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ABSTRACT
Spatial and Oceanographic Factors Affecting Black-legged
Kittiwake and Thick-billed Murre Distributions in the
Southeastern Bering Sea.
by
Brian Allan Hoover
Master of Science in Marine Science
California State University Monterey Bay, 2013
The distribution patterns of Thick-billed Murres (Uria lomvia) and Black-legged
Kittiwakes (Rissa tridactyla) in the southeastern Bering Sea were documented at sea during
vessel-based surveys in July-August of 2008 and 2009. The relationships of murre and
kittiwake densities with environmental variables were investigated using binomial
generalized additive models (GAMs) to model the presence or absence of birds, and Gammaerror distribution GAMs to model the positive densities of birds. Environmental variables
included oceanographic factors (Chlorophyll, Chlorophyll anomalies, Daily SST, Monthly
SST), spatial factors (Distance to nearest colony, Distance to 300m shelf break, Depth), and a
temporal factor (Year). Nocturnal surveys were also conducted in 2009 using a novel
surveying protocol to quantify changes in seabird distribution patterns between day and
night. Diurnal and nocturnal transects were modeled with environmental variables and
acoustically derived measures of prey abundance, to investigate whether birds associated
with different regions or food types between day or night. The association of murres with
habitat variables did not differ greatly between years, and variability in murre distributions
was primarily explained by spatial factors. When pooled between years, murres sighted
closest to St. Paul were positively associated with chlorophyll concentrations and with the
proximity to their colony, whereas murres from St. George were positively associated with
the proximity to their colony, chlorophyll concentration, and a monthly sea surface
temperature of 7° Celsius. In contrast, the association of kittiwakes with habitat variables
differed significantly between year and when categorized by closest colony. In 2008,
kittiwake densities were not strongly associated with any variables, but were most closely
related to oceanographic conditions. In 2009, kittiwake sightings were more concentrated
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along the shelf break and northwest of St. Paul Island over the continental shelf. Kittiwakes
sighted nearest to St. George were significantly associated with shelf break habitat in both
years, whereas kittiwakes sighted nearest St. Paul were more closely associated with middle
shelf habitat northwest of St. Paul.
The distribution of murres did not differ between day and night, but kittiwake
distributions shifted to deeper water at night. Kittiwakes were positively associated with
juvenile walleye pollock abundance in the top 100m during the day, but were not clearly
associated with pollock at night. The nocturnal distribution of kittiwakes over deep water
and near the shelf break may have reflected other nearby prey resources (myctophids,
smoothtongue) that were not well-quantified. In conclusion, 2008 and 2009 were both
similar “cold” environmental years during which murres appeared to use consistent foraging
patterns, whereas kittiwakes associated with different habitat variables between years and
frequented distinct foraging areas between day and night.
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CHAPTER 1
SPATIAL AND OCEANOGRAPHIC FACTORS AFFECTING BLACKLEGGED KITTIWAKE AND THICK-BILLED MURRE DISTRIBUTIONS
IN THE SOUTHEASTERN BERING SEA
INTRODUCTION
Seabirds generally distribute themselves at sea in response to physical and biological
features that concentrate prey (Hunt Jr and Harrison 1990, Ribic and Ainley 1997, Fauchald et al.
2000, Ainley et al. 2005, Ballance 2007). Variability in oceanographic conditions underlies
patchy and ephemeral prey distributions, therefore, foraging seabirds must respond to stochastic
prey patterns on multiple temporal and spatial scales (Schneider and Duffy 1985, Fauchald et al.
2000, Fauchald and Erikstad 2002). As prey resources can be difficult to quantify over large
spatial scales, however, the physical and biological features that aggregate prey often are useful
proxies for estimating prey availability and abundance. Seabird distribution has been positively
correlated with bathymetry (Yen et al. 2004), sea surface temperature (Spear et al. 2001, Ainley
et al. 2005), vertical stratification (Garthe 1997), fronts and eddies (Hoefer 2000, Vlietstra et al.
2005, Hyrenbach et al. 2006), water masses (Wahl et al. 1989), water clarity (Henkel 2006), and
chlorophyll a (Hyrenbach et al. 2007b). Pelagic seabird distributions are further influenced by
spatial and temporal constraints, such as colony location (Parrish et al. 1998, Ainley et al. 2003)
or seasonal shifts pertaining to migratory movements (Ballance 2007). Behavioral mechanisms
such as competition (Birt et al. 1987, Ballance et al. 1997) and conspecific attraction (Irons 1998,
Davoren et al. 2003a) may further structure foraging and distribution patterns.
Black-legged Kittiwakes (Rissa tridactyla) and Thick-Billed Murres (Uria lomvia) are
two common piscivorous seabirds in the North Pacific. Although kittiwakes and murres occupy
similar trophic roles and share some dietary overlaps (Renner et al. 2012) , the two species vary
in physiology and foraging strategy. Murres are medium-sized diving birds capable of diving to
200 meters in pursuit of prey (Croll et al. 1992), and their heavy mass and greater wing-loading
ratio incur energetically expensive costs of flight. Black-legged Kittiwakes, in contrast, are
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efficient fliers that are limited to foraging at the ocean’s surface (Furness and Monaghan 1987,
Hamer et al. 1993, Suryan et al. 2000b). The physiological differences in diving efficiency and
flight costs confer distinctive foraging strategies for each species, particularly for breeding
individuals that must regularly return to their colony. Although breeding adults of both species
are efficient central place foragers (Orians and Pearson 1979b), murres forage for sub-surface
prey within a relatively short traveling distance of their major colonies (Gaston and Jones 1998),
whereas kittiwakes may exploit a larger spatial range in search of widely dispersed prey
resources (Suryan et al. 2000a, Daunt et al. 2002).
As kittiwakes and murres respond to prey resources on different spatial and depth scales,
associations between bird densities and habitat features should differ between the species.
Within a species, associations between at-sea densities and habitat features also may differ on a
temporal or spatial scale. For example, if environmental conditions that affect marine prey
distributions differ across years and regions, then these differences may be reflected in the local
responses of seabirds to the immediate habitat. Studies that capture adequate spatial and
temporal scales in seabird habitat associations are especially useful for estimating the potential
responses of a species to future variability in habitat quality.
This study documented the at-sea distribution of Thick-billed Murres and Black-legged
Kittiwakes for two consecutive summers in the southeastern Bering Sea, AK, and integrated
remotely accessed environmental data to investigate possible correlations between environmental
variables and seabird distribution patterns. As a component of the Bering Sea Integrative
Ecosystem Research Project (BSIERP; bsierp.nprb.org/), I investigated moderate-scale temporal
and spatial patterns in kittiwake and murre densities, and modeled the relationship of these
seabirds with predictive habitat features in their environment. The study area encompassed three
different colonies located near different types of oceanographic habitat, thereby facilitating
survey comparisons across species, years, and habitat types. This study took place during the
summer breeding seasons of 2008 and 2009, two years that exhibited significantly colder water
temperatures than previous years. By documenting the distribution patterns of kittiwakes and
murres over several distinct habitat types and during anomalous environmental periods, this
study provides further insight into the influence of varying environmental conditions on the
foraging strategies of two different seabird species.
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METHODS
STUDY AREA
We documented pelagic seabirds in the southeastern Bering Sea during 27-day periods in
July/August of 2008 and 2009, when breeding murres and kittiwakes were provisioning their
chicks on the colonies. The eastern Bering Sea shelf is a highly productive region with abundant
prey resources over the shallow continental shelf and along the 300 meter continental shelf break
and adjoining deep basin habitat (Springer et al. 1996, Mizobata et al. 2008). Large seabird
colonies exist at the Pribilof Islands of St. Paul and St. George (Hickey and Craighead 1977,
Hunt Jr and Byrd Jr 1999) in the central Bering Sea, and at Bogoslof island along the Aleutian
chain (Byrd et al. 2005). St. George retains substantially more nesting murres and kittiwakes
than St. Paul or Bogoslof (North Pacific Seabird Colony database;
http://alaska.fws.gov/mbsp/mbm/northpacificseabirds/colonies/default.htm). Both Pribilof
islands are located over the relatively shallow (<150m) continental shelf, however, St. George is
closer to the shelf break (~60km) than is St. Paul (~100km). Bogoslof island is immediately
adjacent to a deep-water shelf break, but is relatively far (~200km) from the productive
“greenbelt” region (Springer et al. 1996) along the central Bering Sea shelf break.
In 2008, the study area consisted of a 200 nautical mile (nm) circular zone around the
Pribilof Islands, and comprised an area of approximately 314,000 km2 (Figure 1). In 2009, a
200km hemisphere north of Bogoslof Island was also surveyed, increasing the total study area to
471,000 km2 (Figure 2). The bathymetry of the study region was delineated into three major
domains: the Inner Shelf (IS) representing 0-100m depths, the Outer Shelf (OS) representing
100-300m depths, and the Slope (SL) representing depths deeper than 300m. Major bathymetric
features include the steep shelf break west of the Pribilof Islands, the deep Pribilof submarine
canyon southwest of St. George, and the steep shelf break immediately north of Bogoslof Island.
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Figure 1: Study area in 2008, with depth zones and midpoints (white diamonds) of 10km
transects. Survey locations represent both randomly assigned transects and surveys conducted
while transiting between regions. Circle indicates 200nm radius around St. Paul Island.
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Figure 2: Study area in 2009, with depth zones and midpoints of 10nm transects. Survey
locations represent both randomly assigned transects and surveys conducted while transiting
between regions. Circles indicate 200nm radius around St. Paul Island and Bogoslof Island.
Surveys also were conducted in the buffered region between the two 200nm zones.
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SURVEY PROTOCOL
Ship-based observations were used to conduct standardized strip-transect surveys, in a
manner consistent with previous seabird surveys (Tasker et al. 1984a, van Franeker 1994) and
following FWS protocol (USFWS 2007). Ten-kilometer transects were distributed equally over
bathymetric zones in a stratified random design (Figure 1). Seabirds were continually recorded
in a 90° arc from either the starboard or port side of the wheelhouse. All birds on the water were
counted, and flying birds were counted in “snapshot” fashion (Tasker et al. 1984a, Gaston et al.
1987) during calculated intervals (every 45 seconds, when surveying at a standard speed of 5
knots). When a bird, or group of birds, was sighted the species code, behavior, and distance bins
were immediately entered into a surveying software program (DLOG3; Glenn Ford Consulting,
Portland OR). Species were identified to the lowest possible taxonomic level. Behavior was
recorded as flying, foraging, or on the water. The vessel's spatial coordinates were automatically
updated every 20 seconds, as were environmental criteria such as Beaufort sea-state level
(Bowditch 1966), cloud cover, weather conditions, glare, and viewing conditions. These
environmental values were manually updated whenever conditions changed.
Seabirds also were surveyed when transiting between transect sites, and environmental
data were gathered in the same format as when conducting transects. Although these transit
surveys were conducted at a slightly greater speed (8-9 knots), they were included in certain
analyses as their inclusion greatly augmented the total area surveyed and provided additional
coverage and a more robust examination of the bird distributions.

DETECTION BIASES
Following standardized USFWS seabird survey protocols, we quantified seabird sightings
in 100-meter bins out to 300 meters. Strip-transect methodologies assume that 100% of the birds
within the detection strip are recorded (Tasker et al. 1984a), and seabird sightings are quantified
as number per area (km2) values. Validation studies, however, have indicated that rarely is the
assumption of 100% detection correct, with most strip transect analyses drastically
underestimating the actual number of birds within the strip (Spear et al. 2004, Hyrenbach et al.
2007a). Inaccurate estimations are particularly likely for smaller seabirds on the water surface,
particularly when surveys occurred during periods of inclement weather and greater wave height.
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(Spear et al. 2004, Hyrenbach et al. 2007a). Therefore, before analysis and modeling, seabird
sightings were checked for detection biases associated with strip width and weather. The effect
of weather on seabird sightings among strip widths was assessed by applying ANOVAs among
bin sizes during different categorical visibility conditions (Categories: 1-5) (Zar 1984,
Hyrenbach et al. 2007a). This analysis was used on pooled Thick-billed Murre and Common
Murres sightings from 2008 and 2009, and only applied to birds detected on the water.
Thick-billed Murres and Common Murres often co-occurred in large numbers during
surveys. When these two species could not be differentiated or when the observed numbers of
birds were too great to permit tallying by species, both species were recorded as “Unknown
Murre”. To calculate accurate Thick-billed Murres densities and distributions, it was necessary
to allocate the appropriate percentage of “Unknown Murres” as either Thick-Billed or Common.
This was done by taking the known ratio of documented Thick-billed to Common Murres for
each transect, and pro-rating the number of unknown murres by this ratio. This approach has
previously been used in similar studies wherein two co-existing and closely related species were
recorded at coarser taxonomic scales, and separated later for statistical analysis (Kuletz and
Kendall 1998).
Black-legged Kittiwakes and Red-legged Kittiwakes frequently co-occurred during
daytime surveys near the shelf-break and deep basin habitats. Generally, these two species were
easily discriminated within the 300m detection range. However, when kittiwake identification
could not be confirmed with 100% confidence, then the birds sighting was recorded as
“unknown kittiwake”, and was not used in subsequent analyses.

DATA ANALYSIS
Associations between species densities and habitat vary with spatial scale (Wiens 1989,
Levin 1992, Huettmann and Diamond 2006), therefore preliminary analyses were necessary to
elucidate patterns of spatial autocorrelation. Spatial autocorrelation may be defined as the
correlation of a variable with itself (Cliff and Ord 1970, Legendre 1993), indicating nonindependence among successive values. In seabird studies this is particularly associated with
patches or aggregations at different spatial scales (Schneider and Duffy 1985, O'Driscoll 1998,
Schneider 2002, 2007), and traditional parametric statistics should not be applied when
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assumptions of independence are violated. Morans I tests were used to test for scales of spatial
autocorrelation, and these results were used to indicate appropriate bin lengths. Densities of
murres and kittiwakes were then computed within each bin using Excel and the Hawth’s Tools
package (Beyer 2004) in Arc GIS. Murre and kittiwake density distributions were mapped and
visually depicted using ArcGIS (ArcGIS® and ArcMap™; www.esri.com). Bird densities in
unsurveyed regions were extrapolated throughout the study site via the kriging function in the
Arc GIS spatial analyst toolkit. Kriging is a stochastic interpolation function in which the levels
of spatial autocorrelation among surveyed data points are used to weight predicted values in
unsurveyed areas. Sufficient data points are needed (typically at least 150 points) to generate an
accurate variogram of spatial structure (Webster and Oliver 1992). Among mapping
interpolation techniques, kriging is particularly appropriate for patchy or clustered data sets, as it
extrapolates predictions while maintaining observed spatial structure.

