore-offshore environmental gradient, were strongly related to rates of change in 

abundance of genera over time. Offshore-associated genera tended to decrease in 

abundance over the study period, while onshore-associated genera tended to increase 

in abundance over the study period. 

 There was non-significant but suggestive evidence that the mean position of 

marine bird genera on spatial ordination Axis 2 was associated with rates of change in 

abundance over time (p = 0.082); higher mean position on Axis 2 was associated with 

decreased abundance over time, and lower mean position on Axis 2 was associated with 
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increased abundance over time (Figure 2.6b). Thus, there was suggestive evidence that 

positions of genera on spatial ordination Axis 2, which was associated with an estuarine-

marine environmental gradient, were also related to rates of change in abundance of 

genera over time. There was suggestive evidence that estuarine-associated genera 

tended to decrease in abundance during the study period, while marine-associated 

genera tended to increase in abundance during the study period. 

 We used two additional multiple regression models to test whether the mean 

coordinates of a marine bird genus on the two spatial ordination axes were associated 

with the coordinates of that genus on the two temporal ordination axes. The first model 

provided strong evidence that position on spatial ordination Axis 1 was closely 

associated with position on temporal ordination Axis 1 (p = 0.008), and moderate 

evidence that position on spatial ordination Axis 2 was associated with position on 

temporal ordination Axis 1 (p = 0.035). The coordinates of genera on spatial ordination 

Axes 1 and 2 explained half of the variability in the position of genera on temporal 

ordination Axis 1 (r2 = 0.50). Because temporal ordination Axis 1 was highly linear, and 

represented constant rates of change in abundance of genera over time, these results 

reflect the same relationships between environmental gradients and rates of change in 

abundance over time described in the preceding paragraphs.  

 The second multiple regression model provided no evidence that the position of a 

genus on temporal ordination Axis 2, which represented fluctuations in community 

composition among years, was associated with position on either spatial ordination Axis 

1 (p = 0.211) or spatial ordination Axis 2 (p = 0.559). The coordinates of genera on the 

two spatial ordination axes explained little of the variability in the position of genera 

along temporal ordination Axis 2 (r2 = 0.12). These results indicate that the responses of 
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genera to onshore-offshore and estuarine-marine environmental gradients were not 

associated with temporal fluctuations in abundance of genera among years. 

 Our results indicated that the strongest spatial and temporal patterns of 

community structure were related. We found that the primary spatial pattern of 

community organization, spatial ordination Axis 1, was related to an onshore-offshore 

environmental gradient. We also found that dominant form of variability in community 

composition among years, temporal ordination Axis 1, was correlated with exponential 

changes in abundance of genera over time. This temporal pattern was in turn correlated 

with atmospheric-oceanic variability, integrated over biological response time-scales 

approximately equal to the generation time of marine birds. Finally, the positions of 

genera along spatial ordination Axis 1 were strongly related to rates of change in 

abundance of genera over time. These results indicate that the response of genera to an 

onshore-offshore environmental gradient predicted rates of change in abundance, with 

the greatest declines occurring in genera associated with offshore habitats. In addition, 

we found that all evaluated genera of marine birds that declined in abundance were 

piscivorous or planktivorous; none were benthic- or intertidal-foragers (though 14 of the 

18 evaluated taxa were piscivorous or planktivorous).  

DISCUSSION 

Spatial structure of the marine bird community and relationships between community 
structure and habitat 

 Over very large spatial scales (> 1,000 km), marine bird communities are 

organized along the same latitudinal and onshore-offshore gradients that structure 

oceanic domains and current systems (Smith and Hyrenbach 2003, Hyrenbach et al. 

2007). Similarly, we found that an onshore-offshore gradient explained the majority of 
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the variability in the marine bird community within our smaller-scale (~100 km) study 

system. Within PWS, the response of the marine bird community to onshore-offshore 

gradients is likely related, in part, to food-web structure and the foraging adaptations of 

each genus. In Glacier Bay, a glacial fjord system about 600 km southeast of PWS, 

Drew et al. (2013) found that habitat use of most marine bird species was related to 

depth and current speed, with differential habitat use by foragers that specialized on 

bottom, mid-water, or surface prey. Our study also included intertidal foragers, which are 

strongly linked to shoreline habitats (Table 2.5). Marine food webs, including sources of 

primary production, differ along the same onshore-offshore gradient, from the intertidal, 

to the neritic, to the oceanic (Parsons 1986). This gradient strongly influences the marine 

bird community in PWS and in other ecosystems. 

 Several other studies have linked estuarine-marine environmental gradients to 

community structure in the northern GOA. In Cook Inlet, a large tidal estuary about 200 

km west of PWS, Speckman et al. (2005) determined that mid-trophic communities were 

strongly related to estuarine-marine environmental gradients. Similarly, in two different 

glacial fjord systems in the northern GOA, Arimitsu et al. (2012) and Renner et al. (2012) 

both found that upper- and mid-trophic communities were structured by glacial 

meltwater, which affected photic depth, salinity, and temperature gradients. Our findings 

support the hypothesis that upper-trophic level communities in coastal areas of the GOA 

are in part structured by estuarine-marine environmental gradients. Consequently, 

changes in freshwater flux due to altered precipitation or glacial recession have the 

potential to alter coastal marine bird communities. 

 We found that shoreline substrate was weakly but significantly related to both 

spatial ordination axes. This suggests that substrate was in and of itself a relatively 
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minor driver of variation in marine bird communities, with effects likely interrelated with 

those of wave exposure and water depth. Similarly, fine-scale habitat use studies of two 

nearshore-associated sea duck species in PWS also found that the effects of shoreline 

substrate were equal to or less than the effects of several other environmental variables 

(Esler et al. 2000a, b).  

Changes in abundance and community composition over time, and relationships 
between temporal changes and atmospheric-oceanic variability 

  We found that the primary form of change in marine bird community composition 

over time was characterized by an exponential pattern of change in abundance of 

genera over time. This suggests that changes in community composition were driven by 

sustained rates of demographic change in some marine bird populations. Furthermore, 

our abundance trend analyses indicated that few marine bird taxa increased, while many 

declined, and that the magnitude of cumulative changes in abundance were large and 

biologically significant. These rapid declines are of sufficient magnitude that if they 

occurred across entire species populations or significant subpopulations they would 

warrant the utmost conservation concern. These changes could be unique to PWS, or 

they could be components of widespread, geographically-synchronous declines in 

abundance of these genera. It is possible that some of the changes in abundance that 

we observed could be due to emigration or distributional shifts, particularly for genera 

that do not breed in PWS. However, several of the genera that declined 

(Brachyramphus, Cepphus, Fratercula, and Sterna) breed in PWS, and decreases in 

their numbers are likely due in significant part to decreased numbers of breeding 

individuals within PWS. Furthermore, there is evidence that declines in the abundance of 
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several of these genera likely began prior to 1989 (Agler et al. 1999). Our results warrant 

assessments of the population status of the affected genera throughout the GOA. 

 We found that the dominant form of temporal variability in community 

composition, represented by temporal ordination Axis 1, was correlated with climate 

variability at biological integration time-scales that approximately correspond to the 

generation time of marine birds. This indicates that biological integration of climate 

forcing is a plausible explanation for observed changes in marine bird abundance. This 

relationship is correlative, however, and does not rule out alternative hypotheses 

regarding agents of ecological change. 

 We also found that fluctuations in the composition of the marine bird community 

were correlated with climate variability at a biological integration time-scale of one year. 

While marine bird populations can decline rapidly during mass-mortality events (Bourne 

1976), intrinsic rates of population increase are limited. Climate-linked fluctuations of 

multiple marine bird genera over short time-scales are likely caused by movement of 

birds between PWS and the GOA. Several studies provide evidence suggesting that 

these short-term fluctuations in community composition may be related to foraging 

conditions. Fluctuations in abundance of black-legged kittiwakes (Rissa tridactyla; Figure 

2.4o) and murres (Uria spp.; Figure 2.4r) within PWS were similar to (and components 

of) the community-level pattern represented by temporal ordination Axis 2 (Figure 2.5b). 

For both genera, years of high abundance within PWS were associated with decreased 

prey availability elsewhere in the northern GOA (Piatt and Van Pelt 1997, Hatch 2013). 

These observations suggest that inter-annual movements of marine birds occurred 

between PWS and the GOA, and were likely short-term responses to climate-linked 

ecosystem fluctuations that affected prey availability. 
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Relationships between temporal changes and the spatial structure of the marine bird 
community 

 Synchronous, positively-correlated changes in the abundance of co-occurring 

organisms are indicative of common extrinsic agents of change. If temporal changes 

differ among organisms based on spatial patterns of community organization, it provides 

evidence that the causal factors are correlated with the same processes that spatially 

organize the community. We found that the primary patterns of community structure 

across space and time were related. The response of genera to an onshore-offshore 

environmental gradient explained half of the variability in rates of change in abundance 

over time. These observations are consistent with the hypothesis that climate variability 

has differentially affected nearshore and offshore components of PWS food webs, 

including marine birds. 

Within pelagic components of PWS ecosystems, primary production from 

phytoplankton must begin anew each year, a source of annual variability that is linked to 

physical processes in the atmosphere and ocean (Elsinger et al. 2001). In shallow 

nearshore waters, high rates of primary production are provided by sea-grass, 

macrophytes, and algal mat communities (Mann 2000), which primarily fuel detrital food 

webs, while primary production from phytoplankton is relatively low (Parsons 1986). We 

found that all genera that significantly declined in abundance were piscivorous or 

planktivorous; none were benthic- or intertidal-foragers. 

Conservation implications 

  There is evidence that some of the declines we observed likely began prior to 

1989, the year of the EVOS. Agler et al. (1999) concluded that, within PWS, piscivorous 

marine bird taxa declined more than non-piscivorous taxa between 1972 and the early 
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1990s. Similarly, we found that, of 18 evaluated genera of marine birds, 14 of which 

were piscivorous or planktivorous, all 7 genera that declined over the interval 1989-2012 

were piscivorous or planktivorous. Marine birds are not the only taxa to have decreased 

in abundance within PWS in recent decades. Of particular note, the PWS stock of Pacific 

herring (Clupea pallasi), an important mid-trophic species, collapsed in the early 1990’s 

(Hulson et al. 2008). Additionally, two piscivorous marine mammals, Pacific harbor seals 

(Phoca vitulina) and Steller sea lions (Eumetopias jubatus), have experienced population 

declines in PWS (Frost et al. 1999, Trites et al. 2007), and elsewhere in the western 

GOA. The proximate and ultimate causes declines in all three species are the subject of 

debate. Our results provide additional context for population changes within PWS, and 

suggest that climate-linked ecosystem fluctuations are a plausible contributor to 

observed changes in populations within this system. 

