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ABSTRACT: Although seabirds search large areas for food, their distributions often correlate with
physical characteristics of the marine environment that can serve to aggregate prey. Kittlitz’s
murrelets Brachyramphus brevirostris are found almost exclusively in Alaskan waters, where they
are closely associated with glacial fjords, suggesting that the distribution of this bird might be
tightly linked to specific physical habitat characteristics of the fjords. We investigated relationships among locations used by Kittlitz’s murrelets, water column characteristics, and landscape
features in Harriman Fjord and Heather Bay, Prince William Sound, Alaska, USA. In Harriman
Fjord, Kittlitz’s murrelets were observed in shallow water near upwelling areas, indicated by a
cold-water wedge near the surface (~10 m depth) in temperature-depth profiles. In Heather Bay,
Kittlitz’s murrelets used locations closer to the glacial moraine than the average available habitat.
The temperature-depth profiles at these locations showed a cold, fresh surface layer (near surface
to 5 m depth); however, the temperature-depth profile variable was statistically insignificant,
likely because of small sample size. Although the best temperature-depth profile variables were
dramatically different between the 2 fjords, both of these glacially influenced water column characteristics may serve to concentrate prey at an optimal depth, allowing Kittlitz’s murrelets to focus
their effort at predictable foraging locations. Given the widespread wasting of glaciers throughout
their range, Kittlitz’s murrelets may face increased pressure as changes in water column dynamics
within glacial fjords affect the distribution and concentration of preferred prey.
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Interactions among water masses with different
physical properties (e.g. temperature, salinity, pressure, and density) can create distinct horizontal and
vertical gradients within the water column, which in
turn influence biological patterns and processes.
Horizontal gradients, or fronts, are generally mesoscale (10s to 1000s of kilometers) patterns and are
usually observed where water masses of substan-

tially different densities meet (Mann & Lazier 2006).
Vertical gradients occur on smaller scales (meters to
kilometers), and can result from differences in temperature or salinity, which both influence the density
of the water mass (Stewart 2008). These horizontal
and vertical transition zones are often highly productive areas, as the confluence of 2 or more water
masses often serves to enrich depleted nutrients
(Belkin et al. 2009). The high primary productivity
levels and aggregations of lower trophic level species

*Email: aallyn@eco.umass.edu

© Inter-Research 2012 · www.int-res.com

INTRODUCTION

234

Mar Ecol Prog Ser 466: 233–247, 2012

(e.g. macrozooplankton and forage fish) in turn
attract large densities of higher trophic level organisms within and near these transition zones (e.g.
Spear et al. 2001, Pelletier et al. 2012).
The productivity and survival of higher trophic
level organisms, such as seabirds, are dependent
upon their efficiency in locating such concentrations
of prey. Therefore, although seabirds often search
large areas for food, they generally congregate
where there are high concentrations of prey driven
by physical characteristics of the water column
(Durazo 1998). Consequently, seabird densities often
also correlate with these physical characteristics, including sea surface temperatures and salinities
(Schneider 1990), boundaries between mixed and
stratified waters (Hunt & Schneider 1987), and tidal
front areas where the body of water is confined to a
limited space, causing a bottleneck effect (Day &
Byrd 1989). Bathymetric features (e.g. shallow banks,
shoals, slopes, shelves), which can create secondary
circulation patterns and subsequently aggregate
prey (e.g. Hunt et al. 1998, Allen et al. 2001), can also
attract seabirds (e.g. Hunt & Schneider 1987, Hunt et
al. 1998). The relationships between seabirds and
these physical properties and landscape features
likely occur because they heighten prey densities,
which can serve to increase foraging efficiency
(MacArthur & Pianka 1966, Stephens & Krebs 1986).
Increased efficiency serves to maximize net energy
input, resulting in better body condition and improved survival and productivity rates (Chastel et al.
1995).
The Kittlitz’s murrelet Brachyramphus brevirostris,
a small diving seabird of the Alcidae family, is found
almost exclusively in Alaskan waters (Day et al.
1999) and is closely associated with tidewater glaciers and glacial outflow regions (Kissling et al. 2007,
Stephensen 2009). Within Prince William Sound
(PWS), Alaska, USA, 98% of Kittlitz’s murrelets are
found in glacial fjords during the breeding season,
with the remaining birds spread sparsely throughout
the bays, passes and open areas (Kuletz et al. 2011).
The concentration of Kittlitz’s murrelets in glacial
fjords of PWS suggests that the distribution of this
bird may be tightly linked with specific physical
characteristics that influence the distribution and
abundance of preferred prey. Although we know
little about the diet of Kittlitz’s murrelet, sparse diet
samples and bill load observations suggest that they
feed on small forage fish and neritic macrozooplankton during the summer (Hobson et al. 1994, Day &
Nigro 2000). Additionally, during our study we
observed Kittlitz’s murrelets with bill loads of Pacific