ENVIRONMENTAL VARIABLES
Binned seabird densities were correlated with bathymetry (Depth), daily sea surface
temperature (Daily SST), 32-day averaged sea surface temperature (Monthly SST), Chlorophyll
a (Chlorophyll), monthly Chlorophyll anomalies from an 8-year average (Chl Anomaly), time of
day (Hour), distance to the nearest colony (DistToColony), and distance to the 300m shelf break
(DistShelfBreak). Bathymetry values were obtained using an ArcGIS base layer (ESRI software,
etc.). Bathymetry values were taken from the Alaska Ocean Observing System (AOOS)
(http://ak.aoos.org) shapefile. The three major zones in the study area are: the Inner Shelf (075m), the Outer shelf (75-300m), and the western deep basin (>300m). Consequently, there
were only a few distinct depth categories available from the bathymetry depth file, and depth
values were best used as a categorical variable rather than a continuous variable. Depth values,
therefore, were binned in nine separate categories. ArcGIS also was used to calculate Distance
to Colony and Distance to 300m Shelf Break for each transect or bird sighting. Oceanographic
variables were obtained from remote satellite data, and processed and visualized using
MATLAB and ArcGIS. Daily SST values were obtained via satellite data provided on the
AOOS website (http://ak.aoos.org). Because of the frequent cloud cover and fog covering the
Bering Sea, daily SST data was provided in 20 by 20km blocks, therefore, the spatial resolution
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of daily temperature values was quite coarse. Monthly SST values were obtained through
NASA’s GIOVANNI website (http://disc.sci.gsfc.nasa.gov/giovanni/overview/index.html; Acker
and Leptoukh 2007) and processed in ArcGIS; Monthly SST values were in a 9X9 km
resolution. Large-scale patterns in SST in the Bering Sea are likely to be temporally consistent
over a month, therefore, fine-scale resolution is likely compromised but large pattern retained
when using monthly SST. Chlorophyll A data were obtained from MODIS satellites via the
GIVANNI hub, and were processed in 9X9 km resolution. /

Figure 3: Processed and interpolated monthly chlorophyll values from July-August
2008, overlaid with the locations of seabird transects conducted in 2008.
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PATTERNS OF SEABIRD-HABITAT ASSOCIATIONS
The relationships between oceanographic habitat variables, spatial variables, and year
effects were initially assessed using a Non-metric Multidimensional Scaling (NMDS) ordination.
NMDS is used to spatially represent the interrelationships between variables in a data set, and
does so by iteratively computing and then rank ordering the dissimilarities between variables
among samples until a parsimonious solution is found. The objective is to reduce the
dimensionality of a multivariate dataset and create spatial representations of similarities in the
data; i.e. clustering (Kruskal 1964, Kenkel and Orloci 1986). Unlike other popular ordination
techniques requiring linear (metric) relationships among explanatory variables, NMDS is a nonparametric technique that can be applied towards nonlinear datasets. This technique was used
here to detect obvious patterns in the data; specifically, the NMDS was color-coded to show the
spatial clustering of variables by Year and by Colony. The NMDS analysis was applied for only
those transects where murres or kittiwakes were present, and the effects of year and colony were
visualized for the habitat associations of each species. Any patterns observed in the ordination
were then used to generate further hypotheses concerning relationships between model effects
and bird abundance.
MODELING SEABIRD-HABITAT ASSOCIATIONS
Collinearity among independent variables was assessed before incorporating independent
variables into predictive density models. The relationships between variables were assessed
using a Variance Inflation Factor (VIF) analysis, which depicts the degree of collinearity among
variables. Greater values (generally 10+) indicate collinearity, and collinear values may then be
removed stepwise from subsequent VIF analyses to determine which independent variables
should be dropped from subsequent modeling analysis (Oíbrien 2007). If no independent
variables were determined to be collinear with each other, then the model incorporated all
variables. Other researchers often incorporate a variety of stepwise selection models to
determine which explanatory variables are most important in driving the pattern in the response
variable. However, this approach has been recently criticized for the biases it introduces to
variable parameterization and an overreliance on a single best model (Whittingham et al. 2006).
As seabirds in this study were likely affected by an interacting suite of environmental conditions,
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all variables that were independent of each other were incorporated in a full model using all
terms.
The analysis of count data often is complicated by a predominance of zeros in the data
set; that is, a species is typically not seen much more often than it is seen. This is a common
occurrence when surveying rare species, or if the study area is much larger that the range of a
study species (Cunningham and Lindenmayor 2005). Because the overall study area for this
study encompassed both likely and unlikely habitats for murres and kittiwakes, the count data
was expected to be zero-inflated. One appropriate approach to analyze such data is to use a
Zero-Inflated Poisson (ZIP) Model or Hurdle Model approach (Cragg 1971, Agarwal et al. 2002,
Zuur et al. 2009). These are two-step models that analyze zero-inflated data by: 1) examining
the effects of independent variables on the presence/absence of birds in the data set, then 2)
examining the effects of independent variables on only the positive density values of birds in the
data set. In this fashion, there are two outputs produced for interpretation: which variables
determine where birds may be found, and which variables determine where the greatest densities
of birds occur. As the count data collected through this project were characterized as zeroinflated, a 2-step Hurdle model was applied to counts of kittiwakes and murres in both years.
Before model selection, the relationship between bird densities and explanatory variables
was examined to determine whether the relationship was linear or non-linear. When
relationships were determined to be non-linear, generalized additive models (GAM) were used to
model the relationships between environmental variables and bird distributions. The
presence/absence distributions of murres and kittiwakes were modeled using a binomial GAM .
As positive density counts represent a right-skewed data distribution, Generalized Additive
Models were fitted with a Gamma-error distribution. The residuals of each model were plotted
to examine their distribution and verify that the chosen model represented a viable and robust
analysis. Murres from both years were pooled for analysis, and both murres and kittiwakes were
analyzed separately by year. Murres and kittiwakes were categorized by the nearest colony from
which they were recorded at sea, and separated into general Pribilof and Bogoslof domains in
2009. This facilitated easier comparisons with 2008, when only the Pribilof area was surveyed.
Models were examined for the significance of the explanatory variables, and for the
percentage of the variance in the data that was explained by the overall model. Model effects
were considered strong at significance levels of p<0.01, a level at which the null hypothesis of no
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effect of the term on the model could be rejected with 99% confidence. Model effects were
considered weakly significant at a threshold of p<0.05. The variance explained by each model
was explained by the adjusted R-squared values (R2a). Adjusted R-squared values are a
modification of regular R-squared that account for the number of explanatory variables in the
model (Peres-Neto et al. 2006). The R2a value will always be equal to or less than a regular R2,
therefore, the actual goodness of fit of each regression model is likely greater than what is
portrayed by the R2a value. In this study, R2a values were used to estimate the relative
contribution of spatial, oceanographic, and annual effects.
The VARPART package in R was used to partition the total variance in kittiwake and
murre distributions into spatial, annual, and oceanographic categories. Distance to Shelf Break,
Distance to Nearest Colony, Site, and Depth were categorized as spatial variables. Year (2008 or
2009) was categorized as an annual variable. Daily SST, Monthly SST, Chlorophyll, and
Chlorophyll Anomaly were categorized as oceanographic variables. Variance partitioning
compares the adjusted R-squared (R2a) values calculated from a multiple linear regression of the
dependent variable (bird abundance) against the independent variables (Borcard et al. 1992,
Peres-Neto et al. 2006). Linear regression of non-linear relationships between bird abundance
and environmental variables will result in more conservative estimates of explained variance, as
compared with the estimates produced by non-linear additive models. The relative contributions
of Year, Space, and Oceanography, however, can be interpreted in more refined models as well.
Significance in variance partitioning was tested by applying a redundancy analysis (RDA) to the
relative fractions of each category, and using a permutational ANOVA to compare 200 iterative
runs of the RDA analysis.
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RESULTS
SURVEY RESULTS
In 2008 all surveys occurred within 200 nautical miles of the Pribilof Islands, and 132
transects were surveyed comprising 1602 km2 of surface area (Table 1). In 2009, Bogoslof
Island in the Aleutian chain was added to the study area, and 238 transects were surveyed
comprising 2205.0 km2. These measurements do not include transit surveys, when seabirds were
surveyed opportunistically while transiting between transects.
The assumption of equal detection across bin widths was tested by comparing records of
murres on the water in viewing conditions of Fair (Category 3) and Poor (Category 4). When
viewing conditions were ranked as Fair, no significant difference was detected in the number of
murres sighted among strip widths (Table 2A; ANOVA p<0.397). When viewing conditions
were Poor, there were significantly fewer murres sighted in the outer 200-300 meter bin. (Table
2B: ANOVA; p<-0.024). An insufficient number of transects were conducted in Bad (Category
5) conditions to permit a similar analysis. These results indicated that birds on the water and
further from the boat were not accurately detected during subpar viewing conditions, therefore,
twenty-one surveys conducted during Poor and Bad conditions were removed from further
analysis.
Morans I tests indicated that Thick-billed Murres sightings on the water were spatially
auto-correlated within distances of 2.5km or less. Black-legged Kittiwake sightings were
potentially spatially auto-correlated within distances up to 8.6 km, similar to spatial
autocorrelation scales for kittiwakes in the Bering Sea reported by Kitaysky et al. (2000).
Murres, therefore, were binned in 2 km segments and kittiwakes binned in 10 km segments for
subsequent analysis.
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Table 1. Summary of surveys by year, region and type. Transects represent 10 km surveys
randomly distributed throughout the study site. Transits represent surveys conducted while
transiting between transect sites, and are binned into 10 km intervals. The column “number”
indicates the number of transects or 10 km transit intervals
Year
2008
2009

Region

Survey Type

Number

Total Length (km)

Pribilofs

Transect

91

631.48

Pribilofs

Transit

95

1139.52

Pribilofs

Transect

57

514.38

Bogoslof

Transect

27

211.58

Pribs. & Bog.

Transit

123

1487.13

393

3985.09

Total

Table 2. ANOVA comparing mean murre densities among three bin widths under variable
viewing conditions. Murres sightings from 2008 and 2009 were pooled.
Category 3 (Fair Conditions)
Variable type
Bin
Transect
Residuals

Df
2
59
118

Sum Sq
40.03
2835.87
2535.30

Mean Sq
20.017
48.066
21.486

F value
0.9316
2.2371

P-value
0.3967880
0.0001066 ***

Category 4 (Poor Conditions)
Variable type
Df
Sum Sq
Bin
2
21.333
Transect
23
84.208
Residuals
46
121.333
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’

Mean Sq
10.6667
3.6612
2.6377

F-value
4.044
1.388

P-value
0.02411 *
0.16952

Table 3. Moran’s I test for spatial autocorrelation of murre and kittiwakes sightings. P-values
depict the probability that subsequent sightings within a set distance (3 km for murres; 7.5 for
kittiwakes) are spatially autocorrelated with each other.
Species

Observed

Expected

S.D.

P

Murres <3km

-0.004494158

-0.002557545

0.002625452

0.4607389

Kittiwakes <10km

-0.001892549

-0.001893939

2.160539e-05

0.9486811
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SPATIAL DISTRIBUTIONS OF KITTIWAKES AND MURRES

Thick-billed Murres were consistently similar in their near-shore distribution in both
2008 and 2009 (Figures 4 and 5). Increased densities of murres occurred in near-shore waters of
the Pribilof Islands, and southwest of St. George near the Pribilof canyon (Figs. 3 & 4). Murres
were observed in greater densities near each of the three colonies, and were especially abundant
in 2009 in the shallow waters adjacent to St. George Island (Fig. 4). Increased numbers of
murres also were recorded 60 kilometers southwest of St. George in the Pribilof Canyon area.
Kittiwakes, in contrast, exhibited considerable variability in their distribution patterns between
years (Figs. 5 and 6). In 2008 and 2009, kittiwakes were observed in moderate densities along
the 300m shelf break, over the Pribilof Canyon, and over deep basin waters west of the 300m
shelf break. In 2009, however, kittiwakes were at greater densities northwest of St. Paul over the
outer shelf (OS), as well as over the inner shelf (IS) immediately adjacent to St. Paul (Fig. 6). In
general, kittiwakes in 2009 were more aggregated in larger concentrations than were observed in
2008. We did not detect increased densities of murres or kittiwakes near the Bogoslof Island
zone.
NMDS ANALYSIS OF SEABIRD-HABITAT ASSOCIATIONS
Non-metric Multidimensional Scaling (NMDS) did not depict clear differences between
survey years in the association of murre distribution and habitat variables (Fig. 7). When murre
sightings were categorized by the nearest colony and associated with habitat features, the most
discernable pattern was that murres sighted nearest Bogoslof and St. Paul were negatively
associated with the shelf break habitat, unlike birds sighted nearest St. George (Fig. 8). Murres
sighted nearest Bogoslof were more clearly associated with the colony (decreasing depth and
distance from colony) than Pribilof Island murres. Murre sightings from different colonies were
not differentiated along any other habitat gradients. In contrast, kittiwakes exhibited yearly and
spatial differences in their association with habitat features (Figs. 9 and 10). Proximity to the
shelf break habitat explains most of the variability in kittiwake sightings between 2008 and 2009.
In 2008, kittiwakes were associated with the 300m shelf break west of the Pribilofs, whereas in
2009 many kittiwake sightings also appeared to cluster at distances away from the shelf break
(Fig. 9). Kittiwake sightings in 2009 also were more closely associated with habitats nearer to
their major colonies, as compared to kittiwake sightings in 2008. When kittiwake sightings were
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categorized by their nearest colony, birds from St. Paul were more conspicuously associated with
proximity to the shelf break than were birds from St. George. Unlike St. George birds,
kittiwakes nearest St. Paul were not associated with increasing depth and increasing distance
from colony. Birds from St. George also were associated more with increasing daily SST and
chlorophyll values than those from St. Paul. Kittiwake sightings nearest Bogoslof were most
closely associated with proximity to the colony and decreasing bathymetric depth.
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Figure 4: Spatial distribution of Thick-billed Murres recorded from vessel-based sea surveys in
2008. Seabirds were surveyed within 185 kilometers of the Pribilof Islands, St. George
(56.60°N, -169.58°W) and St. Paul (57.19°N, -170.26°W).
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Figure 5: Spatial distribution of Thick-billed Murres recorded from vessel-based sea surveys in
2009. Seabirds were surveyed within 185 kilometers of the Pribilof Islands, St. George
(56.60°N, -169.58°W) and St. Paul (57.19°N, -170.26°W), and within 185 kilometers of
Bogoslof Island (53.93°N, 168.03°W).
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Figure 6: Spatial distribution of Black-legged Kittiwakes recorded from vessel-based sea
surveys in 2008. Seabirds were surveyed within 185 kilometers of the Pribilof Islands, St.
George (56.60°N, -169.58°W) and St. Paul (57.19°N, -170.26°W).
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Figure 7: Spatial distribution of Black-legged Kittiwakes recorded from vessel-based sea
surveys in 2009. Seabirds were surveyed within 185 kilometers of the Pribilof Islands, St.
George (56.60°N, -169.58°W) and St. Paul (57.19°N, -170.26°W), and within 185 kilometers of
Bogoslof Island (53.93°N, 168.03°W).
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Figure 8: NMDS plot visualizing the clustering of habitat variables where murres were present by
year. Scores and biplot arrows depict the plotting coordinates and relative effect of each variable on
the overall clustering pattern. Spatial critera (Depth, Distance to Colony, Distance to Shelf Break)
appear to cluster along the X-axis (NMDS1), whereas oceanographic criteria cluster along the Y-axis
(NMDS2). There are no apparent visual differences in the clustering patterns of murre sightings
between years.

