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Abstract  

Climate change is an increasing concern to the biological health of marine ecosystems as 

evidenced by exacerbating change to the natural variability in physical and chemical 

oceanographic conditions.  As upper trophic level predators, colonial seabirds are useful 

indicators to assess long-term trends and changes in oceanographic conditions on various spatial 

and temporal scales.  This study assessed factors that affect the reproductive performance of 

Ancient Murrelet, a planktivorous seabird, on East Limestone Island, Haida Gwaii.  The results 

of this study reveal that the abundance of at-sea prey is influenced by the temporal variation in 

oceanographic conditions around Haida Gwaii, further contributing to the growing body of 

evidence of the impacts of climate change as prey abundance is correlated with the reproductive 

performance of Ancient Murrelet.  If oceanographic change is occurring at a faster rate than 

Ancient Murrelet or their prey can adapt, further population declines of this seabird are 

inevitable. 
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Introduction 

British Columbia‟s (BC) coastal ecosystems are extraordinarily abundant, complex, and 

biologically diverse systems that can vary considerably on different temporal and spatial scales 

(Okey, Alidina, Lo, Montenegro, & Jessen, 2012). Climate change caused by greenhouse gas 

emissions are an increasing concern to the biological health of ecosystems– and climate change 

is impacting marine ecosystems by causing changes to sea surface temperatures (SST) and 

exacerbating the natural variability in physical and chemical oceanographic conditions (Okey et 

al., 2012).  While the impacts of climate change are evident across North American coastlines, 

future impacts such as increasing ocean and freshwater temperatures (Walker & Sydneysmith, 

2008) are expected to further exacerbate stresses on BC‟s already vulnerable fisheries resources 

(Lemmen, Warren, Lacroix, & Bush, 2008).  In BC, climate change has been linked to a number 

of biological changes and responses in marine ecosystems such as shifts in species ranges (e.g., a 

poleward shift in ranges of Pacific salmon), physiological stress on fish species from changing 

ocean temperatures, and reassembly of community structures and composition of zooplankton 

(Okey et. al., 2012).  While these differential impacts of a changing climate can directly affect 

marine biota, the resulting changes in the structure and function of these biological communities 

can lead to mismatches of co-evolved species (Okey et. al., 2012), thus influencing predator-prey 

dynamics.  Mismatches of predator-prey relationships have been linked to climatic variation 

throughout the Pacific coastline and ultimately, to the decline in seabird populations.  As cited in 

Bertram, Mackas, and McKinnell (2001), population declines of Cassin‟s Auklet in the Farallon 

Islands and on Triangle Island, BC have been related to the long-term decline of zooplankton in 

the California Current system and declines of marine birds in the Gulf of Alaska appear to be 

related to the depletion of forage fish.   
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As upper trophic level predators, populations of seabirds, particularly colonial seabirds, 

are useful indicators of changes in marine ecosystems over time as they offer different 

opportunities to detect and assess long-term trends and changes in oceanographic conditions on 

various spatial and temporal scales (Diamond & Devlin, 2003; Gaston & Smith, 2001).  The 

aggregation of large numbers of birds at predictable localities during the breeding season (i.e., 

nesting colonies) allows for the collection of data over a number of years to monitor the effects 

of changing biological conditions within the foraging range of colonies (Boersma, 1978; Cairns, 

1992; Gaston & Smith, 2001; Montevecchi, 1993; Montevecchi & Myers, 1996).   

In this study, I used fisheries data from the Fisheries and Oceans Canada, Pacific Institute 

of Ocean Science (IOS) Zooplankton Database (Fisheries and Oceans Canada, 2013b) to monitor 

changes in physical oceanographic conditions, such as effects and impacts of El Niño-Southern 

Oscillation (ENSO) events and fluctuations in the availability of at-sea prey species (i.e., 

euphausiids) to explore relationships between the reproductive performance of a planktivorous 

seabird, the Ancient Murrelet (Synthliboramphus antiquus), to provide further evidence of the 

impact of climate change on this colonial seabird. 

Variability in Ocean Climate 

Due to the trending decline in populations of seabirds, studies in recent years have 

increasingly focused on changes in the temporal availability and abundance of prey caused by 

variability in oceanographic conditions and the resulting effects on the phenology and breeding 

success of planktivorous seabirds (Abraham & Sydeman, 2004; Ainley, Sydeman, & Norton, 

1995; Gaston & Smith, 2001; Roth, Sydeman, & Martin, 2005; Springer, Byrd, & Iverson, 

2007).  Research has shown that variability in ocean climate has resulted in earlier breeding and 

increased reproductive success in years when prey is abundant (Cairns, 1987; Croxall & Rothery, 
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1991; Phillips, Caldow, & Furness, 1996).  However, fluctuations in prey abundance has also 

been directly linked to environmental influences, such as changing SSTs and upwelling, resulting 

in major negative impacts on seabird populations by affecting food supplies.  This climate 

variability has been associated with two major ocean-atmospheric phenomena that strongly 

influence marine environments of the Pacific Northwest: 1) El Niño – Southern Oscillation 

(ENSO), and 2) the Pacific Decadal Oscillation (PDO) (Lemmen et al., 2008; Walker & 

Sydneysmith, 2008).    

El Niño – Southern Oscillation and Pacific Decadal Oscillation.  The ENSO cycle is a 

naturally occurring, cyclical oceanographic phenomenon that brings warm waters from the 

equatorial Pacific to the west coast of North America (Lemmen et al., 2008).  It has a cycle of 

three to seven years and can create warmer than average conditions during El Niño (versus 

colder than average conditions during El Niña), influencing SST and salinity, creating changes to 

stratification, sea levels, and overall climate across BC (Okey et al. 2012; Lemmen et al., 2008).  

In the last 30 years, a number of ENSO events have affected BC waters including three major 

events (1982-1983, 1997-1998, and 2009-2010) and three weaker events (1986-1987, 1991-

1992, and 1994-1995) (Gaston & Smith, 2001; National Oceanic and Atmospheric 

Administration [NOAA], 2013).  Impacts of ENSO events are strongest in the winter and spring 

with temperatures warming in BC by an average of 0.4 – 0.7˚C and overall less precipitation 

(Lemmen et al., 2008).  The effects of ENSO events and the resulting temperature anomalies on 

the reproductive success of seabirds are becoming more frequently reported in BC (Abraham & 

Sydeman, 2004; Gaston & Smith, 2001; Hipfner, 2008; Shoji, 2009; Shoji et al., 2011), as well 

as off the Californian coast, in the Galapagos, the coast of Peru, New Zealand, and the Indian 

Ocean (as cited in Mills et al., 2008). 
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The PDO is a longer climate variability pattern similar to ENSO but with much lower 

frequency, occurring every 20 – 30 years (Lemmen et al., 2008).  The positive (warm) phase 

PDO is characterized by warmer coastal waters with various effects on precipitation, while the 

negative (cold) phase of the PDO is associated with cooler and wetter conditions (Lemmen et al., 

2008).  A PDO phase transition from cold to warm occurred in 1976 – 1977 (Hare & Mantua, 

2000), and has been positive ever since, with the exception of the late 1980s and early 2000s 

(Lemmen et al., 2008).  These transitions from positive to negative phases of PDO can have 

major effects on both oceanographic and climatic regimes resulting in changes in the character of 

storms, wave height, and various other factors, including SST. 

While both the ENSO and PDO are naturally occurring patterns, trends show that their 

frequency, intensity, and duration appear to be changing in response to global climate change 

(Okey et al., 2012).    Projections also indicate El Niño oscillations are increasing in frequency so 

that anomalies would be of a shorter duration (Okey et al., 2012).  Since these events are 

aperiodic and ultimately less predictable than annual cycles and seasonal changes, large 

population-level biological responses, such as fluctuations in the timing and abundance of 

zooplankton and seabirds‟ dietary or phenological response have been attributed to these climate 

anomalies (Abraham & Sydeman, 2004; Bertram, Harfenist, & Smith, 2005; Gaston & Smith, 

2001; Mackas, 1992; Mills et al., 2008; Shoji et al., 2011).   

Understanding factors such as ENSO events and PDO which directly affect climate 

variability is an important planning tool.   I chose to not focus on PDO events given the large 

frequency between events (20-30 years) and relatively short study period of this study, as I may 

not accurately capture the true variability of these events and the resulting biological or 

phonological response.  Instead, I looked at climate variability including ENSO events and the 
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response of euphausiids, the Ancient Murrelet‟s primary prey species during the incubation and 

rearing period.   

Sea surface temperature.  The globally averaged ocean temperature has significantly 

warmed over the last 30 years with the strongest warming found closest to the sea surface (Wong 

et al., 2013).  The Intergovernmental Panel on Climate Change (IPCC) found that more than 70% 

of the world‟s coastlines have shown positive SST trends with an average rate of 0.18 ± 0.16˚C 

per decade which are larger values compared to changes in the global ocean where changes 

averaged 0.1˚C per decade in the upper 75 m (Wong et al., 2013).  Projections and climate 

change scenarios conducted by NOAA and the Joint Institute for Marine and Atmospheric 

Research have predicted that positive SST trends will continue with an average increase of 1 – 

6˚C by 2100 (as cited in Hazen et al., 2012).  This is consistent with trends projected for coastal 

BC, which are anticipated to increase between 0 – 1˚C in the next decade and 1 – 2˚C by 2055 

(Okey et al., 2012).  Not only is SST influenced by changes in open ocean temperatures, it is also 

influenced by a number of other factors including increases in overland temperature, 

precipitation, upwelling (discussed in the following sections), and currents (Okey et al., 2012); 

all of these factors are further exacerbated by annual and multi-year oceanographic patterns and 

cycles such as ENSO events. 

Salinity.  Temperature variations are often accompanied by changes in salinity, as 

demonstrated throughout surface waters along the BC coast and North Pacific Ocean (Okey et 

al., 2012; Pörtner et al., 2013).  Decreased salinity is also a result of many other factors including 

enhanced precipitation relative to evaporation, freshening of surface water from river runoff and 

sea-melt.  Both warming and freshening can enhance vertical density stratification (Pörtner et al., 

2013), which causes denser saline water to sink decreasing oxygen levels and exacerbating the 
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effects of ocean acidification (Okey et al., 2012).  An increase to stratification reduces the 

transport of nutrients through upwelling systems, which can then impact primary production and 

consequently, those species that occupy deep ocean water and any waters below surface layers 

(e.g., euphausiids) (Okey et al., 2012).  The freshening of surface waters, particularly those 

nearest to shorelines and changes in seasonal salinity patterns (Okey et al., 2012) is expected to 

continue (as cited in Pörtner et al., 2013), particularly in coastal areas of northern BC with 

increased rainfall. 