sand lance Ammodytes hexapterus and Pacific
herring Clupea pallasi at the surface (A. J. Allyn &
A. McKnight pers. obs.). These observations suggest
that these fish species are likely important prey for
Kittlitz’s murrelets in our study area; however, we
were not able to observe consumption of euphausiids, amphipods, or other macrozooplankton.
The association between the distribution of Kittlitz’s murrelets and tidewater glacier ecosystems
may exacerbate the risk of increased population
declines caused by habitat degradation. In addition
to the unique physical features characteristic of
tidewater glacial fjords (e.g. shallow sills, moraines,
and deep basins), these ecosystems also experience
dynamic external influences. Such influences,
including tidal action, calved icebergs, and variable
run-off from sediment-laden freshwater streams,
can substantially affect the physical characteristics
of the water column, in turn influencing the distribution and composition of biological communities
(Etherington et al. 2007, Arimitsu et al. 2012). Before we make any attempt to mitigate recent widespread population declines of Kittlitz’s murrelets in
Alaska (Arimitsu et al. 2011, Kuletz et al. 2011, Piatt
et al. 2011) it is imperative that we gain a better
understanding of the factors that affect Kittlitz’s
murrelet distributions in these glacial fjord systems.
Therefore, in the present study, we investigated the
habitat use of Kittlitz’s murrelets in July 2008 in
Harriman Fjord and Heather Bay — 2 fjords in PWS
with exceptionally high densities of Kittlitz’s murrelets — in relation to temperature-depth profiles and
landscape features.

