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ABSTRACT 
 

The Use of Seabirds as Indicators of Changes in the Marine Environment 
Through Provisioning and Population Trends 

 

Joshua T. Cunningham      Advisors: 

University of Guelph, August 2017    Dr. Shoshanah Jacobs 

        Dr. Karl Cottenie 

 

 Seabirds are considered strong bioindicators of marine health and changes in 

seabird ecology can reflect issues in the surrounding marine environment. In this 

thesis, seabird ecology was examined at several scales to see if seabirds could 

indicate changes in the marine ecosystem. In Chapter 1, rhinoceros auklet 

(Cerorhinca monocerata) chick diets were used to detect changes in prey availability 

among and within years. Changes in diet within years was likely due to prey life-

history traits, while changes among years were reflective of changes in the 

surrounding marine environment. Chapter 2 compared the population trends of 

seabirds on Middleton Island to colonies in the Gulf of Alaska for evidence of 

population synchrony. Seabird populations declined across the Gulf of Alaska, 

potentially due to the 1977 warm water regime shift. However, populations of select 

seabirds on Middleton Island contrasted their species’ large-scale population trends, 

suggesting that local factors played important roles in the population trends of these 

seabirds. These results demonstrate how seabirds can indicate large changes in 

their environment (population declines), but how using individual colonies, such as 

Middleton Island, may not detect these large changes in the marine environment 

due to local influence. Together these chapters demonstrate the value of seabirds as 



 

bioindicators and their ability of to detect changes in the marine environment at 

varying scales. The result of this thesis strengthens our knowledge of seabird 

biology and ecology, and their ability to be bioindicators of marine environments. 
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Prologue 
 
 Covering 71% of the Earth, marine ecosystems are the most prominent 

ecological archetype on the planet. From microscopic plankton, to large marine 

mammals, marine processes are vital to the ecology of the planet. Along with 

ecological importance, marine ecosystems also provide financial gains for many 

coastal communities at local and national scales. Despite the overall emphasis 

placed on marine ecosystems, knowledge of marine environments is lagging 

compared to that of terrestrial environments (Hoegh-Guldberg & Bruno 2010). This 

is thought to be due to the sheer vastness of the ocean, coupled with the difficulty of 

sampling consistently and accurately in this environment. 

 One way to bridge this gap in our knowledge is to use marine animals as 

indicators of marine processes. Plankton, fish, marine mammals, and seabirds have 

all been used as windows to examine ecological events in marine systems (e.g.: 

Beacham 1986, Cairns 1987, Hatch & Sanger 1992, Loughlin et al. 1992, McFarlane 

& Beamish 1992, Trites et al. 2007, Piatt et al. 2007, Hoegh-Guldberg & Bruno 2010, 

Sydeman et al. 2010, Croxall et al. 2012, Velarde et al. 2013, Cavole et al. 2016). 

Seabirds, specifically, are useful due to their dual lifestyle during the breeding 

season. Seabirds are dependent on land for brooding their offspring, from initial 

nest building until chick-fledge. This allows researchers to exploit this behavior and 

study seabirds as they breed, a time where small and moderate change in marine 

environment could be detected through changes in biological parameters of 

seabirds, such as productivity. Indeed, many parameters of seabird biology have 
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been used to evaluate marine environments, such as productivity (Cairns 1987), 

fledging success (Hatch 2013), population numbers (Croxall et al. 2012), and dietary 

samples (Vermeer & Westrheim 1984). Depending on the changes in the observed 

parameter, it is possible to infer different magnitudes of change in the marine 

environment. For example changes in populations could be indicative of large-scale 

changes in the marine environments, while body condition (a parameter that could 

change within a year) could indicate small changes in the environment. 

 Changes in prey composition can occur relatively quickly at finer resolutions 

and may reflect moderate or small changes in the marine environment. Using 

predators as a means to measure these changes in prey availability is not a novel 

concept (see: Hatch & Sanger 1992, Velarde et al. 2013). In Chapter 1 of this thesis 

diets of rhinoceros auklet (Cerorhinca monocerata) chicks were used to examine 

changes in prey composition within and among years. Dive behaviour and individual 

specialization were also examined to mitigate any bias among prey samples, and see 

if these birds could be used alongside more conventional sampling methods of fish 

availability. 

 As changes in prey availability may indicate small to medium changes in the 

environment, changes in population numbers of a species could indicate a large 

change in the environment. A large-scale population analysis for seabird colonies 

across the Gulf of Alaska has never been done, however, analyses in smaller 

segments have been performed (see: Agler et al. 1999). From historic citizen science 

data and long-term data sets, Chapter 2 compared the seabird population trends on 

Middleton Island to those of other colonies in the Gulf of Alaska. This was done to 
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examine if population synchrony occurred between seabird populations on 

Middleton Island and those around the Gulf of Alaska and, in turn, examine if 

population trends on Middleton Island could reflect large-scale changes in the 

marine environment.  

 In this thesis, changes in seabird parameters were examined at three scales 

to illustrate their ability to reflect any changes in the marine environment of the Gulf 

of Alaska: (1) changes in the diets of rhinoceros auklet chicks within years (small 

changes in the environment); (2) changes in the diet of rhinoceros auklets across 

years (medium changes); and (3) changes in the seabird populations of Middleton 

Island and other Gulf of Alaska Colonies over the past 40 years (large changes). 

Combined, this thesis provides additional support with novel, recent information, 

for seabirds use as strong bioindicators of changes in the marine environment. 

Continual use of these animals not only improves our knowledge of seabird biology 

and ecology, but also processes in marine environments around the globe. 
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Chapter 1: 
Rhinoceros auklets (Cerorhinca monocerata) as samplers of forage 

fish in the Gulf of Alaska 

Abstract 
 

 Forage fish are an ecologically important fish species to the marine 

environment, composing the bulk of many piscivorous diets. However, despite the 

importance of these species, there is currently no robust method of monitoring 

forage fish diversity and abundance in the Gulf of Alaska. In this study we purpose 

using the diets of rhinoceros auklets chicks as an ecologically relevant method to 

sample forage fish in parallel with conventional trawling methods. We found that 

individual rhinoceros auklets do not specialize on certain prey items and that the 

majority of forage fish in auklet bill-loads were sampled within the top 15 m of the 

ocean surface. Prey composition in auklet bill-loads varied among and within 

sampling years (2010-2016). Variation among years was due to changes in prey 

availability, possibly attributable to increased ocean temperatures. However, 

variation within years is likely due to prey life-history traits. Select auklets also 

returned with sand lance (a forage fish species) from a foraging area where trawling 

detected no sand lance. This indicates that auklets can potentially detect fish 

availability at finer resolutions than conventional methods. These results 

demonstrate the capability of a seabird to detect changes in prey availability across 

years and, in turn, moderate changes in the marine environment. In conclusion, 

using seabirds as samplers of forage fish, in parallel with conventional trawling 

methods, could integrate seabird research stations across the Gulf of Alaska and 

expand our knowledge on changes in availability of important prey items.  
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Introduction 
 
 The fishery industry is one example where prey species are sought after for 

commercial purposes and are predated by natural predators, in this case 

piscivorous species such as seabirds (Hatch & Sanger 1992, Velarde et al. 2013). As 

is prevalent in many marine ecosystems (Barrett et al. 1987, Martin 1989), fish 

diversity and abundance in the Gulf of Alaska is thus important to both fishery and 

natural purposes. A variety of fish species are targeted for economic use in the Gulf 

of Alaska, specifically, walleye pollock (Gadus chalcogrammus), herring (Clupea 

pallasii), halibut (Hippoglossus stenolepis), sablefish (Anoplopoma fimbria) and the 

various salmon species (Oncorhynchus spp.) found in the North Pacific Ocean 

(Ormseth 2014). While not directly competing with the fishery industry for adult 

fish, Alaskan seabirds feed on the juvenile forms of these fish (Hatch & Sanger 1992, 

Bertram & Kaiser 1993). Due to their size, these juveniles are classified as forage 

fish (until they reach maturity and become economically important fish), which also 

includes Pacific sand lance (Ammodytes hexapterus) and capelin (Mallotus villosus). 

 Currently, sand lance and capelin are of no direct economic importance in the 

Alaskan fish industry, despite being harvested in the Atlantic Ocean (Martin 1989; 

Nettleship 1990 [in Hatch & Sanger 1992]), but are of great ecological importance; 

providing the bulk of many piscivorous diets, including the adult forms of harvested 

fish species (Beacham 1986, Hatch & Sanger 1992, Trites et al. 2007). Currently, 

there is no robust method of monitoring forage fish diversity and abundance in the 

Gulf of Alaska (Ormseth 2012). Surveys such as government trawling are beneficial 

and provide some indication of baseline trends in forage fish availability and 
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changes in abundance, yet there exists important flaws in survey design and 

equipment (Ormseth 2014). Trawls are performed biennially (formerly triennially) 

over a three-month period, from West to East, using nets originally designed for 

adult salmon capture (mesh size of 127 mm; Ormseth 2014). Recently, forage fish 

surveys have been performed using pelagic rather than demersal trawls, a more 

reliable method of sampling pelagic forage fish. However, large mesh sizes still allow 

for large escapement rates of small, agile, forage fish (Ormseth et al. 2016).  

 These biases could be partially avoided by using seabird dietary samples in 

parallel with conventional trawling methods. The use of seabird diets to estimate 

forage fish availability is not novel (Vermeer & Westrheim 1984, Hatch & Sanger 

1992, Bertram & Kaiser 1993). During the reproductive season, seabirds forage at 

sea and return to the colony to feed their chicks. The dual lifestyle present in 

seabirds, both terrestrial and marine, allows for a unique, ecologically relevant 

opportunity to estimate forage fish availability and abundance by examining 

proportion of prey in seabird diets from a terrestrial point source that simplifies 

logistics.  

 Seabirds feed their chicks via two methods: regurgitation (ejection of 

previously caught prey to the offspring) and bill-loads (Bertram & Kaiser 1993, 

Davoren & Burger 1999, Hatch 2013). Both of these methods can be used to acquire 

data on seabirds. Although some prey items in regurgitations can be identified by 

eye, most regurgitate is moderately digested and needs to be analyzed in a 

laboratory (Hatch 2013). However, regurgitation is the most common feeding 

approach in seabirds and can allow for a diverse sampling in terms of species and 
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locations. In contrast, bill-load feeding is performed by fewer seabird species, 

notably in the auk family (Alcidae; Hatch & Sanger 1992, Davoren & Burger 1999, 

Chivers et al. 2012). A bill-load is a bundle of prey items held in a bird’s beak that is 

delivered to the chick. Depending on the species, bill-load sampling can be done in 

several ways such as observation (via binoculars or photography), adult capture, 

burrow blocking (in the case of burrowing species), and chick muzzling (Baird 1986, 

Hatch & Sanger 1992, Chivers et al. 2012, Gladics et al. 2015, Gaglio et al. 2017). Bill-

loads allow prey items to be easily identified down to lowest taxonomic level, but 

also allows for the measurements of prey items, which can give insight on the age-

classes of preyed upon fish (Bertram & Kaiser 1993, Hatch & Sanger 1993). This 

accessibility to prey suggests that select auk species could be ideal for observing 

trends in prey availability. As ‘bill-load feeding auks’ prey on forage fish, they may 

prove to be more accurate and efficient environmental samplers compared to 

conventional fishery surveys. 

 The rhinoceros auklet (Cerorhinca monocerata; hereby referred to as RHAU), 

a species of auk, is a piscivorous, diving seabird that feeds its chick via bill-loads. 

RHAU return to the colony once each day, during late night/early morning hours 

(22:00-2:00), with their prey items, as opposed to auks that make several feeding 

trips daily (Bertram & Kaiser 1993, Davoren & Burger 1999). RHAU generally land 

and take off on the same stretches of land that are referred to as “runways” 

(Davoren & Burger 1999). This predictable behaviour allows for consistent and 

reliable sampling of whole prey items throughout the chick-rearing period.  

Furthermore, Vermeer & Westrheim (1984) found that when bluethroat argentines 
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(Nansenia candida) appeared off the coast of British Columbia in 1978, an 

unprecedented event, this fish species appeared in the bill-loads of RHAU in the 

area. This prey species also increased in the diets of salmon species in the area, 

suggesting that RHAU actively sample whatever small, pelagic fish species is 

obtainable at the time of foraging, with no bias for a particular species (Vermeer & 

Westrheim 1984). 

 Despite the growing body of literature on the foraging and dive behaviour of 

diving alcids, related information for RHAU in the Gulf of Alaska is lacking compared 

to other locations. In our study, bill-loads were collected from RHAU to analyze prey 

species diversity and to determine whether species occurrence in bill-loads can 

reflect environmental changes in prey availability. In addition, select sampled RHAU 

were fitted with miniature biologging devices to examine the foraging behaviour of 

these birds and ensure that foraging behaviour was not biasing prey collection. Bill-

loads were chosen as the ideal way to gauge fish availability as opposed to 

ecological seabird parameters described in Cairns (1987). This is because bill-loads 

are direct representations of prey availability as opposed to indirect 

representations, such as seabird body condition or reproductive success, as these 

can change with foraging effort (Piatt et al. 2007). From this information, we 

answered several questions (Table 1) to establish the viability of using RHAU bill-

loads as indicators of changes in forage fish availability and abundance in the Gulf of 

Alaska.
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Table 1: Summary of known information about rhinoceros auklet foraging (generally from outside Alaska), alongside trawling 
data available for the Gulf of Alaska. Also shown are the key questions of this study and how they relate to the knowledge gaps 
in those datasets. Trawl information acquired from Ormseth (2014) and Ormseth et al. (2016). 