Upwelling and ocean currents.  Upwelling is a process that occurs in the open ocean 

and along coastlines where surface water displaced by winds is replaced by colder, nutrient-rich 

water that rises to the surface.  Nutrients brought up through upwelling fertilize surface waters 

and contribute to biological productivity (NOAA, 2008).  The opposite process, called 

downwelling, occurs when wind causes surface water to build up and eventually sink (NOAA, 

2008).  The strength of both up- and downwelling along the coast of BC can vary both seasonally 

and inter-annually, particularly during ENSO events, which causes longer-term variability and 

strength of these regimes (Okey et al., 2008).   

The coastal region of BC and specifically, Haida Gwaii, encompasses a marine current 

transition zone between the northward-flowing Coastal Gulf of Alaska Current and the 

southward-flowing California Current System, which are fed by the West Wind Drift, or, North 

Pacific Current (National Centers for Coastal Ocean Science, 2011; Okey et al., 2012) (Figure 1). 

The transition zone around Haida Gwaii varies naturally with the fluctuations of these currents, 

which results in strong upwelling regimes with northward shifts of the California Current, or 

downwelling regime with a southward shift of the Alaska Current (Okey et al., 2012).  McQueen 

and Ware (2006) found that upwelling indices along the coast of Haida Gwaii, and specifically in 



OCEAN CLIMATE, PREY AVAILABILITY AND ANCIENT MURRELET 16  

Hecate Strait, show an increasing trend  in the spring and summer months dating back to the 

1950s (with the exception from the 1970s to 1990s which were weaker and more intermittent), 

with a strong downwelling regime in the winter months. Marine ecosystems associated with 

upwelling systems are influenced by a range of „bottom-up‟ trophic mechanisms including 

trophic transfer up the food chain which directly affects biological productivity, particularly for 

zooplankton, and indirectly through impacts to foraging fish, seabirds and marine mammals 

(Pörtner et al., 2013).   It is anticipated that the strength of these currents may intensify with 

global climate change which would lead to a strengthening and intensification of upwelling 

processes (Okey et al., 2012).  Previous anomalously strong upwelling events have been linked 

with shelf hypoxia events off of the Oregon Coast as these deep waters bring up waters richer in 

nutrients, but poorer in oxygen and more acidic which have led to near-total mortality of fish and 

shellfish species (Okey et al., 2012). 
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Figure 1.  Ocean current systems and upwelling zones along the coast of British Columbia.  Haida Gwaii 

is located in a transition zone which is fed from the northward-flowing Alaska Current, southward from 

the California Current, and from the West Wind Drift, or, North Pacific Current.  Adapted from “U.S. 

Global Ocean Ecosystems Dynamics (GLOBEC) Northeast Pacific,” by National Centers for Coastal 

Ocean Science (NCCOS), 2011.  Retrieved from 

http://www.cop.noaa.gov/stressors/climatechange/current/fact-globecpne.aspx.  Copyright 2011 by 

NCOSS.   
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Euphausiids 

Euphausiids, commonly known as krill, are a small, shrimp-like marine crustacean found 

throughout the world‟s oceans. In BC, there are 20 species of euphausiids with biomass 

dominated by five species: Euphausia pacifica (which makes up 70% to 100% of catch in 

commercial fishing trawls along regions of the BC coast), Thysanoessa spinifera, T. inspinata, T. 

longpipes and T. rashii (Fisheries and Oceans Canada, 2013c).  Euphausiids migrate vertically 

forming large aggregations (Fisheries and Oceans, 2013c), a behaviour which is thought to be 

influenced by temperature, salinity, and illumination (as cited in Abraham & Sydeman, 2004).  

Euphausiid spawning takes place from May to July in BC with a second, less intensive spawning 

period in late August through September (Fisheries and Oceans Canada, 2013c).  Eggs are 

released directly into the water where they develop independently (Fisheries and Oceans Canada, 

2013c).  These dense schools of euphausiids at or near the surface make them highly attractive 

and susceptible to a large number of predators, including whales and seabirds.   

The abundance and distribution of many fishes and invertebrates, including zooplankton 

species (e.g., euphausiids) has shifted globally by hundreds of kilometers per decade to deeper, 

cooler waters, altering ecosystem composition (Pörtner et al., 2013).  In BC, studies by Fisheries 

and Oceans Canada (2013c) in the Strait of Georgia have shown decadal fluctuations and overall 

declines in euphausiid populations during the past 50 years, which has been linked to 

anomalously warm SSTs.  The results of Fisheries and Oceans Canada‟s study (2013c) found 

that euphausiid populations for the Strait of Georgia declined from 1990-1995, increased to a 

maximum from 1999-2002, declining again to a minimum in 2005-2007, and then recovering to 

near-average around 2010.  Further, declines of adult euphausiid biomass have been observed 

around Vancouver Island and been linked to the shift in humpback whale (Megaptera 
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novaeangliae) distribution away from the area (Fisheries and Oceans, 2013c).  Others have 

found that abundance and population fluctuations (peaks and declines) of euphausiids are related 

to seasonal changes in the timing and intensity of upwelling and overall ocean productivity (as 

cited in Abraham & Sydeman, 2004).  The displacement of these prey species has meant changes 

to community assemblages and trophic interactions between species, including predator-prey 

dynamics resulting in impacts to seabirds through the indirect effects of ocean warming (Pörtner 

et al., 2013).  As prey distribution shift, foragers that are tied to land between food trips, such as 

seabirds, are at risk of adding increased energetic cost or becoming constrained to certain 

distribution ranges in search of food (Hazen et al., 2013; Péron, Weimerskirch, & Bost, 2012; 

Pörtner et al., 2013), which may decrease reproductive success.  Seabirds may also see 

physiological limits due to increases of pursuit-diving as prey species are found at greater depths 

(Pörtner et al., 2013).      

Ancient Murrelet 

The Ancient Murrelet is a small, colony-nesting seabird belonging to the family Alcidae 

that has a large range, breeding along coastlines around Asia, Alaska, and BC (Gaston, 1992).  In 

BC, the Ancient Murrelet breeds exclusively on the islands of Haida Gwaii where approximately 

120,000 breeding pairs are concentrated in two areas: (1) off the coast of Graham Island, in the 

north; and (2) off the coast of Moresby Island, in the south (Gaston, 1992).  My study 

concentrates on East Limestone Island, a small island off the east coast of Moresby Island in the 

central part of Hecate Strait.  East Limestone Island was once home to a colony of approximately 

5000 breeding pairs of Ancient Murrelets, but is now estimated at less than 1500 breeding pairs 

(Gaston, 1992; A. J. Gaston, personal communication, January 2012).  The Ancient Murrelet has 

seen large population declines not only on East Limestone Island, but throughout Haida Gwaii 
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over the past years due to localized extirpations from the introduction of mammalian predators, 

such as rats (Rattus rattus) and raccoons (Procyon lotor), loss of habitat, and other indirect 

anthropogenic influences, such as commercial fishing and disturbance from lights (Gaston, 

1992).  More recently, studies have shown that large scale interannual and decadal variation in 

ocean conditions (e.g., SST) and the responding variations in food supply may also have an 

effect on breeding behavior in a number of marine birds, including Ancient Murrelet (Shoji, 

2009).  As a result, the Ancient Murrelet is now listed as a species of Special Concern under 

Schedule 1 of the federal Species at Risk Act (Government of Canada, 2012) due to an estimated 

decrease in population by 50% in Haida Gwaii in the last few decades (Gaston, 1992). 

Like other seabirds, the Ancient Murrelet is pelagic and only comes to shore once per 

year to reproduce, nesting in burrows they excavate among the roots of trees, old stumps, or 

fallen logs, and on occasion, among crevices in rocks or cavities among boulders (Gaston, 1992).   

Gaston (1992) observed that beginning in March, Ancient Murrelet would return to 

breeding colonies, staging in large congregations offshore.  During this pre-laying period, birds 

stage on these gathering grounds several hours before sunset where they wait, sometimes 

feeding, until approximately two-hours after sunset before coming to land. Egg laying typically 

occurs from early- to mid-April over a 45-day period. Gaston and Jones (1998) found that 

approximately 50% of all clutches are initiated within a 6-10 day period with two eggs laid per 

clutch (Gaston, 1992).  Adults begin a one-month incubation period only after the second egg is 

laid and incubation is typically shared equally between parents.  Pairs with successful broods 

produce chicks that are truly precocial, fledging within two days of hatching (Gaston, 1992; 

Gaston, 2004; Sealy, 1975; Shoji, 2009).  Once the chicks locate their parents at sea, the Ancient 

Murrelet parents swim with their two-day-old chicks to offshore foraging grounds (Vermeer, 
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Fulton, & Sealy, 1985) where they feed primarily on larger zooplankton prey (e.g., Euphausia 

pacifica and Thysanoessa spinifera), as well several species of larval and juvenile fishes 

(Ammodytes hexapterus, Mallotus villosus, and Theragra chalcogramma), and squid, at or near 

the sea surface (Diamond & Devlin, 2003; Gaston, 1992; Gaston & Smith, 2001; Montevecchi, 

1993). 

The reproductive and rearing strategies of the Ancient Murrelet are unique in comparison 

to other seabirds due to their extended incubation shift lengths (ISL) and that rearing of the 

young takes part away from the nest (Shoji, 2009).  Incubation shift length is the length of time 

an individual incubates an egg until it is replaced by its partner with changeovers typically 

occurring at intervals of 1-6 days.  Shoji et al. (2011) found that ISL in Ancient Murrelets was 

notably longer in years that SST was higher, which resulted in a decrease in reproductive 

success, including a decrease in chick mass at departure.  Shoji et al. (2011) theorized higher 

SST was related to a change in the availability and abundance of at-sea prey, which attributed to 

birds requiring longer periods at sea to feed and replenish body condition.  

Research Objectives 

The goal of my research is to assess factors that affect the timing of breeding (measured 

by the median date of chick departure) and overall reproductive performance (measured by chick 

mass at departure and annual chick abundance) of Ancient Murrelet on East Limestone Island, 

Haida Gwaii.  Using long-term, colony-based monitoring data allows for a multidisciplinary 

approach to assess variables and aspects related to climate change, ENSO events, species at risk, 

and commercially harvested species of zooplankton (i.e., euphausiids) to determine how Ancient 

Murrelets are adapting to changes in the marine ecosystem in a spatially explicit context.  I 

anticipate the results of this study will be used to help guide resource managers involved in 
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Ancient Murrelet conservation initiatives and recovery efforts, particularly as these relate to 

climate change.  

My research objectives are (1) to assess interannual variation in regional oceanographic 

data; (2) to assess at-sea prey abundance (with a focus on euphausiids) during the Ancient 

Murrelet staging and egg laying period (March-May); (3) to compare prey abundance data with 

regional oceanographic data; (4) to assess variation in the timing of breeding and overall 

reproductive performance of Ancient Murrelet on East Limestone Island and potential 

relationships with major ENSO events; and (5) to evaluate how oceanographic change and prey 

abundance correlate with the reproductive performance of Ancient Murrelet.   