 Many of the marine bird taxa included in our study are known to have 

experienced deleterious effects caused by the EVOS (Table 2.5; Exxon Valdez Oil Spill 

Trustee Council 2010). Diving species suffered the most pronounced acute oiling effects, 

while surface-feeding species are thought to have had a greater ability to avoid acute oil 

exposure (Piatt et al. 1990). In some locations, oil persisted in nearshore sediments for 

many years (Short et al. 2004), and in those areas, some benthic- and intertidal-foraging 

species experienced chronic oil exposure (Trust et al. 2000, Golet et al. 2002, Esler et 

al. 2010). Of the evaluated genera known to have experienced population injury caused 

by the EVOS, we found that some had increased in abundance, while some had 

decreased, and some had not changed (Table 2.5), suggesting variable recovery from 

population injury, at least during summer, and at the scale of PWS as a whole. However, 

many of the genera that underwent large, long-term declines over the study period 
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experienced few if any known direct effects from the EVOS. This group included several 

offshore-associated genera of surface-feeding planktivores or piscivores. Furthermore, 

the patterns of change we observed within the marine bird community of PWS were 

indicative of changes in offshore food webs. These findings suggest that ecosystem 

change, likely linked to climate, has apparently contributed to the failure of some 

piscivorous taxa, including pigeon guillemots (Cepphus columba) and murrelets 

(Brachyramphus spp.), to recover from population injury caused by the EVOS. 

 Our results are a microcosm of a global pattern of change in marine bird 

populations and communities. Croxall et al. (2012) reviewed the global conservation 

status of all 346 species of seabirds, and found that seabirds are more threatened than 

any similarly speciose avian guild. They also concluded that, over the past two decades, 

the conservation status of seabirds decreased more rapidly than did the status of other 

comparable groups of birds. Furthermore, they found that pelagic seabird species were, 

in general, more threatened than coastal species, a remarkable finding given the extent 

of anthropogenic effects on coastal ecosystems (Jackson et al. 2001). Our regional-

scale observations mirror these global-scale findings. Such patterns likely indicate that 

pelagic seabirds possess a suite of ecological and life-history characteristics that make 

them especially vulnerable to a variety of contemporary threats. They also indicate that 

many pelagic seabird populations have been unable to successfully respond to the 

changes that have occurred in offshore ecosystems. 
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Table 2.1. Areas and sampling intensities of strata used for marine bird surveys conducted in Prince William Sound, Alaska. 

 
 

Stratum 
Percent blocks / transects 

surveyed 
Surveyed area 

(km2) 
Total area 

(km2) 
Percent area surveyed 

Shoreline (Eastern) 23.2 75 339 22.3 

Shoreline (Western) 31.5 160 482 33.2 

Coastal 21.8 82 4524 1.8 

Pelagic 29.1 93 3637 2.6 

Total 27.4 411 8982 4.6 



48 

 

 

Table 2.2. Species composition of 18 evaluated genera of marine birds from Prince 
William Sound, Alaska. 

Genus name Species name Common name Percent of genus

Gavia Gavia stellata Red-throated loon 13.7 

 Gavia pacifica Pacific loon 20.7 

 Gavia immer Common loon 62.8 

 Gavia adamsii Yellow-billed loon 2.9 

Oceanodroma Oceanodroma furcata Fork-tailed storm-petrel 99.8 

 Oceanodroma leucorhoa Leach's storm-petrel 0.2 

Phalacrocorax Phalacrocorax auritus Double-crested cormorant 5.9 

 Phalacrocorax urile Red-faced cormorant 9.9 

 Phalacrocorax pelagicus Pelagic cormorant 84.2 

Ardea Ardea herodias Great blue heron 100.0 

Histrionicus Histrionicus histrionicus Harlequin duck 100.0 

Melanitta Melanitta perspicillata Surf scoter 54.7 

 Melanitta fusca White-winged scoter 39.9 

 Melanitta americana Black scoter 5.4 

Bucephala Bucephala albeola Bufflehead 2.6 

 Bucephala clangula Common goldeneye 45.1 

 Bucephala islandica Barrow's goldeneye 52.3 

Mergus Mergus merganser Common merganser 94.5 

 Mergus serrator Red-breasted merganser 5.5 

Haematopus Haematopus bachmani Black oystercatcher 100.0 

Larus Larus canus Mew gull 16.2 

 Larus argentatus Herring gull 0.6 

 Larus glaucescens Glaucous-winged gull 83.2 

Chroicocephalus Chroicocephalus philadelphia Bonaparte's gull 100.0 

Rissa Rissa tridactyla Black-legged kittiwake 100.0 

Sterna Sterna aleutica Aleutian tern 3.8 

 Sterna paradisaea Arctic tern 96.2 

Stercorarius Stercorarius pomarinus Pomarine jaeger 50.4 

 Stercorarius parasiticus Parasitic jaeger 44.4 

 Stercorarius longicaudus Long-tailed jaeger 5.2 

Uria Uria aalge Common murre 97.4 

 Uria lomvia Thick-billed murre 2.6 

Cepphus Cepphus columba Pigeon guillemot 100.0 

Brachyramphus Brachyramphus marmoratus Marbled murrelet 95.2 

 Brachyramphus brevirostris Kittlitz's murrelet 4.8 

Fratercula Fratercula corniculata Horned puffin 22.4 

 Fratercula cirrhata Tufted puffin 77.6 
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Table 2.3. Categorization of substrate and overlying sediments for shoreline transects in 
Prince William Sound, Alaska. 

 

 
Substrate Sediment Code 

Percent of 
sample 

Rock None 1 9.2 

Rock and Sediment Gravel 2 15.4 

Rock and Sediment Sand and Gravel 3 26.7 

Rock and Sediment Sand 4 0.0 

Sediment Gravel 5 2.6 

Sediment Sand and Gravel 6 35.1 

Sediment Sand and Mud 7 3.0 

Sediment Organics 8 7.3 

Anthropogenic Anthropogenic NA 0.4 

Channel Current NA 0.1 

Glacier Ice NA 0.1 
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Table 2.4. Changes in mid-summer abundance of 18 genera of marine birds in Prince 
William Sound, Alaska, over the period 1989-2012, based on weighted nonlinear 
regression analysis of annual abundance estimates.  

Genus 
Annual rate of 

change (%) 
95% CI 

Cumulative 
change (%) 

p 

Gavia -1.7 -4.3 to 0.9 -33 0.221 

Oceanodroma -15.8 -19.1 to -12.3 -98 <0.001 

Phalacrocorax 7.6 3.0 to 12.3 535 0.008 

Ardea 5.4 2.1 to 8.9 337 0.009 

Histrionicus 3.0 0.8 to 5.2 196 0.023 

Melanitta -3.6 -7.0 to 0.0 -57 0.076 

Bucephala -1.4 -4.5 to -1.7 -28 0.390 

Mergus -0.6 -2.3 to 1.1 -13 0.503 

Haematopus -1.0 -0.6 to 2.5 125 0.246 

Larus 1.1 -0.2 to 2.4 128 0.129 

Chroicocephalus -5.1 -8.5 to -1.4 -70 0.021 

Rissa -0.9 -3.3 to 1.6 -19 0.480 

Sterna -7.4 -9.3 to -5.5 -83 <0.001 

Stercorarius -8.7 -15.8 to -1.1 -88 0.049 

Uria 4.0 -2.2 to 10.6 246 0.240 

Cepphus -2.4 -4.2 to -0.6 -43 0.026 

Brachyramphus -5.0 -6.8 to -3.2 -69 <0.001 

Fratercula -5.7 -7.5 to -3.9 -74 <0.001 
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Table 2.5. Dietary and foraging characteristics, Exxon Valdez oil spill (EVOS) population injury classification, and mid-summer 
abundance trends over the period 1989-2012, for 18 evaluated genera of marine birds from Prince William Sound, Alaska. 
EVOS population injury classification follows Exxon Valdez Oil Spill Trustee Council (2010). Abundance trends indicate 
statistically significant increases or declines in mid-summer abundance over the period 1989-2012. 

Genus Prey group Foraging group EVOS injury Abundance trend  

Gavia Piscivore or planktivore Mid-water Yes No change 

Oceanodroma Piscivore or planktivore Surface No Declined 

Phalacrocorax Piscivore or planktivore Mid-water Yes Increased 

Ardea Piscivore or planktivore Shoreline No Increased 

Histrionicus Benthic or intertidal Bottom Yes Increased 

Melanitta Benthic or intertidal Bottom No No change 

Bucephala Benthic or intertidal Bottom Yes No change 

Mergus Piscivore or planktivore Mid-water No No change 

Haematopus Benthic or intertidal Shoreline Yes No change 

Larus Piscivore or planktivore Surface No No change 

Chroicocephalus Piscivore or planktivore Surface No Declined 

Rissa Piscivore or planktivore Surface No No change 

Sterna Piscivore or planktivore Surface No Declined 

Stercorarius Piscivore or planktivore Surface No Declined 

Uria Piscivore or planktivore Mid-water Yes No change 

Cepphus Piscivore or planktivore Mid-water Yes Declined 

Brachyramphus Piscivore or planktivore Mid-water Yes Declined 

Fratercula Piscivore or planktivore Mid-water No Declined 
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Figure 2.1. Study area and sampling design. (a) Location of strata and transects within the study area in Prince William 
Sound, Alaska. (b) Geographic location of Prince William Sound within the state of Alaska. (c) Detailed view illustrating 
sampling design.
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Figure 2.2. Nonmetric Multidimensional Scaling ordination representing spatial variability in marine bird community 
composition among sample units in Prince William Sound, Alaska. Points represent sample units, with axis coordinates 
determined based similarity in average community composition. (a) Grey points represent sample units, red points represent 
weighted average positions of genera. (b) Points are colored by stratum (ShE = Shoreline (Eastern), ShW = Shoreline 
(Western), C = Coastal, P = Pelagic). 
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Figure 2.3. Relationships between the spatial structure of the marine bird community of Prince William Sound, Alaska, 
represented by Nonmetric Multidimensional Scaling ordination, and habitat variables. Points represent transects, with 
coordinates based on similarity in community composition. Point size is proportional to measured values of habitat variables.  
Colored overlays represent predicted values from Generalized Additive Models relating habitat variables to plot coordinates. 
White (black) contours enclose plot areas where 95% prediction intervals are greater (less) than mean habitat values. (e and 
f) Figures display only shoreline sample units, as these habitat variables were measured only in shoreline strata.
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Figure 2.4. Changes in mid-summer abundance of 18 genera of marine birds in Prince William Sound, Alaska, over the period 
1989-2012. Points represent annual abundance estimates, with 95% confidence intervals indicated by bars. Curves represent 
exponential abundance trends, estimated using weighted nonlinear regression. Confidence intervals and statistical 
significance of each abundance trend are provided in Table 2.4.