 Current Knowledge of RHAU Questions for this Study Trawl 

Target 

Species 

In Gulf of Alaska, >90% of bill-load 

composition is sand lance, osmerids, 

and hexagrammids, salmonids, herring, 

and sablefish (Eby et al., 2017; Pollom 

et al., 2017). 

1.1. Do individual RHAU specialize on select 

prey when foraging for bill-loads? 

Sand lance, herring, 

osmerids, squids, 

myctophids, and 

sandfish. 1.2. Does bill-load composition, including age 

class, of Middleton Island breeding RHAU 

change with chick-age (i.e.: within years)? 

1.3. Does bill-load compositions, including 

age class, of Middleton Island RHAU vary 

among years? 

Foraging 

behaviour-

Depth 

Average and maximum depths during 

chick-rearing from Teuri Island, Japan, 

have been: 12.1 ± 5.5 m and 51.6 m 
(Kato et al., 2003), and 14 ± 1.8 m and 

56.9 m (Kuroki et al., 2003). 
 

2.1 To what depths do RHAU dive in the Gulf 

of Alaska? 

Bottom trawl 

sampling can range 

from 20 m (near shore 

hauls) to >1000 m 

(continental slope 

hauls). Pelagic rope 

trawls sample the top 

35 m of the water 

column. 

2.2. What is the relationship between dive 

depth and duration for these depths? 

2.3. What is the relationship between dive 

behaviour and time of day in the Gulf of 

Alaska? 

2.4. Does average dive depths vary with prey 

species in the bill-load? 

Foraging 

behaviour-

Based on at-sea surveys in Japan, most 

birds are within 65 km of the colony 

3.1. Where are Middleton Island RHAU 

foraging? 

Bottom trawls are 

performed from near 
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  Location (Deguchi et al., 2010), although Kato et 

al. (2003) estimated an average foraging 

range of 87 ± 56 km (maximum of 164 
km). 

3.2. At what resolution do RHAU detect 

forage fish (i.e.: can RHAU detect species 

that have been missed by other sampling 

methods?) 

shore areas to the 

continental slope for 

the whole Gulf of 

Alaska. Pelagic rope 

trawls are performed 

at predetermined 

sampling areas. 

Sampling 

Period 

Late June-Mid August NA 3-Month Span 

Accounts 

for 

Seasonal 

Variation 

In British Columbia Davoren & Burger 

(1999) compared adult diets in 

incubation to chick diets. Vermeer & 

Westrheim (1984) studied diet 

throughout chick-rearing. 

Q1.2 No 
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Methods 

Study Location and Bill-load Collection 
 
 Bill-loads were sampled from the Middleton Island RHAU colony (59°25’42’’ 

N, 146°19’48’’ W), Gulf of Alaska, from Late June to Mid August during 2010-2016 

(excluding 2011). In 2015 and 2016, large thick-meshed nets were set up across 

runways in order to intercept returning birds. Upon flying into the net, the birds 

were captured, either with dip-nets or by hand. Birds were caught similarly in 2010-

2014, but without the intercepting net (observers hid behind bushes and caught 

birds with dip-nets). Collected bill-loads were sealed in zip-lock bags and were 

refrigerated. Each RHAU and its corresponding bill-load were identified by band-

number. Birds were banded (with a U.S. Fish & Wildlife metal band) on their right 

tarsus if they had not been caught and banded previously. If a RHAU escaped prior 

to identification, its bill-load was not associated to a band number. If a RHAU 

escaped after an attempted capture, but dropped its bill-load, the sample was 

labeled as  “partial”, due to the uncertainty that the whole bill-load was dropped. 

Bill-loads that were dropped due to a bad landing, kleptoparasitism by gulls, or 

intraspecific aggression (“ground-loads”) were excluded from this study. 

Species Identification and Bill-load Analysis 
 
 From 2010-2016, hundreds of bill-loads have been collected at the Middleton 

Island colony. However, extensive banding of RHAU did not begin until the 2015 

field season (Table 2), and band numbers were not always recorded during bill-load 
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sampling prior to 2015. Since 2010, bill-loads have been collected from 252 

uniquely banded individuals (n=524 bill-loads). These data were used to determine 

whether individual RHAU could be characterized as specialists of select prey items. 

Table 2: Number of uniquely banded RHAU captured and number of prey items 
collected from banded RHAU for sampled years. 

Year Total number of 
individually banded 

RHAU captured 

Total number of prey items collected 
from banded individuals 

2010 12 49 

2012 31 313 

2013 17 77 

2015 132 1107 

2016 136 1836 

 

 All bill-loads (n=1304) were analyzed within 24-hours of collection. Prey 

items within each bill-load were identified to species, weighed to the nearest 0.1 

grams, and measured from tip of the snout to tip of the caudal fin (mm). Any 

invertebrates, such as squid, were measured from the most anterior end to the most 

posterior end. Incomplete prey items were identified to species and then weighed, 

but length was not taken. Total weight, species count, and prey item count were all 

noted for each of the bill-loads. All bill-loads were associated with a date and an 

average chick-age (days) based on the average hatch date of chicks for that given 

year (except 2014 where hatch date was estimated by the average hatch date of all 

other years, as no RHAU productivity data were collected during this season). Chick-

age was then binned into two-week intervals to split the chick-rearing period into 

four quarters for analysis purposes. Due to inconsistent taxonomic identification 

between sampling years, the various salmon, rockfish, and greenling species were 
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collectively labeled as salmon spp, rockfish spp, and greenling spp, respectively. If a 

prey species was <1% of the total bill-load biomass for all years combined, those 

species were amalgamated into the ‘Other’ category. Age class (either age-0 or age-

1+) composition was also compared for three of the most abundant species: capelin 

0 (young-of-the-year; ≤50 mm), 1+ year old (>50), and sand lance and herring 0 

(≤100 mm), 1+ year old (>100; Hart 1973, Hatch & Sanger 1992). For age class 

composition analysis we compared percent composition for each species instead of 

percent biomass, in order to avoid the inevitable bias of older fish being larger and 

therefore accounting for a larger percent of that species’ biomass. 

Biologging Data Collection and Dive Analysis 
 
 All methods were approved by the Animal Care Committee at the University 

of Guelph (AUP #3317). A TDR, time-depth recorder (LAT 1500, Lotek Wireless Inc., 

Newmarket, Ontario, Canada), or a TDR and a GPS (Alle, Ecotone Telemetry, Sopot, 

Poland) were attached to sampled RHAU (Table 3). TDRs (~3.2 g) were fitted to the 

left tarsus with a combination of a tarsus cradle, zip-ties, and Tesa tape. Tesa tape 

was used to tape the GPS units (~4.5 g) to the center feathers of the bird’s tail and a 

clump of feathers from the lower back, ensuring that neither the device nor tape 

blocked the preen-gland of the bird. Superglue was applied to secure the tape to the 

device. The combined weight of the devices (~9.5 g) was 1.87% ± 0.02% of the 

bird’s body mass. Devices under 3% of a bird’s body mass have been found to cause 

no behavioural changes in flying seabirds (Phillips et al. 2003). Several birds were 
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weighed before and after deployment and there was no significant difference in 

mass (g) between these times (paired t-test: P=0.495, t5=0.73). 

Table 3: Number of RHAU individuals deployed (n=61) and recaptured (n=36) 
during the 2012, 2013, 2015 and 2016 breeding seasons. 

 Released Recaptured 
Year TDR GPS+TDR TDR GPS+TDR GPS Upload 
2012 18 0 13* 0 0 
2013 4 0 1 0 0 
2015 14 6 7^ 1 3 
2016 3 16 3 11 14 

* Four TDRs retrieved contained corrupt data files and were unusable. ^Two TDRs had corrupt data. 

 Biologging data were collected from 35 individuals. GPS units sampled once 

every 15-30 minutes depending on satellite availability. TDRs sampled depth (m) 

every 2-6 seconds and temperature (°C) every 20 seconds. A base station and 

antenna were placed close to the deployed runway. The GPS units wirelessly 

uploaded collected data to the base station as RHAU returned to the colony, allowing 

for data collection if recapture proved difficult. RHAU needed to be recaptured to 

retrieve TDR data. Runways were left undisturbed for ~72 hours, and on the third 

night after deployment, large mesh nets were set up to recapture individuals. Upon 

recapture, devices were removed and the bird was weighed (g).  

 Individual dives were determined using a Microsoft Excel (for Mac, Version 

14.1.0, Microsoft Corporation) macro (dives were defined as >2 meters in depth, to 

ensure dives were for foraging purposes; Kuroki et al. 2003). The following 

variables were extracted from these dives: date; time; maximum depth achieved 

(m); and duration (s). Of the 36 recaptured RHAU, 19 individuals returned data that 

could be associated with their bill-load (5 in 2012, 3 in 2015, and 11 in 2016). The 

other recaptured individuals either did not return with a bill-load when captured, or 



 

 17 

the battery of the TDR died before capture and thus the final dives could not be 

associated with the bill-load. For these bill-loads it was assumed that the full bill-

load was caught within the last 10 dives the RHAU performed before recapture. As 

RHAU can capture multiple fish in a single dive (Duffy et al. 1987), we reason that 

the last 10 dives is an adequate amount of dives for larger bill-loads to be caught, 

and may be an overestimation for smaller bill-loads. If a single species in a bill-load 

comprised over 75% of the prey items for that sample, the bill-load was classified as 

a single species bill-load.  

Statistical Analysis 
 
 Analyses for individual RHAU specialization (Q1.1, Table 1) was preformed 

using the RInSp package (Zaccarelli et al. 2013). Specialization was determined 

using the equation for individual niche variation within a population, proposed in 

Roughgarden (1974): 

TNW = WIC + BIC 

where TNW  (total niche width) is the variance in prey item biomass among all bill-

loads, WIC (within-individual component) is the variance among prey items found 

among an individual’s bill-loads, and BIC (between-individual component) is the 

variation in bill-loads among individuals (Bolnick et al. 2003). A large BIC (and 

consequently a small WIC/TNW) implies a large degree of specialization among 

individuals (Bolnick et al. 2003).  An E index, the measure of average pairwise 

dissimilarity, was calculated as an additional check of specialization, where a value 

approaching 1 suggests specialization and a value approaching 0 is the inverse (see: 
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Araújo et al. 2008, Zaccarelli et al. 2013 for more detail). Due to the inconsistent 

sampling of RHAU (i.e.: large disparity in the number of times each individual was 

caught) we calculated an adjusted E (Eadj) to minimize bias of those birds whose bill-

loads were represented by a single sample.  Likewise, we calculated Eadj using 

proportion of prey in an individual’s diet and then averaging those proportions for 

each prey item, as opposed to summing the number of all prey items per individual 

and then determining the proportion of use across the population, as this would bias 

towards individual who were sampled multiple times. Additionally a Monte Carlo 

resampling (with 999 replicates) was performed on the Eadj and WIC/TNW analyses. 

 A Non-Metric Dimensional Scaling (NMDS; Kruskal 1964) was performed on 

bill-load data to visualize any changes across and within years for all prey items and 

select fish age classes (capelin, herring, and sand lance) in reduced dimensions 

(Q1.2, Q1.3, Table 1). NMDS utilizes stress as a quantitative way to determine the 

‘goodness of fit’, where a stress of 0.05 is considered good, and the decreasing stress 

is correlated with increasing number of axes or dimensions (generally determined 

via scree plot). Both prey and age NMDS analyses were conducted using three 

dimensions with a stress of 0.087 and 0.052, respectively. Shepherd stress plots 

were used to determine the reliability of these analyses by plotting the relationship 

between actual dissimilarities between objects and ordination distances, where a 

larger R2 value is indication of a reliable analysis (linear R2 = 0.961, 0.980 and non-

metric R2 = 0.992, 0.997 for prey and age NMDS, respectively). Correlations between 

prey abundance and age class abundance and NMDS ordinations were performed 

and coefficients ≥0.4 were considered biologically relevant. Generalized linear 
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models (GLMs) were used to determine the influence of average days since hatch 

and year on the three NMDS dimensions for the prey and age-class analyses (NMDS 

axis as the dependent variable, and year and chick-age as independents). All NMDS 

analyses were performed using the vegan R package (Oksanen et al. 2017). 

 A Pearson’s correlation was performed between dive depth (m) and dive 

duration (s; Q2.1, Q2.2, Table 1). ANOVAs were used to identify if there were any 

differences in average maximum dive depth depending on hour of day (depth as 

dependent, hour of day as independent; Q2.3, Table 1), differences in prey depths 

from bill-loads of TDR equipped RHAU (depth as dependent, prey item as 

independent; Q2.4 Table 1), and differences in bill-load mass within and among 

years (bill-load mass as dependent, year and chick-age as independent). All analyses 

were performed using R v3.2.5 (R Core Team 2016) and some graphs were plotted 

with the ggplot2 package (Wickham 2009). 

Results 

Individual Specialization and Bill-load Composition 
 
 Bill-loads from individual RHAU (n=524 bill-loads) contained 2.68 ± 1.63 

(mean ± SD) species. RHAU individuals had a WIC/TNW of 0.65 (P=0.56 n=252 

individuals) and an Eadj=0.56, indicating that individual RHAU do not specialize on a 

particular prey item to feed their chicks. 