In the first part of my study I assessed correlations between euphausiid abundance and 

changes in the marine environment.  In the second part of my study, I examined the associations 

between predator-prey relationships and environmental change.  The following hypotheses were 

investigated: 

Hypothesis I – Temporal variation in oceanographic conditions, as measured by sea surface 

temperature, salinity and upwelling, are correlated with the availability and abundance of at-sea 

prey 

Hypothesis II – The reproductive performance of Ancient Murrelet is correlated with physical 

changes in the marine environment. 

Hypothesis III – The availability and abundance of at-sea prey is correlated with the 

reproductive performance of Ancient Murrelet. 
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Methods 

Oceanographic Data 

Sea surface temperature.  I obtained SST data from Fisheries and Oceans Canada‟s BC 

Shore Station Oceanographic Program (Fisheries and Oceans Canada, 2013a).  For comparison 

with euphausiid abundance and Ancient Murrelet breeding data, I used the mean SSTs reported 

for the four nearest lighthouses to Haida Gwaii: Bonilla Island, Kains Island, Langara Island, and 

McInnes Island (Table 1).  Sea surface temperature was expressed as the deviation from the 50-

year (1963-2013) seasonal mean for March – May between 1989 and 2013.  Oceanographic data 

was used for 1989, one-year prior to the start of the Ancient Murrelet data to account for ocean 

conditions leading up the 1990 breeding season.  Missing data values from the raw data 

(originally entered as 99.99) were replaced with values equal to the seasonal mean for the 50-

year period to avoid treating it as zero data. 

 

Table 1  

Oceanographic data used for the four nearest lighthouse stations to East Limestone Island, 

Haida Gwaii, including Bonilla Island, Kains Island, Langara Island, and McInnes Island 

Lighthouse 

Station 
Available Data Time Period 

Latitude North 

(Degrees) 

Longitude West 

(Degrees) 

Bonilla Island SST and salinity 1960-2013 53.300 130.380 

Kains Island SST and salinity 1935-2013 50.270 128.020 

Langara Island SST and salinity 1936-2013 54.150 133.030 

McInnes Island SST and salinity 1954-2013 52.160 128.430 
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Salinity.  Similar to SST, I obtained salinity data from Fisheries and Oceans Canada 

(2013a) for the period of 1963-2013 from the four nearest lighthouses to Haida Gwaii.  Missing 

data was treated similarly to SST data, by replacing zero values with values equal to the 50-year 

seasonal mean.  I expressed salinity data as a 3-month seasonal mean (March-May) and monthly 

deviation from the 50-year mean from 1989-2013. 

Upwelling.  I obtained upwelling data from the National Oceanic and Atmospheric 

Administration‟s (NOAA‟s) Pacific Fisheries Environmental Laboratory (PFEL) for the period 

of 1963-2013 (NOAA, 2013).  I obtained indices for the timing and strength of upwelling 

(Bakun‟s upwelling index) for the station at 51˚ N 131˚ W.  The upwelling index (UI) values 

were averaged for each month during the Ancient Murrelet staging and rearing periods (March – 

May) from 1989-2013.  I also calculated the yearly 3-month seasonal mean (m³/s
-1

/100 m of 

coastline) to account for the “spring transition” period of upwelling.  Monthly anomaly statistics 

were obtained from PFEL to assess seasonal patterns of change over time and the deviation from 

the 50-year seasonal mean (1963-2013) was calculated for analysis. 

Euphausiid Abundance 

Scientific research of euphausiids in the Pacific Region has been ongoing by Fisheries 

and Oceans Canada since the early 1970‟s (Fisheries and Oceans Canada, n.d.).  I obtained 

euphausiid biodiversity data through the Fisheries and Oceans Canada, Pacific IOS Zooplankton 

Database (Fisheries and Oceans Canada, 2013b), which combined long-term data from several 

monitoring programs: High Seas Salmon Surveys, Pacific Biological Station, LaPerouse 

Zooplankton Monitoring Program, and Cooperative Plankton Research Monitoring Program.  

Euphausiid data was collected using echo-sounders and bioacoustics, which allowed for the 

detection of plankton in combination with net tows to measure distribution and biomass 
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concentrations.  Sampling methods varied throughout the collection period and included vertical 

hauls using Bongo, and oblique nets from depth to surface as well as horizontal net tows 

(BIONESS), which involved nine nets that were used sequentially to sample various depths 

(Fisheries and Oceans Canada, 2013b).   

Given that euphausiids are the primary prey of Ancient Murrelet during the early pre-

laying and staging period of the breeding season (Vermeer et al., 1985), I analyzed distribution 

and abundance data for the months of March, April and May for four species: E. pacifica, T. 

spinifera, T. longpipes, and T. inspinata. Vermeer et al. (1985) found individuals of three 

euphausiid species (E., pacifica, T. spinifera, and T. longpipes) in the gut analyses of adult 

Ancient Murrelet and determined that they forage on the larger, adult euphausiids (average 

length ranging from 10.5 ± 0.5 mm to 27.9 ± 1.3 mm).  Therefore, juvenile euphausiids (<10 

mm) were not used in the analysis.  Eggs are also unlikely to be a food source for pelagic 

seabirds (M. Galbraith, personal communication, March 24, 2014) so I also excluded these from 

the analysis.  Euphausiid data was collected at a large number of stations throughout most of the 

northeast Pacific Ocean, including various stations adjacent to Haida Gwaii: Hecate Strait, 

Queen Charlotte Strait, and Dixon Entrance.  However, the timing and frequency of sampling 

around Haida Gwaii was limited over the study period, so I analyzed data from North Vancouver 

Island, which was sampled at a higher frequency, as a potential surrogate dataset to the Haida 

Gwaii data.  Data from Vancouver Island was selected due to its close proximity and similarities 

in habitat type (e.g., coastal shelf data).   

Euphausiid Data.  Adult euphausiid (≥10 mm) volumes (# / m²) were combined and 

calculated to determine the monthly and 3-month seasonal mean abundance for Hecate Strait 

(roughly 51-54˚ N latitude; average 52˚ 35‟ N, 130˚ 12‟ W), Dixon (roughly 53-54˚ N latitude; 
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average 54˚ 40‟ N, 133˚ 07‟ W), and Dixon Entrance (roughly 53-54˚ N latitude; average 54˚ 18‟ 

N, 132˚ 16‟ W), all located along the east coast of Haida Gwaii.  Tow depths and hauls ranged 

from the surface to 437 m deep.  Data were limited for these areas, available only for 1986, 

1992-1993, 2001-2002, 2005-2007, and 2009.   

North Vancouver Island Euphausiid Data.  Euphausiid data for the North Vancouver 

Island shelf (roughly 49-51˚ N latitude; average 50˚ 82‟ N, 128˚ 52‟ W) were available for 1986, 

1990-1993, 1995, and 1997-2013.  Tow depths ranged from 39-210 m.  The same method for 

Hecate Strait euphausiids data was used to calculate the total seasonal and monthly means for 

adult euphausiids from the North Vancouver Island shelf. 

Data Transformation.  Euphausiid data from Hecate Strait and North Vancouver Island 

were compared using a parametric statistical analysis (ANOVA) to test for differences between 

the two data sets and to determine whether the following assumptions were met: 1) normal 

distribution; 2) equal variance; and 3) independence.  I also tested these assumptions using 

Fligner-Killen and Kolmogrov-Smirnov tests and re-checked the results by conducting a 

residuals analysis.   

I applied various data transformations to both the Hecate Strait and North Vancouver 

Island data to compare the effects of the different transformations on the normality and 

homoscedasticity, including logarithmic (LOG 10+1) and square-root (x 
0.25

, x 
0.5

, and x 
0.33

) 

transformations.  The data were square-root (x 
0.25

) transformed so they would be normally 

distributed and there would be no trend in the residuals, thus meeting assumptions required for 

parametric statistical procedures.  I also ran a Kruskall-Wallis non-parametric test on both the 

raw and transformed data (x 
0.25

) for additional comparison which showed slight 

heteroscedasticity between Hecate Strait and North Vancouver Island on the transformed data 
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where it did not exist with the results of the raw data analysis. The data transformation improved 

the normality and variances of the data.  Finally, I conducted a factorial ANOVA to compare the 

two data sets for variances between months and interactions between month and site (Figure 2).  

Using α = 0.05, I determined that the North Vancouver Island data was not statistically different 

from the Hecate Strait data, F(2, 36) = 2.90, p = .07; therefore, the North Vancouver Island data 

was used as surrogate for Hecate Strait for statistical analysis
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Figure 2.  Results of a factorial ANOVA statistical test show the variance between seasonal 

mean euphausiid abundance from Hecate Strait in comparison to North Vancouver Island over 

the months of March, April, and May.  There is no significant difference between the data sets, 

so the North Vancouver Island data was used as a surrogate for Hecate Strait, F(2, 36) = 2.90, p 

= .07, 95% Cl (represented by vertical bars). 
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Ancient Murrelet Breeding Data 

Biological parameters for Ancient Murrelet were collected on East Limestone Island (52˚ 

55‟ N, 131˚ 36‟ W), a small island off the east coast of Moresby Island in the central part of 

Hecate Strait (Figure 3), by Laskeek Bay Conservation Society (LCBS) since 1990.  East 

Limestone Island was once home to a colony of approximately 5000 breeding pairs of Ancient 

Murrelets, but is now estimated at less than 1500 breeding pairs (Gaston, 1992; A. J. Gaston, 

personal communication, January 2012).  Various biological parameters were collected annually 

between early April and June from 1990-2013 as part of this long-term monitoring program 

including, but not limited to: hatch and departure timing of chicks; chick mass at departure; adult 

body mass and egg size.  LBCS uses eight funnel traps (plastic fencing) to intercept chicks 

departing from the colony to collect data on departure timing and chick mass at departure.  

Chicks are weighed as they arrived using a 50-gram spring scale and released along the foreshore 

each night (captures are typically between 23:00 and 02:30) from May 7 until the first night 

when no chicks were caught.  This approach mimics previous research on East Limestone Island 

(Gaston, 1992; Gaston & Smith, 2001; Shoji, 2009).   

Using capture data provided by LBCS, I analyzed median date of departure and chick 

mass at departure from 1990-2013.  Departure data was transformed and standardized for 

analysis using the Julian Date (JDate) where May 1 = 1.  Chick abundance data was standardized 

as Catch per Unit Effort (CPUE) due to inconsistencies in the trap effort between years (i.e., all 

eight capture funnels were not open for all years of data collection).  The formula used to 

calculate CPUE: #chicks / CPUE where CPUE = #traps x #trap nights. 
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Figure 3.  An inset map of East Limestone Island, located along the east coast of Haida Gwaii 

and adjacent coasts showing the locations of the four nearest lighthouses (Langara Island, 

Bonilla Island, McInnes Island, and Kains Island) used for daily and monthly sea surface 

temperature and salinity data.  Created with QGIS 2.0 Darfour using CanVec, DataBC, and 

GeoGratis data sources.
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Statistical Analyses 

I individually graphed and standardized all biological and oceanographic data using 

Microsoft Excel and performed exploratory analysis, plotting data and residuals using Statistica 

software (Statsoft Inc., 2014).  I first examined individual monthly, seasonal, and annual trends 

in SST, salinity, upwelling, euphausiid abundance, and Ancient Murrelet biological data.  For all 

variables, I checked and plotted data using boxplots and histograms before testing normality of 

variables with Komolgorov-Smirnov tests, or Kruskall-Wallis tests.  Where assumptions of 

normality were not met and I used one-way ANOVA and scatterplots to determine the variance 

and distribution of the residuals.   