22

Figure 9: NMDS plot visualizing the clustering of habitat variables where murres were present
by colony. Scores and biplot arrows depict the plotting coordinates and relative effect of each
variable on the overall clustering pattern. Spatial critera (Depth, Distance to Colony, Distance ot
Shelf Break) appear to cluster along the X-axis, while oceanographic criteria cluster along the Yaxis. No differences are apparent in the pattern of murre sightings across colonies, however,
murres sighted nearest St. George generally cluster above murres sighted nearest St. Paul on the
NMDS2 axis. Along this axis, St. Paul murres were more negatively associated with increasing
distance from the shelfbreak; in comparison, murres sighted nearest St. George do not appear as
disassociated with the shelfbreak habitat. Murres sighted nearest Bogoslof were infrequently
sighted in 2009, and were negatively associated with increasing distance from the colony and
increasing bathymetric depth.
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Figure 10: NMDS plot visualizing the clustering of habitat variables where kittiwakes were
present by year. Scores and biplot arrows depict the plotting coordinates and relative effect of
each variable on the overall clustering pattern. A clear clustering pattern of habitat variables is
not inferred, however, spatial criteria appear to drive variability along the Y-axis (NMDS2). In
2009, kittiwake sighting were positively associated with increasing distance from the shelfbreak;
this association is notably absent in 2008. In 2009, kittiwake sightings were more strongly
associated with proximity to the colony and shallower depths compared with 2008 (negative
associations on NMDS1).
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Figure 11: NMDS plot visualizing the clustering of habitat variables where kittiwakes were
present by colony. Scores and biplot arrows depict the plotting coordinates and relative effect of
each variable on the overall clustering pattern. A clear clustering pattern of variables is not
inferred, however, spatial criteria appear to drive variability along the Y-axis. There is a visual
separation of kittiwake sightings according to colony: kittiwakes sighted nearest St. George
appear associated with increasing depth and distance from the colony; kittiwake sighted nearest
St. Paul are negatively associated with increasing distance from the shelf break on NMDS1.
Kittiwakes sightings from Bogoslof were generally associated with features near the colony
(decreasing depth and decreasing proximity to colony).
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HABITAT-ASSOCIATION MODELING
None of the environmental variables were highly collinear with any other variables
(Table 3). Chlorophyll anomalies and Distance to Nearest colony were moderately confounded
with other variables, but were not removed from further analyses. Initial exploration of the
relationships between environmental variables and bird abundances indicated that several of the
relationships between bird densities and environmental variables were non-linear. Consequently,
the presence/absence component of murre and kittiwakes counts was modeled using a binomial
GAM, whereas positive seabird densities were modeled using a gamma-distribution GAM.
Table 3: Variance Inflation Factors (VIF) depicting multicollinearity across environmental
variables. Values greater than 10 were considered significantly collinear with other variable(s).
Factors

VIF

Monthly SST

1.495970

Daily SST

1.448689

Chlorophyll a

2.360946

Chlorophyll anomaly

4.763187

Depth

3.226633

Distance to Nearest
Colony
Distance to Shelf Break

5.587280
2.935455

The presence of pooled Thick-billed murres (2008 and 2009) was significantly related to
distance from the 300m Shelf Break, proximity to Colony, daily SST, chlorophyll, and
chlorophyll anomalies, and the model explained 26% of the variability in murre
presence/absence (Table 4). When analyzed by year, the presence of Thick-billed Murres in 2008
was significantly associated with proximity to the shelf break (p<0.001), proximity to nearest
colony (p<0.001), and increasing daily SST (p<0.001) (Table 4A; See Appendix A for specific
model outputs). Increased densities were positively associated with proximity to the nearest
colony (p<0.001), increasing daily SST (p<0.05), and chlorophyll (p<0.05). The binomial GAM
model explained 26.6% (R2a =0.265) of the variability in murre presence/absence distribution
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patterns in 2008, and the Gamma distribution GAM explained 20.7% (R2a =0.21) of the
variability in their positive densities. In 2009, the presence of Thick-billed murres in the Pribilof
region was significantly associated with proximity to nearest colony (p<0.001), distance from
shelf break (p<0.001), and daily SST (p<0.001), moderately associated with monthly SST
(p=0.004), and weakly related to chlorophyll anomalies (0.012), and the overall model explained
43.9% of the variability in murre presence/absence. Where Thick-billed murres occurred in
2009, densities were positively associated with daily SST (p<0.001), proximity to colony
(p<0.01) and positive chlorophyll anomalies (p<0.05; Fig. 12). Although significant, there was
not a strong relationship between pooled Thick-billed murre density and chlorophyll (p<0.05),
and the relationship between Thick-billed murre density and Distance from the Shelf Break
(p<0.01) was not clear due to strong colony effects (Fig. 12). The Binomial GAM
presence/absence model explained 43.5% (R2a =0.435) of the variability in Thick-billed Murre
distribution patterns in 2009, and 22.8% (R2a=0.228) of the variance in their positive densities.
Thick-billed Murres from Bogoslof were analyzed separately in 2009. Depth (p=0.002) and
proximity to nearest colony (p-0.0028) were marginally associated with Thick-billed murre
presence, explaining 29.5% (R2a =0.295) of the variance in Thick-billed murre distribution
patterns. Where Thick-billed murres occurred in the Bogoslof region, no variables were
statistically associated with increasing murre density, and only 8.8% (R2a=0.088) of the
variability in murre density was explained.
In 2008, the presence of Black-legged Kittiwakes was moderately associated with
proximity to the 300m shelf break (p=0.0097; Table 4B: See appendix for full model outputs).
Kittiwake density was positively associated with chlorophyll anomalies (p=0.001), daily SST
(p=0.01), and proximity to the nearest colony (p=0.02), and negatively associated with
increasing distance from the shelf break (p=0.001; Fig. 13). Although significant, a directional
relationship was not apparent between kittiwake density and chlorophyll concentration
(p=0.0005). The Binomial GAM presence/absence model explained 8.91% (R2a =0.089) of the
variability in kittiwake distribution patterns in 2008, and the Gamma distribution GAM
explained 36.5% (R2a =0.365) of the variability in their distributed densities.
In 2009, the presence of kittiwakes from the Pribilof region was significantly related to
daily SST (p=0.0009), moderately related to distance from the 300m shelf break (p=0.002) and
chlorophyll anomalies (p=0.008), and weakly associated with time of day (p<0.01). Where
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kittiwakes occurred in 2009, kittiwake density was positively associated with a peak temperature
of 8.5 Celsius (p<0.01), and negatively associated with increasing distance from the shelf break
(Fig. 14; Table 11). The Binomial GAM presence/absence model explained 25.9% (R2a =0.259)
of the variability in kittiwake distribution patterns in 2009, and 9.5% (R2a=0.095) of the variance
in their positive densities. An insufficient number of kittiwakes were sighted in transects near
Bogoslof Island to permit construction of a viable model for birds sighted in this region.
When murre numbers were pooled (2008 and 2009) and analyzed by nearest colony,
murres from St. Paul were strongly associated with daily SST (p<0.0001), moderately associated
with depth (p=0.001), monthly SST (p=0.003) and chlorophyll (p=0.003), and weakly associated
with proximity to the shelf break (p=0.04) (Table 5). In contrast, murres from St. George were
strongly associated with chlorophyll (p<0.0001) and with spatial variables such as proximity to
the colony (p<0.0001) and to the shelf break (p=0.0002). Murres from St. George were
moderately associated with depth (0.001) and daily SST (p=0.001), and weakly associated with
monthly SST (p=0.04). Kittiwakes were separated by year and modeled by nearest colony
independently (Table 6), as NMDS results indicated their association with environmental
variables differed between years. Daily SST was significantly associated with kittiwake
densities from both regions and in both years (2008 St. Paul p=0.0001:, 2008 St. George:
p=0.005; 2009 St. George: p<0.0001; 2009 St. Paul p<0.0001). Kittiwakes from St. George were
significantly associated with distance to colony (2008: p<0.0001; 2009: p<0.0001) and proximity
to shelf break habitat (2008: p<0.0001; 2009: p<0.0001) in both years, and also strongly
associated with monthly SST (p<0.0001) and chlorophyll (p=0.0002) in 2009. In 2008,
kittiwakes nearest St. Paul were weakly associated with monthly SST (p=0.002) and chlorophyll
(p=0.037), however, in 2009 kittiwakes nearest St. Paul were strongly associated with distance to
colony (p<0.001), distance to shelf break (p<0.0001), and chlorophyll anomalies (p=0.0002),
whereas moderately associated with Chlorophyll (p=0.003). There was a strong difference in the
association of kittiwakes with environmental variables between years, as the 2008 kittiwake
models explained a much lesser proportion of variability in kittiwake distributions (2008 St.
George: r2=0.16, 2008 St. Paul: r2=0.39 ; 2009 St. George: r2=0.52, 2009 St. Paul: r2=0.70).
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Table 4: Significant terms correlated with either the presence/absence or the positive densities of
murres and kittiwakes in 2008 and 2009. As NMDS clustering did not indicate yearly
differences in murre-habitat associations, murres from 2008 and 2009 were pooled and modeled
separately. Adjusted R-squared values depict the percentage of total variability explained by the
model. Variables are listed in order of significance.
A. Thick-billed Murres
Model

Binomial GAM
(presence/absence)

Pribilofs
2008/2009
Pooled

Distance to Colony
Daily SST
Dist. To Shelf Break
Chl. Anomaly
Chlorophyll A

7.5e-8
2.8e-4
0.002
0.0014
0.047

2008
Pribilofs

Dist. to Colony
Daily SST
Dist. to Shelf Break
Chlorophyll a
Depth
Dist. to Colony
Daily SST
Dist. Shelf Break
Monthly SST
Chlor. Anomaly

8.5e-8
3.1e-7
1.8e_4
0.007
0.037
2.1e-16
2.4e-9
1.2e-7
0.004
0.014

Depth
Dist. to Colony
Dist. to Shelf Break

0.0025
0.0029
0.016

2009
Pribilofs

2009
Bogoslof

p

r2a

0.26

Gamma
(density)
Dist. To Colony
Daily SST
Chlor. Anomaly
Chlorophyll A
Dist. To Shelf
break
Depth
Dist. to Colony
Daily SST

p

r2a

3.6e-5
1e-4
2.5e-4
8e-4
0.002

0.20

0.01
1.2e-6
0.003

0.264

0.450

.
0.29

Dist. to Colony
Daily SST
Chlorophyll
Depth
Chlor. Anomaly
Monthly SST
Daily SST

3.6e-5
1e-4
2.5e-4
8e-4
0.002
0.01
0.039

0.295

0.263

0.081

B. Black-legged Kittiwakes
Region

Binomial GAM
(presence/absence

2008
Pribilofs

Dist. Shelf Break

2009
Pribilofs

Daily SST
Dist. Shelf Break
Chlor. Anomaly

2009
Bogoslof

Insufficient sample
size

p

R2 a

0.010
0.136

9e-4
0.001
0.008

0.285
X

Gamma
(density)
Chlorophyll
Dist. Shelf Break
Chlor. Anomaly
Dist. To Colony
Daily SST
Dist. Shelf Break
Daily SST
Insufficient
sample size

p
5.1e-4
0.001
0.001
0.024
0.013
0.018
0.014

r2a
0.365

0.112
X
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Figure 12: Relationship of pooled Thick-billed murre densities from 2008 and 2009 with
significant environmental predictors. The relationship of murre density and depth is not
depicted, as bathymetric depth was included as a discrete rather than continuous factor.
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Figure 13: Relationship of Black-legged Kittiwakes in 2008 and 2009 with significant
environmental predictors.
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Figure 14: Relationship of Black-legged Kittiwakes in 2009 with significant environmental
predictors.
When pooled murres (2008 and 2009) were analyzed by nearest colony, murres from St.
Paul were positively associated with daily SST (p<0.0001), monthly SST (p=0.003) and
chlorophyll (p=0.003), and negatively associated with increasing distance from the colony
(p=0.001) and proximity to the shelf break (p=0.04; Table 5). Murres from St. George were
positively associated with chlorophyll (p<0.0001) and with spatial variables such as proximity to
the colony (p<0.0001) and to the shelf break (p=0.0002). Murres from St. George were
moderately associated with depth (0.001) and daily SST (p=0.001), and weakly associated with
monthly SST (p=0.04). Kittiwakes were analyzed by year and modeled by nearest colony
independently (Table 6), as NMDS results indicated their association with environmental
variables differed between years. Daily SST was significantly associated with kittiwake
densities from both regions and in both years (2008 St. Paul p=0.0001:, 2008 St. George:
p=0.005; 2009 St. George: p<0.0001; 2009 St. Paul p<0.0001). Kittiwakes from St. George were
significantly associated with distance to colony (2008: p<0.0001; 2009: pp<0.0001) and
proximity to shelf break habitat (2008: p<0.0001; 2009: pp<0.0001) in both years, and also
strongly associated with monthly SST (p<0.0001) and chlorophyll (p=0.0002) in 2009. In 2008,
kittiwakes nearest St. Paul had a weak positive association with monthly SST (p=0.002) and
chlorophyll (p=0.037), however, in 2009 kittiwakes nearest St. Paul had a strong positive
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association with distance to colony (p<0.001), distance to shelf break (p<0.0001), and
chlorophyll anomalies (p=0.0002), whereas moderately associated with Chlorophyll (p=0.003).
There was a strong difference in the association of kittiwakes with environmental variables
between years, as models of kittiwakes in 2008 explained a much lesser proportion of variability
in kittiwake distributions (2008 St. George: r2=0.16, 2008 St. Paul: r2=0.39 ; 2009 St. George:
r2=0.52, 2009 St. Paul: r2=0.70).
Table 5: Association of habitat variables with Thick-billed Murre densities catalogued by
nearest colony (GAM, GAMMA-error distribution). Variables are listed in orders of decreasing
significance, and only significant variables are retained in the model.
Thick-billed Murres sighted nearest St. Paul: 2008-2009
Factored Variables
Depth