56 

 

 

  
 
Figure 2.5. Temporal structure of the marine bird community of Prince William Sound, 
Alaska, represented by Nonmetric Multidimensional Scaling ordination, and correlation 
between ordination axes and modes of atmospheric-oceanic variability. First (a) and 
second (b) temporal ordination axes, representing variability in marine bird community 
composition among years. Pacific Decadal Oscillation (PDO; c) and North Pacific Gyre 
Oscillation (NPGO; f) indices, integrated per equation (3) using a biological integration 
time-scale ( ) of one year. (d,e,g,h) Correlation between temporal ordination axes 
and integrated PDO and NPGO indices at  values from one to 10 years, representing 
annual to decadal time-scales of biological integration of atmospheric-oceanic variability. 
The correlation significance threshold (α = 0.05) is indicated by dashed lines at +/- 
0.576. 
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Figure 2.6. Relationship between average positions of 18 marine bird genera in Prince 
William Sound, Alaska on spatial ordination axes from Nonmetric Multidimensional 
Scaling ordination of community compositional similarity among sample units, and 
annual rates of change in abundance over the period 1989-2012. The x-axis coordinate 
of each point is the weighted mean position of the genus on the corresponding spatial 
community ordination axis (Figure 2.2a). The y-axis coordinate of each point is the 
annual rate of population change for the genus, with 95% confidence intervals indicated 
by bars (Table 2.4, Figure 2.4). Lines represent relationships between spatial ordination 
axis position of genera and rates of population change over time, estimated via a 
weighted multiple regression model.
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Appendix 2.1. Relationships between spatial community structure, represented by Nonmetric Multidimensional Scaling 
ordination, and abundance of 18 genera of marine birds in Prince William Sound, Alaska. Points represent sample units, with 
position on ordination axes determined based on similarity in overall community composition. Point size is proportional to 
observed abundance. Colored overlays represent predicted values from Generalized Additive Models relating abundance to 
axis coordinates. White (black) contours enclose plot areas where 95% prediction intervals are greater (less) than mean 
abundance.
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ABSTRACT 

 The marbled murrelet (Brachyramphus marmoratus) and the Kittlitz’s murrelet (B. 

brevirostris) are both seabird species of conservation concern. We used mid-summer 

(July) boat-based marine bird surveys conducted in Prince William Sound (PWS), 

Alaska, in 12 different years during 1989-2012 to assess changes in abundance of 

Brachyramphus murrelets. Using a model-based inferential framework that allowed us to 

account for variables affecting the observed abundance of Brachyramphus murrelets 

across space and time, we found that abundance declined. We estimated that, over the 

23-year study period, the cumulative decrease in abundance exceeded two-thirds. 

Furthermore, these declines occurred throughout PWS. We found no evidence that rates 

of change differed along spatial density gradients related to depth, distance to shore, or 

salinity. There was also no evidence that the spatial distribution of Brachyramphus 

murrelets shifted within PWS, or that changes in seasonal patterns of abundance 

occurred. Our results are indicative of a geographically widespread decline in the 

abundance of Brachyramphus murrelets within PWS. These results support continued 

concern about the population status of Brachyramphus murrelets, and underscore the 

need for comprehensive research and monitoring programs for both species in Alaska. 
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INTRODUCTION 

Two members of the seabird genus Brachyramphus breed in coastal areas of the 

northern Gulf of Alaska (GOA), the marbled murrelet (B. marmoratus) and the Kittlitz’s 

murrelet (B. brevirostris). Brachyramphus murrelets (hereafter: murrelets) are relatively 

small members of the seabird family Alcidae, and like other alcids, they forage by wing-

propelled pursuit diving (Gaston and Jones 1998). Adults of both species have a 

seasonally variable diet, feeding on fish and macrozooplankton (Piatt et al. 2007, Hatch 

2011) and provisioning their young primarily with forage fish, such as sandlance 

(Ammodytes hexapterus) and juvenile Pacific herring (Clupea pallasi) (Kuletz 2005, 

Lawonn 2012). Murrelets spend most of their lives at sea, coming to shore only for 

nesting activities (Nelson 1997, Day et al. 1999). While most alcids are colonial 

breeders, murrelets nest solitarily, and nests can be as far as 75 km inland from the 

ocean (Day et al. 1983, Barbaree et al. 2014). Because of their dispersed, non-colonial 

nesting, murrelet populations are typically surveyed at sea. Marbled murrelets occur 

along the northeast coast of the Pacific Ocean from California to the Aleutian Islands, 

and are generally most abundant in nearshore waters adjacent to coastal forests 

(Nelson 1997). In Alaska, marbled murrelets exhibit both tree and ground-nesting 

behavior (Barbaree et al. 2014). Kittlitz’s murrelets breed in Alaska and Russia, and nest 

on the ground, typically at sites with little or no vegetation (Day et al. 1983, Kaler et al. 

2009, Lawonn 2012). During the breeding season, Kittlitz’s murrelets are generally most 

abundant in or near glacially-influenced marine waters (Day et al. 1999). 

Both marbled and Kittlitz’s murrelet are species of conservation concern. Over 

recent decades, declines in marbled murrelet abundance have been documented in a 

substantial portion of the species’ range (Piatt et al. 2007, Miller et al. 2012). In the 
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United States, the marbled murrelet is federally listed as threatened in California, 

Oregon, and Washington under the Endangered Species Act (McShane et al. 2004), and 

in Canada the species is federally listed as threatened in British Columbia under the 

Species At Risk Act (Burger 2002). Kittlitz’s murrelet is not federally listed; however, 

evidence indicates that rapid declines of Kittlitz’s murrelet populations occurred during 

the 1990’s (U.S. Fish and Wildlife Service 2013), and since that time, continued declines 

and low reproductive success have been documented in some locations (Kaler et al. 

2009, Lawonn 2012, U.S. Fish and Wildlife Service 2013). 

Detection of significant changes in distribution and abundance over time is an 

essential component of population status assessments (e.g., U.S. Fish and Wildlife 

Service 2013) and conservation programs (e.g., Miller et al. 2012) for the two murrelet 

species. Numerous sources of variability influence at-sea survey data collected across 

space and time, however, which can affect the precision and accuracy of estimates of 

abundance or abundance trends (Kirchhoff 2011). Sources of variability affecting 

observed abundance include those influencing the observation process, causing 

heterogeneity in detection probability among surveys (Evans Mack et al. 2002, Ronconi 

and Burger 2009, Lukacs et al. 2010). They also include responses of murrelets to 

spatial and temporal environmental variability. For example, murrelets likely respond to 

habitat features, such as bathymetry, and environmental conditions, such as 

temperature, salinity, and turbidity, as well as ephemeral aggregations of prey (Becker 

and Beissinger 2003, Day et al. 2003, Haynes et al. 2011). Abundance of murrelets is 

also thought to vary seasonally near breeding areas (Day et al. 1999). For this reason, 

shifts in either breeding phenology or survey date over time could hypothetically affect 

trend estimates. If suspected sources of variability are measurable, accounting for them 
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during analysis can increase the precision and accuracy of estimated rates of population 

change (Kissling et al. 2007). In addition, understanding sources of variability can 

provide information regarding processes affecting changes in distribution and 

abundance over time (Kissling et al. 2007).  

 Prince William Sound (PWS), Alaska, supports substantial breeding populations 

of both marbled and Kittlitz’s murrelets (Isleib and Kessel 1973). In the decades 

following the 1989 Exxon Valdez oil spill, numerous ecological studies occurred in PWS, 

including a long-term, at-sea survey program for marine birds conducted throughout the 

inside waters of PWS. Prior analysis of murrelet abundance trends in PWS using these 

survey data has been conducted through 2007 (Kuletz et al. 2011). Previous analytical 

methods, however, were unable to account for covariates that can affect the observed 

abundance of murrelets across space and time. In this paper, we updated prior 

estimates of murrelet abundance trends in PWS using data collected over the period 

from 1989 to 2012. We used a model-based inferential framework, which allowed us to 

incorporate covariates, and also facilitated the comparison of competing models. We 

evaluated relative support for 13 models incorporating different relationships between 

murrelet abundance and time, including those that allowed rates of temporal change in 

abundance to vary across space or as a function of predictors. This approach had the 

potential to increase both the precision and accuracy of estimates, while also providing 

information about factors that affected murrelet distribution, abundance, and patterns of 

change in abundance within PWS. 

In PWS, approximately 95% of Brachyramphus murrelets are marbled murrelets 

(Kuletz et al. 2011). This species ratio varies spatially within PWS, however. Because 

the two sympatric species are similar in appearance, a portion of observed murrelets 
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were not identified to the species level. Rates of murrelet species identification were low 

during several early survey years, and high thereafter (Kuletz et al. 2011). The 

temporally variable rate of species identification, combined with the uneven and spatially 

variable species ratio, posed a considerable analytical challenge. Kuletz et al. (2011) 

used a nonlinear model to estimate rates of population change for both species. We 

refer the interested reader to that study and subsequent critical discussion (Hodges and 

Kirchhoff 2012, Kuletz et al. 2013). While these data contain important information on 

both murrelet species, in this paper, we focused our attention on the Brachyramphus 

genus as a whole. Insights into genus-level patterns of variability across space and time 

are more directly applicable to the more abundant marbled murrelet than to its less 

common congener. However, this approach also allowed us to test whether rates of 

change in murrelet abundance differed between the habitats most frequently used by 

Kittlitz’s murrelets and other areas within PWS, while requiring no assumptions 

regarding species identity. In subsequent work, we will address the question of whether 

species ratios changed over time within the glacially influenced marine habitats where 

Kittlitz’s murrelets are most abundant. 

METHODS 

Study area 

PWS is a semi-protected embayment of the northern GOA, with approximately 

9,000 km2 of inside waters surrounded by over 5,000 km of shoreline. The landscape is 

rugged and mountainous. Low elevations are generally forested, and PWS is 

surrounded by ice-fields, which produce numerous tidewater glaciers. PWS receives 

enormous amounts of freshwater input from glacial melt, runoff, and precipitation (Royer 

1979, Berthier et al. 2010), which combined with tides, wind stress, and exchange with 
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the GOA, produce strong marine circulation patterns (Niebauer et al. 1994, Colas et al. 

2013). The complex shoreline and bathymetry of PWS, with numerous islands, 

passages, bays, and estuaries, provides diverse habitats for marine birds (Isleib and 

Kessel 1973). 