I then performed Pearson‟s correlation and linear regression analyses using Statistica 

software (Statsoft Inc., 2014) to identify the strength of relationships between variables and 

identify potential independent variables to model.  I analyzed oceanographic variables including 

the 3-month seasonal means and anomaly statistics of SST, salinity, and UI for their impact on 

both monthly (March, April, and May) and seasonal (March-May) euphausiid abundance.   

Lastly, I tested both oceanographic variables and euphausiid abundance for their impact on 

Ancient Murrelet reproductive success by using median date of departure, chick mass at 

departure, and median departure date as the dependent variables and oceanographic variables and 

euphausiid abundance as the independent variables.  

To further examine and test the strength of relationships between Ancient Murrelet 

reproductive success, oceanographic variables and prey abundance, I created generalized linear 

models (GLM) using Statistica software (Statsoft Inc., 2014) with a normal distribution and log-

link function to choose the most explanatory variables.  I used second-order Akaike‟s 
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Information Criterion (AICc) corrected for small sample sizes (where n / k < 40) to build 

candidate models (Burnham & Anderson, 2002), computed as: 

1

)1(2






kn

kk
AICAICc  

where n denotes the sample size and k is the number of parameters in the model.  I used a 

foreward stepwise procedure to determine which explanatory variables had the best fit and 

provided meaningful support (ΔAICc scores ≤ 2).  I calculated Akaike weights (wi) to compare 

the relative support on the explanatory variable within the model. Independent variables selected 

for the AICc models (Table 2) were based on the results of the correlation analyses. I first tested 

the strength of the relationship and correlations using the AIC models, with euphausiid 

abundance as the dependent (response) variable and year, salinity, and UI values as independent 

(explanatory) variables.  Next, I calculated ΔAICc scores using Ancient Murrelet breeding as the 

dependent (response) variables and year, salinity, and seasonal euphausiid abundance as 

independent (explanatory) variables.
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Table 2  

Definition of response and explanatory variables used in the Akaike’s Information Criterion 

(AIC) modeling to statistically explain changes in euphausiid abundance and Ancient Murrelet 

reproductive success 

Variable 

Abbreviation 
Definition Unit 

Euph Seasonal 3-month mean euphausiid abundance # / m³ 

Sal_Mar Deviation from the 50-year mean March 

salinity 

ppt 

Sal_Apr Deviation from the 50-year mean April salinity ppt 

SST_Apr Deviation from the 50-year mean April SST ˚C 

UI Seasonal 3-month mean upwelling index (UI) m³/s
-1

/100 m of coastline) 

Year Year Year 
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Results 

Oceanographic Variability 

Sea surface temperature.  There was no significant interannual variation in SST during 

the study period (all p >.05); however, there appears to have been a secular warming trend when 

compared with the 50-year (1963-2013) mean SST from the start of the study period until 2007 

(Figure 4).  From 2007 to present, with the exception of 2010, SST trends reversed as cooler than 

average temperatures prevailed.  The mean SSTs for the study period from 1989-2013 was 

consistently warmer than the 50-year average (Table 3).   

 

Table 3  

Mean sea surface temperatures for each month over the study period (1989-2013) compared to 

the 50-year mean (1963-2013). 

 
Average Sea Surface Temperatures (˚C ±SD) 

March April May 

Study period (1989-2013) 7.15 ˚C ± 0.65 8.16 ˚C ± 0.56 9.64 ˚C± 0.66 

50-year average 7.11 ˚C ± 0.71 8.02 ˚C ± 0.62 9.49 ˚C ± 0.66 

 

Graphically plotting the deviation from the 50-year mean SST demonstrates that 

anomalously high temperatures appear to be strongly correlated with both major (1997-1998, 

2010) and weaker ENSO events (1992, 1994-1995).  Ocean SSTs peaked during the major 

ENSO event in 1998, with the highest recorded temperature of 1.67 ˚C higher than the monthly 

average for March. 
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Figure 4.  Combined average sea surface temperatures from the four lighthouse stations closest to Haida Gwaii from 1989-2013 for 

the Ancient Murrelet breeding season (March-May) are shown as deviations from the 50-year (1963-2013) mean (represented on the 

graph as the zero-mark).  Peak temperatures appear to be strongly correlated with both major (1997-1998, 2010) and weaker ENSO 

events (1992, 1994-1995).
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Salinity.  Overall salinity levels along the coast of Hecate Strait vary spatially and 

temporally, with surface waters tending to be more saline at Bonilla Island and Langara Island 

compared to lower surface salinity levels at Kains Island and McInnes Island.  These findings are 

consistent with McQueen and Ware (2006) who found fluctuations in salinity levels at these 

locations likely reflected influence from upwelling or lack of rainfall causing an increase in 

saline conditions or drainage from the coastal mountains which freshens surface waters.   

Similar to SST, there was significant seasonal (R² = .56, p = < .001) and monthly (March: 

R² = .55, p = < .001; April: R² = .39, p = .001; May: R² = .38, p = .001) interannual variation in 

salinity during the study period; however, there was no obvious secular trend when compared 

with the 50-year (1963-2013) mean (Figure 5).  The mean salinity for the region ranges from 

26.95 to 32.71 parts per thousand (ppt) with annual salinity levels consistently decreasing (i.e., 

less saline conditions) in the last decade (2003-2013) which suggests a trend in the freshening of 

surface waters near Haida Gwaii.  This is particularly evident for the month of May (as shown in 

Figure 5) which generally corresponds with higher air temperatures and SST; however, I found 

no statistical correlation between mean May salinity and mean April (R² = .02, p = .47) or May 

SST (R² = < .00, p = .91).   Unlike SST, there does not appear to be any major correlation with 

ENSO events. 
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Figure 5.  Average salinity collected at the four lighthouses closest to Haida Gwaii from 1989-2013 for the Ancient Murrelet breeding 

season (March-May) shown as deviations from the 50-year (1963-2013) mean (represented on the graph as the zero-mark).  There is 

no consistent trend between salinity anomalies and ENSO events. 
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Upwelling.  The strength of both up- and downwelling intensity varies throughout the 

study period; however, there was no significant interannual variation in seasonal or monthly UI 

values (all p > .1).  A review of monthly upwelling anomalies during the Ancient Murrelet 

breeding period (Figure 6) from 1989-2013 show strong negative UI values which demonstrates 

stronger than normal coastal downwelling, particularly in the months of March and April  in 

1993 (-92), 2000 (-97), and 2011 (-94).  I found no statistical significance between monthly or 

seasonal UI values, SST, and salinity (all p > .5). There were also no apparent correlations with 

ENSO events.
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Figure 6.  Annual anomalies in monthly mean upwelling index (UI) values for the four lighthouses closest to Haida Gwaii from 1989-

2013.  A positive index signifies the offshore transport of surface waters causing “upwelling” while a negative index signifies the 

convergence of surface waters causing “downwelling”.  There are no apparent correlations with ENSO events.
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Euphausiid Abundance 

Mean euphausiid abundance for North Vancouver Island varied both monthly (Figure 7) 

and seasonally (Figure 8) during the study period.  Results of euphausiid abundance estimates 

suggest that 2004, 2005, 2008, and 2011 were the most productive years in the time series, while 

1992, 1993, and 2013 were the least productive.   Abundance in March was variable but showed 

an overall decline although this trend is not significance (R² = .08, p = .48).  Abundance in April 

generally increased, but again this was not significant (R² = .31, p = .33).  Euphausiid abundance 

in May showed a significant increase over the study period (R² = .39, p = .01).  Differences in 

monthly trends may be due to the infrequency of yearly sampling events in March and April 

compared to May which was more consistently sampled on an annual basis (Sampling years: 

March: n = 6; April: n = 8; May: n = 16).  The 3-month seasonal mean also increased 

significantly during the study period (R² = .28, p = .01), with peak abundance estimates in 2004 

and 2011. 
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Figure 7.  Annual euphausiid abundance from North Vancouver Island (1990-2013) for the 

Ancient Murrelet breeding period (March-May).    
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Figure 8.  Three month seasonal mean euphausiid abundance estimates for North Vancouver 

Island between 1990 and 2013.  Euphausiid abundance generally increased over the study period, 

but saw large declines in 1993 and 2013. 
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Oceanographic change and euphausiid abundance.  Table 4 summarizes the 

correlation statistics between the seasonal 3-month mean SST, salinity, and UI on the monthly 

mean euphausiid abundance.  Seasonal SST and salinity were not significantly related to 

euphausiid abundance over all months.  However, using α = 0.05, May euphausiid abundance 

was significantly correlated to the annual 3-month UI mean (R² = .5, p = .002) (Figure 9).  Figure 

9 demonstrates that a shift in UI from a downwelling (negative) regime to an upwelling 

(positive) regime results in an increase in euphausiid abundance, which is to be expected.  

Contrary to the analyses of monthly euphausiid abundance, I found no statistical 

significance between seasonal euphausiid abundance and both the seasonal mean SST and UI (all 

p > .10).  However, for the month of April, there was a moderately weak, positive relationship 

between UI and seasonal euphausiid abundance (R² = .21, p = .03).  I found statistically 

significant relationships, albeit weak, with annual 3-month mean salinity (R² =.17, p = .05).  A 

further analysis of this relationship showed that individually, both the March and April 

deviations from the 50-year mean salinity were significantly linked (R² ≤ .22, p ≤ .04), 

suggesting that these months drive the relationship between salinity and seasonal euphausiid 

abundance, since  salinity levels in May were not significantly correlated with seasonal 

euphausiid abundance (p > .10).  A summary of the results are presented in Table 5 and shown 

graphically in Figures 10 and 11.    