Estimate
-0.004

Std. Error
0.001

Smoothed Variables
Edf
Ref.df
Daily SST
8.979
8.998
Monthly SST
6.258
7.408
Chlorophyll
8.385
8.875
Dist. Shelf Break
2.250
2.823
R-sq.(adj) = 0.25 Deviance explained = 54.4% n = 188

T
-3.329

p-value
0.00108 **

Chi.sq
7.076
3.138
2.861
2.867

p-value
8.89e-09 ***
0.00334 **
0.00392 **
0.04190 *

Thick-billed Murres sighted nearest St. George: 2008-2009
Factored Variables
Depth

Estimate
3.176e-04

Std. Error
9.593e-05

Smoothed Variables
Edf
Ref.df
Dist. Nearest Colony
7.277
8.262
Chlorophyll
7.306
8.285
Dist. Shelf Break
3.698
4.552
Daily SST
1.000
1.000
Monthly SST
8.065
8.765
Chlor. Anomaly
1.000
1.000
R-sq.(adj) = 0.22 Deviance explained = 36.5% n = 432

T
3.311
Chi.sq
5.956
4.255
5.278
10.624
2.034
3.534

p-value
0.001**
p-value
2.30e-07 ***
5.24e-05 ***
0.000211 ***
0.001209 **
0.036224 *
0.060819 .
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Table 6: Association of habitat variables with Black-legged Kittiwake densities catalogued by
nearest colony (GAM, GAMMA-error distribution). Variables are listed in orders of decreasing
significance, and only significant variables are retained in the model.
2008 St. George Kittiwakes
Smoothed Variables
Edf
Ref.df
Dist. Nearest Colony
6.034
7.134
Dist Shelf Break
8.124
8.772
Daily SST
6.513
7.402
Monthly SST
4.799
5.906
Chlorophyll A
3.729
4.692
R-sq.(adj) = 0.16 Deviance explained = 23.5% n = 547

Chi.sq
46.361
44.667
30.078
20.105
12.497

p-value
9.29e-08 ***
9.83e-07 ***
0.000139 ***
0.002534 **
0.023770 *

Chi.sq
8.053
25.993
15.580

p-value
0.00455 **
0.00187 **
0.03742 *

2008: St. Paul Kittiwakes.
Smoothed Variables
Edf
Ref.df
Daily SST
1.000
1.000
Monthly SST
8.236
8.808
Chlorophyll A
6.390
7.448
R-sq.(adj) = 0.39 Deviance explained = 49.4% n = 330
2009 St. George Kittiwakes
Smoothed Variables
Edf
Ref.df
Daily SST
8.412
8.855
Shelf Break
5.011
6.163
Dist. Nearest Colony
8.980
8.998
Monthly SST
8.393
8.878
Chlorophyll
4.723
5.827
Chlor. Anomaly
7.292
8.250
R-sq.(adj) = 0.52 Deviance explained = 53.2% n = 495

Chi.sq
127.913
86.320
140.704
38.112
26.061
19.954

p-value
<2.0e-16 ***
3.1e-16 ***
<2.0e-16 ***
1.6e-05 ***
0.000202 ***
0.012266 *

2009 St. Paul Kittiwakes
Smoothed Variables
Dist. Nearest Colony
Dist. Shelf Break
Daily SST
Chlor. Anomaly
Chlorophyll

Edf
8.301
8.505
8.378
6.160
8.532

Ref.df
8.805
8.890
8.872
7.160
8.772

Chi.sq
130.19
85.74
48.09
29.07
24.68

p-value
<2.0e-16 ***
1.28e-14 ***
2.40e-07 ***
0.000166 ***
0.002993 **

Variance partitioning of murre sightings explained approximately 18% of the total
variability in the distribution of murres across years, space, and oceanographic variability (Table
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8). Spatial variables accounted for 14% of the variability in murre distribution, oceanographic
variables accounted for 3% of the variability, and Year accounted for 1.4% of the variability.
The shared effect of Ocean * Year * Space accounted for 1% of the variability in murre
distributions. Variance partitioning of all Black-legged Kittiwake sightings explained only 2.5%
of the total variability in their distribution, and was not sufficient to accurately categorize
variability by oceanographic, spatial, or annual factors.
Table 7: Variance partitioning table listing the unique contributions of different explanatory
categories in explaining variability in Thick-billed murre sightings. Adjusted R-squared values
explain more variability in the data than lower values. The total variability in murre sightings
explained by this analysis is ~19%. Results of variance partitioning were significant
(Permutational ANOVA on RDA results, p<0.05)
Individual fractions
YEAR
SPACE
OCEANOGRAPHY
YEAR + SPACE
YEAR + OCEAN
SPACE + OCEAN
All

Model
Residual

Df
4
1988

Df
1
3
5

9
Var
1.0938
13.2197

Adj.R.square
0.01438
0.14006
0.03031
0.01365
0.00721
0.00590
0.01054
F
41.12

p
0.005**
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DISCUSSION
DISTRIBUTION PATTERNS
The distribution maps and modeling results indicated that Thick-billed Murres were more
abundant near major colonies, whereas Black-legged Kittiwakes were more widely dispersed
throughout the study site. For example, 53.2% of Thick-billed Murres were observed within
60km of a major colony, whereas only 37.1% of the total kittiwake sightings were within 60km
of a major colony. This pattern agrees with the broad ecological hypothesis that murres are
central place foragers with a relatively constrained range due to their heavy mass and high wing
loading, whereas kittiwakes, though also central place foragers, range more widely. This
hypothesis is tempered by local habitat quality and foraging conditions- considerable variability
exists in the described foraging ranges of breeding murres and kittiwakes. Thick-billed Murres
may alternate short and long foraging trips, with most trips ranging from 30 to 50km distance
(Falk et al. 2002; Gaston 1985), but with trips as far as 130km recorded in chick-provisioning
murres in Atlantic colonies (Benvenuti et al. 1998). Daunt et al. (2002) found the maximum
foraging range of Black-legged Kittiwakes at a colony in Scotland was approximately 80km,
whereas Suryan et al. (2000) observed that breeding kittiwakes within Prince William Sound
foraged within 5km to 60km, depending on colony size and the type of prey being pursued.
These moderate distances do not necessarily represent the efficient foraging limit for kittiwakes,
but are interpreted as being adequate to provide sufficient prey resources (Suryan et al. 2000b,
Daunt et al. 2002). Variability in foraging ranges indicates that murres and kittiwakes are
successful at adapting to local conditions, and that the survey scale of this study was well within
the foraging range of either species.
Murres and kittiwakes occurred in greater abundances over the Pribilof Canyon 65km
southwest of St. George. The continental shelf break near the Pribilofs is a persistently
productive region, as currents and eddies transfer nutrients to the surface promoting primary and
secondary production, and the confluence of cold basin water and shallow shelf water creates a
warm water refuge for forage species like juvenile pollock and squid (Springer et al. 1996).
Springer et al. (1996) further speculated that the shelf break near the Pribilof Islands may support
primary production rates 60% greater than the 200m Outer Shelf and 260% greater than the deep
basin. The proximity of St. George to the shelf break, as compared with St. Paul, may partially
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explain the greater abundance of breeding birds at St. George. The North Pacific Seabird Colony
database (http://alaska.fws.gov/mbsp/mbm/northpacificseabirds/colonies/default.htm) indicates
colony populations of murres and kittiwakes are substantially greater at St. George (Blacklegged Kittiwake: 43,000 breeding pairs; Thick-billed Murres: 1.1 million breeding pairs) than at
St. Paul (Black-legged Kittiwakes: 18,000 breeding pairs; Thick-billed Murres: 76,000 breeding
pairs) or Bogoslof (Black-legged Kittiwake: 1600; Thick-billed Murres: 34,300 breeding pairs).
The relative importance of the shelf break as a foraging habitat for murres near St George is
illustrated in Figure 15, which depicts the modeled relationship of murres by nearest colony with
Distance to the Shelf Break. A positive response of murre density can be detected at
approximately 40 kilometers from the shelf break, which corresponds to birds sighted near the
break and over the Pribilof Canyon. This pattern contrasts with murres sighted closest to St.
Paul, which do not indicate a clear positive signal associated with proximity to the shelf break. It
is possible that some of the murres and many of the kittiwakes sighted over the shelf break near
St. George were actually birds from St. Paul, and the inability to assign birds (particularly
kittiwakes) to a colony limited the ability to infer specific foraging strategies between colonies.
Concurrent telemetry and diet studies (Harding et al. 2012), however, indicated that murres from
St. George regularly visited the shelf break habitat at night whereas murres from St. Paul did not.
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Figure 15: Relationship of murre density and distance to the shelf break,
catalogued by nearest colony. Densities were fitted with a smoothed GAM
trendline (Gamma-error) to indicate patterns in the relationship.

MODEL INTERPRETATION:

YEAR, COLONY, SPATIAL VARIABLES, AND OCEANOGRAPHY

The habitat associations of Thick-billed Murres did not appear to differ strongly by year
or nearest colony, whereas clear clustering effects of Year and Colony were detected in the
habitat associations of Black-legged Kittiwakes. Variance partitioning further clarified this
pattern by revealing that only 1.5% of the variability in murre distributions was explained by
Year, while 14% of the variability was explained by spatial effects. These results indicated that
annual and regional variability in the habitat variables used for this study were not sufficient to
cause murres to change their basic habitat associations, whereas kittiwakes were very sensitive to
variability in habitat variables. These results may be interpreted in the context of foraging
strategy and available prey resources. Murres can dive to 100m depths in pursuit of prey (Croll
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et al. 1992), and can exploit vertically distributed prey resources that kittiwakes cannot.
Although decadal patterns and climate changes may be altering productivity patterns of the
Bering sea shelf (Hunt Jr et al. 2002, Hunt Jr et al. 2008) and prey resources may be
unpredictable in certain years, the Bering Sea shelf break and shelf habitats near the Pribilof
archipelago are typically productive regions that support significant prey populations (Springer
et al. 1996). During the two years of this study, conditions were classified as “cold years”,
characterized by cold ocean temperatures, extensive spring ice cover (FOCI NOAA Report
2009), and a distinctive “cold year” productivity pattern (Hunt et al 2002). The relationship
between pisciverous seabirds and “warm” or “cold” years in the Bering Sea remains unclear, as
some researchers have reported a positive relationship between cold years and kittiwake
demography (Byrd et al. 2008), whereas other studies reported negative relationships
(Satterwhaite et al. 2012). Regardless, between two similar environmental years, the distribution
of murres appeared largely unaffected by variability in habitat variables; in both years, murre
densities were positively associated with distances of approximately 60km or less from their
nearest colony (Appendix A, Figures 14 and 16). Murres may be relatively buffered from
moderate changes in habitat productivity, reflecting their ability to pursue prey at depth while
remaining close to their colonies. Even small changes in annual or regional oceanographic
variables may result in significant variability to conditions at the ocean surface, however, and
surface foragers such as kittiwakes must respond to changes in prey distributions at the ocean
surface. Kittiwake distributions in 2008 were relatively widespread and loosely associated with
the shelf break, monthly SST and chlorophyll anomalies, whereas the distribution of 2009
kittiwakes was more closely associated with these factors. These results also were reflected in
the mapped distribution of kittiwake densities in 2008 and 2009, wherein 2009 kittiwakes were
sighted in greater abundances along the shelf break and over the shelf northwest of St. Paul. It
was not apparent why kittiwakes in 2008 were not as clearly associated with the same features as
in 2009.
Colony effects were apparent in the differences between habitat associations of murres
sighted closest to St. Paul or to St. George. Murres from St. George were significantly
associated with shelf break habitat, likely indicative of the accessibility of the productive shelf
break and Pribilof canyon. When modeled as a continuous variable, murres sighted closest to St.
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George in both years occurred at greater densities in shallow waters close to their colony and at
depths of 100-200 meters over the shelf break (Figure 12).