 RHAU bill-loads from 2010-2016 (excluding 2011; n=1304 bill-loads) 

contained 17 different prey items (Table 4). The average number of prey items in all 

bill-loads was 5.70 ± 4.08  (mean ± SD) items (maximum = 22 prey items), and on 
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average contained 1.73 different species (maximum = 6 species). Bill-loads 

containing more than one species of prey comprised 51.1% of all bill-loads sampled. 

The average bill-load weight was 28.91 ± 12.94 g (mean ± SD; maximum = 122.40 g) 

and bill-loads were significantly heavier in 2013 compared to 2014 and 2015 (F5, 

1295=4.63, P<0.01), but not compared to other years. Mass also changed within years, 

with bill-loads increasing in weight in weeks 3-4 and 5-6 compared to those from 

weeks 1-2 (F3, 1295=3.40, P=0.02) across all years. 

 Prey composition of bill-loads changed throughout the season (Figure 1; 

Figure 2). Capelin and sand lance were highly prevalent in bill-load biomass for the 

first two weeks of chick-rearing (4.1-90.0% and 2.5-39.8%, respectively; Figure 1; 

Figure 2), except for 2014 and 2015 when greenling were equal in percent biomass 

(23.5% and 27.0%) and 2016 when lingcod was the most dominant species in terms 

of biomass (45.0%; Figure 2). During weeks 3-4 of chick-age, larger fish species, 

such as salmon, began to appear more frequently (Figure 1). These larger fish 

species became more abundant when chicks were 5-8 weeks old (on average 

salmon, sablefish, and herring accounted for 77.8 ± 16.9%, mean ± SD, biomass for 

all bill-loads at weeks 7 and 8; Figure 2). Sand lance biomass stayed relatively 

consistent during the later half of chick rearing (Figure 1).  

 Across years, capelin was the most abundant prey item (percent biomass) in 

the 2010, 2012, and 2013 seasons (Figure 2; Table 4), and the most abundant prey 

item collected in 2012 and 2013. However, capelin numbers decreased from 2014 to 

2016 (Table 4). Sand lance and salmonids were least likely to fluctuate across year, 

having little influence on the NMDS ordination, despite their large presence in bill-
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loads (Figure 2; Figure 3). Sablefish abundance in bill-loads peaked in 2015, with 

this species comprising 40.5% of the biomass for that year, and comprising 15.4% of 

the total amount of prey items collected. Specifically, sablefish were consumed 

heavily when chicks were 5-6 weeks old (2015), when it accounted for 98.4% of the 

biomass for bill-loads during this time period. However, this may be due to a 

reduced sampling period, leading to an exaggerated percent biomass. Bill-loads 

containing herring were more common in 2016 throughout chick rearing (Figure 2). 

NMDS axes were positively and negatively correlated with select prey species (Table 

5), however, year (t=2.35, P=0.03) and chick-age (t=4.85, P<0.01) only had a 

significant effect on the NMDS1 axis. 
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*Species were classified as ‘Other’ in analyses

Table 4: Percent biomass (with number of prey items collected) of each prey species per year.   
 Percent Biomass (Number of prey items collected)  

Prey Item 2010 2012 2013 2014 2015 2016 All Years 

Capelin (Mallotus villosus) 24.9 (161) 53.1 (618) 54.9 (669) 7.1 (69) 9.2 (120) 1.3 (23) 27.1 (1660) 

Salmon spp (Oncorhynchus 
spp) 

23.5 (60) 20.2 (86) 8.2 (41) 28.4 (101) 13.6 (61) 18.5 (90) 18.0 (439) 

Sand Lance (Ammodytes 
hexapterus) 

23.0 (307) 13.6 (335) 7.9 (174) 9.9 (165) 12.0 (213) 30.4 (1084) 16.7(2278) 

Herring (Clupea pallasii) 8.7 (55) 0.6 (2) 25.0 (101) 10.3 (50) 8.5 (94) 21.6 (365) 13.2(667) 
Sablefish (Anoplopoma 
fimbria) 

4.7 (65) 2.1 (42) 1.6 (12) 22.4 (73) 40.5 (161) 13.5 (64) 12.5(417) 

Greenling (Hexagrammos 
spp) 

14.9 (226) 5.1 (110) 1.9 (33) 10.8 (174) 11.6 (263) 1.1 (41) 6.4 (847) 

Lingcod (Ophiodon 
elongatus) 

0.1 (4) 2.4 (90) 0.6 (22) 2.9 (53) 1.1 (35) 10.1 (306) 3.4 (510) 

Rockfish (Sebastes spp) 0 (0) 0 (0) 0 (0) 3.1 (122) 2.4 (94) 1.9 (164) 1.1 (380) 
Unknown* <0.1 (4) 2.1 (13) <0.1 (1) 0 (0) 0 (0) 0 (0) 0.4 (18) 
Walleye Pollock* (Gadus 
chalcogrammus) 

0 (0) 0 (0) 0 (0) 1.7 (37) <0.1 (2) 0.6 (31) 0.4 (70) 

Mackerel spp* (Various 
genera)  

0 (0) 0 (0) 0 (0) 1.1 (2) 0.9 (2) 0 (0) 0.2 (4) 

Squid* (Doryteuthis 
opalescens) 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0.9 (17) 0.2 (17) 

Pacific Cod* (Gadus 
macrocephalus) 

0 (0) 0.3 (11) 0 (0) 1.2 (26) 0 (0) 0 (0) 0.2 (37) 

Prowfish* (Zaprora silenus) 0.1 (1) 0.5 (6) 0 (0) 0.1 (1) 0 (0) 0 (0) 0.1 (8) 
Sandfish* (Trichodon 
trichodon) 

0 (0) 0 (0) 0 (0) 0.9 (7) 0.2 (3) 0 (0) 0.1 (10) 

Pacific Saury* (Cololabis 
saira) 

0 (0) 0 (0) 0 (0) 0.1 (1) 0 (0) 0 (0) <0.1 (1) 

Isopod spp* (Family 
Isopoda) 

0 (0) <0.1 (1) 0 (0) 0 (0) 0 (0) 0 (0) <0.1 (1) 
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Figure 1: Percent biomass for each species (whose total biomass accounted for >1% 
of the total biomass sampled; C: Capelin; G: Greenling spp; H: Herring; L: Lingcod; R: 

Rockfish spp; Sal: Salmon spp; Sb: Sablefish; SL: Sand Lance) for each year and chick-
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age (2 week bins) combination. Circles within the plots represent an increase of 
25% biomass. 

 

Figure 2: Prey composition (in percent biomass) with NMDS axes 1 and 2, explaining 
variation among years (denoted by the last digit in the year: e.g.: 2010 is “0”) and 
among chick-ages (in weeks; varied colours). Years and chick-age cluster around 
species that made up sizeable percent biomass for that year-age combination. 
Increased distance between species indicates a lower frequency of occurrence 
within the same bill-load for those species. 
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Figure 3: Percent biomass of all prey items in RHAU bill-loads for each year 
sampled. 
 
Table 5: Correlations of prey item (percent biomass) for all prey species with NMDS 
axes 1, 2, & 3. R2 ≥0.4 were considered biologically relevant and highlighted in bold. 

 R2 
Prey Item NMDS1 NMDS2 NMDS3 

Capelin (Mallotus villosus) -0.623 0.007 -0.580 
Greenling spp (Hexagrammos spp) -0.334 0.404 0.269 

Herring (Clupea pallasii) 0.398 -0.469 -0.338 
Lingcod (Ophiodon elongatus) -0.407 -0.026 0.349 

Other -0.018 -0.131 0.761 
Rockfish spp (Sebastes spp) 0.272 -0.443 0.436 

Sablefish (Anoplopoma fimbria) 0.880 0.091 0.089 
Salmon spp (Oncorhynchus spp) -0.077 0.214 0.462 

Sand Lance (Ammodytes hexapterus) -0.383 0.102 0.243 
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Age Class Composition of Bill-loads 
 
 Sand lance and capelin did not show large variations in their age class 

compositions across or within years. Age-0 sand lance were the most abundant age 

class for sand lance, consistently comprising at least 50% of all individual sand lance 

for each chick age and all years (average of 71.1 ± 14.5%, mean ± SD), except during 

weeks 1-2 in 2010 (Figure 4). Similar to age-0 sand lance, age-1+ capelin comprised 

a minimum of 73.3% (average of 95.8 ± 7.6%, mean ± SD) of the capelin captured 

during all chick-ages when capelin was caught, however age-0 capelin appeared in 

sizeable proportions during weeks 3-4 in 2014 and 2015 (Figure 5). In contrast to 

sand lance and capelin, herring age composition fluctuated widely. Age-0 herring 

comprised 71.4% of herring caught in 2010, but dropped to 3.4% in 2013 (herring 

were non-existent in 2012 bill-loads, with only 2 prey items collected; Figure 4; 

Table 6). In 2014, Age-0 individuals and age-1+ individuals were equal in herring 

composition (Table 6), but age-0 herring began to dominate total herring 

composition in the 2015 and 2016 breeding seasons (84.0% and 86.1% 

composition, respectively; Figure 5). Herring were infrequent in bill-loads prior to 

weeks 5-6, and when individuals did occur the majority were age-1+ herring, 

however, in 2016 age-0 herring were more prominent during chick rearing than 

age-1+ individuals (Figure 4; Table 6). Similarly to the prey composition NMDS, year 

had a significant effect on the NMDS1 axis (t=4.21, P<0.01), but chick-age did not. 

Select age-classes did correlate both positively and negatively with the NMDS axes 

(Table 7).  
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Figure 4: Percent age-composition of prey items collected for each chick-age (2 
week bins) per year. Each graph represents a different species: capelin (top), 
herring (middle), and sand lance (bottom) in RHAU bill-loads.  
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Figure 5: Prey composition (percent of individual prey items) with age class (0 or 
1+) for capelin (C), herring (H), and sand lance (SL), with NMDS axes 1 and 2. Axes 
explain variation among years (denoted by the last digit in the year: e.g.: 2010 is “0”) 
and among chick-ages (in weeks; varied colours). Years and chick-age cluster 
around species that made up a sizeable percent biomass for that year-age 
combination. Increased distance between species indicates a lower frequency of 
occurrence within the same bill-load for those species. 
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Table 6: Percent of individual prey items (with number of prey items collected) for each age class of selected species.  
  Percent Individual Prey Items (number of prey items collected)  
Name Age Class 2010 2012 2013 2014 2015 2016 All Years 
Capelin 0 5.4 (8) 1.7 (10) 1.7 (11) 4.3 (3) 15.9 (18) 10.0 (2) 3.3 (52) 

(Mallotus 
villosus) 

1+ 94.6 (140) 98.3 (573) 98.3 (634) 95.7 (66) 84.1 (95) 90.0 (18) 96.7 
(1526) 

Herring 0 71.4 (30) 0.0 (0) 3.4 (3) 52.0 (26) 84.0 (63) 86.1 (267) 68.7 (389) 
(Clupea 
pallasii) 

1+  28.6 (12) 100.0 (2) 96.6 (84) 48.0 (24) 16.0 (12) 13.9 (43) 31.3 (177) 

Sand Lance 0 55.7 (166) 70.9 (222) 70.0 (112) 78.8 (130) 77.1 (158) 83.3 (861) 75.8 
(1649) 

(Ammodytes 
hexapterus) 

1+ 44.3 (132) 29.1 (91) 30.0 (48) 21.2 (35) 22.9 (47) 16.7 (173) 24.2 (526) 

 
Table 7: Correlations of age class for select species (percent individual prey items) with NMDS axes 1, 2, & 3. R2 ≥0.4 were 
considered biologically relevant and highlighted in bold. 

  R2 

Prey Item Age Class NMDS1 NMDS2 NMDS3 

Capelin (Mallotus villosus) 0 0.359 -0.149 -0.775 
 1+ -0.359 0.149 0.775 

Herring (Clupea pallasii) 0 0.571 0.790 0.060 
 1+ 0.376 -0.880 0.209 

Sand Lance (Ammodytes hexapterus) 0 0.587 0.139 -0.328 
 1+ -0.587 -0.139 0.328 
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RHAU Foraging Behaviour 
 
 Dive duration increased with maximum dive depth (r2 = 0.69, n=39985 dives, 

t=192.75, P<0.01; Figure 6). RHAU dived to an average depth of 9.20 ± 6.73 m (mean 

± SD, maximum = 52.24 m) with an average duration of 39.24 ± 25.10 s (mean ± SD, 

maximum of 168 s). However, depth and number of dives fluctuated with time of 

day (depth: F22, 39397=41.22, P<0.01; dive count: F22, 1821=3.01, P<0.01), specifically, 

shallower dives were performed at dusk and dawn, and more dives were performed 

at 0500, 0900, and 2000 hours (Figure 7). RHAU dive depth during the last dive bout 

prior to arrival at the colony varied by prey species caught (F8, 151=5.76, P<0.01). 

Sand lance individuals were caught at significantly deeper depths than capelin and 

salmon (P<0.01), but not herring (P=1.00; Figure 8). The mixed species bill-loads of 

sand lance and capelin were caught significantly shallower than pure sand lance and 

salmon bill-loads (P<0.01), but there was no difference in depth when compared to 

pure capelin bill-loads (P=1.00).  

 RHAU foraged to the Northwest or Southeast of the island, with the northern 

patch extending up to 82 km and the southern patch extending up to 66 km from the 

colony (Figure 9). Five GPS birds returned with bill-loads that could be associated 

with their TDR (Table 8). These birds foraged mostly between Middleton and 

Montague Island (60°2’16.1’’ N, 147°28’41.9’’ W) where sand lance, walleye pollock, 

and salmon were returned in bill-loads (Figure 9). Herring and a sablefish were 

collected from a GPS-equipped bird that foraged to the southeast of Middleton 

Island.  
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All RHAU foraged within government trawling areas. Temporal overlap 

between RHAU bill-loads, in this study, and trawling data for government trawls 

was minimal, and did not allow for statistical comparisons between the two. 