MATERIALS AND METHODS
Study area
Prince William Sound is a large, glaciated embayment located in south-central Alaska (Fig. 1) that
includes 5000 km2 of shoreline (marine habitat within
200 m of land) and approximately 9000 km2 of water
surface area. PWS is surrounded by the Chugach
National Forest, which contains 21 320 km2 of glaciers and ice fields with approximately 20 tidewater
glaciers that terminate in PWS (Molnia 2007). Abundant freshwater inputs, as well as glacial outflows of
freshwater, silt, and ice, have profound effects on this
marine ecosystem, particularly during the summer
months. During July and August, water temperatures
are warmest and surface salinities lowest (Cooney et
al. 2001). PWS waters have a diurnal 6 m tidal cycle,
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Heather Bay contains no tidewater
glaciers, only Heather Island and an
exposed glacial moraine separate it
from Columbia Bay. The exposed
moraine is never completely submerged, but water flows into Heather
Bay from Columbia Bay over the
moraine at several locations during
each incoming tide. Columbia Bay
has extraordinarily high densities of
icebergs because of the damming
effect of a submerged moraine near
the entrance to its fjord. Thus, the
large tidal influx of water from Columbia Bay carries large amounts of
ice into Heather Bay. Kittlitz’s murrelet numbers in Heather Bay appear to
exhibit a great deal of annual variability. In 2007, during US Fish and
Wildlife Service marine bird and
Fig. 1. Northern Prince William Sound, Alaska (inset), USA, showing Heather
mammal surveys (sound-wide, ranBay and Harriman Fjord study areas and relevant landscape features
domly selected transects), 75% of the
Kittlitz’s murrelets observed in PWS
and the weather is characterized by frequent cloud
were located in Heather Bay (Kuletz et al. 2011). Durcover and precipitation (Wilson & Overland 1986).
ing intensive surveys in 2009 (systematic transects in
Within PWS, we studied Kittlitz’s murrelet habitat
known Kittlitz’s murrelet habitat), Heather Bay acuse in 2 glacially influenced locations: Harriman
counted for roughly 5% of the Kittlitz’s murrelets
Fjord and Heather Bay (Fig. 1). Harriman Fjord (61°
observed (Kuletz et al. 2011).
02’ 59’’ N 148° 22’ 14’’ W) is approximately 65.6 km2 in
total area and ranges in depth from a few meters to
>140 m. Three major glaciers influence the fjord: SerData collection
pentine Glacier, Surprise Glacier, and Harriman
Glacier (Fig. 1). Serpentine Glacier has been retreatAt-sea surveys
ing since the mid-1900s (Lethcoe 1987) and is no
longer a tidewater glacier. Surprise Glacier is also
We surveyed Harriman Fjord and Heather Bay 3
retreating but remains a tidewater glacier, as does
times each during July 2008, in the chick-rearing
Harriman Glacier, which is now relatively stable
phase of Kittlitz’s murrelet breeding chronology (Day
after advancing during the 1990s (Molnia 2007).
et al. 1999, Kaler et al. 2009). We used fjord-specific
Large numbers of Kittlitz’s murrelets are regularly
sampling grids stratified into areas of high and low
observed in Harriman Fjord, and during intensive
Kittlitz’s murrelet density based on surveys conducted
murrelet surveys in 2009, roughly 15% of the Kittby Allyn et al. (2008) and Stephensen (2009). We surlitz’s murrelets observed in PWS occurred in Harriveyed a different subset of available transects during
man Fjord (Kuletz et al. 2011). The surrounding landeach visit to each fjord (mean = 5 transects per visit,
scape of Harriman Fjord contains many high-altitude
range = 4 to 7 transects) (Table A1 in the Appendix).
scree slopes that are believed to be nesting habitat
In Harriman Fjord, our sampling grid included 6
for Kittlitz’s murrelets (Day et al. 1999).
transects, with 4 transects in the high density area
Heather Bay (60° 58’ 30’’ N 147° 00’ 38’’ W) is a
and 2 transects in the low density area (Fig. 2A).
13 km2 embayment located in the northeastern reTransects varied in length from 1000 to 2000 m and
gion of PWS (Fig. 1). Depths in the pelagic region of
were separated by 450 m. Because of the geography
Heather Bay range from a few meters to 110 m. Adjaof Harriman Fjord, transects ran east-west to align
cent to Heather Bay is Columbia Bay, a fjord carved
sampling with the dominant physical force in the
out by Columbia Glacier, a large, rapidly retreating
sampling region: ice and glacial outflow from Surtidewater glacier (Molnia 2007) (Fig. 1). Although
prise Glacier.
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Fig. 2. Survey transects, Kittlitz’s murrelet high and low density CTD cast locations in (A) Harriman Fjord and (B) Heather Bay,
and distribution and abundance of Kittlitz’s murrelets observed on 3 surveys in (C) Harriman Fjord and (D) Heather Bay,
Prince William Sound, Alaska, July 2008

In Heather Bay, our survey grid included 8 transects, with 4 in the high density area and 4 in the low
density area (Fig. 2B). High density transects were
separated by 400 m and had lengths ranging from
200 to 1300 m. Low density transects were separated
by 400 m and had lengths ranging from 745 to
2600 m. We surveyed Heather Bay transects in the
north-south direction to align sampling with the
dominant physical force in the bay: ice flowing over
the moraine at the northern reaches of the bay.
While surveying along transects in both areas, 2
observers using 10× binoculars recorded all marine
birds and mammals observed within 100 m to either
side and in front of the 7 m survey vessel traveling at
10 to 15 km h−1. We assumed 100% detection within
this 200 m wide survey strip. Observers were thoroughly trained in murrelet identification and distance estimation. We entered sighting and behavior
(e.g. ‘floating,’ ‘foraging,’ ‘flying,’ etc.) data in real

time onto a laptop computer running Program dLOG
(Glenn Ford Consulting). A connected handheld GPS
unit (Garmin GPSMAP-76) stamped each sighting
with geographical coordinates according to the
boat’s location as well as documenting the path of the
survey vessel. Birds recorded in groups were assigned a single location (i.e. if we recorded a group of
3 birds together on the water, we assigned the same
location to all 3). We did not include flying birds in
our habitat use analysis, as we were unable to determine the exact locations where they took off or
landed.