Figure 16: Modeled relationship between density of murres slighted closest to St.
George and bathymetry. Shaded region depicts 95% confidence intervals.
In contrast, murres sighted nearest to St. Paul were predominantly associated with shallow water
habitat, reflecting the bathymetry of the colony location. Distribution maps indicated that murres
nearest to St. Paul occurred at their greatest densities over the shelf north and northwest of St.
Paul in both years. It is possible that murres sighted over the basin and near the shelf break
could have been from St. George or St. Paul, however, the greater transit distance and flying
costs make these basin birds relatively unlikely to be birds from St. Paul. Additionally, the
density of murres sighted closest to St. Paul was only weakly related with proximity to shelf
break habitat but significantly associated with oceanographic variables such as Daily SST and
chlorophyll concentration, indicating that murres here were responding to different habitat
features than St. George birds. In 2009, these features may have been associated with juvenile
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pollock and krill aggregations that were observed in abundance over the outer shelf northwest of
St. Paul (see: Chapter 2). As kittiwakes were widely dispersed in both years and easily transit
moderate distances (~80km) in search of food (Suryan 2000a; Daunt 2002), interpretation of
kittiwake densities by their nearest colony would be problematic. Individuals from either
colony were likely capable of foraging at similar sites along deep shelf break habitat. However,
for kittiwake aggregations that occurred at greater densities northwest of St. Paul in 2009, these
aggregations appeared to be more specifically associated with daily water temperatures between
8.5 and 9 degrees Celsius (Appendix, Figure). For kittiwakes nearest St. George, this association
with a specific temperature range was not as clear. The association of kittiwake densities with
SST northwest of St. Paul in 2009 likely reflected oceanographic conditions that aggregated
prey.
A comparison of adjusted R-squared values across murre models indicated that the most
significant spatial component was Distance to Nearest Colony, whereas the most significant
oceanographic component was Daily SST. Presence/absence and density models in both 2008
and 2009 indicated that murres were present and abundant within 60km of an island colony, and
were conspicuously absent at distances great than 150km. Murres also were detected in denser
concentrations in 2008, when chlorophyll values were between 2.5 and 3 mg/m3, yet this
relationship was not observed in 2009.
The relationship of Black-legged Kittiwakes with environmental variables was highly
variable across Year and Colony. The only consistent relationships in both years were
correlations with Daily SST and Distance to Shelf Break. Since kittiwakes also were abundant
near the colonies, only a moderate decline in their presence was observed as distance increased
from the shelf break. In 2008, kittiwakes were largely absent from 8°C surface temperature
waters, while in 2009 increased kittiwake densities were significantly higher in areas of 8°C
water. In 2008, kittiwakes exhibited greater densities at low chlorophyll levels near 0.53 mg/m3,
and a specific density peak at a Chlorophyll Anomaly level of 0. This association of kittiwakes
and low chlorophyll levels remains puzzling. Phytoplankton consumption by grazers (krill,
copepods, etc.) may partially deplete plankton stocks and chlorophyll levels, yet Korb et al.
(2004) reported that even in regions of high krill concentration plankton biomass was never
depleted by more than 50%. Chlorophyll anomalies are indicative of patterns in primary
production variability that may aggregate prey and predators (Henson and Thomas, 2007) yet no
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deviations in Chlorophyll levels were observed from an 8-year mean in areas where kittiwakes
concentrated in greater densities. This study encompassed two years (2008 and 2009) that have
been characterized as “cold years”, which block the access of adult and juvenile pollock to the
productive middle shelf regions (Swartzman et al. 1994). This process is proposed to result in
reduced predation rates on grazing zooplankton over the shelf (Stabeno et al. 2012), which may
be a potential explanation for the positive association of kittiwakes with muted chlorophyll levels
and lack of positive chlorophyll anomalies.
ECOLOGICAL IMPLICATIONS
Previous researchers have reported considerable diet variability in kittiwakes and murres,
indicating a dependence on local prey availability patterns (Schneider and Hunt Jr 1984, Coyle et
al. 1992, Decker et al. 1995, Decker and Hunt Jr 1996). Concurrent stomach content analyses
from birds collected throughout the study region indicated that Black-legged Kittiwakes
appeared to foraged primarily on myctophids and juvenile pollock (Jones et al., In prep), similar
to some previous diet studies conducted on kittiwakes in this region (Hatch et al. 1993, Decker et
al. 1995). These stomach content data match the mapped distributions of kittiwakes from this
study; kittiwakes were recorded at relatively greater abundances in 2008 and 2009 along the
shelf north of the Pribilof canyon, a region where deep-water prey species such as myctophids
vertically migrate to the surface at night (Schneider et al. 1986). In 2009, kittiwakes were also
recorded at greater densities in the northwest section of the study site over 200m outer shelf
waters. Greater abundances of juvenile pollock were acoustically detected in this region in 2009
(See Chapter 2), and kittiwakes sighted here may have been foraging on these resources. In
contrast, Thick-billed Murres were found in their greatest abundances over shallow water near
their colonies, although greater numbers also were documented over the deep-water Pribilof
canyon close to St. George (Fig’s 3 & 4). The predominantly near-colony distribution of Thickbilled Murres also may reflect patterns of accessible prey resources. Stomach samples from
murres collected at sea during the surveys concurrently at sea (Jones et al. in prep) primarily
contained juvenile walleye Pollock (Theragra chalcogramma) and euphausiids (Thysanoessa
spp.). Previous diet studies on Thick-billed Murres in the Pribilofs domain also have indicated
that murres forage primarily on juvenile pollock and euphausiids, while also taking squid
(Ganatidae), smoothtongue (Leuroglossus schmidti), and various amphipods (Themisto spp.)

42
(Decker et al. 1995, Decker and Hunt Jr 1996, Jones 2009). These foraging results match at-sea
distributions documented in this study. Large concentrations of euphausiids and juvenile pollock
have been previously documented along fronts near St. George and St. Paul (Schabetsberger et
al. 2000, Brodeur et al. 2002), with Brodeur et al. (2002) also reporting chaetognaths, large
copepods, and euphausids in pollock stomachs, which also are prey types that murres forage
upon. Schabetberger et al. (2000) found that juvenile pollock remained at a depth of 40m during
daytime, and vertically migrated to within 20 meters of the surface at night. When aggregations
of pollock or euphausiids are concentrated in cohesive patches over the shelf (Benoit-Bird et al.
2011), then these prey resources should be easily accessible to diving murres during day and
night. Deep-water prey samples found in murre stomachs (Jones et al. In prep) were likely eaten
at night along the shelf break, and may represent murres from St. George which are relatively
close to the Pribilof Canyon and deep water shelf break. Both at-sea observations (this study) and
telemetry (Harding et al. 2013) indicated that breeding adult murres foraged over the Pribilof
Canyon in 2009.
MODEL EFFICIENCY
A major aim of this study was to determine whether environmental variables would
adequately serve as proxy indicators of prey abundance, and therefore, be incorporated as viable
terms to model kittiwake and murre distributions. The most conservative model encompassing
all spatial, temporal, and oceanographic variables was the GLM model used to partition variance
in the sighting data, and this technique accounted for approximately 17% of the total variance in
Thick-billed Murre distribution and approximately 2.5% of Black-legged Kittiwake distribution.
It should be noted, however, that the variance partitioning technique uses linear models to
partition the effects of explanatory variables, and linear models are conservative in estimating fit
of non-linear data. Model efficiency was greatly improved by categorizing the dataset into
presence/absence binomial data and positive value density counts, separating the data by year,
and applying generalized additive models to account for the nonlinear character of the data.
These efforts improved individual model efficiencies to as high as 44% for murres and 36% for
kittiwakes.
The small percentage of variance explained in this study’s models can be partly explained
by the independent variables chosen to represent habitat quality. The oceanographic variables
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used in this study were primarily important for their role in structuring prey patches, and were
proxy predictors of seabird abundance eddies (Hoefer 2000, Yen et al. 2004, Ainley et al. 2005,
Vlietstra et al. 2005, Hyrenbach et al. 2006). As there is already substantial variability between
oceanographic habitat and prey resources, this variability is compounded by the additional
variability that occurs between seabird abundance and prey abundance (Fauchald et al. 2000,
Davoren et al. 2002). For example, if habitat and spatial features explain 50-75% of prey
densities, and prey density explains 50-75% of predator density, then these combined
relationships would partly explain the observed variance in seabird distributions of 20-50%
presented in this study. Seabirds are particularly difficult to model as they range broadly,
respond to a combination of cues and features, and may not be actively foraging in areas in
which they are sighted, thus inserting “noise” into the model. The variability explained in this
study is comparable to other environmental modeling studies of spatial abundance patterns in
seabird distributions: Amorim et al (2009) used generalized linear models (GLM) to explain 43%
of the abundance variability in pooled Roseate and Common Terns and 11% of the abundance
variability in Cory’s Shearwaters; Louzao et al (2006) used GLM’s to explain 23% of the
presence/absence variability in Balearic Shearwaters.
The explanatory capabilities of the analytical techniques used in this study were limited
by several factors. While this study was undertaken near large colonies and during the summer
chick-rearing season, observers were unable to differentiate between subadults and adults.
Observers also were unable to differentiate between active versus failed breeders that were no
longer tied to their colony. Non-breeding birds are not subject to the same spatial constraints as
breeding individuals that must return to a central colony; the inclusion of non-breeders and failed
breeders into abundance models, therefore, introduces substantial variability into the system. A
similar limitation was a failure to differentiate between foraging kittiwakes and transiting
kittiwakes. Because kittiwakes are excellent fliers, they are capable of ranging far out to sea,
kilometers beyond the 100nm boundaries of our study area. Consequently, a kittiwake sighting
could be a bird actively foraging in an area or a bird that had foraged many kilometers from the
sighting location and was now flying back to the colony. As all kittiwakes were recorded
equally, it was difficult to differentiate between areas of foraging importance versus areas of
transit corridors. These difficulties were further compounded by the kittiwake habit of following
ocean vessels and fishing trawlers. Whereas kittiwakes were not recorded when other vessels
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were sighted nearby, their presence in an area may have been enhanced due to previous fishing
activity or they may have been attracted to the survey vessel itself. The inability to tease apart
kittiwake demographics and anthropogenic influences in the distribution data probably weakened
correlations between kittiwake abundance and habitat.
Another major source of variance in this study was the incorporation of three major
colonies within the overall study area. The three colonies represent different habitat types: St.
Paul is on the shallow 200m continental shelf, St. George is situated on the continental shelf but
located near the productive 300m shelf break, and Bogoslof is immediately adjacent to the deep
oceanic basin. In response to these different habitat conditions, murres and kittiwakes from each
colony were likely foraging on local prey resources that differed in habitat type, and thus
reflected different environmental cues. This is especially true of kittiwakes, whose distribution
could not be predicted by spatial variables as were murres, and for whom the NMDS plot of
colony effects on kittiwake-habitat associations revealed clustering differences among colonies.
While murres and kittiwakes were categorized by nearest colony for additional analyses, this
categorization may have been incorrect, as individuals from different Pribilof colonies may have
potentially overlapped in foraging range, particularly along the shelf break. The inability to
assign birds sighted at sea to colony of origin or breeding status reduced the effectiveness of
understanding observed associations between seabirds and the oceanic environment they
inhabited.
This study was successful at detecting broad trends in habitat use by kittiwakes and
murres, but the variability in habitat types and in bird demographics added substantial noise and
complexity when attempting to apply explanatory statistical techniques. However, the use of
hurdle models and non-linear modeling techniques were able to improve model efficiencies and
detect otherwise obscured relationships. This study documented the relative significance of
spatial factors underlying variability in Thick-billed Murre distributions, and the relative
significance of annual and oceanographic factors underlying variability in Black-legged
Kittiwake distributions. Results also emphasized the relative consistency in the inter-annual
relationship of murres with habitat features, as compared with the inter-annual variability in
kittiwake-habitat associations. The split approach of modeling both presence/absence patterns
and density patterns did not find significant differences in the murre distributions, but was useful
in delineating between kittiwake patterns of occurrence and abundance. When surveying
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populations of a wide-ranging and generalist predator, hurdle models enabled the differentiation
between features where an apex predator (kittiwakes) was merely present with those features that
indicated a positive response. Such a scenario was apparent in 2009, when kittiwakes were
present along the shelf edge but occurred at greater densities at locations where the daily SST
was approximately 8 degrees, potentially a proxy for greater prey abundance. The fact that so
much variability existed in kittiwake distributions across years and regions was indicative of
their foraging reliance on local habitat conditions. Nonetheless, such an approach emphasizes
the difficulty in using sea-based surveys to accurately determine consistent features that can be
correlated with kittiwake abundance. Incorporating additional habitat variables and prey
distribution data should improve the model efficiencies.
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Introduction
Vessel-based seabird surveys depend on favorable viewing conditions to accurately
detect and identify seabirds, and are constrained by inclement weather and diminishing light.
The majority of pelagic seabird surveys therefore are conducted during daylight hours and during
optimal field conditions. Consequently, there is little information about the nocturnal
distribution of seabirds, and whether the pelagic habitat features that birds associate with may
differ between day and night. Nocturnal foraging may represent a critical foraging strategy for
certain seabird species, and it is increasingly important to quantify relationships between
nocturnal prey availability and seabird responses. Whereas nocturnal foraging has been inferred
through satellite and GPS telemetry data (Phalan et al. 2007, Kotzerka et al. 2010), wet-dry tags
(Fern·ndez and Anderson 2000, Phalan et al. 2007), chick provisioning studies (Roberts and
Hatch 1993, Kitaysky et al. 2000), and dietary analyses (Hunt Jr et al. 1981, Schneider and Hunt
Jr 1984, Jones 2009), these approaches are not designed to quantify distribution patterns and
density hotspots of seabirds at sea. Nocturnal survey data, therefore, would provide critical
inferences into habitat criteria and foraging preferences between day and night.
Differences between diurnal and nocturnal seabird distributions should ultimately reflect
differences in prey availability patterns, and diel variability in prey patterns are most pronounced
in deep-water habitats, or in areas adjacent to deepwater shelf breaks or submarine canyons
(Genin 2004). Deep-water fishes and invertebrates migrate vertically to the surface at night to
feed in the surface photic zone, and represent a temporally available resource for foraging
seabirds, especially obligate surface foragers. Nocturnally foraging seabirds should be expected
to occur in increased numbers in regions of increased nocturnal prey abundance, and
consequently the community assemblage of seabird species in a region may conceivably differ
between day and night. Certain seabird species appear to be well-adapted for nocturnal foraging,
retaining physiological adaptations that may confer visual advantages for foraging in dim light
(Storer 1978). Nocturnal foraging also has been inferred through dietary studies where adult
birds provisioned their chicks with deep-water prey species, which should only be available at
night over regions of deep ocean depths (Hatch et al. 1993, Renner et al. 2012).
An ecological understanding of a species or a population requires an adequate
quantification of all available resources and foraging options. In this context, the role of
nocturnal foraging in seabird populations is poorly understood, even in regions where seabird
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communities are well-characterized due to frequent observation and study. During the summer,
breeding seabirds are constrained central place foragers (Orians and Pearson 1979a), because
foraging adults need to return to their colonies to incubate and then provision their chicks.
Differences in the distribution of prey between day and night present options for foraging
seabirds, and nocturnal prey species have represented a significant percentage of prey taken by
Bering Sea seabird during some years (Renner et al. 2012). As the Pribilof archipelago is
situated over the productive Bering Sea shelf and is near the shelf break and deep water basin
habitat, both nocturnal and diurnal prey resources are available for foraging predators (Springer
et al. 1996, Sigler et al. 2012). The response of seabirds to this diel variability in prey resources
should be dependant on the respective foraging strategies and costs of flight for different species.
I used a novel nocturnal surveying protocol to compare the diurnal and nocturnal
distribution patterns of two common piscivorous seabird species: Thick-billed Murres (Uria
lomvia) and Black-legged Kittiwakes (Rissa tridactyla). I also investigated the relationship of
diurnal and nocturnal seabird seabird distributions in relation to diel variability in prey resources,
to determine causal reasons behind observed distribution patterns. Kittiwake and murre densities
were correlated with acoustically obtained measures of euphausiid (Thysanoessa sp.) and
juvenile walleye pollock (Theragra chalcogramma) prey abundance, and net trawl estimates of
squid abundance. Juvenile pollock and euphausiids undergo diel vertical migrations in the study
region (Schabetsberger et al. 2000, Coyle and Pinchuk 2002), and deepwater prey species such
as myctophids (Stenobrachius sp.) and smoothtongue (Leuroglossus sp.) have been previously
reported in the diets of Bering Sea seabirds (Renner et al. 2012). Consequently, prey species
may be more accessible to seabird predation at night in regions of persistent diel migration. Diel
prey movements, therefore, may underlie substantial differences in prey availability between day
and night for foraging seabirds. These differences in prey availability may be spatial as well as
temporal, as prey may be abundant in deep-water regions at night but not during the day. I report
the viability of a new nocturnal surveying technique, document differences in the diurnal vs.
nocturnal relationship between foraging seabirds and prey resources, and discuss similarities in
patch structure characteristics between prey patches and seabird predator patches within a
transect.
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Methods
STUDY SITE AND DIURNAL SURVEYS
Diurnal and nocturnal seabird surveys were conducted during a 28-day cruise in the
southeastern Bering Sea, between 16 June and 12 August, 2009. The study area (Fig. 1)
encompassed a 200km radius around the Pribilof Islands (St. George and St. Paul), and extended
down towards Bogoslof Island along the Aleutian island chain (Chapter 1). Surveys were
conducted aboard a 40m chartered commercial fishing vessel.