At-sea surveys 

We conducted boat-based marine bird surveys throughout the inside waters of 

PWS between June 30 and August 1 during 1989, 1990, 1991, 1993, 1996, 1998, 2000, 

2004, 2005, 2007, 2010, and 2012. Surveys used 200 m-wide strip transects, and 

followed a stratified-randomized design, with the same set of transects surveyed during 

each sample year (Figure 3.1). There were two primary sampling strata; shoreline 

(waters within 200 m of shore) and offshore (the remainder of the study area). The 

shoreline was subdivided into 742 transects of unequal length based on geographic 

features. In 1989, 187 shoreline transects were randomly selected for surveys. In the 

following year, 25 additional shoreline transects were randomly selected from transects 

in western PWS to increase the precision of studies of oil spill effects; due to this 

difference in sampling intensity, we treated eastern and western PWS as separate 

substrata. Offshore waters were divided into 5-minute by 5-minute latitude-longitude 

blocks. Due to the complex shoreline, small, isolated portions of some blocks were 

merged with adjacent blocks. Blocks were subdivided into coastal and pelagic substrata, 

with blocks containing more than one nautical mile of shoreline classified as coastal, and 

the remainder as pelagic; 44 out of 206 coastal blocks and 29 out of 86 pelagic blocks 

were randomly selected for surveys. Transects were systematically placed running 

north-south along the second and fourth minutes of longitude within each five-minute 

block. In total, 351 transects were selected for surveys, totaling over 2,000 linear km.  
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Surveys were conducted by three teams operating simultaneously, and used the 

same vessel fleet (7.6 m Boston Whalers) in all years, with vessels operated at speeds 

of 10-20 km/hr. Two observers, aided by a boat operator, counted all birds and 

mammals detected within a moving sampling window 100 m ahead of, on each side of, 

and above the vessel, and on land within 100 m of the shoreline. Observers used 

binoculars to aid in species identification, and identified all observed birds and mammals 

to the lowest possible taxonomic level. Observer training included distance estimation, 

with rangefinders and towed duck decoys used as training aids. Vessel operators used 

radar and rangefinders to estimate distance from shore during shoreline surveys.  

Observers recorded the weather category and sea state that best represented 

overall conditions during each transect. Weather was recorded using eight categories, 

which we re-coded using binary indicators for < 50% cloud cover, > 50% cloud cover, 

light precipitation (i.e., drizzle, mist), rain, and fog (typically light or scattered fog). Sea 

state was recorded using Beaufort-scale categories (0 = calm, 1 = rippled, 2 = wind-

wave < 60 cm); no surveys when sea state was greater than 2 (wind-wave > 60 cm) 

were retained during analyses. Occasionally, transects could not be surveyed due to 

poor weather conditions. After removing a small number of surveys in which covariates 

were unrecorded (to allow for model comparisons) the sample size was 4,011. 

Sea surface temperature (SST) and sea surface salinity (SSS) were measured at 

the beginning of each transect at a depth of 1 m.  During all 12 survey years, SST was 

measured to the nearest 0.1° C, using either thermometers or YSI model 63 digital 

meters. SSS was measured to the nearest 0.1 practical salinity units (psu) during eight 

of the 12 survey years, beginning in 1996, using YSI model 63 digital meters. Because 

both SST and SSS data were not collected during all survey years, we averaged all SST 
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and SSS observations within each transect, providing information on average 

environmental conditions within transects. 

We calculated the mean distance from shore of each transect, measured at 100 

m intervals along the transect centerline, using a 1:63,360 digital Alaska coastline map 

(Alaska Department of Natural Resources, 1998), and the software ESRI ArcMap 10.0. 

We calculated mean transect depth using an 8/3 arc-second bathymetric–topographic 

digital elevation model (Caldwell et al. 2009), after removing cells with positive (above-

water) elevation values.  

Statistical analysis 

Our primary goal was to evaluate support for competing models, each 

representing a different hypotheses regarding changes in murrelet abundance over time, 

while also accounting for variables that can either affect number of murrelets observed 

and counted during surveys (i.e., weather, sea state), or affect the spatial distribution of 

murrelets. We addressed several different components of spatial variability: measured 

habitat variables, geographic patterns of variability in abundance, and variability in 

abundance among survey transects and blocks (presumably due to unmeasured local 

environmental factors).  

Our survey protocol, which utilized strip-transects and was designed to be 

consistent with methods used prior to the 1989 Exxon Valdez oil spill, did not include the 

collection of ancillary data designed to provide information on the observation process, 

such as distance sampling (Buckland et al. 2001). The substantial sample size, however, 

with a high degree of spatial replication and repeated observations on transects over 

time, did provide a source of information regarding the relationship between observed 

variability and measured covariates. Incorporating variables that are known to affect the 
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detection process as covariates for observed abundance should, in theory, reduce the 

risk that detection heterogeneity may bias trend estimates. 

  We used generalized additive mixed models (GAMMs; Wood 2006) to evaluate 

spatial and temporal variability in observed abundance of murrelets. Ecologists have 

long understood that functional responses of organisms to environmental gradients are 

often non-linear and non-monotonic (Whittaker 1965, ter Braak and Prentice 1988). 

Generalized additive models allow both linear and non-linear response functions, with 

non-linear relationships between predictor and response estimated via smooth functions 

(Wood 2006). Generalized additive models also allow non-normally distributed 

responses, such as counts. Mixed-effects models can account for correlation structures 

within the data, such as those induced by repeated measurements on the same sample 

units over time (Wood 2006). GAMMs therefore offered a flexible, powerful, and 

appropriate statistical framework for addressing our research questions. 

We used GAMMs with a Poisson-lognormal distribution to account for extra-

Poisson variability in observed counts. The Poisson-lognormal error distribution was 

modeled by specifying a Poisson distribution with log-link and incorporating an 

observation-level random effect that was normally distributed on the scale of the linear 

predictor (Elston et al. 2001, Rabe-Heskerth and Skrondal 2008, Maindonald and Braun 

2010). Counts were offset by transect area; the response was therefore equivalent to 

murrelet density (birds/km2). We began by constructing a “rich” model that included all 

plausible sources of spatial and temporal variability in murrelet abundance for which we 

had measured covariates. We included smooth functions for response of murrelets to 

water depth, distance to shore, Julian survey date, mean SST, and mean SSS. We also 

included linear relationships with categorical weather and sea state covariates and with 
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sampling stratum. To account for correlation within repeated measurements on transects 

nested within blocks, we included nested random-intercept effects for transect within 

block. To account for additional sources of geographic variability in murrelet abundance, 

we also incorporated a two-dimensional isotropic smooth function fit to the Universal 

Transverse Mercator (UTM) coordinates of transect centroids.  

In Chapter 2, we found that the marine bird community of PWS responded to two 

indices of broad-scale atmospheric-oceanic variability, the Pacific Decadal Oscillation 

(PDO; Mantua et al. 1997, Zhang et al. 1997) and the North Pacific Gyre Oscillation 

(NPGO; Di Lorenzo et al. 2008) at both annual and decadal time-scales of biological 

response to climate forcing. Consequentially, we included both the PDO and NPGO 

indices as predictors of murrelet abundance, after integrating the indices following Di 

Lorenzo and Ohman (2013), using a biological integration time-scale of one year. In 

Chapter 2, we also found that exponential abundance trends were correlated with 

climate variability at decadal biological response time-scales. Our trend estimation 

models (see below) evaluated whether abundance of murrelets changed exponentially 

over time. Such exponential changes, if they occurred, would be consistent with 

demographic responses of murrelets to decadal climate forcing.  

 The statistical model described in the previous paragraph included sources of 

spatial variability and measured covariates that can affect observed abundance. We 

constructed 13 versions of this base model to compare relative support for different 

hypothetical relationships between murrelet abundance and time (Table 3.1). Most 

models included the effects of a single predictor on the rate of change in abundance 

over time. Two models, however, included interactions between two closely-related 

factors and the rate of change. In the 1st model, mean murrelet abundance was constant 



70 
 

 

over the study period of 1989-2012. The 2nd model incorporated a continuous year 

variable, which allowed murrelet abundance to change at a constant mean rate 

throughout PWS. The 3rd model also included a random slope variable, which allowed 

rates of change to vary among transects within blocks, around an overall mean rate. In 

the 4th model, the random slope variable was correlated with random intercepts for 

transects within blocks, meaning that rates of change were correlated with mean 

abundance (i.e., trends were density-dependent).  

 The 5th model incorporated an interaction between a continuous year variable 

and a two-dimensional tensor smooth on transect UTM coordinates, which allowed rates 

of change to vary among geographic areas within PWS. The 6th model included an 

interaction between a continuous year variable and a tensor smooth on Julian survey 

date. This model allowed rates of change to differ throughout the monthly survey period, 

which could hypothetically occur if there had been a temporal shift in murrelet nesting 

phenology over time.  

 The next four models (Models 7 – 10) allowed rates of change to vary based on 

environmental gradients related to water depth and distance from shore. Both murrelet 

species are thought to respond to onshore-offshore environmental gradients (Day et al. 

2003), and critical reviews of murrelet survey programs have discussed the interactions 

between murrelet density gradients and various sampling designs (Day 2011, Kirchhoff 

2011). The bathymetry of PWS is highly complex, and we therefore expected a spatially 

variable relationship between water depth and distance to shore. If interpreted carefully, 

recognizing the partial correlation among variables, evaluating relative support for 

models containing water depth, distance to shore, and stratum can provide important 

information about murrelet distribution and abundance, as well as changes in both over 
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time. The 7th model included an interaction between a continuous year variable and 

stratum; the 8th model included an interaction between a continuous year variable and a 

tensor smooth on depth; the 9th model included an interaction between a continuous 

year variable and a tensor smooth on distance from shore; and the 10th model included 

an interaction between a continuous year variable and a two-dimensional tensor smooth 

on both water depth and distance from shore. The 10th model corresponds to the 

hypothesis that rates of change were related to both depth and distance from shore, for 

example, if rates of change were slower or faster in deep waters far from shore.  

 Our final three models allowed rates of change to vary based on mean 

oceanographic conditions. The 11th model included an interaction between a continuous 

year variable and a tensor smooth on SST; the 12th model included an interaction 

between a continuous year variable and a tensor smooth on SSS, and the 13th model 

included an interaction between a continuous year variable and a two-dimensional 

tensor smooth on both SST and SSS. The 13th model corresponds to the hypothesis that 

rates of change were related to both SST and SSS, for example, if rates of change were 

slower or faster in cold, fresh, glacially-influenced waters. 

 All models were fit using package gamm4 (Wood and Scheipl 2013) in program 

R 2.15.2 (R Core Team 2012). We evaluated relative support for the 13 statistical 

models by comparing values of the Akaike Information Criterion with finite sample size 

correction (AICc) and computing relative model weights (Burnham and Anderson 2002), 

using R package MuMIn (Barton 2013). After comparing support for the 13 models, we 

performed further stepwise reduction of the best-supported model, in order to identify the 

most parsimonious set of predictors for spatial and temporal variability in murrelet 

abundance. To do so, we fit all models with one predictor removed, selected the model 
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with the lowest AICc value, and iteratively continued this process until there was no 

further reduction in AICc, following Arnold (2010). We assessed the fit of the final model 

via graphical evaluation of the variance components. 