At-sea water column sampling
After completing our visual survey of each transect,
we returned along the transect to deploy the CTD
meter (SBE 19 SEACAT, SeaBird Electronics) at pre-
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determined cast locations. Cast locations were separated by 400 m in Harriman Fjord (Fig. 2A) and by
200 m in Heather Bay (Fig. 2B). All CTD casts were
completed within 1.5 h of the end of the visual survey
of that transect. The CTD meter was suspended just
below the surface and allowed to equilibrate for 2 min
before being lowered to within 2 m of the ocean floor.
Depths at each cast point were determined using an
on-board depth finder (LMS-350A, Lowrance). We set
the sampling rate of the CTD meter to sample water
temperature, salinity, density, and depth twice per
second.
We used Seabird Electronics Data Processing software (version 7.16) to process the raw CTD data files.
First, we split the data into upward and downward
portions of the casts. Next, we filtered the data from
the downward portion of the cast to smooth rapidly
changing data over a forward and backward gradient (Seabird Electronics 2012). We used only data
from down casts because these data were collected
before the water column was disturbed by the passage of the CTD meter.
We truncated the temperature-depth data at 25 m
depth based upon foraging studies of the closely
related marbled murrelet Brachyramphus marmoratus. Marbled murrelet generally forage in waters
< 20 m, only occasionally reaching depths > 30 m,
with dive times around 25 s (Jodice & Collopy 1999).
The average dive time of Kittlitz’s murrelets foraging
in Harriman Fjord in 2009 was 22 s (95% CI = 18.5 to
25.4), and surfacing birds almost always appeared
tens of meters away from the location where they
originally submerged, suggesting that individuals do
not typically dive deep in these areas (A. J. Allyn
unpubl. data). We estimated near-surface temperatures using the average water column temperatures
recorded during the equilibration period when the
CTD was roughly 1 m below the surface. Finally,
because we were interested in relative temperature
profile patterns rather than absolute temperatures,
we subtracted each recorded temperature from the
near-surface temperature for that cast to determine
the relative temperatures at each depth with respect
to the surface temperature.
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passing all transects surveyed during each individual
visit to the fjord (i.e. a minimum convex polygon of all
transects, with a 100 m buffer to include the survey
window on the outer edge of the transects). Therefore,
the available habitat area varied between visits to a
fjord because not all transects were surveyed during
each visit. We sampled the available habitat by creating a 100 × 100 m grid over each fjord using ArcGIS
version 9.3 (ESRI 2008); we then extracted the latitude
and longitude centroid for each grid cell and used
these locations to represent available habitat.
We used R (R Core Development Team 2010) to
calculate 5 spatial landscape features for each used
and available location: water depth, and distances
to shoreline, glaciers, moraines, and freshwater
streams/outflows. We created a water depth raster
layer, measured on a negative scale where the surface was defined as 0 m and 20 m depth was defined
as −20 m from a PWS bathymetry ASCII file (resolution: 200 m) (D. A. Kiefer unpubl. data). Using this
bathymetry file in combination with NOAA charts,
we also identified submerged moraines as shallow (0
to 30 m) arms extending into and/or across fjords or
bays. Satellite images (US Geological Survey Global
Visualization Viewer Landsat Archive) from July
2008 provided the terminus location of each tidewater glacier. We defined the shoreline and locations
of freshwater streams using a data layer provided by
the US Forest Service (USDA Forest Service 2008).
We interpolated depth values for each used and
available point from the bathymetry raster file (D. A.
Kiefer unpubl. data) using the inverse distance
weighting function in the gstat package (Pebesma
2004). We used the nncross function in the spatstat
package (Baddeley & Turner 2005) for all distance
calculations. We used the shortestPath function in the
gdistance package (van Etten 2011) for all over-water
distance calculations. We restricted distances to the
over-water distance between a point and landscape
feature (glaciers, moraines, and outflow regions) by
setting the land conductance value to 0 and the
ocean conductance value to 1.