Figure 1: Study area depicting the location of diurnal (red line) and nocturnal (blue line)
10km transects. Transects were equally distributed over three bathymetric domains: Inner
shelf (<100m depth); Middle shelf (100-500m depth); Basin (>500m depth).
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Ten-kilometer transects were randomly distributed throughout the study site, and seabird
surveys were conducted along transects at a speed of 5 knots. Vessel GPS location was logged
every 20 seconds, and automatically recorded into the surveying software (DLOG3; Glen Ford
Consulting; Portland OR). Environmental variables for sea state, glare, weather, wind, air
temperature, and water temperature were manually updated and automatically recorded at 20second intervals. All diurnal surveys followed previous survey protocols used in the North
Pacific and Bering Sea (Tasker et al. 1984b, Decker and Hunt Jr 1996), wherein seabirds were
surveyed in a 90° arc from the wheelhouse on either the starboard or port side of the vessel using
10*42 magnification handheld binoculars. Sighting distance was binned in 100-meter intervals
during diurnal surveys, and extended out to 300 meters along the 90° arc. All birds on the water
were counted, and flying birds were counted in “snapshot” fashion (Gaston et al. 1987) during
calculated intervals (every 63 seconds, when surveying at 5 knots). When a bird was sighted the
species, behavior, and sighting distance were immediately entered into the survey program.
Behavior was recorded as one of three categories: flying; on the water; foraging. Species were
identified to the lowest possible taxonomic level whenever possible.
NOCTURNAL SURVEYS
NightStorm 3X night monoculars (American Technologies Network Corp.) were used to
scan for seabirds during night surveys. Before surveying, we calibrated the accurate detection
distance of the scope using a Leica LASER rangefinder under different light levels, as resolution
and distance perception are dependent on the level of ambient light. In the darkest conditions,
characterized by overcast skies and no artificial lighting, we found the scope capable of
identifying medium-sized birds (e.g., kittiwake spp.) in an identifiable resolution at 50 meters.
In optimal conditions, characterized by calm seas, clear skies and moonlight, larger seabirds
were consistently identifiable to 100 meters. Nightvision capabilities were significantly
diminished in the presence of fog, mist, or rain. The refraction of light from water vapor limited
the range of the scope, and window glass impaired resolution and detection distance. Therefore,
night surveys were conducted outside on the bow of the vessel. A bird observer stationed on the
bow relayed information to the bridge via hand-held radio, whereupon an assistant immediately
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entered the data into the survey program. Survey efforts consisted of continuous 15-second
sweeps in a 180° arc in front of the vessel. All birds detected were identified to species
whenever possible, and to broader taxonomic categories when necessary. For each sighting, the
species and behavior were recorded. All birds sighted at night were considered to be within a
100-meter range.
As duration of daytime varied with latitude and over the time frame of the study,
nocturnal periods were defined using the United States Naval Observatory calculations of civil
twilight. During twilight periods, even diminished levels of light may still affect vertical
migration and prey behavior, and consequently seabird responses. To fully distinguish day from
night, nocturnal periods were defined as beginning thirty minutes after dusk and ending thirty
minutes before dawn. Crepuscular periods were difficult to categorize in terms of prey behavior
and availability, and only a small number of transect were conducted during crepuscular periods.
Consequently, crepuscular periods were not included in either daytime or nighttime analyses.
Because the image resolution of the scope depended on the ambient light and
environmental conditions, ambient light levels were graded on a subjective scale of 1-5,
dependant on how far an observer could detect a bird or item with the naked eye. Level 5
corresponded to at least 500 meters out, indicating daytime conditions. Levels 4-2 typically
indicated crepuscular periods, corresponding with diminishing visibility from 400 to 200 meters.
Level 1 was applied to nocturnal periods where moonlight, starlight, or clear conditions afforded
optimal illumination. Level 0 was used in dark and overcast conditions. As a general rule, night
surveys were not conducted in heavy fog or rain.
As night surveys were limited to a 100-meter detection range, only those daytime birds
observed in the first 100 meters were included for comparison (Fig. 2). Additionally, large
flocks of murres were frequently observed transiting towards or away from their colonies during
early morning or evening. As flying birds may not be responding to the immediate
oceanographic or prey conditions underneath them, only murres observed on the water, day or
night, were included for analysis. The number of birds sighted per transect were compared
between day and night surveys.
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Figure 2: Illustration of the survey protocol used to document and compare diurnal and
nocturnal seabird densities. Lefthand panel denotes daytime survey protocol; righthand panel
denotes nocturnal survey protocol.
PREDATOR-PREY ASSOCIATIONS
Each transect began by sampling ocean conditions with a conductivity, temperature, and
depth profiler (CTD) and by towing a vertically integrated zooplankton net while the ship was
stationary. When the ship began traveling along the transect, an oblique fish tow, guided by
hydroacoustics, was used to sample forage species along the first half of the transect. The fish
tow was conducted for 20 minutes, which typically covered the first 2 kilometers of each
transect. Once trawling was completed, the remaining 8km was continuously surveyed for
seabirds at a speed of 5 knots. A second CTD cast was completed at the end of each transect.
Seabird surveys were conducted at 5 knots, and were concurrently accompanied by
acoustic prey sampling at frequencies of 38kHz, 70kHz, 120kHz, and 200kHz. Previous
analyses have indicated that the 38kHz frequency is preferred for detecting small forage fish
such as young-of-year pollock or sand lance (Horne and Clay 1998), whereas the 120kHz
frequency targets euphausiids (Sameoto 1980, Coyle and Pinchuk 2002, Ressler et al. 2005).
Acoustically derived estimates of prey abundance were processed and obtained through the
Pelagic Ecology Lab at Oregon State University. Additionally, counts of squid also were
enumerated and obtained through a collaborating laboratory and study at Oregon State
University (Whitman thesis 2012).
The abundance of juvenile pollock and krill were quantified for each 10km transect.
Differences in prey availability and diversity were compared across bathymetric regions, using
the factors of Shelf (<500m depth) vs. Basin (>500m depth) and day vs. night.
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ANALYSES
Seabird and prey distributions were mapped in ArcGIS (ESRI 2011), and the Inverse
Distance Weighted (IDW) function was used to interpolate densities throughout the study site.
IDW functions are a conservative and simple method for attenuating distant value points and
interpolating values across unsurveyed regions.
As the mean densities of prey species were not distributed normally and possessed
several positive outliers, the data were square-root transformed. Residuals from the transformed
data were inspected to satisfy assumptions of homogeneity of variance. For day and night
categories, prey densities per transect were regressed against murre and kittiwake densities using
linear regression. Relationships between seabird densities and bathymetric depth also were
compared between day and night using linear regression, to investigate whether spatial
differences existed in kittiwake distributions between diel periods.
Unless otherwise specified, all statistical tests were conducted using the statistical platform
R (R Development Core Team 2008).
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Results
Eighty-three daytime transects and twenty-one nighttime transects were incorporated for
analysis (Table 1), constituting 105.40 hours and 947 kilometers of total surveying effort.
Murres were sighted within 58% of the daytime transects and 52% of the nocturnal transects.
Kittiwakes were sighted within 79% of the diurnal transects and 62% of the nocturnal transects.
Table 1: Distribution of Thick-billed murre and Black-legged kittiwake sightings across
transects. Similar proportions of Shelf vs. Basin transects were sampled between night and day:
Day (53-47%); Night (57-43%). A significant difference in kittiwake density was observed
between day and night (χ2=65.3, p<0.01), whereas no differences were detected in murres.
Day

Shelf

Basin

Total

Murres density (SE)
Number of transects
Transects with murres

6.16 ± 1.2
44
33 (75%)

4.92 ± 1.4
39
26 (67%)

83
59

Night

Shelf

Basin

Total

Murre density
Number of transects
Transects with murres

4.08 ± 2.0
12
6 (50%)

8.78 ± 5.3
9
6 (67%)

21
12

Day

Shelf

Basin

Total

Kittiwake density (SE)
Number of transects
Transects with kittiwakes

9.64 ± 1.5
44
33 (75%)

4.46 ± 0.9
39
26 (67%)

83
59

Night

Shelf

Basin

Total

Kittiwake density (SE)
Number of transects
Transects with kittiwakes

2.08 ± 0.7
12
6 (50%)

12.44 ± 3.9
9
6 (67%)

21
12

Murres were primarily sighted during day and night over the shallow continental shelf
near the Pribilof Islands, however, large aggregations of murres also were seen over the Pribilof
canyon to the southwest of St. George during diurnal and nocturnal periods (Fig. 2). Kittiwakes
were more widely dispersed than murres, with their greatest densities occurring near the 300m
shelf break and throughout the shallow continental shelf (Fig. 3). During the day, greater
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numbers of kittiwakes were concentrated northwest of St. Paul over the shelf. At night,
kittiwakes occurred in significant densities over the basin or adjacent to the 300m shelf break.
Kittiwake densities were notably decreased at night northwest of St. Paul, where daytime
densities were greatest.

Figure 3: Diurnal and nocturnal murre density distributions, depicted as birds/km2. White stars
(∗) depict center of transect locations. Distributions are interpolated over unsurveyed regions
using an Inverse Distance Weighted function.
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Figure 4: Diurnal and nocturnal kittiwake density distributions, depicted as birds/km2. White
stars (∗) depict transect locations. Distributions are interpolated over unsurveyed regions using
an Inverse Distance Weighted function.

Murre (Uria sp.) (Day: 3.26±0.68; Night: 6.87±2.40) and kittiwake (Day: 5.98± 8.75;
Night: 6.30± 1.94) sightings per transect were not statistically different between day and night
when averaged across the study area. When categorized by depth and photoperiod, a statistical
difference in murre sightings was not detected between day and night or between shelf and basin
(Table 1; Fig. 5). In contrast, significantly fewer kittiwakes were sighted at night over the shelf
than during the day (p<0.05, Tcrit=1.79) and significantly more kittiwakes were sighted over the
deep-water basin at night than during the day (p<0.01; Tcrit=1.67; Fig. 6). The relationship
between kittiwakes and depth differed significantly between day and night and was not affected
by differences in habitat sampling (Table 2).
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Figure 5: Relationship of bathymetry and photoperiod with murre density per transect.
No statistical differences exist between day and night or between shelf and
basin domains. SE bars are denoted by vertical lines.

Figure 6: Effect of bathymetry and photoperiod on kittiwake density per transect.
Kittiwake density is significantly higher over the shelf at night (P<0.05. Tcrit=1.79)
and over the Basin (p<0.01; Tcrit=1.67). SE bars are denoted by vertical lines.
Murre and kittiwake distributions were overlaid onto prey density maps to assess patterns
of spatial distribution (Figs 7-11). When murres and kittiwakes were allocated into day or night
categories, neither species were significantly associated with prey density values for juvenile
pollock, euphausiids, or squid. When seabird sightings were allocated into shelf or basin
categories, however, distinct statistical relationships were detected between bird sightings and
prey density. Daytime murre sightings over the shelf were weakly associated with krill density
in the top 100m (Fig. 13; R2=0.22; p<0.05). Daytime kittiwake sightings over the shelf were
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moderately associated with juvenile pollock densities in the top 200m (Fig. 13: R2=0.47,
p<0.05). No relationships between prey and either kittiwakes or murres were detected at night in
either bathymetric domain, or over the basin during the day.