 

 
Figure 6: Maximum dive depth and dive duration for RHAU on Middleton Island. 
R2=0.69, P<0.01. 
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Figure 7: Average maximum depth (m) achieved (± 1 SD) and average number of dives 

performed for each hour of the day (± 1 SD). The greyed areas designate hours of 

darkness, with the transition from grey to white representing sunrise and sunset. 
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Figure 8: Average maximum depth achieved during the final 10 dives prior to capture for 

sampled bill-loads of biologged individuals. Bill-loads were comprised of several fish 

species (C: Capelin; H: Herring; Sal: Salmon spp; Sb: Sablefish; SL: Sand Lance; WP: 

Walleye Pollock). Bill-loads containing the same species were combined. Numbers above 

box plots indicate the number of bill-loads sampled for that species (or species 

combination). 
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Figure 9: Foraging tracks of five GPS birds that returned with bill-loads. Each colour 
represents an individual bird and their bill-load composition. The star denotes 
Middleton Island. 
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Table 8: Distances for GPS deployed RHAU that returned with a bill-load. 

Discussion 
 
 This study was designed to examine the potential use of rhinoceros auklets 

as ecologically relevant samplers of forage fish. We suggest that RHAU foraging 

behaviour is determined by extrinsic environmental factors rather than individual 

or reproductive demands. Specifically, RHAU did not display consistent prey species 

selection among or within years, suggesting that prey species diversity found in 

their bill-loads was determine by what was available in surface waters, instead of 

active selection for specific prey items. RHAU dive behaviour followed trends with 

light activity and prey diel vertical migration. RHAU were able to detect prey items 

in foraging areas where previous surveys have deemed absent, as well as sample 

fish at a resolution from which changes in age class could be determined. These 

results (further discussed below) indicate RHAU as a strong ecologically relevant 

tool that can be used in parallel with conventional surveying methods to detect 

changes in forage fish availability and, in turn, changes in the marine environment. 

 

 

Bird Prey Item Max Distance from 

colony (km) 
Average Distance ± 

SD from colony (km) 

Direction 

1125-07401 Sand Lance 85.7 47.6 ± 34.2 NW 

1125-07431 Sand Lance 72.7 24.7 ± 27.2 NW 

1125-07444 Walleye Pollock 21.9 9.3 ± 5.6 NW 

1125-07467 Salmon 73.9 31.8 ± 30.1 NW & SE 

1125-07468 Herring (1 Sablefish) 51.7 16.6 ± 13.8 SE 
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Individual Specialization versus Environmental-induced Flexibility 
 
 Rather than being driven by individual specialization or chick demands, 

RHAU bill-loads seem to be associated with environmental variation and prey 

availability. Individual differences in bill-load composition accounted for 35% of the 

variation. However, because individuals were unevenly sampled, there still may be 

bias towards those that were only sampled once (i.e.: their whole prey selection was 

based on one bill-load). We suggest that this result reflects environmental factors 

being more important to RHAU foraging than individual specialization, and that 

chick diet was closely linked to environmental variability. Mirroring the opinions of 

Vermeer & Westrheim (1984), our results suggest RHAU may be strong indicators of 

prey availability and abundance in a marine ecosystem.  

 Prey species specialization among individuals has, however, been observed 

in other auks, including thick-billed murres, Uria lomvia (Woo et al. 2008, Elliott et 

al. 2009, Provencher et al. 2013). The low rate of specialization in RHAU could be 

due to varying number of observations per individual, or densities of specific prey 

items that are too low for chick requirements. Vermeer (1980) found that RHAU are 

able to switch to varying prey items during times of decreased prey abundance, 

especially compared to Tufted Puffins, Fratercula cirrhata. RHAU may forage on 

dominant prey items during times of high abundance (i.e.: good capelin years), but 

switch to other prey when abundance decreases, suggesting that variation in 

individual bill-load composition is determined by what is available when foraging, 

as opposed to individual specialization. 
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General Bill-load Composition 
 
 In general, most prey items were small, schooling, epipelagic fish. There was 

overlap in prey items with other Pacific RHAU colonies in British Colombia 

(Vermeer & Westrheim 1984, Vermeer & Devito 1986, Bertram & Kaiser 1993, 

Burger et al. 1993, Davoren & Burger 1999), California (Carle et al. 2015), Japan 

(Takahashi et al. 2001, Senzaki et al. 2014) and Washington (Wilson & Manuwal 

1986). Only one Pacific saury was captured by RHAU on Middleton Island (Table 4), 

yet this forage fish was abundant in southern colonies (Vermeer & Westrheim, 

1984; Wilson & Manuwal, 1986; Carle et al., 2015). In comparison, capelin, lingcod, 

and sablefish were rare prey items in southern colonies, while rockfish spp and 

greenling were common. Sand lance was a dominant prey item in all North 

American and Japanese colonies, displaying the importance of this species in the 

Pacific marine ecosystem (Bertram et al. 1991, Takahashi et al. 2001, Senzaki et al. 

2014). These results indicate that comparing prey composition of bill-loads from 

various colonies can be used to describe the distribution of forage fish species on 

the West coast of North America, and to a lesser extent, Japan. 

 Average bill-load mass (28.91 ± 12.94 g; mean ± SD) for RHAU on Middleton 

Island was comparable to average bill-load masses from similar studies in British 

Columbia (Bertram and Kaiser 1993, Burger et al. 1993) and Japan (Takahashi et al. 

2001). The RHAU on Middleton Island were equally likely to bring back mixed-

species bill-loads compared to single species bill-loads, contrasting several studies 

that have found unequal proportions of mixed to single species bill-loads. 

Specifically, in British Colombia, Burger et al. (1993) found 60% of sampled bill-
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loads only contained one prey species. Takahashi et al. (2001) found that 93% of 

bill-loads consisted of a single species on Teuri Island, Japan, while Senzaki et al. 

(2014) found that 99% of the RHAU captured had single species bill-loads (on Teuri 

Island). The increased proportion of mixed-species bill-loads for Middleton Island 

RHAU could be indicative of a lack of a dominant prey item in the central Gulf of 

Alaska, potentially caused by increased ocean temperatures (2014-2016; Cavole et 

al. 2016). Changes in bill-load mass within years were similar to changes displayed 

at colonies in Japan and British Columbia colonies (Bertram et al. 1991, Takahashi et 

al. 2001); an increase during mid-chick-rearing before decreasing prior to fledging. 

This increase could be due to the larger fish that become available as the season 

progresses (such as juvenile salmon; Miller et al. 2012). Yearly differences in bill-

load mass were seen at other colonies as well, and were also attributed to local 

fluctuations in prey availability (Takahashi et al. 2001). Similarly, the decreased bill-

load mass from 2013 to 2014 could be explained by the crash in capelin abundance 

that occurred between these two years (Figure 3). 

Changes in Bill-load Composition Within and Across Years 
 
 Life history patterns of several prey items are evident in our results. Sand 

lance do not migrate during spawning and lay adhesive eggs which are resistant to 

ocean currents (Field 1988). Because of this, sand lance are generally found in the 

same location on a yearly basis (save for population fluctuations), explaining their 

continual appearance in all chick-ages (Figure 1; Figure 2). In contrast, the 

increasing appearance of salmonids in the diet of RHAU chicks as they aged is 
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probably reflective of the juvenile salmon migration into the Gulf of Alaska (Miller et 

al. 2012). Juvenile salmon leave estuaries in July and early August entering into the 

Gulf of Alaska, where they are found in surfaces waters across the continental shelf 

(Welch et al. 2003, Miller et al. 2012), and thus when they began to appear in RHAU 

bill-loads (weeks 3-8; Figure 1). Similarly, larval herring remain in nursery grounds 

until June, when they metamorphose into young-of-the-year or age-0 herring 

(Norcross et al. 2001). In July, the age-0 herring join age-1 herring in bays around 

Prince William Sound, Alaska, before entering the Gulf of Alaska and forming 

schools of herring of all age classes in August (Norcross et al. 2001). This life cycle is 

evident in the RHAU bill-loads, where herring became most apparent in weeks 5-8 

(mid-July to August; Figure 1).  

 The most striking change in bill-load composition across years is the 

substantial increase of capelin beginning in 2010 that carried through into the 2012 

and 2013 seasons, followed by its severe decline in 2014 (Table 6) when the warm 

water anomaly occurred (Cavole et al. 2016). From late 2013 to 2016 surface sea 

temperatures ranged from 1-3°C higher than average in the Gulf of Alaska (Cavole et 

al. 2016). Two studies found that the presence of capelin in seabird diets was 

negatively correlated with increasing ocean temperatures, explaining this drastic 

change in abundance across years (Hatch 2013, Sydeman et al. 2017). In contrast, 

Sydeman et al. (2017) found that sand lance abundance in seabird diets increased 

with an increase in water temperature. While sand lance did increase in RHAU bill-

loads during the warm water anomaly, it was in very small increments in total 

biomass, until a large increase in 2016 when waters in the Pacific were decreasing 
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in average temperature compared to previous years (Figure 3; Cavole et al. 2016, 

Gentemann et al. 2017).  

Changes in Age-Class Composition of Select Prey Species 
 
 Herring age class composition changed within years and across years (Figure 

4; Table 6). There was a trend in herring age classes across years, where high age-0 

years were followed by high age-1+ years, before returning to age-0 years (Table 6). 

Age-0 herring migrate into the Gulf of Alaska in July (Norcross et al. 2001), and thus 

herring proportions in bill-loads later in the season contained a larger amount of 

age-0 herring. This is apparent in all years where herring was an abundant prey 

item, except early chick-rearing in 2016 (Figure 4; Table 6). This large amount of 

age-0 herring in early chick-rearing during 2016, coupled with the large proportion 

of age-0 individuals in late chick-rearing, could indicate a productive year for 

herring and an increased abundance of age-1+ herring in subsequent years. It is 

possible that individual RHAU encountered a herring nursery area during early 

chick-rearing, but as these age-0 herring were scattered across multiple bill-loads in 

various quantities, this interpretation seems less likely.  

 In contrast to other studies where fluctuations between age-0 and age-1+ 

individuals occurred (Bertram and Kaiser 1993, Hatch 2013), age-0 sand lance were 

the most predominant age class for this species across all years (Figure 4; Table 6). 

This may suggest that survivability of age-0 sand lance was lower in the warmer 

seasons. Several studies (Bertram et al. 1991, Bertram and Kaiser 1993) have found 

increased sand lance abundance and recruitment with an increase in zooplankton 
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abundance, which is directly linked to colder temperatures and increased salinities 

(Barber & Chavez 1983, Bertram et al. 1991, Ware & Thomson 1991, McFarlane & 

Beamish 1992). However, it has been suggested that sand lance are more prevalent 

during warm water conditions (Hatch 2013, Sydeman et al., 2017). Perhaps, age-0 

sand lance have a higher tolerance to increasing temperatures allowing for a 

maintained population during times of warming. These age-0 sand lances, while 

abundant, may have a low recruitment into the following years and are of lower 

fitness due to the limited food availability during warm years, and may explain the 

consistent percentage of age-1+ sand lance seen across years in this study (Figure 4; 

Table 6). 

RHAU Dive Behaviour 
 
 Research on the dive behaviour of RHAU is limited to one colony in Japan 

(Kato et al. 2003, Kuroki et al. 2003, Watanuki & Sato 2008, Yamamoto et al. 2011), 

however, Burger et al. (1993) recorded maximum depth of RHAU in British 

Columbia using capillary tubes, but that technique has since been shown to lead to 

erroneous values (Elliott & Gaston 2009). Maximum dive depth at Middleton Island 

(52.24 m) was similar to the maximum depths found at Teuri (Kato et al. 2003, 

Kuroki et al. 2003, Watanuki & Sato 2008). Average dive depth and duration for 

Middleton Island RHAU were within range of those observed at Teuri Island, Japan: 

9.20 ± 6.73 m (mean ± SD at Middleton), 39.24 ± 25.10 s versus 12.1 ± 5.5 m, 42.7 ± 

17.7 s (Kato et al. 2003) and 14 ± 1.8 m, 53 ± 8 s (Kuroki et al. 2003), and were 

similar to the duration predicted for a 500 g auk (Shoji et al. 2016). The slightly 
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shallower average dive depth in this study could be attributed to geographical 

differences in foraging areas or, more likely, the difference in major prey items, such 

as the inclusion of Japanese anchovies in the diet of Teuri Island RHAU (Takahashi 

et al. 2001, Senzaki et al. 2014), as anchovies have a larger range in depth (4-50 m) 

compared to sand lance and herring (Hourston & Haegele 1980, Ohshimo and 

Hamatsu 1996[in Kuroki et al. 2003]). Dive duration increased with maximum 

depth in agreement with Kuroki et al. (2003), despite the disparity in sample sizes.  