There was no direct correlation between seasonal euphausiid abundance and dates of 

major ENSO events; however, there were indirect effects through changes in upwelling and 

salinity regimes exacerbated during ENSO events.
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Table 4  

Results of the regression analysis of monthly annual euphausiid abundance for March, April, 

and May (1990-2013) and the 3-month seasonal mean for sea surface temperature, salinity, and 

upwelling indices.  Of the three oceanographic variables, the only resulting significant 

relationship is between May euphausiid abundance and the seasonal UI values.  Significant 

results are shown highlighted with red and bolded.  The regression equation is significant at α = 

0.05 or 95% confidence interval 

 

 Monthly Euphausiid Abundance (x 
0.25

) 

 March April May 

 R
2 

p n R
2 

p n R
2 

p n 

Annual 3-Month Mean SST .08 .49 8 .20 .45 5 <.01 .9 16 

Annual 3-Month Mean Salinity .27 .19 8 .38 .27 5 .19 .08 16 

Annual 3-Month Mean UI .13 .37 8 .05 .72 5 .5 .002 16 
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Figure 9.  Results of a regression analysis showing a moderate positive relationship between 

May euphausiid abundance and the 3-month mean upwelling index (UI) for the study period 

(1990-2013), R² = .5, p = .002.  The 95% confidence limits are shown as a dashed line.
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Table 5  

Results of the regression analysis of seasonal euphausiid abundance (March-May) and 

oceanographic variables, including sea surface temperature, salinity, and upwelling indices.  

Contrary to monthly euphausiid abundance which is significantly correlated with UI values, 

seasonal euphausiid abundance is significantly correlated with seasonal salinity. Significant 

results are shown highlighted with red and bolded.  The regression equation is significant at α = 

0.05 or 95% confidence interval 

 Seasonal Euphausiid Abundance (x 
0.25

) 

 R2 t p n 

Annual 3-Month Mean SST < .01 - .28 .78 22 

Annual 3-Month Mean Salinity .17 -2.06 .05 22 

Annual 3-Month Mean UI < .01 .44 .66 22 
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Figure 10.  Results of regression analyses showing the negative relationships between the seasonal (March-May) euphausiid 

abundance and 3-month mean salinity for the study period (1990-2013), R² = .17, p = .05 (upper left), deviation from the 50-year mean 

March salinity, R² = .22, p = .029 (upper right), and deviation from the 50-year mean April salinity, R² = .19, p = .039 (bottom).  

Overall, March and April salinity drive the relationship between seasonal salinity and seasonal euphausiid abundance.  May salinity 

was not significantly correlated with seasonal euphausiid abundance (p > .10). The 95% confidence limits are shown as dashed lines.
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Figure 11.  Results of a regression analysis showing a moderate positive relationship between 

seasonal euphausiid abundance and April upwelling index (UI) anomalies for the study period 

(1990-2013), R² = .21, p = .03. The 95% confidence limits are shown as a dashed line.



OCEAN CLIMATE, PREY AVAILABILITY AND ANCIENT MURRELET 49  

Oceanographic change and euphausiid abundance model selection.  Results of the 

GLM analysis (Tables 6 and 7) showed that May euphausiid abundance was best predicted by a 

model of year and seasonal UI which suggests that both year and UI are candidate models and 

have an effect on May euphausiid abundance.  On the contrary, a model of year or UI alone did 

not provide meaningful support (ΔAICc = 7.91 and ΔAICc = 5.57, respectively).  Other candidate 

models to explain the variation in May euphausiid abundance included year, UI, and the 3-month 

mean SST as independent variables; however, this model did not provide as meaningful support 

(ΔAICc = 2.35).  As expected and consistent with the results of the regression analysis, May 

euphausiid abundance appears to be most heavily associated with year and seasonal upwelling. 

Unlike the May euphausiid abundance, seasonal (March-May) euphausiid abundance was 

best predicted by year alone, while another candidate model of year and the deviation from the 

50-year mean March salinity demonstrated meaningful support (ΔAICc = 1.8).  When I plotted 

seasonal euphausiid abundance and UI (both seasonal and monthly), I did not find any variables 

that provided meaningful support to the analysis (all ΔAICc > 2).   No other models received 

meaningful support in predicting seasonal euphausiid abundance. 
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Table 6  

Results of generalized linear model to explain variation in monthly (May) and seasonal (March-May) euphausiid abundance.  

Explanatory variables abbreviations are outlined in Table 2.  Only models with ΔAICc <2 are shown. 

Model Explanatory Variables LL AICc ΔAICc wi k 

May euphausiid abundance Year + UI 9.31 - 8.62 0.0 1.0 3 

 Null 0.26 3.78 12.4 0.0 1 

Seasonal euphausiid abundance Year 5.47 - 4.38 0.0 0.65 2 

 Sal_Mar 4.58 -3.16 1.8 0.26 2 

 Null 2.29 - 0.58 4.0 0.09 1 

Note: LL = log likelihood; AICc = corrected Akaike Information Criterion score; ΔAICc = the difference between the subordinate 

models and the top model; wi = Akaike weight; k = number of variables in the model.
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Table 7  

Relative importance of explanatory variables used to create the euphausiid abundance models.  Explanatory variables abbreviations 

are outlined in Table 2.  Only models with p < .05 are shown. 

Model Explanatory Variables β Coefficient SE
 

Wald‟s 

Statistic 
df p 

May euphausiid abundance Year 0.03 0.01 7.20 1 .007 

 UI 0.01 0.004 7.15 1 .007 

Seasonal euphausiid abundance Year 0.03 0.01 6.07 1 .01 

 Sal_Mar -0.34 0.17 4.25 1 .04 
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Ancient Murrelet Breeding 

Departure timing of chicks.  The timing of Ancient Murrelet chick departure on East 

Limestone Island was consistently within the month of May throughout all years of the study 

period (1990-2013); however, the median departure timing (JDate = 21 ± 2 SD) varied between 

years by up to 10 days.  The latest median dates of departure occurred in 1997 (JDate = 27) and 

1998 (JDate = 25), which corresponds with the 1997-1998 major ENSO event while departure 

timing during the major ENSO event of 2009-2010 resulted in some of the earliest departures 

(JDate = 19 and 18, respectively).   

Overall departure timing became significantly earlier over the period of study (R² = .23, p 

= .017; Figure 12), consistent with the findings of Gaston and Smith (2001).    I found no 

statistical significance between the median date of chick departure and both monthly (May) and 

seasonal SST, salinity, UI and euphausiid abundance (all p > .10).
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Figure 12.  Results of a regression analysis showing the negative relationship between the 

median date of departure (standardized using Julian Date where May 1 = 1) of Ancient Murrelet 

chicks reared on East Limestone Island, Haida Gwaii from 1990-2013, R² = .23, p = .017.  Years 

of major El-Niño – Southern Oscillation events (1997-1998 and 2009-2010), are shown with 

arrows.  The 95% confidence limits are shown as a dashed line. 
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Chick mass at departure.  Mean chick mass at departure ranged minimally between 

years by a maximum of 1.4 g (26.49 – 27.89 g ± 0.37 SD); however, mean mass has generally 

declined during the study period (R² = .23, p = .018; Figure 13), which is consistent with the 

findings of Gaston and Smith (2001).  There was no correlation between chick mass at departure 

and major ENSO events. 

I found significant correlation between mean chick mass and seasonal (March-May) 

euphausiid abundance (R² = .31, p = .007; Figure 14).  The negative slope of regression suggests 

that as euphausiid abundance increases, the mean chick mass at departure decreases.  There is 

also a negative relationship between mean chick mass at departure and monthly euphausiid 

abundance for the month of May; however, this was not significant (R² = .20, p = .08) using a α 

= 0.05.  I found no statistical significance between the mean chick mass at departure and both 

monthly (May) and seasonal SST, salinity or UI (all p ≥ .06). 
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Figure 13.  Results of a regression analysis showing the negative relationship between mean 

chick mass (g) for chicks departing East Limestone Island.  Chick mass has significantly decline 

over the study period (1990-2013), R² = .23, p = .018.   Years of major El-Niño – Southern 

Oscillation events (1997-1998 and 2009-2010) are shown with arrows.  The 95% confidence 

limits are shown as a dashed line. 
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Figure 14.  Results of a regression analysis showing the relationship between mean chick mass at 

departure (g) and seasonal euphausiid abundance, R² = .31, p = .007.  The negative slope of 

regression suggests that chick mass decreases in years where euphausiids are abundant.  The 

95% confidence limits are shown as dashed line.
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Chick abundance.  Similar to chick mass, the total annual chick abundance has 

generally declined during the study period (R² = .62, p = <.001; Figure 15).  In 1992, chick 

abundance peaked (total chicks captured = 724; standardized chick abundance = 5) and then 

dropped almost consistently year-to-year to the lowest values recorded to-date in 2011 (total 

chicks captured = 107; standardized chick abundance = 1).  There did not appear to be any 

correlation between annual chick abundance and major ENSO events. 

The positive slope of regression between chick abundance and the deviation from the 50-

year mean April SST was significant, albeit weak (R² = .18, p = .039; Figure 16).  I also found 

significant positive relationships between chick abundance and salinity for all months (3 month 

mean: R² = .42, p = <.001; March deviation from the 50-year mean: R² = .42, p = <.001; April 

deviation from the 50-year mean: R² = .38, p = <.001; May deviation from the 50-year mean: R² 

= .21, p = .025; Figure 17).  I found no statistical significance between Ancient Murrelet chick 

abundance and UI for all months during the study period.  Results of the regression analysis are 

also presented in Table 8. 

I found a weak negative relationship through a regression analysis of chick abundance 

and the 3-month seasonal mean euphausiid abundance (R² = .22, p = .028; Figure 18); however, 

when I ran the same analysis on the monthly euphausiid abundance for May, I found no 

statistical significance (p > .10). 
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Figure 15.  Results of a regression analysis showing annual chick abundance (standardized as 

Catch per Unit Effort) has steadily declined over the study period (1990-2013), R² = .62, p = 

<.001.  Chick abundance strongly declined from 2007-2013.   Years of major El-Niño – Southern 

Oscillation events (1997-1998 and 2009-2010) are shown with arrows.  The 95% confidence 

limits are shown as a dashed line. 
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Table 8  

Results of the Pearson correlation summary comparing oceanographic variables and seasonal 

euphausiid abundance (independent variables) to Ancient Murrelet annual chick abundance 

(dependent variable) 

 Chick Abundance (Standardized) 

 R2 t p n 

Sea Surface Temperature 

Annual 3-Month Mean .11 1.65 .11 24 

March deviation from 50-yr mean .11 1.62 .12 24 

April deviation from 50-yr mean .18 2.19 .039 24 

May deviation from 50-yr mean .04 0.96 .35 24 

Salinity 

Annual 3-Month Mean .42 4.03 < .001 24 

March deviation from 50-yr mean .42 4.01 < .001 24 

April deviation from 50-yr mean .38 3.65 < .001 24 

May deviation from 50-yr mean .21 2.41 .025 24 

Upwelling  

Annual 3-Month Mean .01 0.49 .63 24 

March Upwelling Anomalies .04 0.91 .37 24 

April Upwelling Anomalies < .01 -0.45 .66 24 

May Upwelling Anomalies .03 0.80 .43 24 

Seasonal euphausiid abundance (x 
0.25

) .22 -2.36 .028 22 
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Figure 16.  Results of a regression analysis showing a weak positive relationship between 

Ancient Murrelet chick abundance (standardized as CPUE) and deviation from the 50-year mean 

(1963-2013) April sea surface temperature, R² = .18, p = .039.  The 95% confidence limits are 

shown as a dashed line. 
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Figure 17.  Results of regression analyses showing the positive relationships between Ancient Murrelet chick abundance (standardized 

as CPUE) and the seasonal mean salinity, R² = .42, p = <.001 (upper left), March deviation from the 50-year mean: R² = .42, p = <.001 

(upper right), April deviation from the 50-year mean salinity, R² = .38, p = <.001 (bottom left), and May deviation from the 50-year 

mean salinity, R² = .21, p = .025 (bottom right).  The 95% confidence limits are shown as dashed lines. 
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Figure 18.  Results of a regression analysis showing a significant weak negative relationship 

between Ancient Murrelet chick abundance (standardized as CPUE) and seasonal (March-May) 

mean euphausiid abundance, R² = .22, p = .028.  The 95% confidence limits are shown as a 

dashed line. 
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Ancient Murrelet model selection.  To explain variation in chick departure timing, the 

best supporting model included the interaction between year and euphausiid abundance, but 

contrarily, models of year and euphausiid abundance separately did not receive as meaningful 

support (ΔAICc = 4.89 and 3.45, respectively).  A model of year, euphausiid abundance, and 

seasonal SST also provided some support (ΔAICc = 2.84); however, these models received less 

than half of the weight of the best-supported model (Tables 9 and 10).  No other model received 

meaningful support. 