Data analysis
Spatial landscape features
We calculated spatial landscape feature values for
used and available habitat locations. We defined
‘used habitat’ as the longitude and latitude location
recorded for each Kittlitz’s murrelet observed during
surveys, and ‘available habitat’ as the area encom-

At-sea surveys: Kittlitz’s murrelet abundance,
time of day, and tide level and phase
We modeled Kittlitz’s murrelet abundance within
Harriman Fjord and Heather Bay as a function of
time of day, average tide level height (m), and tide
phase using a generalized linear model (GLM) with a
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Poisson error distribution and log link. We used the
abundance model to investigate the influence of
time of day and tide on predicted counts of Kittlitz’s
murrelets, independent of temperature-depth profiles and landscape features. This allowed us to then
use the full collection of CTD casts collected during a
visit to characterize the available habitat with regard
to temperature-depth profiles, as described below.
We calculated Kittlitz’s murrelet abundance by
summing the number of Kittlitz’s murrelets counted
during 12 min intervals. We assigned the time of day
for each observation as the median time per 12 min
interval from the associated time stamp output from
the program dLOG and the attached GPS device. We
used tide prediction data in the mean tide level
datum (mean of mean high water and mean low
water, NOAA Tides and Currents, http://co-ops.nos.
noaa.gov/tide_predictions.shtml) to calculate the
average tide level height (m) for each 12 min time
interval. We used tide data from Passage Canal
predictions (~35 km to the southwest) for Harriman
Fjord, and Port Valdez predictions (~40 km to the
northeast) for Heather Bay tide level heights. We
evaluated both linear and quadratic relationships
between time of day and tide level height and Kittlitz’s murrelet abundance.
In addition to tide level height, we also included
tide phase in our abundance model. We defined 6
different tide phases: slack low and high, incoming
low and high, and outgoing low and high. Slack low
and high tide phases were defined as 30 min before
and after dead low and high tide. We calculated
incoming low and high and outgoing low and high
using the midpoint tide level height (m) for a given
tidal cycle. For example, an incoming low tide phase
corresponded to an incoming tide, where the observed tide level height had not yet surpassed the
midpoint tide level height for that incoming tide
cycle. Our full abundance model was:
Log(p) = α + β1 × time of day + β2 × time of day2
+ β3 × tide level height + β4 × tide level height2 (1)
+ β5 × tide phase + β6 × fjord
To evaluate model subsets, we first examined the
results from the full model to identify significant
parameters. We then dropped any insignificant parameters, tested for interactions between significant
model parameters in the reduced GLM, and selected
the best model based on corrected Akaike’s information criterion (AICc). The predicted abundance from
the best model was then used as a weighting function
in our calculation of each average available temperature-depth profile value, as described below.