Figure 7: Murre distribution relative to krill abundance. Krill are
square-root transformed to normalize data.
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Figure 8: Murre distribution relative to square-root transformed juvenile pollock
abundance.
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Figure 9: Murre distribution relative to squid density.
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Figure 10: Kittiwake distribution relative to square-root transformed krill density.
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Figure 11: Kittiwake distribution relative to square-root transformed juvenile pollock
density.
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Figure 12: Kittiwake distribution relative to squid density.
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Table 2: Stepwise regression models depicting relationship of prey abundance and
environmental variables with documented kittiwakes and murres densities at sea. Terms are
listed in order of decreasing significance. Regression coefficients indicate the relative positive or
negative response of bird density to increases in the variable; i.e. the value that the slope
parameter B1i is multiplied by.

Murres: Day
Variable
Intercept
Distance from
Nearest Colony
Chlorophyll
anomalies
Distance to
Shelf Break
Krill (100m)
Model

Murres: Night

Estimate
29.06745
-0.06178

St. Error
5.63020
0.03009

p
<0.0001
<0.0001

2.70643

1.16339

0.0227

0.00258

0.03469

0.0790

R2=0.28

0.41311
p=0.0001

0.0872

Variable
Intercept
Daily SST

Estimate
-67.19180
9.88468

St. Error
28.82117
3.43001

p
0.03516
0.00993

Distance from
Nearest Colony

-0.09702

0.03729

0.01803

Model

r2=0.41

p=0.008

Kittiwakes: Day
Variable
Intercept
Pollock (100m)
Distance to
Nearest colony
Depth
Chlorophyll
anomaly
Distance to
Shelf Break
Model

Kitttiwakes: Night

Estimate
18.03430
0.31256
-0.045985

St. Error
3.82769
0.083469
0.018083

p
<0.0001
0.00036
0.01311

Variable
Intercept
Depth
Pollock (200m)

Estimate
-67.19180
9.88468
0.31843

St. Error
28.82117
3.43001
0.11722

p
0.00085
0.00993
0.01525

0.002578

0.001095

0.02125

-0.15432

0.03772

0.01803

1.33396

0.657172

0.04602

Distance to
Shelf Break
Distance to
Nearest Colony

-0.05844

0.02631

0.04112

-0.02984

0.017199

0.08702

R2=0.30

p=0.0002

r2=0.64

p=0.002

Model
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Figure 13: Relationship of prey abundance with observed murre and kittiwake densities during
day and night. Trends depicted using a Gamma distribution Generalized Additive Model,
incorporating only positive densities of documented seabirds. Shading depicts 95% confidence
interval around trendline. Prey variables were taken from Table 2, and represent the most
significant prey predictors of bird densities (daytime murres r2=0.22, p<0.05; night-time murres
r2=0.41, p=0.0001; daytime kittiwakes r2= 0.24, p<0.001; night-time kittiwakes: ). Smoothed
responses deviating from zero represent positive or negative responses to the predicting variable.
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Discussion

DIURNAL AND NOCTURNAL SPATIAL DISTRIBUTIONS
The spatial distribution of kittiwakes differed markedly between day and night, whereas
no distinct differences were observed in the spatial distribution of murres. This pattern may
reflect the different foraging strategies of each species. Kittiwakes, as wide-ranging surface
foragers, should exploit spatial patterns of surface prey availability; and murres, as constrained
central place foragers, may not be as dependant on distant prey resources, but can dive and
pursue prey in vicinities closer to their colony. During daytime, kittiwake densities were widely
dispersed, but the greatest concentrations were documented near their colonies on the Pribilofs
and over the 200m shelf northwest of St. Paul. In contrast, kittiwakes sighted at night were
detected at significantly greater densities over deep basin waters and near the shelf break, which
may reflect the diel availability of deep-water prey resources. Although most murres were
sighted over the continental shelf during the day, murres were still detected in abundance over
the Pribilof Canyon at day and night, which is likely near enough to St. George to represent a
viable nocturnal prey resource for foraging murres. However, murres did not appear to forage in
different regions between day and night, and it cannot be inferred that murres were specifically
targeting nocturnal prey resources.
Overall seabird counts did not differ significantly between day and night, indicating that
the detection capabilities of the night survey technique were not unduly biased compared with
daytime surveys. However, it was difficult to identify many birds to species-level. Thick-billed
Murres were not easily differentiated from Common Murres (Uria alga) at night, nor Blacklegged Kittiwakes from Red-legged Kittiwakes (Rissa brevirostris). Daytime surveys indicated
that relatively few Common Murres were recorded relative to Thick-billed Murres, however, and
it is similarly assumed that most of the murre spp. observed at night were Thick-billed Murres.
Red-legged Kittiwakes frequently co-occurred with Black-legged Kittiwakes in diurnal transects,
however, transects where Red-legged Kittiwakes outnumbered black-legged kittiwakes were
typically located further northwest over the deep basin, at the boundary of the immediate study
area. Although it was possible to differentiate Red-legged from Black-legged Kittiwakes at night
in certain circumstances, it is likely that Black-legged Kittiwakes recorded at night included both
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species. Stomach content analyses and fatty acid analyses in previous studies indicated that both
species share dietary overlaps (Iverson et al. 2008), although in the late 1990s Lance et al. (1998)
found that Red-legged Kittiwakes primarily provisioned their chicks with myctophids whereas
Black-legged Kittiwakes primarily provisioned their chicks with juvenile Walleye Pollock
(Theragra chalcogramma). For the purposes of this study, it was sufficient to correlate nocturnal
kittiwake spp. with the prey resources they associated with, with the understanding that both
species were likely using similar prey resources.

DIEL DIFFERENCES IN PREY AND HABITAT ASSOCIATIONS
Seabirds go where their food is, and the vertical and spatial distribution of acousticallydetected krill and juvenile pollock abundances indicated significant differences in prey resources
between day and night. In shallow water during the daytime, krill often aggregated in a thin layer
over the shelf. In deeper water and over the basin, krill were widely dispersed over depth strata
and variable in patch density. At night, the distribution of krill in the water column became
much more structured (Benoit-Bird, pers. comm.), with cohesive krill patches frequently
detected in the top 20 meters. Pollock were significantly greater in abundance in the top 40
meters during day and night than at depths below 40m. However, this pattern became much
more pronounced at night, when the abundance of pollock in the top 20 meters was much greater
than the abundance in other depth strata. This diel pattern also was reported by Schabetsberger
et al. (2000), indicating that this may be a persistent pattern in the region despite the small
sample size used in this study. Acoustic sampling did not detect significant numbers of
myctophids or squid during transect surveys, however, squid were successfully collected and
enumerated during fishing trawls immediately prior to each transect survey.
The results of this study indicated that kittiwakes in 2009 associated with different prey
types between day, night, and bathymetric regions. During the day, kittiwakes were positively
associated with the continental shelf and with pollock density in the top 200 meters. Although
kittiwakes were unlikely to capture fish more than 2 meters below the surface, they can
potentially track prey within the top few meters and at least some surface prey are likely to be
intermittently available (Hoffman et al. 1981, Zamon 2003). During the sampling period in
2009, a dense aggregation of juvenile pollock persisted in the northwest quadrant of the study
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site, and forage fish may have occasionally become available at the surface during the day when
foraging or escaping predators. Kittiwakes often were observed foraging during the day in the
presence of whales, pinnipeds, and mixed seabird flocks, and in other systems diving predators
help to corral prey species towards the surface where they are then accessible to surface foragers
(Mehlum et al. 1998). The association of kittiwakes with pollock in the top 200m, therefore,
may represent a persistent prey feature in 2009 that birds from St. Paul frequented. The
association of kittiwakes with subsurface prey is also supported in a complementary study by
Benoit-Bird et al. (2013), wherein kittiwake distributions were predicted by deep-water prey
patches. At night, no strong correlations were found between kittiwakes and juvenile pollock
abundance. Kittiwakes were still sighted at night in the region northwest of St. Paul, however,
the greatest kittiwake densities observed at night were along the 300m shelf break or over the
basin, in regions where relatively low abundances of pollock were detected. However, fewer
pollock were recorded in these regions at night, and kittiwakes in this region may have been
foraging on other prey types at night that were not well-quantified in our acoustic or trawl
sampling. Stomach content analysis of kittiwakes collected in the study area in 2009 contained
myctophids, squid, and smoothtongue as the primary identified wet parts, with juvenile pollock
found in smaller quantities (Jones et al., in prep). Telemetry and colony data also indicated that
kittiwakes primarily ate myctophids, smoothtongue and age-1 pollock in 2009, depending on the
colony of origin and colony proximity to the shelf break (Harding et al. 2013, Paredes et al.
2012). Kittiwakes over the shelf break and basin were weakly associated with krill in the top
20m at night, which may be explained if myctophids co-occurred with krill at the ocean surface
at night along the shelf break. Myctophids are deep-water vertically migrating fishes that are
difficult to enumerate acoustically due to variability in the size and inflation of their swim
bladders (Yasuma et al. 2010), and the weak association of kittiwakes with krill over the basin at
night may in fact be a proxy for a relationship between kittiwakes and myctophids. Increased
krill abundances near the shelf break may denote areas of persistent vertical migration to the
surface, and deep-water krill may have migrated upwards along with prey species that kittiwakes
forage upon, such as myctophids, squid, and amphipods.
Murre sightings were weakly associated with krill abundance, particularly during the day
over the shelf. The relationship between murres at the surface and vertically distributed krill
patches may be difficult to detect; the strong association of murres with krill patches in the same
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study was robustly illustrated by correlating the acoustically-detected trails of diving murres with
krill patches (Benoit-Bird et al. 2011). Murres were rarely sighted in large aggregations over
deep basin waters, although, greater numbers of murres were documented during day and night
over the Pribilof Canyon. Only two nocturnal transects were conducted in this region, yet these
transects contained the greater abundance of murres sighted at night and retained the lowest
densities of krill relative to other nocturnal transects, suggesting that the Pribilof Canyon may be
an important foraging region for murres eating other prey types at night. Whereas squid were the
only sampled prey species that exhibited increased densities near the Pribilof Canyon region at
night, a statistical relationship between murres and squid was not established. Murres also were
detected at night in association with juvenile pollock aggregations over the shelf to the northwest
of St. Paul. Although this association was only found in two transects and krill densities were
moderate, it suggests a possibility of prey switching by murres at night. This possibility is also
supported by visual observations of murres carrying fish and squid in their beaks in the early
morning.
Nocturnal murre predation on juvenile pollock over the shelf might conceivably be
explained in the context of bioenergetics and chick provisioning. Murres typically bring back a
single prey item to their chicks (Gaston and Jones 1998), and previous researchers in the
Pribilofs region have reported the percentage of juvenile pollock fed to chicks to vary from as
high as 60% of their diet in the late 1990s (Hunt Jr 1996) to 15-25% of their diet between 2005
and 2007 (Kokubun et al. 2010). This temporal variability in the abundance of pollock in both
kittiwake and murre diets has been attributed to cyclical patterns of pollock abundance,
productivity, and juvenile recruitment, which are themselves coupled to decadal and large-scale
shifts in oceanographic trends and climate (Hunt Jr et al. 2002, Hunt Jr et al. 2008). If murres
do catch juvenile pollock to bring back to the colony, then it may be advantageous for them to do
this at night when pollock densities are significantly more abundant and cohesive in the upper 20
meters at night. Optimal foraging theory suggests that when bringing back a single prey item it is
most efficient to select a larger item such as a small fish. The energetic content of various
combined euphausiid species was 3.1 kJ/gram (Davis et al. 1998), a value less than sand lance or
capelin but comparable with the wet kJ/gram energetic value of pollock. Murres preferentially
forage on energy-rich forage species such as capelin or herring when they are available, although
it is less clear why murres would switch between krill and pollock. Some authors have argued
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that it may be more beneficial for adult murres to provision their chicks with fish yet nourish
themselves on krill, especially in times of low fish productivity, as krill may occur in dense
swarms and are easier to catch than schooling fish (Mehlum 2001, Ito et al. 2010). If less energy
is required to capture krill, then it may be energetically advantageous for murres to pursue krill
to sustain themselves and pursue forage or juvenile demersal fishes to bring back to the colony.
ECOLOGICAL IMPLICATIONS
Although birds are assumed to frequent areas of high prey density, this relationship is
often difficult to actually prove (Ballance 2007). A common problem in elucidating predator
prey associations is the spatial and temporal disconnect between prey patches and predator
densities (Fauchald et al. 2000, Fauchald and Erikstad 2002). The strength of a predator-prey
association depends on the degree of overlap between predator and prey densities, and survey
observations may not capture a representative snapshot of this overlap. If predators had already
found and exploited a prey patch at the time of observation then their prey may be absent or
dispersed; if the predators had not yet found a prey patch then no apparent link would exist
between predators and prey at smaller spatial scales. Other seabird studies have used a variety of
methods to address this disconnect between predator and prey, such as spectral analysis
(Logerwell et al. 1998, Swartzman and Hunt 2000), hierarchical scaling (Fauchald et al. 2000),
or nearest-neighbor patch analyses (Davoren et al. 2003b), however, the limited number of
nocturnal transects available for analysis in this study occluded more robust techniques.
Preliminary analyses of the transect data indicated that many transects contained high yields of
available prey, yet no birds were recorded. All of the transects used in this study are within the
presumed 50-100 nautical mile foraging range of both kittiwakes and murres (Gaston 1985,
Suryan et al. 2000a, Falk et al. 2002). It is possible that prey-rich yet unexploited transects
represented ephemeral prey aggregations that searching seabirds had not yet discovered. In order
to find significant relationships between predator and prey, only transects where kittiwakes or
murres occurred where used for analysis. Although this step further reduced sample size, this
“conditional approach” (Swartzman and Hunt 2000) assumed that an aggregation of birds occurs
for a reason, and a plausible relationship between birds and prey likely exists at some spatial
scale. It was further assumed that summarizing bird densities and prey densities by 10km
transects was a sufficiently broad spatio-temporal scale to encompass existing overlaps between
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prey patches and predator densities, and is a scale supported by seabird-prey interactions in other
community analyses (Burger et al. 2004).
Abundance estimates of prey resources may not represent the appropriate measures for
predicting the fine-scale associations between predators and prey. In a complementary study,
Benoit-Bird et al. (2013) showed that the spatial and density characteristics of discrete prey
patches may be much better indicators of predator presence than prey abundance or density
integrated over a vertical or horizontal distance. At larger temporal and spatial scales, however,
regions of persistent prey aggregations are still apparent using prey abundance metrics, and these
regions are important for delineating hot spots and elucidating general patterns of prey and
predator distributions. Additionally, many seabird studies have historically enumerated prey
resources in terms of abundance and density, and trends discerned from such long-term datasets
have been used to reveal critical inferences about the minimum thresholds of prey abundance
needed for ecosystem functionality (Cury et al. 2011). In documenting regions of persistent
daytime and nighttime prey distributions, and establishing preliminary relationships with
predator attendance during day and night, our results inform the possible effects of diel prey
variability on seabird populations.
Nocturnal foraging in seabirds has been infrequently investigated, yet seabirds may have
many possible motives to forage at night. If productivity gradients exist in an area between day
and night, then it would benefit seabirds to forage on productive prey resources whenever they
occur. Nocturnal foraging also may reduce the risk of kleptoparasitism (Hoffman et al. 1981,
Watanuki 1990) or minimize disruption from competing foragers, such as flocking shearwater
spp. in the Bering Sea region (Hoffman et al 1981). In one of the few nocturnal seabird surveys
conducted at night, Haynes et al. (2011) speculated that Marbled and Kittzlitz’s murrelets
redistributed themselves at night in deeper and prey-depauperate waters as a predator avoidance
response. Together with these studies, our results indicate that the development of effective
night-survey techniques is pivotal to understanding seabird responses to many environmental
factors.
The persistence of seabird populations partly depends on flexible responses to habitat
variability, such as fluctuations in oceanographic patterns and prey availability. Nocturnal prey
patterns are a critical component of habitat variability, and the development of effective nightsurvey techniques is pivotal to understanding seabird responses to environmental stochasticity.
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Our sample size of nocturnal transects was limited, yet the results indicated that kittiwakes, and
potentially murres, were foraging on different prey resources between day and night. Concurrent
studies using stomach content analyses, colony observations, and GPS tracking also support the
conclusion of differential foraging between day and night (Paredes et al. 2012, Jones in prep, H.
Renner USFWS, pers. comm.). Although this study represents an exploratory effort in
documenting nocturnal distributions of seabirds, the viability of the surveying protocol and the
ecological implications of the results indicate that further research on nocturnal foraging is
strongly warranted.
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APPENDIX A
MODEL OUTPUTS OF SEABIRD-HABITAT
ASSOCIATIONS
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Table 1: Effects of environmental variables on Thick-billed Murre counts in 2008. A binomial
GAM was used to model the effect of variables on kittiwake presence/absence, and a gammaerror GAM was used to model the effect of variable on positive murre densities. EDF and Ref
represents the estimated and referenced degrees of freedom used to construct the model.
Thick-billed Murre 2008 Presence/Absence
Smoothed Variables
edf
Depth
1.000
Dist. Shelf Break
4.514
Dist. Nearest Colony
8.196
Daily SST
7.385
Monthly SST
7.031
Chlorophyll
8.165
Chlor. Anomaly
1.702
R-sq.(adj) = 0.264 Deviance explained = 26.6%