A stepwise procedure suggested that Ancient Murrelet mean chick mass at departure is 

heavily influenced by seasonal euphausiid abundance (wi = 0.72), whereas year and 

oceanographic variables performed poorly in the model.  A model of euphausiid abundance and 

year provided meaningful support (ΔAICc = 1.91); however, similar to the results of the chick 

departure model, year alone did not (ΔAICc = 9.46).  No other models received meaningful 

support in explaining variation in chick mass at departure. 

Annual chick abundance was best predicted by year and seasonal euphausiid abundance.  

A model with year, euphausiid abundance and deviation from the 50-year mean April salinity 

also appeared in the confidence set (ΔAICc = 1.68).  A model with year and deviation from the 

50-year mean March salinity also provided support; however, it did not appear in the confidence 

set (ΔAICc = 2.08).  Similarly, euphausiid abundance alone did not provide meaningful support in 

explaining chick abundance (ΔAICc = 12.49).  Contrary to my regression analysis, a model with 

April SST did not receive meaningful support (ΔAICc = 17.7).   No other candidate models 

received meaningful support.
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Table 9  

Results of generalized linear model to explain variation in Ancient Murrelet reproductive success using median date of chick 

departure, mean chick mass at departure, and annual chick abundance as dependent variables.  Explanatory variables abbreviations 

are outlined in Table 2.  Only models with ΔAICc <2 are shown. 

Model Explanatory Variables LL AICc ΔAICc wi K 

Chick departure timing Year + Euph -46.98 103.16 0.0 0.99 2 

 Null -53.95 112.08 8.92 0.01 1 

Chick mass at departure Euph -0.47 7.51 0.0 0.72 2 

 Euph + Year -0.1 9.42 1.91 0.28 3 

 Null -9.42 23.03 15.52 0.0 1 

Chick abundance Year -24.09 54.74 0.0 0.44 2 

 Year + Euph -22.95 55.09 0.35 0.37 3 

 Year + Sal_Apr -23.61 56.42 1.68 0.19 4 

 Null -35.1 74.38 19.64 0.0 1 

Note: LL = log likelihood; AICc = corrected Akaike Information Criterion score; ΔAICc = the difference between the subordinate 

models and the top model; wi = Akaike weight; k = number of variables in the model.
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Table 10  

Relative importance of explanatory variables used to create the Ancient Murrelet models.  Explanatory variables abbreviations are 

outlined in Table 2.  Only models with p < .05 are shown. 

Model Explanatory Variables β Coefficient SE
 

Wald‟s 

Statistic 
df p 

Chick departure timing Year -0.007 0.003 7.39 1 .006 

Chick mass at departure Year -0.0009 0.0003 7.15 1 .007 

 Euph -0.03 0.009 9.90 1 .002 

Chick abundance Year -0.04 0.008 30.92 1 < .0001 

 SST_Apr 0.28 0.13 4.35 1 .037 

 Sal_Apr 0.58 0.15 14.16 1 < .0001 

 Euph -0.81 0.36 5.10 1 .023 
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Discussion 

Oceanographic Climate – Prey Relationships 

The temporal variation in oceanographic conditions around Haida Gwaii, over the last 

two and a half decades was correlated with the availability and abundance of at-sea prey for 

Ancient Murrelets.   My results suggest that monthly and seasonal euphausiid abundance were in 

part explained by fluctuations in upwelling anomalies and variations in salinity but were 

relatively unaffected by SST changes.  While both monthly and seasonal euphausiid abundance 

increased in years of stronger upwelling regimes and decreased in years of stronger downwelling 

regimes, seasonal euphausiid abundance also increased in years of increased salinity and 

decreased in less saline conditions.  

Upwelling regimes are important causal mechanisms in determining peak euphausiid 

abundances (as cited in Abraham & Sydeman, 2004). Changes in upwelling regimes and 

ultimately, the nutrient-load associated with upwelling as well as changes in ocean stratification 

impact euphausiids through spatial and temporal changes in distribution and abundance 

(Abraham & Sydeman, 2004; Mackas, 1992; McQueen & Ware, 2006).  The results of my study 

show a strong trend of downwelling anomalies over the study period, particularly for March and 

April.  While prevailing downwelling is typical for the Hecate Strait region during the fall and 

winter (typically the period from October to February), the intensity of downwelling has 

increased and the duration has prolonged steadily since the mid-1940s somewhat delaying the 

spring transition to an upwelling regime (McQueen & Ware, 2006).  McQueen and Ware (2006) 

also reported that the spring UI values (typically observed from February to October) have 

become weaker and more intermittent during the 1970s, 1980s and most of the 1990s, with the 

exception of spring 1998 (i.e., a year of a major ENSO event), when upwelling was anomalously 
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strong.  The continuous negative trend of UI values and greater downwelling intensity leading 

into the spring euphausiid breeding period (May), will adversely affect the distribution and 

abundance of euphausiids, and ultimately those species that prey on them. 

Seasonal euphausiid abundance was also partially explained by variation in seasonal and 

monthly (March and April) salinity regimes.  These findings are consistent with other studies 

which have identified salinity as an important driver in the variability of euphausiid abundance, 

and more specifically, the distribution and abundance of E. pacifica in BC and throughout the 

Pacific Ocean (Letessier, Cox, & Brierley, 2011; Regan, 1968).  Lettesier, Cox, and Brierley 

(2011) conducted a study that looked at multiple physical, chemical, and biological variables that 

influenced euphausiid species abundance throughout the Pacific Ocean.  They found that 

variation in salinity explained some 20% of euphausiid abundance, with other contributing 

factors (in order of decreasing importance) including SST, longitude, distance to the coast, and 

dissolved silicate concentration.  Lettesier et al., (2011) also suggested that waters with 

fluctuating patterns of salinity and resulting fluctuating water-column stability harboured a 

reduction in species‟ abundances.  This result supports Regan‟s (1968) findings in both his field 

and laboratory experiments that showed the number of euphausiids migrating vertically in the 

water column towards surface waters decreased progressively with the decrease of salinity.  

Regan (1968) also found that the combination of salinity and temperature (and resulting density 

changes) in near-surface waters affected the vertical distribution and migration of euphausiids as 

they were restricted to concentrations at or immediately below the halocline.  One could then 

deduce that with decreasing salinity levels around Haida Gwaii and ultimate freshening of near-

surface waters would result in the change in vertical stratification or fluctuation of the halocline 
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restricting euphausiids to deeper depths.  This would reduce the availability of prey to predators 

feeding at or near the surface. 

Other studies have documented earlier breeding and higher reproductive success in 

seabirds as a result of fluctuations in prey abundance related to years with anomalously warm 

SST and strong UI values ( as cited in Abraham & Sydemann, 2004; Gaston & Smith, 2001; 

Roth et al., 2005).   It should be noted that these studies have looked at shorter time scales which 

may result in discrepant results.  As upwelling and downwelling regimes influence SST, and SST 

plays a role in the stratification of ocean waters when combined with salinity (the density of 

water decreases with rising temperatures) (Okey et al., 2012) then generally trending warm 

ocean conditions (as observed around Haida Gwaii), should result in decreases in euphausiid 

abundance.  However, my results do not generally support these findings.  While, my GLM 

model combining year, UI, and the seasonal mean SST did have some statistical significance, 

SST in particular was not a significant enough candidate to explain the variation of euphausiid 

abundance during my study period.  Additionally, variances in my results compared to other 

studies may be partially explained by the inconsistencies between monthly and seasonal 

euphausiid abundance results and the patchiness of sampling events (inconsistent sampling year-

to-year), timing of sampling (day versus night zooplankton hauls), spatial variation of sampling 

locations year-to-year (different haul depths), and interannual variation, which may not result in 

a true representation of the seasonal cycle of euphausiids in my study area.  Euphausiid 

abundance estimates also do not take into account annual variation due to other factors such as 

predation, spatial changes, or impacts from commercial fisheries.  Regardless, given the trend of 

a stronger than normal coastal downwelling regime and decreasing salinity levels around Haida 

Gwaii throughout the study period, there may be long-term implications for the Ancient 
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Murrelet, as well as other seabirds and marine mammals that rely on euphausiids as a primary 

food source.   

Oceanographic Climate and the Reproductive Performance of Ancient Murrelet 

The reproductive performance of Ancient Murrelet over the study period is correlated 

with physical changes in the marine environment; however, the results of the GLMs suggest that 

oceanographic variables alone do not explain variation in chick departure timing, chick mass at 

departure, or chick abundance.  My results suggest that changes in ocean climate are indirectly 

affecting the reproductive success of Ancient Murrelet through the direct effects on prey 

abundance, as discussed above. 