Temperature-depth profiles
Calculating temperature-depth profile values at
used and available habitat locations required significant analyses to overcome 2 challenges: (1) summarizing the temperature-depth profile data into a single metric that could be included in the overall
habitat use model, and (2) calculating this metric for
both used and available locations that did not coincide either spatially or temporally with locations of
CTD casts.
Summarizing CTD data into a single metric. Standard modeling frameworks require one-to-one relationships between the response and a given predictor variable, so that for a given response observation
there is a single corresponding predictor value. However, temperature-depth data collected by a CTD
meter contains a large number of temperature and
depth values for every cast. There are a number of
ways to summarize these data into a single value,
including averaging over selected depth bins, or
calculating the depth of the maximum temperature
change (e.g. Speckman et al. 2005). However, as we
were interested in capturing the overall structure of
the temperature-depth profile, we chose to develop
our own summary method by calculating individual
deviance values from the observed temperaturedepth data and a number of proposed temperaturedepth profile shapes (TDPS). This process allowed us
to reduce CTD temperature-depth measurements
into a single metric that could be included as a variable in our habitat use model. We then selected the
best TDPS by individually calculating the negative
log likelihood for the habitat use model and each of
the TDPSs; the TDPS that maximized the negative
log likelihood of the habitat use model indicated the
TDPS that was most similar to the structure of
temperature-depth profile where Kittlitz’s murrelets
were observed.
We used a piece-wise linear function with 3 segments to create the suite of proposed TDPSs. Specifically, we varied the slope of the 3 segments by
changing the depth and temperature between the
start and end of each segment, resulting in a total of
1500 TDPSs (Table A2 in the Appendix). We then calculated an overall deviance between the TDPSs and
the observed temperature-depth profile data at each
cast location. For an individual TDPS and CTD cast,
we first calculated residuals at each observed depth
by subtracting the relative observed temperature
from the predicted temperature calculated using the
piece-wise linear function. Lastly, we summed all
squared residual values and divided by the number
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of samples (i.e. observed depths) to calculate an overall cast deviation value between an individual TDPS
and observed temperature-depth profile data. This
process generated a data frame, where the number of
rows was equal to the number of casts completed,
each column of the data frame corresponded to a different TDPS, and cell values indicated the overall
deviation between the TDPS and the observed temperature-depth data for the given cast.
Accounting for spatial and temporal mismatch between casts and observations. After calculating deviation values between each cast and all TDPSs, we
needed to calculate TDPS deviation values for used
locations. This was done using the inverse distance
weighting function in the gstat package (Pebesma
2004). For a given bird observation, we used only the
TDPS deviation values from CTD casts collected
along the same transect on which the bird was
observed for interpolation, and therefore, assumed
that temperature-depth data were relatively constant
over a 1.5 h period (i.e. the time between the first bird
observation along a transect and the last cast on the
same transect). This yielded the most accurate
estimate of the TDPS deviation value for a given
location. We repeated this procedure to calculate the
deviation between each used location and each of
the 1500 TDPSs.
Calculating TDPS deviation values for the average
available habitat was a more complex process than
for the used locations. To calculate these deviation
values, we needed to account for the significant difference between the times of day and tides that CTD
casts were completed within a given survey. If we
simply averaged TDPS deviation values without
accounting for this variability, this would assume that
(1) temperature-depth data were constant throughout each sampling period, most of which spanned
> 6 h and entire tidal cycles, and (2) that all Kittlitz’s
murrelets were exposed to the same available habitat
conditions regardless of when they were observed.
This is likely not the case given the influence of time
of day and tide on water column characteristics, currents, and the temporal distribution of Kittlitz’s murrelets. Unfortunately, our CTD data set was insufficient for modeling changes in TDPS deviation values
as a function of time and tide. Consequently, we used
our bird observation data and the resulting Poisson
abundance model (Eq. 1) to quantify the relationship
between predicted Kittlitz’s murrelet count, time of
day, and tide level and phase. Using this function to
weight TDPS deviation values, we were able to use
all CTD casts collected throughout the day to calculate an average TDPS deviation value for each pro-
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posed shape. We assumed that this technique provided an estimation of the range of TDPSs available
to birds over the course of each sampling period.
To weight the TDPS deviation values, we first multiplied each of the 1500 deviation values for each cast
by the predicted Kittlitz’s murrelet count for that time
of day and tide phase according to the GLM Kittlitz’s
murrelet abundance model. We then summed all
weighted TDPS deviation values by day, and divided
the sum of all weighted TDPS deviation values by the
sum of all predicted Kittlitz’s murrelet counts to
generate the TDPS deviation values that would represent the average available habitat in each sampling area. For each sampling session, this yielded a
weighted average TDPS deviation value that accounted for the variation in predicted Kittlitz’s murrelet counts dependent on time of day and tide
phase.

Kittlitz’s murrelet habitat use
To investigate Kittlitz’s murrelet habitat use, we
modeled the difference in each habitat variable between used locations and the average available habitat. To calculate these differences between TDPS
deviation values, for each of the 1500 TDPSs, we
paired the TDPS deviation values for each used point
with the average TDPS value among all available
points within the same fjord. This means that for each
of the 1500 TDPSs, we subtracted the weighted TDPS
deviation value representing the average available
habitat from the interpolated TDPS values at used
points within that sampling region. If the resulting
value was positive for a given TDPS, this indicated
that the TDPS fit the average available habitat well,
but fit the used locations poorly. We therefore
removed candidate TDPSs that yielded positive values from our analysis. For landscape features, we
first averaged all the available habitat values for each
variable within each fjord. We then subtracted each
average value from the corresponding used covariate
value for each location. This process generated a file
containing a line for every Kittlitz’s murrelet observation that included a column for the difference in used
and average available TDPS deviation values for
each of the 1500 proposed TDPSs and the difference
in used and average available values for each of the
5 landscape features.
We then used a GLM with a binomial error distribution and logit link function (Breslow & Day 1980) to
investigate the difference between used and available Kittlitz’s murrelet habitat in a case-controlled
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logistic regression model. Unlike traditional logistic
regression, where the response variable is presence/
absence, in case-controlled (also known as paired or
conditional) logistic regression the response variable
is only presence and a ‘no intercept’ model is used
(e.g. Compton et al. 2002). We used Firth’s biasreduction method as implemented in the brglm
package (Kosmidis 2010), where parameters were
estimated using maximum penalized likelihood.
Harriman Fjord and Heather Bay were modeled separately to allow for differences between fjords that
may influence TDPSs (e.g. bathymetry, glacier influences, etc.). For Harriman Fjord, our full model was:
Logit(p) = F1 × depth + F2 × dist. shore
+ F3 × dist. glacier + F4 × dist. moraine
+ F5 × dist. stream + F6 × TDPS