Ref.df
1.000
5.598
8.787
8.281
8.036
8.760
2.142
n = 877

Chi.sq
4.354
25.654
50.090
45.974
6.785
22.137
2.545

p-value
0.036944 *
0.000182 ***
8.47e-08 ***
3.14e-07 ***
0.563774
0.007374 **
0.306604

Ref.df
1.000
1.000
6.205
1.000
1.440
8.766
2.132
n = 270

Chi.sq
2.333
1.168
6.648
8.974
0.624
1.716
2.164

p-value
0.12793
0.28085
1.15e-06 ***
0.00302 **
0.48580
0.08814 .
0.11360

Thick-billed Murre 2009 Presence/Absence (Pribilofs region only)
Smoothed Variables
edf
Ref.df
Depth
3.665
4.544
Dist. Shelf Break
8.229
8.815
Dist. Nearest Colony
6.144
7.113
Daily SST
7.578
8.057
Monthly SST
6.303
7.455
Chlorophyll
3.440
4.327
Chlor. Anomaly
2.819
3.680
R-sq.(adj) = 0.439 Deviance explained = 41.7% n = 831

Chi.sq
8.693
49.695
91.993
57.458
21.812
9.621
11.928

p-value
0.09565
1.18e-07 ***
< 2e-16 ***
1.63e-09 ***
0.00386 **
0.05885 .
0.01447 *

Thick-billed Murre 2009 Density (Pribilof regions only)
Smoothed Variables
edf
Ref.df
Depth
7.419
7.438
Dist. Shelf Break
1.000
1.001
Dist. Nearest Colony
6.731
7.798
Daily SST
5.952
6.874
Monthly SST
7.775
8.593
Chlorophyll
8.425
8.882
Chlor. Anomaly
2.923
3.817
R-sq.(adj) = 0.242 Deviance explained = 52.6% n = 350

Chi.sq
2.678
1.441
4.561
4.451
2.581
2.654
3.778

p-value
0.000874 **
0.490712
3.55e-05 ***
0.000114 ***
0.010830 *
0.000247 ***
0.001519 **

Thick-billed Murre 2008 Density
Smoothed Variables
edf
Depth
1.000
Dist. Shelf Break
1.000
Dist. Nearest Colony
5.171
Daily SST
1.000
Monthly SST
1.242
Chlorophyll
8.138
Chlor. Anomaly
1.712
R-sq.(adj) = 0.287 Deviance explained = 43.7%
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Table 2: Effects of environmental variables on Thick-billed Murre counts in the Bogoslof region
in 2009. Insufficient values were available to model the relationship of murres with Depth; the
effects of depth were analyzed as a factored parametric variable.
Thick-billed Murre: 2009 Presence/Absence (Bogoslof region only)
Factored Variables
Estimate
Std. Error
Depth
-0.0021667
0.0007151
Smoothed Variables
edf
Dist. Shelf Break
7.820
Dist. Nearest Colony
3.083
Daily SST
1.000
Monthly SST
1.000
Chlorophyll
6.351
Chlor. Anomaly
1.000
R-sq.(adj) = 0.295 Deviance explained = 34.5%

Ref.df
8.483
3.833
1.000
1.000
7.452
1.000
n = 359

Thick-billed Murre: 2009 Density (Bogoslof region only)
Factored Variables
Estimate
Std. Error
Depth
-0.0003072
0.0002388
Smoothed Variables
edf
Dist. Shelf Break
4.448
Dist. Nearest Colony
1.000
Daily SST
1.000
Monthly SST
1.006
Chlorophyll
1.817
Chlor. Anomaly
1.000
R-sq.(adj) = 0.0881 Deviance explained = 42.9%

Ref.df
5.413
1.000
1.000
1.011
2.155
1.000
n = 59

z-value
-3.030
Chi.sq
19.479
15.788
1.166
1.202
13.290
2.184

p-value
0.00245 **
p-value
0.01633 *
0.00285 **
0.28015
0.27293
0.08069 .
0.13944

z-value
-1.287

p-value
0.205

Chi.sq
1.157
0.320
4.524
2.164
1.945
0.297

p-value
0.3451
0.5743
0.0389 *
0.1480
0.1516
0.5887
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Table 3: Association of environmental variables with Black-legged Kittiwake density in 2009,
for those birds sighted within the Pribilof region.
Black-legged Kittiwake: 2008 Presence/Absence
Smoothed Variables
edf
Depth
1.000
Dist. Shelf Break
1.559
Dist. Nearest Colony
1.000
Daily SST
1.799
Monthly SST
1.509
Chlorophyll
2.126
Chlor. Anomaly
1.197
R-sq.(adj) = 0.136 Deviance explained = 15.7%

Ref.df
1.000
1.922
1.000
2.234
1.867
2.718
1.361
n=235

Chi.sq
0.207
9.098
1.010
3.45
1.889
1.763
0.404

Black-legged Kittiwake: 2008 Density
Smoothed Variables
edf
Depth
1.000
Dist. Shelf Break
1.000
Dist. Nearest Colony
2.273
Daily SST
2.783
Monthly SST
1.000
Chlorophyll
1.000
Chlor. Anomaly
6.985
R-sq.(adj) = 0.365 Deviance explained = 52.7%

Ref.df
1.000
1.000
2.816
3.451
1.000
1.000
7.963
n = 113

Chi.sq
0.229
10.814
3.379
3.559
1.634
12.940
3.602

Black-legged Kittiwake: 2009 Presence/Absence (Pribilofs region only)
Smoothed Variables
edf
Ref.df
Depth
1.000
1.000
Dist. Shelf Break
2.127
2.602
Dist. Nearest Colony
1.000
1.000
Daily SST
2.453
3.047
Monthly SST
6.111
7.265
Chlorophyll
4.221
5.234
Chlor. Anomaly
1.000
1.000
R-sq.(adj) = 0.285 Deviance explained = 32.3%
n = 170
Black-legged Kittiwake: 2009 Density (Pribilofs region only)
Smoothed Variables
edf
Ref.df
Depth
1.000
1.000
Dist. Shelf Break
1.000
1.000
Dist. Nearest Colony
1.535
1.869
Daily SST
2.757
3.457
Monthly SST
1.000
1.000
Chlorophyll
2.810
3.497
Chlor. Anomaly
2.122
2.701
R-sq.(adj) = 0.112 Deviance explained = 35.2%
n = 100

Chi.sq
1.480
14.962
0.003
16.600
10.204
8.951
7.063

Chi.sq
2.112
5.853
0.300
3.526
2.609
1.558
1.620

p-value
0.64898
0.00967 **
0.31489
0.24384
0.35934
0.56863
0.65666

p-value
0.633371
0.001413 **
0.023812 *
0.013068 *
0.204204
0.000513 ***
0.001097 **

p-value
0.223855
0.001194 **
0.953609
0.000899 ***
0.195751
0.124845
0.007871 **

p-value
0.1498
0.0177 *
0.7268
0.0140 *
0.1100
0.1992
0.1951
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Table 4: daytime murres in 2009
Eigenvalue
Proportion Explained
Cumulative Proportion

poll100
poll200
euph100
euph200
squid
DailySST
Depth
DistNearestColony
DistShelfBreak
Chlorophyll
ChlAnomaly
MonthlySST

PC1
3.6884
0.3074
0.3074
PC1
-0.9129
-0.9245
-0.2117
-0.6696
0.5209
0.4257
0.6966
0.1663
-0.5081
-0.9021
-0.8492
-0.4081

PC2
2.3360
0.1947
0.5020
PC2
-0.4346
-0.4342
0.4869
-0.2354
-0.3828
-0.6803
-0.6348
-0.9655
0.4953
-0.4578
-0.2466
0.3226

PC3
1.5583
0.1299
0.6319
PC3
0.09636
0.04753
0.27924
-0.50465
0.08830
-0.66288
0.31814
0.25177
0.53792
0.34360
-0.05436
-0.88942

PC4
1.3701
0.1142
0.7461
PC4
-0.50879
-0.50280
0.47775
0.05760
-0.63024
0.01948
-0.01455
0.40698
-0.39195
0.29652
0.58352
-0.08993

PC5
0.93451
0.07788
0.82395
PC5
0.16266
0.17321
0.78532
0.34731
0.31270
-0.26313
0.34178
-0.03574
-0.38115
-0.16664
-0.15745
0.13039

PC6
0.67161
0.05597
0.87992
PC6
-0.15470
-0.12024
-0.31885
0.47557
0.24242
-0.31027
-0.16927
-0.27132
-0.28821
0.03419
0.15318
-0.44563
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Figure 1: The relationship between kittiwake presence/absence and environmental variables in
2008. Relationship between kittiwakes and environmental variables modeled by poisson
distribution generalized additive model. Shaded regions denote 95% confidence intervals.
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Figure 2: The relationship between positive kittiwake density and environmental variables in
2008. Relationship between kittiwakes and environmental variables modeled by poisson
distribution generalized additive model. Shaded regions denote 95% confidence intervals.
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Figure 3: The relationship between kittiwake presence/absence and environmental variables in
2009. Relationship between kittiwakes and environmental variables modeled by poisson
distribution generalized additive model. Shaded regions denote 95% confidence intervals.
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Figure 4: The relationship between positive kittiwake density and environmental variables in
2009. Relationship between kittiwakes and environmental variables modeled by poisson
distribution generalized additive model. Shaded regions denote 95% confidence intervals.
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Figure 5: Pooled murres in 2008 and 2009 sighted nearest St. George. Relationship between
murres and environmental variables modeled by poisson distribution generalized additive model.
Shaded regions denote 95% confidence intervals.
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Figure 6: Pooled Murres in 2008 and 2009 sighted nearest St. Paul. Relationship between
murres and environmental variables modeled by poisson distribution generalized additive model.
Shaded regions denote 95% confidence intervals.
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Figure 7: Kittiwakes in 2008 and 2009 sighted nearest St. George. Relationship between
kittiwakes and environmental variables modeled by poisson distribution generalized additive
model. Shaded regions denote 95% confidence intervals.
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Figure 8: Kittiwakes in 2009 sighted nearest St. George. Relationship between kittiwakes and
environmental variables modeled by poisson distribution generalized additive model. Shaded
regions denote 95% confidence intervals.
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Figure 9: Kittiwakes in 2008 sighted nearest St. Paul. Relationship between kittiwakes and
environmental variables modeled by poisson distribution generalized additive model. Shaded
regions denote 95% confidence intervals.
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Figure 10: Kittiwakes in 2009 sighted nearest St. Paul. Relationship between kittiwakes and
environmental variables modeled by poisson distribution generalized additive model. Shaded
regions denote 95% confidence intervals.