I found no statistical correlation between departure timing and SST; however median 

chick departure was latest in years immediately following or during years of major ENSO events 

when annual SST are high.  For example, the latest median date of departure of the entire study 

period occurred during the major ENSO events of 1997-1998 which saw the highest recorded 

SSTs during the study period.  On the contrary, the overall departure timing became earlier over 

the study period, with some of the earliest departure dates occurring during the 2009-2010 ENSO 

event.  I also found no statistically significant relationship between the median departure timing 

of chicks and salinity or UI.  These finding are consistent with Gaston & Smith (2001) who 

reported that the date of colony departure of Ancient Murrelet on East Limestone Island and 

Reef Island (an adjacent island) declined over their study period (1983-1999) and was unaffected 

by oceanographic variables (in this case, SST and Southern Oscillation indices).  While 

oceanographic conditions are not a good indicator of reproductive success by measure of 

departure timing, SST has been positively correlated with variation in the timing of breeding 

during the incubation stage (Shoji, 2009; Shoji et al., 2012).  This was demonstrated by 
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correlations between later incubation initiation dates and higher April SSTs (as a result of longer 

ISL periods) as well as later mean hatching dates and lower SST anomalies in April (Shoji, 

2009) and supports the observed trends in delayed chick departure during years of major ENSO 

events.   The findings of these studies suggest that Ancient Murrelet adjust their incubation 

behaviour to accommodate climatic fluctuations, such as higher SSTs.  I would then expect that 

in years of high SST, the median date of departure would be later (statistically speaking) if 

incubation initiation dates are later.  Shoji et al. (2012) also theorized that there is optimum SST 

which may affect food supplies in the region, ultimately affecting the quality of eggs produced 

and the overall reproductive success of Ancient Murrelet that year.  However, the results of my 

modeling contradict this theory as I found no significant relationships between euphausiid 

abundance and SST.  The variation in my results compared to these other studies is likely a 

factor of different durations in study periods, since  Shoji (2009) and Shoji et al. (2012) only 

used 4 years of data (1993-1995, 2002-2003, and 2007-2008).  However, if Ancient Murrelet are 

adjusting incubation behaviour in years of high SST (Shoji, 2009; Shoji et al., 2012), but the 

median date of chick departure is unaffected by climatic change, this would suggest that there is 

an optimal time for hatching that is critical to reproductive success.   

While chick mass at departure remains within a consistent range which suggests an 

optimum weight range at departure for chick survival, my results have shown a trending decline 

in chick mass at departure during the study period, which is consistent with the findings of 

Gaston and Smith (2001).  However, contrary to Gaston and Smith (2001) who reported a 

negative correlation between mean mass of chicks and May SST on a particular date (1998 only), 

I found no statistically significant relationship between the mean chick mass at departure and any 

oceanographic variables. Moreover, Gaston and Smith‟s (2001) findings also showed that late-
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departing chicks were lighter in years where SST was low.  While there appears to be a trend in 

cooling SSTs from 2007 to present, I found no evidence that this affected chick mass at 

departure.  

Oceanographic variables do not appear to be a good proxy for explaining the decline of 

chick mass over time.  It appears that chicks are consistently departing the nest earlier in the year 

and are lighter, but it is unclear whether this is an adaptive strategy of Ancient Murrelet to 

changing oceanographic conditions or prey availability. Regardless, there are negative 

implications if this trend continues. Gaston (1992) found that chicks lose more than 3 g daily by 

remaining in the burrow; therefore, the length of time between hatching and departure is critical 

for survival, as those remaining in the colony longer (and departing at a lighter weight) are 

unlikely to have enough energy reserves to survive.  This is consistent with the findings in 

Gaston (1997) where chicks departing with a weight of 26 g or less had a lesser chance of post-

fledging survival than heavier chicks.  As Ancient Murrelet chicks are precocial and are 

travelling such long distances after leaving the colony without eating, their condition upon 

departure, moreover, mass at departure will have an effect on their subsequent post-fledging 

survival (Gaston, 1997).    

Chick abundance has also declined over the study period, which is consistent with my 

findings related to chick mass.  However, unlike chick mass at departure, I found significant 

relationships with chick abundance, April SST and salinity for all months. Similarly, Hipfner 

(2008) found Cassin‟s auklet (Ptychoramphus aleuticus), another zooplanktivorous seabird that 

breeds in Haida Gwaii, bred less successfully in warm-water years that in cold-water years, 

which was attributed to the availability of prey species within near-surface waters during cooler 

years. Hipfner (2008) reported that declines in Cassin‟s Auklet populations are linked to 
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decreasing zooplankton abundance in BC.  Further, Gaston and Smith (2001) found that 

reproductive success (as a measure of the mean number of chicks departing per breeding pair) 

was negatively affected by March SST, but only in 1998 when the highest SSTs coincided with 

an unusually high rate of nest failure on East Limestone Island; SST was otherwise not 

correlated with reproductive success.  While SST does contribute to the variability in chick 

abundance in my study, the relationship is weak and should not be considered a proxy for 

monitoring trends or predicting future population estimates.  The result of my GLM analysis 

showed that chick abundance was best predicted by April salinity anomalies and euphausiid 

abundance (which I will expand on in the section below).  Further, while these results do explain 

some variation in chick abundance over time, there are many other factors that were not the 

focus of my study that may adversely affect adult recruitment and reproductive success of 

Ancient Murrelet on East Limestone Island, including predation on eggs, chicks, and adults. 

Predator – Prey Relationships 

The energy demands of egg production and incubation on seabirds is exceptional, 

particularly for nidicolous species such as Ancient Murrelet who commute long distances 

between the colony and feeding areas (Shoji et al., 2012).  As such, matching the breeding period 

with the peak in the availability of prey species and being adaptable to environmental change is 

critical to the reproductive success of many seabirds (Hipfner, 2008).  My study supports this 

theory of predator-prey mismatches contributing to the growing body of evidence of the impacts 

of climate change as the availability and abundance of at-sea prey is correlated with the 

reproductive performance of Ancient Murrelet over a long-term period.   

While clutch initiation date has been found to be correlated with prey abundance in other 

alcids (Hipfner, 2008; Roth et al., 2005), I did not find any correlation between the advance in 
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the departure timing of Ancient Murrelet chicks and seasonal euphausiid abundance. However, I 

found that a model of euphausiid abundance and year best explained the variation in chick 

departure timing, so the lack of statistical significance of this relationship in my study is 

unexpected. This lack of relationship may indicate that maintaining consistent conditions for 

incubation and rearing are critical to the reproductive success of Ancient Murrelet chicks, as 

demonstrated by Gaston and Jones (1989) who found that parents would desert the nest rather 

than continue breeding in poor condition.  Gaston (1992) also suggests that females may delay 

laying in years when food is less readily available as it takes longer to build up the energy 

reserves needed to lay, and potentially compromise reproductive success by laying smaller eggs 

sooner.   

Gaston and Smith (2001) theorized that the advance in laying date [and median departure 

timing] and reduction in chick mass at departure is related to a decline in the availability of at-

sea prey.  However, my findings somewhat contradict this theory, as the abundance of 

euphausiids sampled in May generally increased throughout the study period.  When compared 

with the mean chick mass at departure, the resulting negative slope of regression suggests that 

mass declines as seasonal abundance of euphausiids increases.  This result also contradicts my 

hypothesis that chick mass would be positively associated with an influx in the availability of 

prey.  Deterioration in the mass of chicks at departure, as observed on East Limestone Island 

could be due to chicks remaining in the nest for longer periods presumably due to fluctuations in 

the availability of zooplankton prey.  However, this suggests that chicks are departing from the 

nest later (which is contradictory to earlier results which are not supported by significant 

relationships between chick departure timing and euphausiid abundance) and lighter which may 

be a result of parental attendance at the colony and ISL; in years where prey is more abundant, 
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parents may spend more time on feeding grounds in between incubation shifts.  Gaston and 

Smith (2001) also suggest that in years when prey may be more abundant, there may be a 

resulting increase in the amount of less competent birds rearing chicks, accounting for an 

increase of early- or late-hatched chicks that depart the nest lighter.  Again, a decline in the mass 

of chicks at departure may affect post-fledging survivorship and subsequent returns as breeding 

adults. 

Interestingly, the slope of regression between chick abundance and seasonal euphausiid 

abundance is negatively sloped which suggests that as euphausiid abundance increases, chick 

abundance decreases.  While this may be, the results of the GLM demonstrated that chick 

abundance was not best predicted by euphausiid abundance alone.  Seasonal euphausiid 

abundance is negatively correlated with seasonal salinity, as is chick abundance. Chick 

abundance is positively correlated with April salinity and seasonal euphausiid abundance.  As 

salinity decreases, presumably from surface water runoff and freshwater intrusion, ocean 

stratification may be altered, which can affect the distribution of euphausiids within the water 

column (i.e., this may cause euphausiids to be further offshore or at deeper depths where 

conditions are more saline).  This change in the linear or vertical distribution of euphausiids 

during the breeding period may indirectly affect chick abundance as adult Ancient Murrelet are 

forced to travel further offshore for food sources, or these prey sources may be at depths that 

adults birds are incapable of reaching – adult Ancient Murrelet typically dive to depths of 3-25 m 

in pursuit of prey (Shoji, 2009) – resulting in adult birds spending longer periods at sea to meet 

energy demands.   
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Conclusion and Recommendations 

The primary difference between my research and other studies is the longer study period I 

examined (23 years), which is crucial for gaining tangible evidence in determining relationships 

and the effects of changing climate.  By using long-term euphausiid monitoring data and publicly 

available oceanographic data, I was able to identify which factors are having the greatest 

influence on the reproductive success of Ancient Murrelet in Haida Gwaii.  Some of the key 

findings of my research include: 

 The temporal variation in oceanographic conditions around Haida Gwaii, 

particularly, salinity and upwelling regimes, are resulting in fluctuations in the 

monthly and seasonal availability of the Ancient Murrelet‟s primary prey species, 

euphausiids; 

 The reproductive performance of Ancient Murrelet on East Limestone Island is 

correlated with physical changes in the marine environment, particularly, chick 

abundance which is strongly correlated with April salinity regimes; and 

 The reproductive performance of Ancient Murrelet – by measure of the median 

departure timing, chick mass at departure, and annual chick abundance – is 

correlated to the seasonal availability and distribution of euphausiids.  

Given that some of the trends observed include a general warming of SST, freshening of 

surface waters through decreased salinity, and increased intensity of up- and downwelling 

regimes – which are further intensified through the increased frequency of ENSO events – 

around Haida Gwaii, and the influence of these regimes on euphausiid distribution and 

availability, there may be further long-term implications on the reproductive performance of 

Ancient Murrelet.  As the breeding population of Ancient Murrelet on East Limestone Island, 
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and throughout Haida Gwaii, has declined significantly in the last two and a half decades, these 

findings are of considerable conservation concern.  Further, Gaston (1997) theorizes that survival 

of chicks at the lower end of the departure-mass distribution is poor.  As the overall chick mass 

at departure has declined over the last two decades, this may contribute to the long-term 

population declines of Ancient Murrelet recruitment on East Limestone Island through the 

production of less competent/successful breeding adults or simply, failure of young to survive to 

sexual maturity.  It is important that long-term monitoring of the Ancient Murrelet population 

continue on East Limestone Island for comparison with breeding colonies on the other islands 

within the Haida Gwaii archipelago.  Further, it could be beneficial to band chicks upon 

departure to further assess fluctuations and trends in abundance and recruitment on East 

Limestone Island. 