 The statistical models we employed allowed us to account for numerous sources 

of variability. However, potential disadvantages of a model-based inferential framework 

include: (1) the possibility of model mis-specification and (2) complexity (Hedley and 

Buckland 2005). Therefore, we also performed a second, simpler analysis of the same 

data, using widely adopted methods. First, we used design-based methods to generate 

annual mean density estimates and then, in a second step, we used weighted nonlinear 

regression (WNLR; Bates and Watts 1988) to estimate the rate of change in the annual 

density estimates over time. The annual density estimates were generated using a ratio 

estimator (Cochran 1977), with variance estimated via bootstrap re-sampling with 10,000 

iterations per stratum and year (Manly 1997). We estimated the rate of change in 

abundance using WNLR and an exponential functional form of change over time, with 

each annual estimate weighted by the inverse of its variance, using function nls in 

program R 2.15.2. 

 Lastly, our data set includes one year, 1993, when unusually high numbers of 

murrelets were observed in PWS (Kuletz et al. 2011). Anomalous patterns of marbled 

murrelet distribution also occurred in Oregon and British Columbia during 1993 (Strong 

et al. 1995, Burger 2002). In that year, mass mortality of common murres (Uria aalge) 

due to starvation occurred in the GOA, with mortality peaking in early spring, in 

conjunction with an influx of murres into nearshore areas, including PWS (Piatt and Van 

Pelt 1997). The PWS herring fishery suddenly and unexpectedly closed in 1993, when 

the large spawning biomass predicted by an age-structured stock assessment model 
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failed to appear (Hulson et al. 2008). These observations also coincided with a period of 

unusually warm sea surface temperatures in the northeastern Pacific (Piatt and Van Pelt 

1997, Burger 2002), and suggest the possibility that anomalous environmental 

conditions may have affected the abundance of murrelets in PWS during 1993. We 

therefore assessed the sensitivity of our results to this unusual year by refitting both our 

final GAMM model and our nonlinear regression model with 1993 data omitted.  

RESULTS 

Changes in abundance over time 

 We observed over 55,000 Brachyramphus murrelets during the course of the 

study. Observed murrelet densities were strongly patterned across both space and time 

(Figure 3.2). We used two complimentary approaches to investigate changes in murrelet 

abundance over time. First, we used design-based methods to estimate mean observed 

murrelet density in each survey year, and then estimated the annual rate of change over 

time, using WNLR (Figure 3.3). Using this method, we estimated that the annual rate of 

change in observed murrelet density (λ) was 0.950 (95% CI: 0.932 to 0.968, p < 0.001). 

We repeated this analysis after excluding the unusually high 1993 density estimate, and 

we estimated that λ was 0.951 (95% CI: 0.935 to 0.968, p < 0.001). 

 Second, we used GAMMs to evaluate support for 13 models representing 

competing hypotheses regarding changes in abundance of murrelets over time (Table 

3.1), while accounting for additional sources of spatial and temporal variability in 

observed abundance. A single model (Model 3) received very strong support (∆AICc of 

all other competing models > 7.5, model weight = 0.98). In this model, the rate of change 

varied among transects around an overall mean rate (uncorrelated random slopes), but 

did not vary based on interactions with any other predictors. 
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 Following step-wise reduction of Model 3, we obtained a final model that 

accounted for the effects of covariates (detailed below) on observed density. Using this 

model, we estimated that λ was 0.951 (95% CI: 0.944 to 0.958, p < 0.001; Table 3.2). 

We re-fit the final GAMM model, omitting data collected in 1993. With 1993 data 

excluded, we obtained an identical estimate and 95% CI for λ. Thus, using either WNLR 

or GAMMs, with 1993 data excluded or included, we obtained nearly identical point 

estimates for λ. No 95% CIs for λ came close to overlapping 1.0. Compounded over 23 

years, this annual rate of decline corresponds to a cumulative 69% decrease in 

abundance. 

 The final GAMM model included a transect-level random slope effect, which 

represented predicted variability in slopes among individual transects, conditional on the 

effects of other predictors. The standard deviation of the random slopes was 0.032 on 

the scale of the natural logarithm of λ (Table 3.2). We predicted the conditional modes of 

the random slopes, and then evaluated transect-level variability in λ. The 99th quantile of 

the predicted transect-level λ values was less than 1.0. While predictions of the 

conditional modes of random effects need to be interpreted with caution, their 

distribution suggested that local declines likely occurred in most locations within PWS. 

 These results indicated strong evidence for a decline in abundance of the 

Brachyramhus genus within PWS. Additionally, declines likely occurred in most 

individual transects. Furthermore, there was no evidence that trends differed based on 

any variables that affected spatial density gradients, no evidence that the distribution of 

murrelets had shifted spatially within PWS, and no evidence that declines were an 

artifact of changing seasonal patterns of abundance.  
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Factors affecting spatial and temporal variability 

 Step-wise reduction of Model 3 resulted in a final model that included: linear 

effects from the categorical variables of stratum, sea state, light precipitation, rain, and 

fog; linear effects from the annually-integrated PDO and NPGO indices; smooth 

functions of the variables of water depth, distance to shore, SSS, Julian date, and 

geography (transect UTM coordinates); plus random-intercept and random-slope effects 

for transects. Three explanatory variables were eliminated during step-wise model 

selection: block, > 50% cloud cover, and SST.  

 Based on the final model, we estimated the relationship between each 

explanatory variable and observed murrelet densities, after accounting for the effects of 

all other explanatory variables included in the final model (Table 3.2, Figure 3.4). We 

estimated that, after accounting for the effects of other covariates, including water depth 

and distance from shore, murrelet densities were generally similar among sampling 

strata, with overlapping 95% confidence intervals (CIs). CIs for the two shoreline strata 

did not overlap, however; murrelet densities were lower in eastern PWS shoreline 

transects compared to western PWS shoreline transects (Table 3.2).   

 We estimated that, after accounting for the effects of covariates, murrelet 

densities decreased non-linearly and non-monotonically with increasing water depth 

(Figure 3.4a). We estimated murrelet densities decreased with increasing distance from 

shore following a simple exponential function (Figure 3.4b). We also found that murrelet 

densities had a complex functional response to mean SSS (Figure 3.4c), and that 

murrelet densities increased seasonally across the month of July (Figure 3.4d). Murrelet 

abundance also varied geographically within PWS (Figure 3.4e). After accounting for 
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other covariates, the highest murrelet densities occurred in north-central PWS, while the 

lowest densities occurred in western PWS.  

 Both sea state and precipitation influenced the number of murrelets observed 

during surveys (Table 3.2). Higher sea states were associated with lower observed 

densities of murrelets. We estimated that an increase in sea state from “calm” to 

“rippled” was associated with a non-significant 11% decrease in observed abundance, 

while an increase from “calm” to “waves < 60 cm” was associated with a 33% decrease 

in observed abundance. In contrast, wet weather, especially rainy or foggy conditions, 

was associated with higher observed murrelet densities, a result that departed from 

conventional wisdom regarding survey conditions. 

 The final model included a transect-level random intercept effect, with a standard 

deviation of 0.492. This standard deviation represents variability in murrelet densities 

among individual transects, on the natural-log scale, conditional on the effects of all 

other covariates. The transect-level random intercept quantifies the variability in murrelet 

abundance among transects that is unexplained by other predictors. The model also 

included an observation-level random effect, with a standard deviation of 1.084. This 

term is a component of the Poisson-lognormal error structure of the model (Elston 2001). 

Its magnitude indicates substantial overdispersion, or unexplained observation-scale 

aggregation of murrelets (Figure 3.5). 

DISCUSSION 

Changes in abundance over time 

 To evaluate changes in abundance of the Brachyramphus genus as a whole, we 

used two complimentary statistical approaches, one of which was relatively simple and 

one of which was relatively complex. In both cases, we estimated that murrelet densities 
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declined by about 5% per year, which is equivalent to a 69% cumulative decline over the 

23-year study period. We believe that this conclusion, supported by both quantitative 

analyses, is also supported by a qualitative, visual examination of abundance patterns at 

the beginning and the end of the survey period (Figure 3.2).  

 We found no evidence that rates of change varied geographically within PWS. 

The geographically widespread nature of the declines could indicate that the causal 

factors were also geographically widespread, or that they predominantly operated in a 

different season. It is also possible, however, that the effects of any geographically 

localized population sinks that occurred during mid-summer within PWS were not 

detected in our analysis due to movement of birds, immigration, and emigration, with 

such damping processes operating over a period in excess of two decades.  

 We found that rates of change varied among locations, at the spatial scale of 

individual transects. This transect-level variability was moderate in magnitude, and did 

not depend on mean density. Local declines likely occurred within most transects. 

Variability in rates of change among transects could be due to unknown local factors 

within transects, or could simply be a result of stochastic processes inherent in surveys 

of mobile organisms within a dynamic marine environment.  

 Kuletz et al. (2011) estimated rates of change in abundance of both marbled 

murrelets and Kittlitz’s murrelets within PWS, using survey data collected through 2007, 

with and without data collected during an additional survey conducted during 1972. For 

marbled murrelets, with 1972 included, they estimated that λ was 0.944 (95% CI: 0.938 

to 0.950), and with 1972 excluded, that λ was 0.943 (95% CI: 0.932 to 0.952). These 

were similar to the λ values we estimated for the genus as a whole. As the majority of 

murrelets in PWS were marbled murrelets, it is unsurprising that the rate of change we 
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estimated for the genus as a whole was similar to the rate of change Kuletz et al. (2011) 

estimated for marbled murrelets. The congruence these estimates, which were derived 

using different statistical methods and which involved different assumptions, indicates 

that the conclusion that marbled murrelets have undergone sustained declines in 

abundance over a period of decades is robust to analytical details. 

 Kuletz et al. (2011) also evaluated rates of change in abundance of Kittlitz’s 

murrelets, over the same time intervals. They concluded that rates of decline in 

abundance of Kittlitz’s murrelets were higher than rates of decline of marbled murrelets. 

These conclusions were criticized by Hodges and Kirchhoff (2012), who postulated, 

based on spatial patterns of Kittlitz’s murrelet observations in some early survey years, 

that species misidentification had likely occurred. 

 We performed all analysis at the genus level, which required no assumptions 

regarding species identity. We did, however, test whether rates of change in abundance 

of murrelets varied within PWS based geography, SST, and SSS. Within PWS, Kittlitz’s 

murrelets are generally most abundant in marine waters influenced by tidewater glaciers. 

During summer, within the inner reaches of glacial fjords, surface waters are fresh and 

very cold (Arimitsu et al. 2012, Lyderson et al. 2014). We found that there was no 

evidence that genus-level rates of change differed among geographic locations within 

PWS. We also found that there was no evidence that rates of decline were related to 

SST or SSS. These results indicated that substantial declines in abundance of 

Brachyramphus murrelets occurred within glacially-influenced habitats, as they did 

throughout PWS. If declines in glacial fjords were entirely due to declines of marbled 

murrelets, then the relative abundance of Kittlitz’s murrelets should have substantially 
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increased within glacial fjords. Whether species ratios have changed within glacial fjords 

is a testable question, which we will address in subsequent work. 