 Increased dive frequency corresponded with dawn and dusk on Middleton 

Island. Similar results were found at Teuri (Kato et al. 2003, Kuroki et al. 2003), 

however, the hour when dives increased differed depending on location (e.g. RHAU 

increasingly dived after 1600 at Seabird Rocks, British Columbia; Davoren & Burger 

1999). The higher latitude of Middleton Island (59°25’42’’ N), compared to Teuri 

(44°25’N) or Seabird Rocks (48°45’N), corresponds with an increased amount of 

daylight, altering the times of dawn and dusk (these times ranged from 400-530 and 

2300-2200, respectively, compared to 0400 and 1900 observed during sampling in 

Kuroki et al. 2003). This extended period of light explains the consistent diving 

behaviour observed in Middleton Island RHAU (Figure 7), which was not evident on 

Teuri (Kuroki et al. 2003). This indicates that Middleton Island RHAU have more 

comparable dive behaviour (in terms of dive count per hour) to other auk species at 

higher latitudes than southern RHAU colonies. For example thick-billed murres and 

dovekies, Alle alle, at Hakluyt Island, Greenland (77°26’N) and Kongsfjorden 

(Spitsbergen, Norway; 72°N), and Kap Brewster (70°10’N) and Kap Höegh 

(70°43’N), Greenland, respectively, dived continuously for 24 h and had no 
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discernable pattern in dives throughout the day (Mehlum et al. 2001, Falk et al. 

2002, Harding et al. 2009). The lull in the amount of dives RHAU performed from 

2300-0300 (Figure 7) is due to their chick provisioning strategy. RHAU only return 

to the colony to feed their chick once per day (at dusk), and remain in their burrow 

until dawn.  Unlike other auks that perform multiple feedings within a day, RHAU 

are restricted to their burrow and chick at night, and are unable to continually dive 

at this time. However, colony return times in RHAU may be driven by the limited 

light availability to perform dives at night. 

 RHAU dives increased in depth as the day progressed, peaking at 1400 before 

they began to decrease (Figure 7), although there was an increase at 2200. This 

trend has been seen in the Teuri Island RHAU colony (Kato et al. 2003, Kuroki et al. 

2003), as well as other auk species (Benvenuti et al. 2001, Paredes et al. 2008, Elliott 

& Gaston 2015). It has been shown that visibility at deeper depths is a limiting 

factor for diving seabirds (Wilson 1993, Cannell & Cullen 1998, Regular et al. 2011, 

Elliott & Gaston 2015), however, prey behaviour influences this dive trend as well 

(Wilson et al. 1993, Elliott & Gaston 2015). Zooplankton undergo diel vertical 

migration, migrating to the water surface at night, giving planktivorous fish an 

opportunity to forage on the transitioning zooplankton at dusk and at the surface 

throughout the night until the zooplankton return to deeper depths before dawn 

(Burger et al. 1993, Kato et al. 2003). This, in turn, gives RHAU an opportunity to 

forage during times of high prey availability, at shallow depths, before returning to 

the colony. Sand lance, herring, juvenile salmon, and Japanese anchovies have all 
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been found to forage in surface waters (<10 m; Hart 1973, Field 1988; Ohshimo & 

Hamatsu 1996 [in Kuroki et al. 2003], Miller et al., 2012).  

There were significant differences between prey items and their capture 

depth. Specifically, capelin were caught at shallower depths than salmon and sand 

lance (Figure 8). Sand lance prefer locations with depths of 40-50m (Robards et al. 

1999, Ostrand et al. 2005, Robinson et al. 2013), and capelin and one adult Pacific 

salmon have been documented at shallower depths than preferred sand lance 

depths (Garthe et al. 2000, Ishida et al. 2001). However, these species are known to 

undergo crepuscular foraging, meaning maximum depths are not as relevant when 

RHAU collect bill-loads prior to returning to the colony around sunset. Indeed, all 

bill-loads were caught within 15 m of the water’s surface, a quarter of the maximum 

depth RHAU have been known to achieve (Burger et al. 1993, Watanuki & Sato 

2008). This suggests that, although depths among forage fish differed significantly, 

RHAU were able to uniformly sample multiple species at a consistent depth and 

time. 

 RHAU traveled farther from the colony than observations in Cody (1973) and 

Deguchi et al. (2010), but were within the maximum range estimated from Kato et 

al. (2003). RHAU foraged in both the shallow continental shelf (<100 m) and the 

deeper continental slope (200-4000 m; Hatch 2013). These differing foraging areas 

could allow for a more diverse prey selection compared to surface-feeding seabirds 

(Hatch 2013). Using two separate foraging areas, potentially consisting of different 

prey abundances (i.e.: sablefish spawn in deeper waters near the continental slope; 

Sigler et al. 2001, Hatch 2013), could allow for increased generalization, as 
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expanding foraging sites could increase the amount of prey items that could be 

exploited. 

RHAU as Samplers of Forage Fish Populations 
 
 Differences in the prey composition of RHAU bill-loads across and within 

years could be a reflection of a larger shift in forage fish abundance, and may outline 

ongoing trends within these fish populations and the marine environment. With bill-

loads, prey items can be identified down to species and quantified (counts, weights, 

and measurements) at the same resolution as conventional surveying methods. The 

use of seabirds to identify trends in forage fish data is a reoccurring idea in the 

literature (see: Vermeer & Westrheim 1984, Hatch & Sanger 1992, Bertram & 

Kaiser, 1993), but this method has never been compared directly to methods 

employed by the government for formal assessments of forage fish. We believe that 

RHAU can be used as a tool to detect the availability, abundance, and population 

trends in forage fish species.  

 Conventional methods such as acoustic samplings, small-mesh surveys, and 

trawling can be costly and are accompanied by several methodological issues 

(Ormseth 2014).  Acoustic sampling and small-mesh surveys are location and 

species specific, leaving trawling as the most comprehensive surveying method for 

the Gulf of Alaska. Bottom trawling has historically been the forage fish surveying 

method performed in the Gulf of Alaska, although in recent years (2011-2013), 

pelagic trawls have been performed in pre-determined areas. However, both of 

these methods are flawed and cannot account for fish avoidance behaviour via 
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vertical and horizontal escapement (Misund & Aglen 1992, Suuronen et al. 1997), 

matching of tow speeds (Misund et al. 1999), the effects of noise disruption from the 

trawling ship (Misund & Aglen 1992), and poor sampling equipment (Ormseth 

2012, Ormseth et al. 2016). Including seabird foraging data as a tool for forage fish 

surveying can mitigate these problems. Forage fish are generally described as 

having patchy distributions with large disparity in sampling, especially when 

targeting juvenile fish (Vermeer & Westrheim 1984, Ormseth 2014), indicating that 

conventional surveying techniques (either large-scale trawling or trawling in areas 

deemed biologically relevant) may not be sensitive enough to detect these forage 

fish. 

 In this study, select GPS-equipped RHAU returned with sand lance captured 

in surface waters between Middleton Island and Montague Island (Figure 9). As 

sand lance is a dominant prey item in RHAU bill-loads and many GPS RHAU foraged 

in northwestern waters (J.T. Cunningham, unpubl. data.), we can conclude that sand 

lance is present in this area. However, trawling data from 2007-2013 detected no 

sand lance (catch per unit effort, CPUE) in the water around Middleton Island or the 

majority of the central Gulf of Alaska (see: Figure 4 in Ormseth 2014). It is possible 

that sand lance may be abundant across the Gulf of Alaska, but trawling only detects 

their increased abundance in the Western Gulf of Alaska (Ormseth 2014). This 

creates questions about the validity of conclusions based upon prey abundance data 

(by either trawl or seabird), i.e.: do these results reflect the total estimated 

availability of forage fish populations, or pockets of high availability compared to 

areas of average availability within a population? It is impossible to extrapolate the 
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biomass of a forage fish species in the environment, thus it is unknown if peaks in a 

species biomass during sampling is an increase in that species, or a decrease in 

other species (Hatch 2013). As seabirds actively forage for fish they may be better 

suited to display changes in the environment, if they take prey items in relative 

proportions to actual forage fish abundances. Thus, data from generalist foraging 

species is useful in this regard.  

 Using seabirds as ecologically relevant samplers of forage fish is becoming 

more prevalent in recent literature. Velarde et al. (2013) noted when abundance of 

select fish species in the diets of California brown pelicans (Pelecanus occidentalis 

californicus) decreased, CPUE of that species simultaneously decreased in the catch 

of local fishing fleets. This trend was also observed with the diets of elegant terns 

(Thalasseus eleganus) and Heermann’s gulls (Larus heermanni), however, a decrease 

of select fish in their diets correlated with a decrease of those fish species in CPUE 

for the following year, as these birds fed on the juvenile forms of target species. 

Thus, diets of these terns and gulls can be precursors of future fishery CPUE 

(Velarde et al. 2013). Wells et al. (2017) found a multispecies interaction in common 

murre, Uria aalge, bill-loads: as the availability of rockfish decreased, so did the 

survival rate of salmon young-of-the-year, as murres would incidentally catch them 

as they switched to other prey species. Although these results support the use of 

seabird foraging data for monitoring of forage fish species, more studies must be 

done to address potential confounding factors, such as differences in dietary or 

foraging behaviour between sexes or age groups (see: Elliott et al. 2010, Carle et al. 

2015, Cunningham et al. 2017). 
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 In this study we answered several questions about the foraging and diving 

behaviour of RHAU on Middleton Island. From these results we were able to affirm 

our suggestion that this species can be used to monitor forage fish diversity and 

abundance in the Gulf of Alaska. Indeed, neither trawling nor seabird diets are 

comprehensive enough to adequately gauge forage fish abundance, and must be 

used cohesively to monitor changes in the marine food chain. Implementing seabird 

data to monitor forage fish abundance is a cost effective way to collect data on 

widely distributed ecologically important fish, including the difficult to monitor 

juvenile stages. This approach would require the integration of many Gulf of Alaska 

research stations, allowing for large-scale forage fish changes to be observed, as 

changes at one colony may only reflect a localized change in prey. We showed that 

RHAU could adequately display temporal changes in forage fish abundance within 

and among years, and show strong evidence of being an impartial sampler of prey 

items from the water’s surface at a finer resolution than recent government trawls. 

This ability to detect changes in forage fish abundance also allows RHAU bill-loads 

to reflect small or moderate changes in the ocean, giving researchers insight on 

potential shifts that are occurring in the marine environment. From this we hope 

that RHAU across the Gulf of Alaska can be used as an effective sampler of forage 

fish availability and abundance.
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Chapter 2: 
Seabird Population Trends on Middleton Island compared to 

Large-scale trends in the Gulf of Alaska 

Abstract 
 
 Fluctuations in population numbers are a common occurrence for all forms 

of life and are caused by biotic and abiotic effects. Different species can undergo 

different amplitudes of fluctuations but intraspecific populations can sometime 

fluctuate in unison with one another, a process known as population synchrony. In 

this chapter we examined large-scale population trends in seabird colonies across 

the Gulf of Alaska. To examine these population trends we tested the degree of 

population synchrony between the seabird colony on Middleton Island and other 

colonies around the Gulf of Alaska. Since the mid 1970s, seabird species have 

significantly declined across the Gulf of Alaska, likely due to the 1977 warm water 

regime shift. While populations of cormorants and murres on Middleton Island 

declined similar to their species trends in the Gulf of Alaska, populations of puffins 

and gulls increased and contrasted trends in the Gulf of Alaska. The degree of 

population synchrony did not correlate with distance from Middleton Island for 

puffins and gulls, but did for murres (positively) and cormorants (negatively). These 

population trends suggest that local factors play an important role in driving 

population trends on Middleton Island. This demonstrates the importance of 

performing research at a local and multi-population levels to better understand 

seabird population synchrony and dynamics, and how changes in these may reflect 

large-scale changes in the marine environment. 
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Introduction 
 
 Fluctuations in population numbers are a common occurrence for all forms of 

life and have driven many research questions, most notably the infamous population 

cycles between snowshoe hares (Lepus americanus) and Canadian lynx (Lynx 

canadensis) in North American boreal forests (Elton & Nicholson 1942, Krebs et al. 

2001, Yan et al. 2013). In order to explain these fluctuations and trends, various 

equations and models have been created, including the classic Lotka-Volterra 

equation. Despite this equation explaining population fluctuations in controlled 

experiments, it struggles to explain fluctuations in natural populations, indicating 

that simple predator-prey interactions are not the only factor that drives population 

fluctuations (Gilpin 1973). Indeed, both biotic effects, such as predation and human 

disturbance, and abiotic effects, such as changes in temperatures and in frequency of 

disturbances, can be responsible for the rise and fall of a species’ population 

numbers. The difficulty in predicting population fluctuations increases as different 

species undergo different amplitudes of fluctuation (Pimm et al. 1988), and larger 

fluctuations can lead to a higher risk of extinction, even in species that are not 

threatened with extinction (Vucetich et al. 2000, Hung et al. 2014). As amplitude of 

fluctuations is species specific, short-term surveys may not be beneficial and only 

provide a “snap-shot” of a population fluctuation, opposed to the population trend 

for that species. Thus, long-term studies are necessary in understanding population 

fluctuations through time.  
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 In recent decades there have been steady declines in the populations of many 

species, across many taxa around the globe (Pounds et al. 1999, Croxall et al. 2012, 

Santisteban et al. 2012, Fancourt et al. 2015). It is widely accepted that increasing 

temperatures are a major threat to the health of marine ecosystems through changes 

in sea-surface temperatures and altering marine food webs, and these changes can 

lead to declines in marine taxa (Francis et al. 1998, Cavole et al. 2016, Ostrom et al. 

2017). Indeed, zooplankton, arguably the driving force of marine food chains, 

displayed decreased abundance with increasing water temperatures and decreasing 

salinities (Barber & Chavez 1983, McFarlane & Beamish 1992). These declines in an 

important marine taxa can have cascading effects throughout the food web, leading 

to declines in fish species and, in turn, marine mammals and seabirds (Cavole et al. 