(2)

For Heather Bay, our full model was:
Logit(p) = B1 × depth + B2 × dist. shore
+ B3 × dist. moraine + B4 × dist. stream
+ B5 × TDPS

(3)

ing that there is still not a formal, well-established
test for spatial autocorrelation of GLM residuals (R.
Bivand pers. comm.), we tested model residuals for
spatial autocorrelation using the lm.moran test function in the spdep package (Bivand et al. 2012).

RESULTS
Kittlitz’s murrelet abundance, time of day,
and tide height
We observed 137 Kittlitz’s murrelets in Harriman
Fjord (Fig. 2C) and 58 Kittlitz’s murrelets in Heather
Bay (Fig. 2D). Overall, the mean density (birds km−2)
among visits was similar for the 2 fjords; however, the
density variability among trips was considerably
smaller in Harriman Fjord (mean = 23.29, SD = 16.22
birds km−2) than that in Heather Bay (mean = 25.33,
SD = 37.72 birds km−2).
Time of day, tide phase, and an interaction between
time of day and tide phase significantly influenced
Kittlitz’s murrelet abundance (Table 1), and were
parameters of the best model predicting Kittlitz’s
murrelet abundance (AICc = 249.13, AICc weight =
0.83). The predicted mean count of Kittlitz’s murrelets
per 12 min interval in a fjord decreased throughout
the day, and during slack low and outgoing low tide
phases, and increased during incoming high tide
phases. The best model with linear terms for time of
day and tide phase and an interaction term between
time of day and tide phase was used as our function
for weighting TDPS deviation values.

where dist. is the distance to geographical features.
Distance to glacier was not included in the Heather
Bay GLM (Eq. 3) because of strong correlation with
distance to moraine. The terminus of Columbia Glacier is located over 12 km beyond the head of
Heather Bay. Given that the intertidal moraine is also
located at the head of Heather Bay, distance to
glacier was strongly correlated with distance to
moraine. Although both features certainly influence
the Heather Bay marine habitat, we elected to use
only ‘distance to moraine’ in the Heather Bay GLM.
We selected the best TDPS by comparing negative log-likelihood values
Table 1. Point estimates, standard errors (SE) and probability values (p) of
among GLMs with all landscape
parameters included in the best generalized linear model as selected by
features while varying only the temcorrected Akaike’s information criterion (AICc) describing Kittlitz’s murrelet
abundance in Heather Bay and Harriman Fjord, Alaska, July 2008. Tide
perature-depth candidate variable.
phases: IL = incoming low, OH = outgoing high, OL = outgoing low, SH =
Because the number of parameters
slack high, SL = slack low
was constant across all models, the
TDPS that minimized the negative
Parameter
Estimate
SE
Z-statistic
p (>|Z |)
log-likelihood (i.e. maximized the
likelihood) of the GLM was used as
Intercept
5.32
1.32
4.02
5.84 × 10−5
our best estimate of the temperatureTime of day
−0.32
0.11
−3.02
0.0025
Tide phase IL
−0.18
3.68
−0.05
0.96
depth profile at Kittlitz’s murrelet use
Tide phase OH
−1.95
1.84
−1.06
0.29
locations. We then investigated the
Tide phase OL
−4.29
1.61
−2.66
0.0078
full range of model subsets, using the
Tide phase SH
−3.34
2.59
−1.29
0.20
best TDPS and all landscape feature
Tide phase SL
−5.93
2.64
−2.25
0.024
Time of day × tide phase IL
−0.15
0.32
−0.49
0.63
covariates.
Time
of
day
×
tide
phase
OH
0.05
0.15
0.31
0.75
We suspected that GLM residuals
Time of day × tide phase OL
0.26
0.13
2.09
0.036
might be spatially autocorrelated in
Time of day × tide phase SH
0.24
0.18
1.34
0.18
response to the patchy distribution of
Time of day × tide phase SL
0.44
0.22
1.97
0.049
Kittlitz’s murrelets in PWS. Recogniz-
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Fig. 3. Summary plots of temperature and salinity values recorded on CTD casts during surveys in Harriman Fjord and
Heather Bay, Alaska, July 2008. Horizontal lines within boxes indicate data median, rectangular boxes indicate the interquartile ranges (i.e. 50% of the data), whiskers indicate extreme values out to a maximum of 1.5 times the interquartile range,
and data points outside these range are indicated by open circles