While it appears that Ancient Murrelets are somewhat capable of adapting their 

incubation strategies by extending their incubation shift lengths to account for changing food 

supplies, this results in an overall decrease in reproductive performance (Shoji, 2009; Shoji et al., 

2012).  The greater the effects of climate fluctuation on euphausiids, the higher the rate of 

temporal predator-prey mismatches and alteration of trophic interactions (Hipfner, 2008).  As 

environmental managers, it is imperative that we understand the cumulative effects of a changing 

climate and the adaptive capabilities of those species most vulnerable.  Regional fisheries and 

oceanographic data trends should be considered as indicators of future ecosystem changes and 

factored into the management strategies for Ancient Murrelet.  Given the variability associated 

with our ocean climate, an adaptive management approach should be adopted and applied to 

further protect and conserve this seabird.  If oceanographic change is occurring at a faster rate 

than Ancient Murrelet or their prey can adapt, further population declines are inevitable.  
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Appendix 

Table A1 

Summary of combined seasonal mean (March-May), monthly mean, and deviation from the 50-

year mean (1963-2013) sea surface temperatures for the four lightstations nearest to Haida 

Gwaii: Bonilla Island, McInnes Island, Kains Island, and Langara Island 

Year 

Sea surface temperature means (˚ C) 

Seasonal 

(March-

May) 

March SST 

March 

Deviation 

from 50-year 

mean 

April SST 

April 

Deviation 

from 50-year 

mean 

May SST 

May 

Deviation 

from 50-year 

mean 

1990 8.26 7.05 -0.06 8.29 0.27 9.43 -0.06 

1991 7.60 6.32 -0.79 7.53 -0.49 8.96 -0.53 

1992 9.10 8.26 1.15 9.07 1.05 9.98 0.49 

1993 8.66 7.30 0.19 8.44 0.42 10.23 0.74 

1994 8.86 7.65 0.54 8.79 0.77 10.14 0.65 

1995 8.52 7.13 0.02 8.43 0.41 10.00 0.51 

1996 8.48 7.22 0.11 8.35 0.33 9.87 0.38 

1997 8.52 6.99 -0.12 8.24 0.22 10.33 0.83 

1998 9.56 8.78 1.67 9.42 1.40 10.48 0.99 

1999 7.93 7.08 -0.03 7.82 -0.20 8.89 -0.61 

2000 8.34 7.37 0.26 8.22 0.20 9.42 -0.07 

2001 7.93 7.19 0.08 7.94 -0.08 8.66 -0.83 

2002 7.51 6.38 -0.74 7.45 -0.57 8.71 -0.78 

2003 8.82 7.72 0.61 8.55 0.53 10.18 0.69 

2004 8.88 7.52 0.41 8.72 0.70 10.39 0.90 

2005 9.03 7.66 0.55 8.53 0.51 10.92 1.43 

2006 8.41 7.12 0.00 8.32 0.30 9.79 0.30 

2007 7.92 6.80 -0.32 7.70 -0.32 9.26 -0.23 

2008 7.44 6.61 -0.50 7.19 -0.83 8.53 -0.96 

2009 7.34 5.84 -1.27 7.14 -0.88 9.06 -0.44 

2010 8.88 7.92 0.81 8.44 0.42 10.27 0.78 

2011 8.03 6.75 -0.36 7.82 -0.20 9.53 0.04 

2012 7.89 6.74 -0.37 7.92 -0.10 9.01 -0.48 

2013 8.04 7.13 0.02 7.91 -0.11 9.07 -0.43 
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Table A2 

Summary of combined seasonal mean (March-May), monthly mean, and deviation from the 50-

year mean (1963-2013) salinity values for the four lightstations nearest to Haida Gwaii: Bonilla 

Island, McInnes Island, Kains Island, and Langara Island 

Year 

Salinity (ppt) 

Seasonal 

(March-

May) 

March 

Salinity 

March 

Deviation 

from 50-year 

mean 

April 

Salinity 

April 

Deviation 

from 50-year 

mean 

May 

Salinity 

May 

Deviation 

from 50-

year 

mean 

1990 31.11 30.78 0.07 31.13 0.33 31.41 0.06 

1991 31.36 31.19 0.49 31.36 0.56 31.52 0.16 

1992 31.21 31.06 0.36 31.32 0.52 31.24 -0.11 

1993 31.45 31.60 0.90 31.32 0.52 31.42 0.07 

1994 30.90 30.66 -0.04 30.78 -0.02 31.26 -0.09 

1995 31.14 30.94 0.24 30.99 0.19 31.51 0.16 

1996 30.56 30.62 -0.08 30.37 -0.43 30.70 -0.65 

1997 30.59 30.54 -0.16 30.63 -0.17 30.59 -0.76 

1998 31.15 30.85 0.15 31.18 0.38 31.42 0.07 

1999 30.83 30.60 -0.10 30.78 -0.03 31.10 -0.25 

2000 31.31 31.38 0.68 31.37 0.57 31.18 -0.17 

2001 31.09 31.02 0.32 31.27 0.47 30.99 -0.36 

2002 31.08 31.13 0.43 30.74 -0.06 31.38 0.03 

2003 30.33 30.64 -0.06 29.97 -0.84 30.38 -0.97 

2004 30.61 30.29 -0.41 30.66 -0.14 30.89 -0.46 

2005 30.45 30.43 -0.27 30.20 -0.60 30.73 -0.62 

2006 30.86 30.69 -0.01 30.77 -0.03 31.12 -0.23 

2007 30.11 30.18 -0.52 29.87 -0.93 30.29 -1.06 

2008 30.29 30.09 -0.61 30.27 -0.54 30.53 -0.82 

2009 30.61 30.13 -0.57 30.35 -0.45 31.35 0.00 

2010 30.42 29.78 -0.92 30.76 -0.04 30.73 -0.63 

2011 30.64 30.48 -0.22 30.54 -0.26 30.90 -0.45 

2012 30.34 29.83 -0.87 30.38 -0.43 30.81 -0.54 

2013 30.23 30.20 -0.50 30.58 -0.22 29.92 -1.43 
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Table A3 

Summary of combined seasonal mean (March-May), monthly mean, and monthly UI anomaly 

values for the station at 51˚ N 131˚ W 

Year 

Upwelling Indices (m³/s-1/100 m of coastline) 

Seasonal 

(March-

May) 

March UI 
March UI 

Anomalies 
April UI 

April UI 

Anomalies 
May UI 

May UI 

Anomalies 

1990 -23 -70 -57 -4 1 4 0 

1991 5 7 20 -8 -3 15 11 

1992 -5 -3 10 -19 -14 7 3 

1993 -53 -52 -39 -97 -92 -10 -14 

1994 -13 -16 -3 -16 -11 -6 -10 

1995 -7 -24 -11 -14 -9 17 13 

1996 -28 -9 4 -82 -77 6 2 

1997 -22 -32 -20 -31 -25 -2 -6 

1998 -6 -26 -13 -11 -6 18 15 

1999 -13 -28 -15 -8 -3 -2 -6 

2000 -34 -85 -72 -18 -13 0 -3 

2001 -14 -21 -8 -4 1 -16 -19 

2002 5 1 13 16 22 -3 -7 

2003 -16 -41 -29 -2 3 -5 -8 

2004 -7 -23 -11 -15 -10 18 15 

2005 -10 -11 1 -10 -5 -9 -13 

2006 -10 -14 -2 -12 -6 -5 -9 

2007 -29 -33 -21 -53 -48 -1 -5 

2008 -5 -28 -16 5 10 7 4 

2009 3 -1 12 9 14 0 -4 

2010 -40 -109 -97 -12 -7 2 -1 

2011 -37 -106 -94 4 9 -9 -13 

2012 -37 -50 -38 -54 -49 -8 -12 

2013 7 0 13 18 24 2 -1 
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Table A4 

Summary of monthly and seasonal adult euphausiid abundance for the Vancouver Island shelf 

for four species: Euphausiia pacifica, Thyanoessa spinifera, T. longpipes, and T. inspinata.  

Data shown have been square-root transformed (x
0.25

). 

Year 

Euphausiid Abundance (# / m3) 

March April May 
Seasonal  

(March-May) 

1990 0.38153 0.26513 0.48920 
0.013065 

1991 0.18111 - - 
0.029175 

1992 - 0.26605 - 
0.005010 

1993 - - 0.0000 
0.000000 

1994 - - - 
- 

1995 - 0.47745 - 
0.051964 

1996 - - - 
- 

1997 - 0.38494 - 
0.021957 

1998 - - 0.62514 
0.152720 

1999 - - 0.51260 
0.069040 

2000 - - 0.43387 
0.035435 

2001 0.34896 - 0.65876 
0.142058 

2002 0.37885 - 0.61393 
0.101577 

2003 - - 0.65115 
0.179767 

2004 - - 0.85572 
0.536191 

2005 0.17793 - 0.86211 
0.311167 

2006 - 0.40339 - 
0.026478 

2007 - - 0.41531 
0.029749 

2008 0.15001 - 0.88763 
0.271870 

2009 0.15434 - 0.7611 
0.101070 

2010 - - 0.55273 
0.093337 

2011 - - 1.07206 
1.320931 

2012 - - 0.66189 
0.191930 

2013 0.31149 - - 
0.009414 
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Table A5 

Summary of Ancient Murrelet biological data collected and analyzed from East Limestone 

Island, Haida Gwaii 

Year 

Mean Chick 

Mass at 

Departure (g) 

± SD 

Chick 

Abundance 

Number of 

Funnel Traps 

Used 

Number of 

Trap Nights 

Chick 

Abundance 

(CPUE) 

Median Date 

of Departure 

(JDate:  

May 1 = 1) 

1990 27.67 ± 2.49 867 6 35 4 24 

1991 27.29 ± 2.21 626 6 30 3 24 

1992 26.90 ± 2.38 724 6 23 5 23 

1993 27.31 ± 2.75 690 6 39 3 20 

1994 27.45 ± 4.64 660 6 34 3 22 

1995 26.87 ± 2.64 586 6 41 2 23 

1996 27.12 ± 2.36 647 6 33 3 21 

1997 26.98 ± 2.29 573 6 32 3 27 

1998 26.49 ± 2.31 525 6 43 2 25 

1999 27.13 ± 2.85 296 6 31 3 19 

2000 27.18 ± 2.35 498 6 21 4 21 

2001 26.69 ± 2.46 582 6 36 3 22 

2002 26.52 ± 2.25 596 6 31 3 22 

2003 26.54 ± 2.28 552 6 37 2 21 

2004 26.91 ± 2.06 474 6 26 3 17 

2005 26.92 ± 2.47 473 6 30 3 22 

2006 27.10 ± 2.38 514 8 23 3 18 

2007 26.64 ± 2.57 123 4 28 1 23 

2008 26.71 ± 2.54 127 4 23 1 21 

2009 27.11 ± 2.19 103 4 20 1 19 

2010 26.61 ± 2.30 288 8 18 2 18 

2011 26.60 ± 1.90 107 4 32 1 21 

2012 26.95 ± 1.96 110 4 22 1 22 

2013 27.14 ± 2.12 137 4 22 2 20 

 