2016). 

 The Gulf of Alaska (hereby referred to as the GOA), in the North Pacific Ocean, 

is an example of a vital marine ecosystem that is experiencing the effects of climate 

change. The GOA is an important economic and ecological part of the North Pacific, 

generating $2,262 million in value for processed groundfish in 2015 (NPFMC 2016), 

while providing habitat for thousands of species of marine life (Fautin et al. 2010). In 

recent years, water temperatures in the GOA have been increasing in startling 

increments (Piatt & Anderson 1996, Hatch 2013, Cavole et al. 2016), and a decline in 

abundance and recruitment rates in many marine species has been observed (Piatt & 

Anderson 1996, Merrick et al. 1997, Agler et al. 1999, Hatch 2013). One major group 

in marine ecosystems that has been steadily declining is seabirds. These declines are 

worrisome for the current state of our oceans as seabird species are known as 
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bioindicators of marine health (Piatt et al. 2007, Parsons et al. 2008, Croxall et al. 

2012). Specifically, changes in seabird population, recruitment, and productivity are 

used as reliable indicators of changes in the surrounding marine environment (such 

as changes in prey availability). Indeed, population sizes and productivity of certain 

seabird species have declined compared to historical data at colonies scattered 

around the GOA and these are thought to be due to a large-scale environmental shift 

(Piatt & Anderson 1996, Agler et al. 1999, Hatch 2013).  

 Large-scale environmental effects can cause separate populations in a 

geographic area to undergo synchronous population fluctuations known as 

population synchrony. Population synchrony occurs when an increase or decrease in 

a population is reflected in other populations of that species or surrounding species 

(interspecific population synchrony; Ranta et al. 1995, Paradis et al. 2000). The 

degree of synchrony between populations can be influenced by environmental 

pressures, distance between populations, dispersal between populations, prey 

availability, and predation (Ranta et al. 1995, Paradis 1997, Paradis et al. 2000, 

Robertson et al. 2015). Synchrony is known to occur in seabirds at an interspecific 

level (see: Robinson et al. 2013, Robertson et al. 2015) and intraspecific level (see: 

Reynolds et al. 2011). It is thought that synchronization in seabird populations is 

largely influenced by environmental factors, as distance between colonies is usually 

greater than the foraging ranges exhibited by these birds (Reynolds et al. 2011). 

However, other factors can be responsible for synchrony in seabirds as well. For 

example, several species of seabirds displayed synchrony in breeding success at the 

Isle of May, Scotland, but not in population growth, suggesting that overlap in 
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breeding habitat and prey items could be strong factors in interspecific synchrony 

(Robinson et al. 2013). Reynolds et al. (2011) found that colonial mixing of common 

murres, Uria aalge, in over-wintering area synchronized survival rates for multiple 

murre colonies in the British Isles. Using changes within the synchrony of biological 

processes of seabirds, specifically population synchrony, could indicate large-scale 

changes in the marine environment, demonstrating the importance of this research. 

 The GOA is a vast ecosystem and it may be naïve to think that trends in several 

seabird colonies can define the trends exhibited across the whole GOA in its entirety. 

However, the occurrence of population synchrony could allow individual seabird 

colonies to be representative of changes in large-scale population trends. In this 

study, we examine if population synchrony has occurred between an isolated colony, 

Middleton Island, and other colonies around the GOA. The isolation exhibited on the 

Middleton Island colony, combined with specific local events provides opportunity 

for asynchronous fluctuations. For instance, fox farming at the start of the 20th 

Century likely led to the elimination of many accessible seabird species, such as 

burrowing and ground nesting species (Bailey 1993). An earthquake in 1964 uplifted 

large areas of the colony, creating breeding space for some species while eroding cliff 

habitat (Hatch 1983). On the other hand, there are several wider phenomena that 

could contribute to synchrony between Middleton Island and other GOA colonies. 

The 1977 regime shift across the entire GOA had a negative impact on many species 

(Hatch 2013) while increasing eagle populations across Alaska impacted exposed 

nesting species (Elliott et al. 2011, Hipfner et al. 2012). 
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 Are the trends in populations of Middleton Island species a reflection of 

populations across the GOA or due to localized factors? From this, we created the 

Synchronous Hypothesis stating that large-scale environmental factors, rather than 

local factors, drive population trends on Middleton Island and if this is true, we 

predict: (i) that these environmental factors will synchronize population trends 

between species on Middleton Island and those on other GOA colonies; and (ii) 

population synchrony will decrease with increasing distance from Middleton Island. 

To look at the trends of seabird populations across the GOA, we hypothesized that 

large-scale environmental factors will have an effect on seabird populations (Large-

Scale Hypothesis), and if this is true, based on recent literature (see: Agler et al. 1999, 

Byrd et al. 2005, Gaston et al. 2009, 2012, Ainley & Hyrenbach 2010, Croxall et al. 

2012, Sandvik et al. 2012), it is predicted that various seabird species will display a 

decline in populations around the GOA. If support is found for the Synchronous 

Hypothesis, we have evidence that an individual population of seabirds could be 

indicative of a large-scale environmental change, where as support for the Large-

Scale Hypothesis, would support that trends displayed in many seabird populations, 

across a geographic area, could be indicative of environmental change.  

Methods 

Data Collection 
 
 Middleton Island (59°25’42’’ N, 146°19’48’’ W) is a small island located on the 

edge of the continental shelf in the central GOA (Figure 1) The island is home to an 

abandoned U.S. air force station, including an abandoned radar tower that has been 
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colonized by black-legged kittiwake (Rissa tridactyla) and pelagic cormorants 

(Phalacrocorax pelagicus) and transformed into a research station (Gill & Hatch 

2002). Middleton Island is the most isolated landmass in the GOA, in terms of 

proximity to the closest adjacent landmass, as the next closest landmass is roughly 80 

km away.  

 All analyses and conclusions contained in this document are based in part on 

information obtained from the North Pacific Pelagic Seabird Database 

(http://axiom.seabirds.net/maps/js/seabirds.php?app=north_pacific). We have 

complied with published guidelines for the ethical use of such data. The long-term 

Middleton Island data were obtained from the Institute of Seabird Research and 

Conservation and collected by various field crews on Middleton Island from 1970-2013. 

 Seabird colony data in the North Pacific Pelagic Seabird Database were 

collected from the Northern-most part of the Dixon Entrance (54°41’35’’ N, 

132°1’12’’ W) on the border of Alaska and British Columbia, Canada, to the Semidi 

Islands (56°0’22’’ N, 156°41’33’’ W) in the Western GOA (Figure 1). Colonies that 

contained at least two population counts per species were initially downloaded from 

the database. These colonies were subsequently filtered to obtain a reliable and 

appropriate final data set. All observations that were of poor or unknown quality 

were removed from the study (data quality was predetermined by the North Pacific 

Pelagic Seabird Database with rankings of Unknown, Poor, Fair, Good, or Excellent). 

If the population of a given species at a given colony was sampled twice within a year, 

the lower population count was removed (this only removed 86 of the population 

surveys, n=2735). Colonies were retained in the data set if they had a minimum of 
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three populations counts for a given species. Finally, any observations that met the 

aforementioned criteria, but did not identify the seabird to species (e.g. Unknown 

murre species) were also removed from the study. After being filtered, population 

data from nine species (additional species in the initial dataset were gradually 

filtered out in the aforementioned steps; Table 1) across 203 colonies around the 

GOA were used for the correlational and comparative analyses.  All population counts 

are total counts of breeding, non-breeding, and unspecified individuals. Species were 

grouped into the following families for the analyses: Alcidae (auks: puffins, murres, 

auklets, and guillemots), Laridae (gulls: kittiwakes, terns, and other gulls), and 

Phalacrocoracidae (cormorants). Each colony was then classified into locations of 

Eastern, Central, or Western GOA (Figure 1). 
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Figure 1: Middleton Island in the GOA (top), and GOA sections used (bottom) Red 
dots indicate sampled GOA colonies, the black dot indicates Middleton Island. 
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Table 1: Total observations and number of colonies observed for each species and family in this study. As it is common for 
many species to inhabit the same colony, the total colony count (Whole Gulf column) in the table will not add up to the total 
number of colonies sampled (n=203). 

 

  East Central West Whole Gulf 

Common Name Scientific Name Count Colonies Count Colonies Count Colonies Count Colonies 

Auk Alcidae 32 7 122 22 498 76 652 105 

Common Murre Uria aalge NA NA 6 2 37 8 43 10 

Horned Puffin Fratercula corniculata  3 1 23 7 123 33 149 41 

Pigeon 
Guillemot 

Cepphus columba 16 5 50 15 117 29 183 49 

Tufted Puffin Fratercula cirrhata 13 4 43 4 221 58 277 75 

Cormorant Phalacrocoracidae 7 2 10 2 597 39 614 43 

Pelagic 
Cormorant 

Phalacrocorax 
pelagicus 

7 2 7 2 324 37 338 41 

Red-faced 
Cormorant 

Phalacrocorax urile NA NA 3 1 273 33 276 34 

Gull Laridae 41 7 577 55 851 111 1469 173 

Arctic Tern Sterna paradisaea 8 2 42 13 21 7 71 22 

Black-legged 
Kittiwake 

Rissa tridactyla 13 4 388 35 467 77 868 116 

Glaucous-
winged Gull 

Larus glaucescens 20 5 147 29 363 86 530 120 
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 The GOA data were compared to the long-term population data of five species 

on Middleton Island: black-legged kittiwakes, glaucous-winged gulls (Larus 

glaucescens), pelagic cormorants, murres species (differences between thick-billed 

murres, Uria lomvia, and common murres were not distinguished, but thick-billed 

murres are now a extirpated species on Middleton Island), and rhinoceros auklets 

(Cerorhinca monocerata). Although exact counts were not performed on tufted 

puffins (Fratercula cirrhata), it is estimated that their population on Middleton Island 

has undergone a similar trend to that exhibited in the rhinoceros auklet population 

(T. Van Nus, unpubl. data; S.A. Hatch, Pers. Comm.), thus rhinoceros auklet 

population trends were used in comparisons to other GOA tufted puffin colonies. 

Population count methodology on Middleton Island varied per species: kittiwakes 

and cormorants were surveyed by nest counts, rhinoceros auklet by burrow count, 

and gulls and murres by individual counts. All counts were performed near the end of 

the incubation period of each species, to ensure that all breeding pairs were counted. 

Counts for kittiwakes, cormorants, and murres were performed annually since 1980, 

while counts for gulls and rhinoceros auklets were more scattered, occurring every 3 

to 5 and 6 years, respectively. 

Statistical Analysis 
 
 To account for overall size differences in populations between colonies, 

population data were converted into percent composition by dividing each 

population count of a singular species at a given colony by the sum of all counts for 

that species at that colony: 
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Population Percentijk = (Obsijk/ΣObsjk) x 100% 

 where Obs is the population count, i is the ith observation, j is the observed species, k 

is the observed colony, and population percent is the percent of the summed 

population observed during the ith observation for species j at colony k. For graphing 

purposes, Middleton Island populations had their highest population count set to 

100%, to better display the trends over time. Pearson’s correlations were performed 

to analyze the trends in populations over time at two taxonomic levels: species and 

family, for the nine GOA species, five species on Middleton Island, and the three 

families that encompass these species (this was done to note any contrasting results 

between a species and it’s respective family).  

 Pearson’s cross correlations (a measurement of population synchrony) were 

then performed between populations of the five Middleton Island species and 

populations of those species at other GOA colonies. For this analysis population 

observations per colony were averaged and placed in 5-year bins, as seabird 

populations generally show slower response times to population changes compared 

to other organisms. This was done to increase the amount of possible comparisons 

between Middleton Island and other GOA colonies (i.e.: correlations were performed 

at a 5-year bin level oppose to a singular year, where GOA populations that were not 

sampled during a year corresponding to a Middleton Island sampling year were 

unusable in the correlation test). Distance between those colonies and Middleton 

Island was calculated using the Vincenty method, which measures the shortest 

distance between two points while accounting for the shape of the earth (geosphere 

package; Hijmans 2016). Pearson’s correlations were then performed to see if there 
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was any correlation between a colony’s cross-correlation coefficient (compared to 

Middleton Island) for a given species and that colony’s distance from Middleton 

Island.  

 ANCOVAs were performed on the population trends over time for each GOA 

species (population percent as dependent, with year and colony as independents) 

and family (population percent as dependent, with year, colony, species, and a 

species-colony interaction as independents) sampled. A p-value of 0.05 was 

considered statistically significant, except for the cross correlations analysis where a 

Bonferroni correction was performed for multiple testing (α=0.025). All analyses 

were performed in R v3.2.5 (R Core Team 2016) and graphs and maps were created 

using the ggplot2 and ggmap R packages (Wickham 2009, Kahle & Wickham 2013). 