Factors affecting spatial and temporal variability 

 Our evaluation of competing statistical models, each representing a different 

hypothesis regarding changes in abundance of murrelets, provided additional 

information regarding factors that could potentially bias estimates or influence trends. 

The relationships between spatial density gradients, sampling designs, and the precision 

and accuracy of estimates derived from murrelet survey data have received 

considerable attention (Day 2011, Kirchhoff 2011). We found that abundance of 

murrelets was strongly related to several environmental gradients, including depth, 

distance to shore, and salinity. We found no evidence, however, that abundance 

trajectories differed along these spatial gradients.  

 We also found that murrelet abundance varied at seasonal and annual time-

scales. Within years, densities of murrelets increased across the month of July. This was 

likely due to murrelet breeding phenology. Increased numbers of adults would be 

expected to occur on the water following the incubation phase of nesting. However, we 

found no evidence that long-term abundance trends were influenced by potential 

changes in seasonal patterns of abundance. We also found that murrelet abundance 

was related, at an annual response time-scale, to two patterns of atmospheric-oceanic 

variability, the PDO and the NPGO. These responses are likely short-term movement of 

birds between PWS and the northern GOA. Because we were able to account for these 

annual-scale fluctuations within our analysis, it is unlikely that estimated long-term 

declines were biased by short-term movements of birds into or out of PWS. This 

conclusion is supported by the identical λ estimates obtained with and without inclusion 
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of 1993 data. Because we were able to account for short-term climate-linked fluctuations 

in regional abundance of murrelets, it is likely that our long-term abundance trend 

estimates are reflective of demographic processes within murrelet populations.  

 Several studies have concluded that the detection probability of murrelets during 

small-boat surveys can be affected by sea-state, weather, and observer (Evans Mack et 

al. 2002, Kissling et al. 2007, Ronconi and Burger 2009). Systematic shifts in detection 

probability over time, if they occurred, could bias estimated rates of population change. 

We incorporated sea-state and weather variables as covariates in our GAMM analysis. 

Estimated coefficients for sea state effects were within the range of values that have 

been reported from studies that employed distance or double-observer sampling (Evans 

Mack et al. 2002, Ronconi and Burger 2009). We also found that wet weather was 

associated with an increase in observed abundance. We believe this effect could be due 

to increased detectability of murrelets against the water and sky during diffuse, grey, 

low-contrast lighting conditions. Similarly, Kissling et al. (2007) reported that increased 

cloud cover was associated with increased detection probability, and suggested this 

effect may be due to decreased glare. Our results indicate that, all else being equal, 

fewer murrelets are likely to be observed during bright and breezy conditions, while 

greater numbers are likely to be observed during calm, damp, and misty conditions. We 

were unable to account for observer effects in our analysis. Our surveys were conducted 

by at least nine observers per year, however, with a large population of observers over 

the study period. It is therefore most likely that observer effects represented a source of 

random error, rather than a source of systematic bias. 

 While the final GAMM model provided information regarding the effects of 

several different explanatory variables on abundance of murrelets across space and 
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time, a substantial amount of the variability in murrelet abundance remained 

unexplained. The value of the observation-level variance parameter indicated that any 

particular survey of any particular transect could potentially have an observed value that 

differed substantially from the expected mean (Figure 3.5). Thus, while we found 

murrelet abundance was strongly related to a number of explanatory variables, there 

was also a substantial amount of unexplained variability within these data. For a fine-

scale analysis of highly mobile birds within a dynamic marine environment, this result is 

perhaps unsurprising. It does, however, reinforce the importance of adequate spatial and 

temporal replication in the design of at-sea survey programs for murrelets.  

 Future efforts may improve our ability to understand some of the unexplained 

variability in murrelet abundance. The modeling framework we employed can easily 

incorporate additional sources of information, such as data on oceanographic variables 

or the abundance of prey resources, collected at a range of spatial or temporal scales. 

Our marine bird survey program is now embedded within an integrated, long-term 

ecosystem monitoring program (URL: http://www.gulfwatchalaska.org/). This research 

program includes studies of physical ecosystem drivers and important prey resources 

utilized by murrelets. We anticipate that these data sources will improve our ability to 

understand the factors affecting the distribution and abundance of murrelets, as well as 

ecosystem variability within PWS. 

Conservation and management considerations 

 Our findings have implications relevant to conservation and management of both 

marbled and Kittlitz’s murrelets. We estimated that, within PWS, the Brachyramphus 

genus experienced cumulative declines in excess of two-thirds over the period 1989-

2012. The magnitude of this cumulative decline far exceeds the estimated proportion of 
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murrelets that were Kittlitz’s murrelets at any point during this time interval (Kuletz et al. 

2011). Thus, we can be confident that marbled murrelets have declined in abundance 

substantively within PWS. This conclusion is congruent with the findings of Kuletz et al. 

(2011). Elsewhere within the range of marbled murrelets, the most comprehensive at-

sea surveys of the species occur along the coast from central California to the 

Washington – British Columbia border (Miller et al. 2012). Within this area, an estimated 

29% cumulative population decline occurred between 2000 and 2010 (Miller et al. 2012). 

The highest annual rate of decline (7.4% per year) occurred in the area of highest 

abundance, a zone encompassing Puget Sound and the Strait of Juan de Fuca (Miller et 

al. 2012). While evidence indicates possible declines in abundance of marbled murrelets 

in some other locations within Alaska and British Columbia (Piatt et al. 2007), attempts 

to quantitatively evaluate population trends throughout Alaska as a whole are limited by 

sparse available data (U.S. Fish and Wildlife Service 2013). 

 Hypotheses regarding possible causes of declines of marbled murrelets include 

anthropogenic loss of nesting habitat, shifts in oceanographic conditions, changes in 

prey abundance, environmental contaminants, fisheries bycatch, predation, disease, and 

disturbance (Piatt et al. 2007). While a complete review of these hypotheses is beyond 

the scope of this paper, we briefly discuss several factors. Deleterious effects on 

murrelet populations associated with conversion of old-growth forests to other land uses 

are well established for marbled murrelets (Burger 2002, Raphael et al. 2002, Ralph et 

al. 2005). Compared to southern portions of the species’ range, however, timber harvest 

and other anthropogenic alterations of terrestrial nesting habitat has been relatively 

limited and geographically restricted within PWS (Kuletz 2005). It is therefore unlikely 

that loss of old-growth nesting habitat is primarily responsible for observed murrelet 
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declines in PWS. Marbled murrelets experienced acute mortality caused by direct oiling 

during the 1989 Exxon Valdez oil spill (Piatt et al. 1990). There is no known mechanism, 

however, by which persistent Exxon Valdez oil, which remained for many years in some 

shoreline sediments within PWS (Short et al. 2004), could directly affect marbled 

murrelets. It is therefore unlikely that the failure of the marbled murrelet population in 

PWS to replace the individuals killed by direct oiling is due to continued exposure to 

petroleum hydrocarbons from the Exxon Valdez spill. 

 Several studies have linked apparent shifts in marbled murrelet diets to changes 

in demographic variables, such as vital rates or population abundance (Becker and 

Beissinger 2006, Becker et al. 2007, Norris et al. 2007). For marbled murrelets, 

planktivorous schooling fishes are an important component of adult diets during summer, 

and are the primary prey fed to nestlings (Kuletz 2005, Piatt et al. 2007). Several forage 

fish species have declined in PWS or throughout the northern GOA, including capelin 

(Mallotus villosus; Anderson and Piatt 1999) and Pacific herring (Hulson et al. 2007). 

Evidence indicates that these population fluctuations are linked, at least in part, to 

changes in ocean conditions (Anderson and Piatt 1999, Brown 2007). Climate-linked 

changes in populations of important forage fishes would be expected to affect numerous 

upper trophic-level marine predators.  

 In Chapter 2, we evaluated patterns of change in abundance over time among 18 

genera of marine birds with diverse ecological characteristics. We found that murrelets 

were one of seven genera of piscivorous or planktivorous seabirds that decreased in 

abundance over the period 1989-2012 (Chapter 2). In contrast, we found that no 

declines occurred among genera that forage in intertidal or benthic habitats (Chapter 2). 

Furthermore, there is evidence that piscivorous taxa of marine birds declined more than 



84 
 

 

non-piscivorous taxa between 1972 and the early 1990s within PWS (Agler et al. 1999). 

Thus, sustained declines of some piscivorous marine birds, including murrelets, 

occurred over a period of several decades in PWS. Concurrent with these observations, 

two piscivorous pinniped species decreased in abundance in PWS, and also declined 

elsewhere in the western GOA (Frost et al. 1999, Trites et al. 2007). Synchronous 

declines in a suite of upper trophic-level marine predators suggest that the hypothesis 

that climate-linked changes in food webs have affected marbled murrelet populations is 

plausible, and deserves careful consideration and additional study.  

 Because we performed all analyses at the genus level, and Kittlitz’s murrelets are 

far less abundant than marbled murrelets within PWS, it is not possible to draw firm 

conclusions regarding changes in Kittlitz’s murrelet abundance based on our results. 

Several of our findings are nonetheless highly relevant to conservation and management 

of the Kittlitz’s murrelet. First, the magnitude of the genus level decline was substantial. 

Processes that deleteriously affected murrelet populations clearly occurred during the 

study period. Second, we found that declines occurred throughout PWS. We found no 

evidence that rates of decline differed in the habitat types or geographic areas where 

Kittlitz’s murrelets are most numerous. Rather, substantial declines in murrelet densities 

occurred within the glacial fjords where Kittlitz’s murrelets are most abundant, as they 

did throughout PWS. These findings indicate that continued concern regarding the status 

of Kittlitz’s murrelet populations within PWS is warranted. 

 Indeed, our results strongly support the need for comprehensive monitoring 

programs for both species of Brachyramphus murrelets in Alaska. The recent “not 

warranted” listing decision for Kittlitz’s murrelet under the U.S. Endangered Species Act 

was based primarily on uncertainties regarding range-wide population changes and 
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limited mechanistic understanding of threats to the species (U.S. Fish and Wildlife 

Service 2013). Our limited ability to predict future changes, however, does not constitute 

evidence that populations are in fact viable. A comprehensive monitoring and research 

program is warranted, and would allow stronger inferences regarding range-wide viability 

of both Brachyramphus murrelet species.
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Table 3.1. Hypotheses and corresponding model formulations regarding temporal 
changes in abundance of Brachyramphus murrelets in Prince William Sound, Alaska, 
during 1989-2012. 
 