Results 
 
 Cross-correlations between the population trends of Middleton Island and 

other GOA colonies ranged from perfect negative correlation (r=-1.00) and perfect 

positive correlation (r=1.00; Figure 5). Pelagic cormorant population cross-

correlation decreased with distance from Middleton Island (P=0.02, n=41, r=-0.38, 

t39=-2.56), while murre population correlations increased with distance from 

Middleton Island (P=0.01, n=10, r=0.75, t8=3.20; Figure 5). Cross-correlation 

coefficients did not correlate with distance from Middleton Island for black-legged 

kittiwakes (P=0.09, n=116, r=0.16, t114=1.74), glaucous-winged gulls (P=0.57, n=117, 

r=-0.05 t115=-0.57), and rhinoceros auklets (P=0.48, n=48, r=0.10 t46=-0.71), 

providing little support for the Synchronous Hypothesis. 
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 All sampled seabird families in the GOA have significantly declined over time 

(ANCOVA; auks: F=152.56, P<0.01; cormorants: F=103.45, P<0.01; gulls: F=16.95, 

P<0.01), however, cormorants and gulls had a significant effect of colony 

(cormorants: F=2.87, P<0.01; gulls: F=1.96, P<0.01), and gulls had a significant effect 

of species (F=89.55, P<0.01). No family displayed a significant species-colony 

interaction effect (auks: F=0.20, P=1.00; cormorants: F=0.10, P=1.00; gulls: F=0.89, 

P=0.75). Pearson’s correlations on these family trends over time displayed similar 

results: cormorants: P<0.01, n=614, r=-0.37, t612=-9.78; auks: P<0.01, n= 652, r=-

0.47, t650=-13.42; gulls: P<0.01, n=1479, r=-0.10, t1467=-3.72 (Figure 2). All sampled 

species displayed a significant decline over time (ANCOVA; arctic tern: F=10.86, 

P<0.01; common murre: F=22.67, P<0.01; glaucous-winged gull: F=6.19, P=0.01; 

horned puffin: F=17.38, P<0.01; pelagic cormorant F=35.13 P<0.01; pigeon guillemot: 

F=29.73, P<0.01; red-faced cormorant: F=73.67, P<0.01; and tufted puffin: F=104.96, 

P<0.01), except black-legged kittiwakes (F=1.67, P=0.20), which showed a significant 

effect of colony: F=4.24, P<0.01. Both cormorant species also showed a significant 

effect of colony; pelagic cormorant: F=1.84, P<0.01; red-faced cormorant: F=1.59, 

P=0.03. Correlations on these seabird populations over time yield similar results 

(Table 2).  All correlations, positive or negative, in family populations were 

consistent across GOA sections, except gulls in the Eastern GOA that showed an 

increased trend over time (r= 0.14, P=0.38) compared to gull population trends in 

the Central and Western GOA (Table 2; Figure 3).  

 All Middleton Island species’ populations significantly changed over time, with 

populations of black-legged kittiwakes, pelagic cormorants, and murres declining 



 

 71 

over time (P<0.01, n=36, r=-0.93, t34=-14.65; P<0.01, n=36, t34=-4.86, r=-0.65; P<0.01, 

n=36, r=-0.87, t34=-10.24, respectively) and glaucous-winged gulls and rhinoceros 

auklets increasing over time (P<0.01, n=16, r=0.83, t14=5.51; P=0.02, n=6, r=0.88, 

t4=3.66, respectively; Figure 4). Pelagic cormorants and murres followed their 

respective species trends in the GOA, while black-legged kittiwakes, glaucous-winged 

gulls and rhinoceros auklets (a mirror for tufted puffins) did not display the same 

populations trends as their GOA counterparts. These trends do not support the 

Synchronous Hypothesis, but do support the Large-Scale hypothesis. 
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Table 2: Correlations between population and year, for the each sampled species and each section of the GOA 
 

* Represents significant changes in population over time. 

 East Central West Whole Gulf 

Common Name Correlation P-value Correlation P-value Correlation P-value Correlation P-value 

Auk -0.07 0.69 -0.54 <0.01* -0.45 <0.01* -0.47 <0.01* 

Common 
Murre 

NA NA 0.47 0.35 -0.64 <0.01* -0.59 <0.01* 

Horned Puffin -0.99 0.03* -0.46 0.03* -0.33 <0.01* -0.36 <0.01* 

Pigeon 
Guillemot 

-0.28 0.29 -0.54 <0.01* -0.34 <0.01* -0.41 <0.01* 

Tufted Puffin 0.312 0.299 -0.674 <0.01* -0.55 <0.01* -0.55 <0.01* 

Cormorant -0.428 0.338 -0.567 0.09 -0.35 <0.01 -0.37 <0.01* 

Pelagic 
Cormorant 

-0.428 0.338 -0.475 0.28 -0.26 <0.01* -0.29 <0.01* 

Red-faced 
Cormorant 

NA NA -0.99 0.02* -0.44 <0.01* -0.45 <0.01* 

Gull 0.14 0.38 -0.12 <0.01* -0.16 <0.01* -0.10 <0.01* 

Arctic Tern 0.56 0.15 -0.50 <0.01* -0.53 0.01* -0.41 <0.01* 

Black-legged 
Kittiwake 

-0.33 0.28 -0.05 0.34 -0.02 0.64 0.04 0.28 

Glaucous-
winged Gull 

0.06 0.80 0.07 0.41 -0.19 <0.01* -0.11 0.01* 
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Figure 2: Population trends (with 95% confidence intervals, CI) for Auks, 
Cormorants and Gulls, across the whole GOA. Each line represents a given species at 
a given colony. Percent is calculated as described in the methods. 
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Figure 3: Population trends (with 95% CI) for Auks, Cormorants and Gulls in the 
Central, East, and West GOA. Each line represents a given species at a given colony. 
Percent is calculated as described in the methods.  
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Figure 4: Population trends (with 95% CI) for black-legged kittiwakes (BLKI), 
glaucous-winged gulls (GWGU), murres (MUSP), pelagic cormorants (PECO), and 
rhinoceros auklets (RHAU) on Middleton Island, Alaska. Percent is calculated as 
described in the methods and where the largest observation is set to 100% for 
clarity purposes.  
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Figure 5: Level of synchrony between Middleton Island and other colonies around 
the GOA (based on cross correlation coefficients) against distance from Middleton 
Island (with 95% CI) for the five sampled species: black-legged kittiwakes (BLKI), 
glaucous-winged gulls (GWGU), murres (MUSP), pelagic cormorants (PECO), and 
rhinoceros auklets (RHAU). Synchrony between colonies is demonstrated when 
points approach a value of 1 (1 represents a perfect positive correlation, between 
population trends, -1 represents a perfect negative correlation between population 
trends, and 0 represents no correlation between population trends). 
 

Discussion 
 
 There was little support for the occurrence of population synchrony between 

Middleton Island and other colonies in the GOA, in terms of level of synchrony and 

relationship between synchrony and proximity to Middleton Island. However, 

seabird species declined across the whole GOA (Figure 2). These population trends 
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represent the most recent and large-scale trends exhibited during the 1977 warm 

water regime shift in the GOA and suggest that changes in seabird populations can 

indicate large changes in the marine environment, supporting the Large-Scale 

hypothesis. Populations of pelagic cormorants and common murres on Middleton 

Island followed their respective family’s trends in the GOA, while kittiwakes, 

glaucous-winged gulls, and rhinoceros auklets and tufted puffins did not (Figure 4), 

suggesting   that localized factors play an important role in the population trends of 

these species on Middleton Island. 

Little Support for the Synchronous Hypothesis 
 
 The results of this study do not support the Synchronous Hypothesis. The 

large disparity in degree of population synchrony (cross-correlation coefficients 

between 1 and -1) for Middleton Island and other GOA colonies, could suggest that 

population synchrony is not present across the GOA (Figure 5), potentially due to its 

geographic size, or that population synchrony in GOA seabirds is not related to 

distance. Both kittiwakes and gulls showed no degree of synchrony with other 

colonies in relation to proximity to Middleton Island, indicating that their 

population trends may be more driven by local factors, predators and human 

disturbance, on Middleton Island (Figure 5). The declines of black-legged kittiwakes 

on Middleton Island followed the decline of the gull family (Laridae) over time in the 

GOA (Figure 2). These trends may be due to local factors, as kittiwake trends in the 

GOA were more influenced by location, rather than time (Table 2). Glaucous-winged 

gulls on Middleton Island contrasted GOA trends at both a family and species level 
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(Figure 3; Figure 4; Table 2). Dietary specialist species have been found to display 

synchronous populations fluctuations more than species that did not specialize 

(Franzén et al. 2013). Many gull species are considered generalists, and kittiwakes 

on Middleton have been found to feed on 40 different prey items (Hatch 2013), 

possibly leading to the negative correlation in trends between Middleton Island and 

other GOA populations. Additionally, as various kittiwake colonies in Prince William 

Sound, a small subset of the Central GOA, had contrasting population trends from 

1972-1985 (Irons et al. 2000), it may be naïve to think kittiwake trends could 

synchronize across an environment as large as the GOA.  

 Similar to larids, puffins on Middleton Island showed no change in 

population synchrony with other colonies in relation to distance, and a large range 

in degree of population synchrony (Figure 5). By using rhinoceros auklets as a 

mirror for tufted puffin populations on Middleton Island, we see that they too 

contrasted with GOA family and species trends (Figure 3; Figure 4; Table 2). 

Although no data have been collected, it has been observed that horned puffins are 

increasing and breeding on Middleton Island (S.A. Hatch Pers. Comm.), with the first 

pair recorded in 2005 and up to 30 birds seen in 2017, again, in contrast with the 

results that were found for GOA auk and horned puffin populations. As there is 

evidence of puffins being generalist species (specifically rhinoceros auklets; 

Vermeer & Westrheim 1984, J.T. Cunningham, unpubl. data), this may explain the 

lack of synchrony, especially when puffins can exploit the varying foraging areas 

around Middleton Island (Hatch 2013).  
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 Opposed to the gulls and puffins on Middleton Island, the declines in pelagic 

cormorant and common murre populations on Middleton Island compliment their 

family and species trends displayed in the rest of the GOA (Figure 4). Synchrony 

between cormorant colonies decreased with distance from Middleton Island, while 

synchrony between Middleton Island and GOA murre trends increased with 

distance (Figure 5). Pelagic cormorants on Middleton Island migrate to southern 

overwintering sites after the breeding season, possibly overwintering with 

cormorants from other GOA colonies (Galván 2005, Hatch et al. 2011). Cormorant 

species also show varying degrees of nest and site fidelity depending on sex, 

reproductive success, site familiarity, and human disturbance (Schjørring et al. 

2000, Strickland et al. 2011). Similar death rates during the winter and potential 

interannual changing of breeding colonies could synchronize pelagic cormorants in 

the GOA. Although the cross-correlation-distance relationship for cormorants is not 

as distinct as species displayed in Ranta et al. (1995), this trend is significant 

suggesting that dispersal or a combination of dispersal and large scale 

environmental changes may drive this synchrony (Ranta et al. 1995). Synchrony 

between Middleton Island and GOA common murre populations could be due to 

shared overwintering areas (McFarlane Tranquilla et al. 2014), or a sensitivity to 

environmental changes, but less likely due to dispersal as murres have high site 

fidelity rates (Reynolds et al. 2011). 
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GOA Population Trends 
 
 All families and species included in our study declined over time, except 

black-legged kittiwakes (Figure 2). These trends were driven heavily by the West 

GOA colonies, and, to a lesser extent, the Central GOA colonies (Figure 3; Table 2). 

Eastern GOA colonies did not display a significant difference over time for any 

family or species populations except horned puffins, which were limited by viable 

colonies for this study (Table 1). These trends are expected, given the repeated 

observations of declining seabird populations around the world (see: Byrd et al. 

2005, Gaston et al. 2009, 2012, Ainley & Hyrenbach 2010, Croxall et al. 2012, 

Sandvik et al. 2012). Agler et al. (1999) documented the decline in piscivorous 

seabird species in Prince William Sound, Alaska (considered Central GOA in our 

study), by comparing small boat surveys performed in 1972 to 1989-1991 and 

1993, shortly after the Exxon Valdez oil spill, and found a decrease in population 

overtime for eight of the species in our study. Although not all significant, trends 

were similar for all species (cormorant species: 95% decrease, black-legged 

kittiwakes: 45% decrease, tern species: 78% decrease, murre species: 15% increase, 

pigeon guillemot: 78% decrease, horned puffin: 59% decrease, tufted puffin: 60% 

decrease), except glaucous-winged gulls (46% decrease; Agler et al., 1999; Table 2). 

Two reasons were suggested for these declines: (1) The 1989 Exxon Valdez oil spill, 

and (2) the regime shift of 1977-1978 (Agler et al. 1999). The oil spill directly 

affected the populations and species richness of bird communities in and around 

Prince William Sound (Piatt & Anderson 1996, Murphy et al. 1997, Irons et al. 2000), 

however, after the initial strong impact in oiled areas, species richness returned to 
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previous numbers within two years (Wiens et al. 1996). Although the spill had 

initial effects on seabird communities, it is thought that seabird populations were 

already declining due to the regime shift that happened a decade prior (Nishimoto & 

Rice 1987 [in Agler et al. 1999], Agler et al. 1999). 

 There is extensive research supporting the occurrence of a North Pacific 

regime shift, or climatic change, in 1977-1978 (Piatt & Anderson 1996, Francis et al. 