Hypothesis 

1. Abundance did not change 

2. Rates of change in abundance were synchronous throughout PWS 

3. Rates of change in abundance varied among transects 

4. Rates of change in abundance varied among transects, and rates were density-dependent 

5. Rates of change in abundance varied among geographic areas within PWS 

6. Rates of change in abundance varied seasonally, e.g., due to shift in nesting phenology 

7. Rates of change in abundance varied among sampling strata 

8. Rates of change in abundance varied based on habitat (water depth) 

9. Rates of change in abundance varied based on habitat (distance from shore) 

10. Rates of change in abundance varied based on habitat (both depth and distance from shore) 

11. Rates of change in abundance varied based on habitat (sea surface temperature) 

12. Rates of change in abundance varied based on habitat (sea surface salinity) 

13. Rates of change in abundance varied based on habitat (both sea surface temperature and salinity) 

Statistical model 

1. No slope 

2. Single slope 

3. Uncorrelated random slopes 

4. Correlated random slopes 

5. Interaction between slope and 2-D tensor smooth on transect centroid coordinates 

6. Interaction between slope and tensor smooth on Julian date 

7. Interaction between slope and categorical stratum variable 

8. Interaction between slope and tensor smooth on water depth 

9. Interaction between slope and tensor smooth on distance from shore 

10. Interaction between slope and 2-D tensor smooth on both depth and distance from shore 

11. Interaction between slope and tensor smooth on sea surface temperature 

12. Interaction between slope and tensor smooth on sea surface salinity 

13. Interaction between slope and 2-D tensor smooth on both sea surface temperature and salinity 
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Table 3.2. Fixed effects, random effects, and smooth functions from a generalized additive mixed-effects model fit to 
Brachyramphus murrelet count data collected in Prince William Sound, Alaska, during 4,011 surveys of transects over 12 
different years during 1989-2012. The four strata fixed effects correspond to model intercepts, in units of density (birds/km2), 
with 95% confidence intervals (CIs). For intercept values, reference level for sea state was “zero” and reference level for 
precipitation was “none”. Additional fixed effects are multiplicative effects on density. PDO and NPGO indices were integrated 
at an annual response time-scale per Di Lorenzo and Ohman (2013). Random intercepts are additive effects on the natural 
logarithm of density, and random slopes are additive effects on the natural logarithm of the annual rate of change. The 
observation-level random effect is a component of the Poisson-lognormal error structure of the model (Figure 3.5; Elston 
2001). Smooth functions are graphically represented in Figure 3.4. EDF is the effective (not residual) degrees of freedom of 
each smooth function.  
 

Fixed Effects Random Effects Smooth Functions 

Variable Estimate 95% CI p Variable Std. Dev. Variable EDF p 

Stratum: shoreline east 7.4 5.6 to 9.7 < 0.001 Transect (intercept) 0.492 Distance to shore 1.0 < 0.001 

Stratum: shoreline west  14.3 11.7 to 17.6 < 0.001 Transect (slope) 0.032 Depth 4.3 < 0.001 

Stratum: coastal 11.7 9.4 to 14.5 < 0.001 Observation (intercept) 1.084 Julian date 1.0 0.004 

Stratum: pelagic 10.5 7.0 to 15.9 < 0.001 Sea surface salinity 6.2 < 0.001 

Sea state 1 0.891 0.791 to 1.003 0.057 Geography 12.5 0.015 

Sea state 2 0.668 0.589 to 0.757 < 0.001 

Light precipitation 1.117 0.982 to 1.270 0.093 

Rain 1.344 1.156 to 1.561 < 0.001 

Fog 1.304 1.099 to 1.548 0.002 

PDO index 0.844 0.796 to 0.896 < 0.001 

NPGO index 0.796 0.756 to 0.839 < 0.001 

Annual rate of change 0.951 0.944 to 0.958 < 0.001 
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Figure 3.1. Study area within Prince William Sound, Alaska. (a) Location of sampling 
strata and transects within Prince William Sound, Alaska. (b) Geographic location of 
Prince William Sound within the state of Alaska. 
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Figure 3.2. Maps illustrating distribution and abundance of Brachyramphus murrelets 
within Prince William Sound, Alaska. (a) Average Brachyramphus murrelet densities 
(birds/km2) observed within transects during the first three survey years (1989, 1990, 
and 1991), representing conditions near the beginning of the 23-year study period. 
Points are located at transect centroids, and point size corresponds to mean observed 
density. (b) Average Brachyramphus murrelet densities observed within transects during 
the last three survey years (2007, 2010, and 2012), representing conditions near the end 
of the study period. 
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Figure 3.3. Average Brachyramphus murrelet densities (birds/km2) observed in Prince 
William Sound, Alaska, during 12 different years within the 23-year study period of 1989-
2012. Points represent annual density estimates, with 95% confidence intervals 
represented by vertical bars. The solid black line represents the estimated exponential 
curve (abundance trend) fitted to the annual estimates using weighted nonlinear 
regression. The grey dashed line represents the abundance trend estimated with the 
high density value from 1993 omitted. 
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Figure 3.4. Graphical representation of smooth functions of variables affecting observed 
Brachyramphus murrelet densities (birds/km2) during at-sea surveys conducted over a 
23-year interval within Prince William Sound, Alaska, estimated using a generalized 
additive mixed-effects model, following step-wise model reduction. Each panel depicts 
the multiplicative relationship between an explanatory variable and murrelet density, 
after accounting for the effects of all other explanatory variables (see Table 3.2). (a) 
Effect of transect water depth (m). The curved black line represents the estimated 
functional relationship between water depth and murrelet density. Grey shading 
represents the 95% pointwise confidence band for the slope of the smooth function. 
Vertical black ticks above the x-axis represent the distribution of predictor values among 
the sampled transects. The horizontal grey line indicates a multiplicative effect size of 
1.0 (i.e., no effect). (b) Effect of transect distance from shore (km). The smooth function 
is linear on the log scale. (c) Effect of mean salinity (psu). (e) Effect of Julian date. (e) 
Effect of geography (latitude and longitude). Contours represent the estimated 
relationship between geography and murrelet density.
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Figure 3.5. Graphical representation of a probability density function for a 
Poisson-lognormal distribution with  = 1.084, corresponding to the error 
distribution from a generalized additive mixed-effects model fit to Brachyramphus 
murrelet count data collected during at-sea surveys in Prince William Sound, 
Alaska.
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In this thesis, I investigated the factors that affected the distribution and 

abundance of marine birds across space and time, following a major oil spill in a 

dynamic, subarctic marine ecosystem. My research was based on historical data 

collected during boat-based marine bird surveys in Prince William Sound (PWS), Alaska, 

over a 23-year period following the 1989 Exxon Valdez oil spill (EVOS). I documented 

important relationships between marine birds and their environment. I also found that 

profound changes in abundance and community composition occurred over time. Taken 

as a whole, the results of my thesis are consistent with the hypothesis that climate 

change has differentially affected nearshore and offshore components of PWS food 

webs, which has likely contributed to the failure of some taxa to recover from population 

injury caused by the EVOS. 

 I used complimentary taxon- and community-centric approaches to investigate 

my research questions. In Chapter 2, I evaluated spatial and temporal patterns of 

distribution and abundance within an ecologically diverse group of 18 genera of marine 

birds. Within this group, I described spatial patterns of community structure and 

evaluated relationships between community structure and habitat. I then evaluated 

changes in abundance and community composition over time, and determined whether 

patterns of change were correlated with climate variability. Finally, I evaluated the 

relationship between temporal changes and the spatial structure of the marine bird 

community, and determined whether patterns of temporal change among co-occurring 

genera were similar. I found that the strongest spatial pattern of marine bird distribution 

and abundance was associated with an onshore-offshore environmental gradient. I also 

found that the primary form of temporal change in the marine bird community was 
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characterized by constant rates of change in the abundance of genera over time. 

Furthermore, I found that these spatial and temporal patterns were linked. Declines 

occurred in numerous offshore-associated planktivorous and piscivorous genera of 

marine birds, suggesting that changes have likely occurred in the pelagic food webs of 

PWS. 

 Chapter 3 was a detailed case study of a focal taxon, the genus Brachyramphus 

in the seabird family Alcidae, which includes two neritic, non-colonial, pursuit-diving 

species that occur in PWS, the marbled murrelet (B. marmoratus) and the Kittlitz’s 

murrelet (B. brevirostris). Evaluating the genus as a whole, I investigated habitat 

associations, temporal changes in abundance, and factors affecting variability in rates of 

change in abundance over time. I found that abundance of Brachyramphus murrelets 

declined by more than two-thirds over the 23-year study period. Furthermore, I found no 

evidence that the rate of change varied across geographic or environmental gradients 

that affected murrelet abundance. These results are indicative of a widespread decline in 

the abundance of Brachyramphus murrelets within PWS. 

 Evaluating the relationships between species or communities and their habitats is 

complicated by two factors. First, the responses of species to environmental gradients 

are often non-linear and non-monotonic (Whittaker 1965); hence, I used nonlinear 

analytical methods to evaluate both taxon- and community-habitat relationships. Second, 

environmental gradients themselves are often comprised of multiple, partially correlated 

variables (McCune and Grace 2002). This issue requires the careful interpretation of 

results. 

 Both the taxon-specific analysis of the distribution and abundance of 

Brachyramphus murrelets (hereafter; murrelets), and the analysis of spatial patterns of 
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community structure in relation to habitat, revealed the same fundamental relationships 

between the distribution and abundance of marine birds and their environment. 

Evaluating the marine bird community as a whole, I found that most of the variability in 

community composition among locations could be explained by a compositional gradient 

that was associated with both water depth and distance to shore. PWS is bathymetrically 

complex, and the correlation between water depth and distance to shore varies spatially; 

combined, they can be described as comprising an “onshore-offshore” environmental 

gradient. The response of each genus to an onshore-offshore environmental gradient is 

likely related, in part, to its foraging strategy. In Glacier Bay, Alaska, Drew et al. (2013) 

found that habitat use differed among marine bird species based on their foraging 

adaptations, with different water depths and current speeds utilized by species that 

specialized on bottom, mid-water, or surface prey.  

 Murrelets provide a specific example of the response of an individual taxon to the 

interrelated components of an onshore-offshore environmental gradient. I found that 

abundance of murrelets decreased exponentially with increasing distance from shore, 

and decreased non-monotonically with increasing water depth, with an apparent peak in 

abundance at intermediate water depths. Murrelets forage in the water column, and their 

association with habitats of intermediate depth is typical of mid-water foragers (Drew 

2013). This habitat association may be related to both the distribution of murrelet prey, 

and the relative efficiency of murrelet foraging in different habitats (Drew 2013). For 

example, it may be advantageous for murrelets to forage in locations where their prey 

cannot escape to a depth that exceeds their maximum diving depth (Maniscalco et al. 