1998, Hatch 2013). This shift resulted in an increase from colder average ocean 

temperature to a warmer average temperature and has not shifted back, although 

there were brief cold water events in 1989, 1999, and 2008, due to lasting La Niña 

effects from years prior (Ware 1995, Minobe 2002, Hatch 2013). This change in 

temperature ultimately had an effect on fish composition across the GOA (Francis et 

al. 1998, Anderson & Piatt 1999), with noticeable declines in capelin (Mallotus 

villosus) and northern shrimp (Pandalus borealis) immediately after the shift in 

1979 (Piatt & Anderson 1996, Anderson & Piatt 1999). These changes in prey 

abundance resonated into the populations of seabirds and marine mammals. Steller 

sea lion (Eumetopias jubatus) populations in the GOA began to fall in the 1980s, 

possibly due to food shortage (Loughlin et al. 1992, Merrick et al. 1997) and seabird 

species declined along the Kenai Peninsula from 1979 to 1986 (Bailey 1977, 

Nishimoto & Rice 1987 [in Agler et al. 1999], Agler et al., 1999), with many common 

murre colonies having declined up to 90% in the early 1990s (Piatt & Anderson 

1996). The diets of five seabird species (black-legged kittiwake, common murre, 

marbled murrelet, Brachyramphus marmoratus, horned puffin, and tufted puffin) 

changed drastically from 1975-1978 to 1988-1991, with capelin, the most abundant 
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species present in initial sampling, having vanished from their diets in later years 

(Piatt & Anderson 1996). Black-legged kittiwake productivity also suffered in 1982-

1983 across the GOA and was thought to be caused by a recent El Niño (Hatch 

1987), but may have been the early results of the 1977 regime shift. More recently 

in 2015, common murre, thick-billed murre, and black-legged kittiwake colonies on 

Chowiet Island had a complete failure in productivity and abandoned their nesting 

cliffs (Pollom et al. 2017). As small fluctuations in ocean temperature can drastically 

change ocean productivity and fish composition (Piatt & Anderson 1996, Cavole et 

al. 2016), we see the connections between the environment and seabird diet, 

population, and productivity. The oldest observation performed in our study was 

during 1968, with the majority of our earliest observations occurring after or just 

before the 1977 shift, thus our results describe the most recent population changes 

that occurred since the beginning of the GOA regime shift until present day. These 

declines in seabird species during this time reflect the large-scale 1977 regime shift 

that caused increased sea surface temperatures and changes to the food web in the 

marine environment, and in turn, supports our Large-Scale Hypothesis.  

Middleton Island Population Trends 
 
 Populations of black-legged kittiwakes, pelagic cormorants, and murres on 

Middleton Island declined over time, while glaucous-winged gull and rhinoceros 

auklet populations increased (Figure 4). One explanation for the decline of cliff-

nesting seabird populations on Middleton Island was the localized earthquake that 

expanded Middleton Island in 1964 (Hatch 1983). It is reasonable to think that this 
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expansion, compiled with eroding cliff faces, would negatively affect cliff nesters 

such as kittiwakes, cormorants, and murres. However, population numbers of these 

birds increased after the earthquake compared to initial pre-earthquake estimates 

performed by Rausch (1958) in 1956, in the decades after fox farming was 

eliminated from the island (Hatch 1983, Bailey 1993). Presumably, the presence of 

food-supplemented foxes would have impacted most of the nesting seabird species 

during the first decades of the 20th Century. Glaucous-winged gull, rhinoceros 

auklet, and tufted puffin populations increased after the earthquake as well due to 

the uplifted earth providing extensive nesting area for these ground and burrow 

nesting species. These species were virtually non-existent in the 1956 survey, with 

only a few glaucous-winged gulls surveyed; no rhinoceros auklets counted, and 

tufted puffins being far less abundant than kittiwakes, murres, and cormorants 

(Rausch 1958).  

 The increased population of glaucous-winged gulls on the island, facilitated 

by the earthquake, undoubtedly had an effect, albeit potentially small effect, on 

Middleton Island seabird populations. Gull species have been known to predate the 

eggs and chicks of other seabirds of all families (Rausch 1958, Gould et al. 1983, 

Spear 1993, Gilchrist 1999, Gaston & Elliott 2013). Glaucous-winged gull predation 

on kittiwake chicks was extensive on Middleton Island in previous years (Baird & 

Shields 1982 [in Gould et al. 1983], Gould et al. 1983), while egg predation is more 

common on cormorants and murres, although predation of these chicks has been 

observed on Middleton Island (Gould et al. 1983, Hatch 1983, J.T. Cunningham. Pers. 

Obsv.). This predation is further intensified by the recent increase in bald eagle 
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(Haliaeetus leucocephalus) breeding pairs on Middleton Island. In the 1983 survey of 

Middleton Island, one sole adult bald eagle was observed on Middleton Island 

(Gould et al. 1983), however, more recently in 2016, six breeding pairs of eagles 

were observed on the island, with several unpaired adults and an abundance of 

juveniles also foraging on the island (Elliott et al. 2011, T. Van Nus unpubl. data). 

Eagle numbers are likely artificially high due to the presence of introduced rabbits, 

which are the main prey item outside of the seabird breeding season; in summer, 

eagle pellets primarily contain young cormorant feathers (T. Van Nus unpubl. data). 

The presence of eagles has been known to cause exposed nesting seabirds to flush 

abruptly, leaving their chicks and/or eggs exposed to further predation by gulls 

(Verbeek 1982, Good 2002, Elliott et al. 2011, Hipfner et al. 2012). During years of 

increased eagle densities at other colonies, kittiwakes, murres, and cormorants 

nesting on cliffs have all displayed lower productivity rates or complete 

reproductive failures compared to individuals nesting in concealed areas (Parrish & 

Paine 1996, Anker-Nilssen & Aarvak 2009 [in Hipfner et al. 2012], Hipfner et al. 

2011). The vast majority of kittiwakes, cormorants, and, to a lesser extent, murres, 

on Middleton Island nest on dilapidated buildings or the radar tower, and have 

abandoned the exposed cliffs that were once covered in breeding pairs (Rausch 

1956, Gould et al. 1983).  

During years where ocean productivity is low, gull predation could intensify. 

In recent years gulls have been observed waiting at the bottom of buildings, where 

seabirds nest, for falling eggs or chicks; inspecting the entrances of active puffin 

burrows; foraging berries from salmonberry bushes (Rubus spectabilis); and 
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predating feral rabbits and Canada Goose goslings (Branta canadensis) equivalent in 

size to the gulls (J.T. Cunningham. Pers. Obs.). These observations may indicate the 

increasing stress from the warm-water regime, placed on predator and prey alike, 

has led to alternate foraging behaviours of gulls. However, these observations have 

not been quantified and may simply be repeated observations of a subset of gulls 

with alternate foraging behaviours, oppose to an actual shift in diet for this gull 

population. 

 Similar to gulls, puffins on Middleton Island are increasing in population. 

Hatch (1987) noted that diving auks had high productivity in 1983 and 1985, during 

the beginning of the regime shift and in the midst of collective kittiwake colony 

failures, suggesting environmental factors may have varying effects on species 

depending on foraging styles employed by those species. Horned puffin productivity 

on Duck Island remained strong (0.67-0.84 hatching success; 0.83-0.97 fledging 

success) from 1995-1999, despite the 1997-1998 El Niño and poor feeding 

conditions (Harding et al. 2003). Similar to trends on Middleton Island, rhinoceros 

auklet populations increased in the Queen Charlotte Islands, British Columbia, by 

1.7-4.3% per year from 1984-2006, depending on the island observed (Gaston et al. 

2009). However, colonies of tufted puffins and rhinoceros auklets on the more 

southern Triangle Island, British Columbia, declined 1.7% and 0.2% per year, 

respectively, in burrow counts from 1984-2004 (Gaston et al. 2009). In the early 

1990s, these colonies displayed low productivity (Gjerdrum et al. 2003) and both 

species displayed complete productivity failures in 2003 and 2007, but experienced 

great productivity success in 2008 during cold ocean conditions (Hipfner et al. 2007, 



 

 86 

Gaston et al. 2009). These trends at Triangle Island suggest that these birds have 

relatively quick response times to environmental stressors and changes in ocean 

climate (Gaston et al. 2009), suggesting that the Middleton Island populations are 

not experiencing the same environmental pressure that is occurring in other areas 

of the GOA. Hatch (2013) describes the surrounding waters of Middleton Island as 

consisting of two distinct feeding habitats: shallow water (~100 m) along the 

continental shelf to the North, East, and West of the Island and deeper waters (200-

4000 m) to the South where the continental slope begins; a unique geographical 

layout in the GOA. The diving foraging behaviour employed by puffins, coupled with 

evidence that the rhinoceros auklet colony on Middleton Island forages in both the 

Northern shallow waters and along the continental slope (J.T. Cunningham, unpubl. 

data.), may explain the success of puffin species on Middleton Island. 

 

Conclusions 

 This study exhibits the most up to date trends in seabird observations during 

the current warm-water regime in the GOA, and aligns with previous studies of 

these trends (e.g.: Agler et al. 1999). The results of the cross-correlations between 

the population trends on Middleton Island and other GOA colonies suggest that 

large-scale environmental factors may play a lesser role in these trends compared to 

localized factors on Middleton Island, not supporting the Synchronous Hypothesis. 

However, it is ignorant to disregard the fact the regime shift undoubtedly had an 

effect on seabird species around the GOA, including Middleton Island, and that 

multiple factors or events shaped the populations of this island and their synchrony, 
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or lack there of, compared to other GOA colonies. In contrast, the declines displayed 

in seabird species from colonies around the GOA provide support for Large-Scale 

Hypothesis. From this we suggest that trends on Middleton Island can be explained 

by four occurrences: (1) The 1964 earthquake, expanding the island and allowing 

for suitable breeding area for burrow nesters and gulls, and eroding the cliffs 

(although this erosion might be negligible); (2) Increased presence of predators on 

the Island, facilitated by the earthquake, creating added stressors to cliff-nesting 

species; (3) the large-scale regime shift to warmer waters that occurred in 1977, 

adding pressure to all piscivorous species, by altering prey composition in the GOA, 

and potentially intensifying predation events on seabirds from larger larid species; 

and (4) the location of Middleton Island, allowing for a unique combination of 

shallow and deep foraging areas, which could allow for puffin species to remain 

productive during times of increased environmental stressors.  

 In conclusion, the spatiotemporal population trends and differences found 

between Middleton Island and other GOA colonies leads to many questions about 

large-scale multi-population dynamics and how they relate to population synchrony 

and changes in the environment. The large disparity in population synchrony 

(between 1 and -1) for Middleton Island and other GOA colonies, could suggest that 

population synchrony is not present across the GOA (Figure 5). However, 

population synchronies displayed in cormorants and murres could suggest that 

these species are strong indicators of large-scale environmental events, and are 

therefore better at detecting large changes in the marine environment. In contrast, 

the lack of population synchrony between other GOA colonies and Middleton Island 
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for gulls and puffins demonstrate how population trends at a single colony cannot 

reliably detect large changes in the marine environment, due to the effect of local 

factors. Regardless, further research should be conducted on the kittiwake 

population of Middleton Island, to try to delve deeper into why this colony is 

struggling compared to other Alaskan colonies. Middleton Island is also becoming a 

key colony for puffin and gull species, and research on these species should be 

continued to understand these growing populations, despite their large scale 

declines exhibited at other GOA colonies. More research on these seabird species is 

required to further decipher their population trends within the context of other GOA 

colonies and how these trends can indicate changes in the marine environment at a 

local and multi-population scale. 
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Epilogue 
 

 Recognizing changes and when they occur in our oceans is critical to our 

knowledge and understanding of marine ecosystems, especially with the ever-

growing concern of rising ocean temperatures and climate change. Not only can 

researchers use seabirds as bioindicators of marine health, but this research also 

allows us to gain knowledge on seabird biology. This thesis provided support for 

using seabirds as indicators of marine processes at several scales. Chapter 1 

presented rhinoceros auklet as a potential cost effective, ecologically relevant 

indicator of forage fish availability and abundance. Chapter 2 investigated the 

changes in population trends of several seabird species across the Gulf of Alaska, 

and compared how those trends relate, in terms of population synchrony, to trends 

on Middleton Island.  

 The ability for seabirds to detect changes in the marine environment occurs 

at different magnitudes. Chapter 1 used the diets of rhinoceros auklet chicks to 

display changes in forage fish availability among and within years. Changes in forage 

fish availability among years indicated moderate changes in the marine 

environment, while changes within years is more likely due to prey life history 

strategies, oppose to small changes in the environment. The methods displayed in 

this chapter could be used to detect changes in prey availability with other seabird 

species as samplers, if foraging behaviour and individual specialization are 

accounted for, as was done in this study. 

 While dietary trends among years can indicate small to moderate changes in 

the marine environment, large-scale changes may not be displayed in this scale of 
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study. Chapter 2 examined if long-term population data for a seabird colony 

synchronized with trends observed in other Gulf of Alaska colonies. These results 

exhibited the most recent and comprehensive population trends for nine seabird 

species across the Gulf of Alaska. Seabird populations declined across the Gulf of 

Alaska, likely due to the 1977-warm water regime shift, and demonstrated how 

changes in seabird populations were reflective of large changes in the marine 

environment (i.e.: a shift to increased sea surface temperatures). However, 

population trends of select species on Middleton Island contrasted trends in the Gulf 

of Alaska, suggesting that local factors can play an important role in population 

dynamics. The results of this chapter indicated that Middleton Island, and single 

population observations in general, may not reflect large changes in the 

environment due to the influence of local factors, and interpretation of these results 

should adjust accordingly to the scale of the study.  

 Through the use of two parameters of seabird biology (population and diet), 

this thesis provided support for the idea that seabirds can be used as a tool to 

indicate changes in marine environments at varying scales. Seabirds are valuable 

and unique taxa for all fields of biology: genetics, physiology, ecology, and evolution 

and the growing interest in these organisms provides more incentive to further our 

knowledge in seabird taxa. The dual purpose of these birds, both as a tool and a 

study organism, is critical for marine biology; it is my hope that this thesis provided 

insight for seabirds in both of these regards. 

 