1998).  
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 The marine food webs of the Gulf of Alaska (GOA) are structured along an 

onshore-offshore gradient, from the intertidal, to the neritic, to the pelagic (Parsons 

1986), paralleling the dominant compositional gradient I observed within the marine bird 

community of PWS. Sources of primary productivity differ along this gradient. In the 

intertidal and shallow nearshore waters, the majority of primary production is generated 

by sea grasses, macrophytes, and benthic microalgae, with relatively little generated by 

phytoplankton in most habitats (Mann 2000). This autotrophic production drives intertidal 

and nearshore-benthic food webs (Parsons 1986, Mann 2000). In contrast, primary 

production is generated by phytoplankton in offshore waters (Parsons 1986).  

 Combined, these results indicate that habitat use and foraging mode of marine 

birds are related to food web structure along an onshore-offshore gradient. For example, 

murrelets were associated with intermediate water depths, a habitat association that is 

typical of piscivorous, mid-water foraging seabirds. Adult murrelets prey on fish and 

macrozooplankton (Piatt et al. 2007, Hatch 2011), and primarily provision their young 

with schooling planktivorous forage fishes (Kuletz 2005, Lawonn 2012). Thus, murrelets 

likely rely on food webs primarily derived from planktonic primary production. 

 I found that a secondary gradient in marine bird community composition among 

locations was strongly related to variation in salinity, and moderately related to variation 

in shoreline exposure to wave energy. In PWS, sea surface salinity (SSS) values are 

generally lowest where freshwater enters the ocean at the inner parts of bays and fjords. 

Thus, these variables are partially correlated along what can be described as an 

“estuarine-marine” environmental gradient. I found that abundance of murrelets was 

related to SSS. This relationship was nonlinear and non-monotonic, as with depth; 

murrelets were negatively associated with both the freshest and the most saline waters. 
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Several other studies within fjord and estuarine systems in the northern GOA have found 

that mid- and/or upper-trophic level communities were structured along environmental 

gradients that were related, in part, to salinity (Speckman et al. 2005, Arimitsu et al. 

2012, Renner et al. 2012). These results support the hypothesis that upper-trophic 

communities in the northern GOA are partially structured by estuarine-marine 

environmental gradients, and indicate the importance of freshwater inputs to GOA 

coastal ecosystems. 

I found that, over the 23-year study period, tremendous changes had occurred, 

both in the abundance of individual marine bird genera, and in the composition of the 

marine bird community as a whole. Using exponential models, I found that seven of 18 

evaluated genera of marine birds declined in abundance over the study period, while 

three increased in abundance. Estimated changes in abundance were large in 

magnitude; six genera experienced cumulative declines in excess of two-thirds of their 

numbers. 

 I also evaluated variability in community composition among years, using 

methods that made no assumptions regarding the functional form of change over time. 

Doing so, I found that the majority of temporal variability among years was explained by 

constant rates of change in abundance of particular genera over time. This pattern was 

correlated with internal atmospheric-oceanic variability at biological response time-

scales of several years to a decade, consistent with the time-scales of generation in 

marine birds.  

I also found that a secondary mode of temporal variability in community 

composition among years was characterized by short-term fluctuations. These 

fluctuations correlated with climate variability at an annual time-scale. They also 
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corresponded to indicators of foraging conditions elsewhere in the northern GOA, 

including a common murre (Uria aalge) mass-mortality event (Piatt and Van Pelt 1997) 

and a time-series of nestling diets for black-legged kittiwake (Rissa tridactyla) at 

Middleton Island (Hatch 2013). These observations were indicative of short-term 

movements of marine birds between PWS and the GOA, likely due to climate-linked 

fluctuations in prey availability. 

Numerous sources of variability can affect the observed abundance of birds 

across space and time, and these can affect the precision and accuracy of trend 

estimates. I evaluated the distribution and abundance of murrelets within PWS over the 

period 1989-2012, using a statistical modeling framework that allowed the incorporation 

of covariates, including those that can affect the detection process. This allowed me to 

determine whether rates of change in murrelet abundance varied as a function of 

predictors. Paralleling community-wide patterns, I found that abundance of murrelets in 

PWS both fluctuated over annual time-scales, and declined over a period of decades. 

Long-term declines occurred throughout PWS, and rates of change did not vary 

geographically or along environmental gradients. These geographically widespread 

declines in abundance suggest a widespread, pervasive agent of change.  

Among the 18 evaluated genera of marine birds, I found that temporal changes 

did not affect all evaluated taxa equally, nor were they random. Rather, changes in 

abundance over time were associated with the responses of genera to the dominant 

onshore-offshore environmental gradient that spatially structured the marine bird 

community. Furthermore, all genera that declined were piscivorous or planktivorous; 

none were intertidal- or benthic-foragers. My results are congruent with those of Agler et 

al. (1999), who concluded that, between 1972 and the early 1990s, piscivorous taxa of 
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marine birds declined more than non-piscivorous taxa in PWS. This suggests that the 

community-level pattern of temporal change I observed likely began prior to 1989. These 

findings are consistent with the hypothesis that decadal climate variability has 

differentially affected nearshore and offshore components of PWS food webs. My 

observations of geographically widespread declines in abundance of the piscivorous, 

pursuit-diving genus Brachyramphus are also consistent with the hypothesis that 

changes in PWS pelagic food webs have occurred. While relationships between 

observed changes in abundance of marine bird taxa and decadal climate variability are 

strong, it is important to note that they are correlative. Mechanistic, species-specific, 

process-based investigations into the causal agents of population change are clearly 

warranted. 

In addition, multidisciplinary studies aimed at elucidating the factors driving 

temporal variability in PWS ecosystems are also warranted. PWS pelagic food webs 

exhibit pronounced inter-annual variability, and are profoundly linked to climate (Spies 

2007). The timing and quantity of planktonic primary production in PWS depends 

strongly on physical processes in the atmosphere and ocean that affect stratification, 

circulation, and nutrient availability (Eslinger et al. 2001). Physical processes also affect 

trophic transfer of primary production within the pelagic food web (Eslinger et al. 2001). 

These processes are also evident in the annual variation in exchanges of carbon 

between PWS and GOA ecosystems (Kline 1999). Such cross-ecosystem carbon 

subsidies are presumably influenced by advective processes (Kline 1999). Given the 

declines I observed in a suite of offshore-associated genera of marine birds, improving 

our understanding of how mid- and upper-trophic level populations within PWS are 
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affected by variability in both intrinsic primary productivity and cross-ecosystem 

subsidies between PWS and the GOA is an important research priority. 

 Climate variability also affects shoreline ecosystems. Examples include climate-

linked variability in pelagic-benthic subsidies, such as consumption of phytoplankton by 

filter-feeding intertidal invertebrates (Menge et al. 1997, Bracken et al. 2012). 

Atmospheric-oceanic interactions can also affect transport of larval organisms, and 

hence the supply of larval propagules to intertidal sites (Menge et al. 2009, Menge et al. 

2011). Climate-linked fluctuations in ocean temperature and chemistry are also expected 

to affect shoreline ecosystems (Harley et al. 2006). 

 Important structural differences exist between shoreline and pelagic ecosystems, 

however, and these differences may affect their relative variability over time. As an 

example, the primary autotrophs in pelagic ecosystems (phytoplankton) are 

characterized by low biomass and high annual turnover (Mann 2000). In contrast, in 

shoreline ecosystems, the primary autotrophs (macrophytes and seagrasses) are 

characterized by high biomass and relatively low annual turnover (Mann 2000). It should 

be expected that this fundamental difference affects relative ecosystem variability over 

time. As a second example, in many pelagic food webs, including those of the 

northeastern Pacific, a substantial amount of energy transfer flows through a small 

number of mid-trophic level species, typically schooling planktivorous forage fishes (Cury 

et al. 2000, Spies 2007). This “wasp-waist” food web structure may predispose such 

systems to sudden state changes (Cury et al. 2000). Many other differences, including 

taxonomic diversity, habitat heterogeneity, and species interactions within communities 

could, in theory, also affect the relative temporal variability of shoreline and pelagic 
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ecosystems. A better understanding of the factors affecting the resilience of shoreline 

and pelagic ecosystems to climate fluctuations is clearly needed.  

 This thesis provides a case study of a marine community that has experienced a 

major anthropogenic perturbation during a period of climate change. Throughout the 

world, humans have profoundly influenced coastal ecosystems (Jackson et al. 2001). 

PWS, though relatively remote, is no exception. The 1989 EVOS occurred when, as a 

result of human error, a single-hulled bulk oil tanker vessel grounded on a well-known, 

lighted reef in northeastern PWS (Moore 1994). The T/V Exxon Valdez subsequently 

released an enormous quantity of crude oil into a remote, scenic, and highly productive 

ecosystem (Galt et al. 1991). Oil from the Exxon Valdez polluted 1750 km of shoreline 

(Wolfe et al. 1994), and resulted in extensive acute mortality of charismatic species such 

as marine birds (Piatt et al. 1990). In some shoreline locations, Exxon Valdez 

hydrocarbons remained in sediments for many years after the spill (Short et al. 2004). In 

those locations, chronic hydrocarbon exposure had prolonged, deleterious effects on 

some marine bird species that are associated with shoreline sediments (Iverson and 

Esler 2010).  

Nevertheless, I found that, during summer, throughout PWS as a whole, over a 

period in excess of two decades following the oil spill, no nearshore-associated marine 

bird genera experienced sustained declines in abundance. In contrast, I found that many 

offshore-associated genera of marine birds declined substantively, including both 

planktivorous and piscivorous taxa. Concurrent declines occurred in both piscivorous 

marine mammals (Frost et al. 1999, Trites et al. 2007) and planktivorous schooling 

forage fishes (Hulson et al. 2007). Evidence also indicates that secondary production of 

zooplankton was lower in PWS during the 1990s than during the 1980s (Spies 2007). 



110 
 

 

The most parsimonious general explanation for these synchronous changes is bottom-

up alteration of the pelagic food webs of PWS, most likely resulting from broad-scale 

changes in the atmospheric-oceanic systems of the northeastern Pacific Ocean. If this 

hypothesis is correct, then, over recent decades, the magnitude of the effects of climate 

variability eclipsed the known long-term effects of a major oil spill on the marine 

ecosystems of PWS.   

It is also possible, however, that additional perturbations, including the EVOS, 

contributed to changes in PWS pelagic food webs, by affecting ecologically important 

species such as Pacific herring (Clupea pallasi; Spies 2007). Ecological theory predicts 

that disturbance events can decrease ecosystem stability and resilience, and increase 

the probability that a system will enter an alternative state or dynamic, which can then 

persist due to nonlinear processes such as feedbacks (Sheffer et al. 2001, Folke et al. 

2004). Consistent with such predictions, some biological time-series from the North 

Pacific are characterized by fundamentally nonlinear dynamics (Hsieh et al. 2005). Thus, 

nonlinear ecosystem responses to perturbations are consistent with both ecological 

theory and empirical observations from the North Pacific. The synchronous declines I 

observed in a suite of offshore-associated marine bird genera under concurrent 

anthropogenic disturbance and climate forcing provide an example of ecological 

instability with implications for the conservation and management of biological resources 

in the northern GOA. 
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