Overview of water column properties
Although average temperatures between Harriman Fjord (5.69°C) and Heather Bay (5.46°C) were
very similar, there was less variability in the temperatures recorded in Harriman Fjord (range = 4.66 to
7.77°C) than in Heather Bay (range = 0.78 to 7.89°C)
(Fig. 3). Additionally, in Harriman Fjord the coldest
water was found at maximum depths (25 m), and in
Heather Bay the coldest water was at the surface.
Overall, average salinities in Harriman Fjord (28.1)
were slightly lower than those in Heather Bay (30.3)
(Fig. 3). Further, the range in salinity values was
greater in Harriman Fjord (range = 17.1 to 30.7) compared to Heather Bay (range = 21.7 to 31.4). Lastly,
density profiles across CTD casts in both Harriman
Fjord and Heather Bay showed increasing density
with increasing water depth, where the least dense
water was always on top of more dense water
masses, suggesting that the relative temperaturedepth patterns we observed were stable.

Kittlitz’s murrelet habitat use
Harriman Fjord
In Harriman Fjord, the best TDPS decreased by
2°C relative to the near surface temperature between
the surface and 10 m, and then increased by 6°C
between 10 and 20 m, finally cooling with increased

depth beyond 20 m (Fig. 4A). Before evaluating all
model subsets of the global GLM, we investigated
the spatial autocorrelation of Kittlitz’s murrelet observations in the global GLM residuals. Global GLM
residuals were not significantly spatially autocorrelated (observed Moran’s I = 0.23, p = 0.209). Therefore, we proceeded to evaluate all model subsets and
did not use methods to account for, or remove, spatial
autocorrelation.
Overall, the best GLM describing Kittlitz’s murrelet
habitat use in Harriman Fjord included depth, distance to shore, distance to moraine, and TDPS as
model variables (Table 2). Kittlitz’s murrelets appeared to use locations that were shallower, farther
from shore, and farther from the moraine than the
average available habitat (Table 3, Fig. 5).

Heather Bay
In Heather Bay, the best TDPS suggested that Kittlitz’s murrelets used habitats where the water column
temperature increased moderately relative to the near
surface temperature down to 5 m depth, and then
decreased rapidly with increasing depths (Fig. 4B).
However, because the distribution of Kittlitz’s
murrelets in Heather Bay was extremely patchy, and
all Kittlitz’s murrelets were observed closer to the
moraine than the average available habitat, distance
to moraine masked the potential significance of TDPS
and the other landscape feature variables (Table 4).
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(observed Moran’s I = 0.73, p = 0.072).
Therefore, we continued model subset
investigations without removing or accounting for spatial autocorrelation.
After removing the highly significant
distance to moraine variable from the
model, both water depth and distance to
shore became significant parameters
describing Kittlitz’s murrelet habitat use
in Heather Bay. Kittlitz’s murrelets
appeared to use shallower waters at
locations closer to shore than the average available (Table 4, Fig. 6). TDPS
remained insignificant, and there was
no clear association between locations
used by Kittlitz’s murrelet and distance
to freshwater outflow areas (Table 4,
Fig. 6).

DISCUSSION
Our results agree with previous work
showing that time of day, tide phase,
and landscape features influence the
abundance and distribution of Kittlitz’s
murrelets in glacial fjords in PWS
(Kuletz et al. 2003, Allyn et al. 2008,
Stephensen 2009). Kittlitz’s murrelet
Fig. 4. Temperature-depth profile shapes (TDPSs) as selected by negative
log-likelihood values describing Kittlitz’s murrelet habitat use in (A) Harriabundance appeared to be highest earman Fjord and (C) Heather Bay, Alaska, July 2008. Example raw temperalier in the day and during the incoming
ture (solid line) and salinity (dotted line) data from casts in each fjord showhigh tide phase. This daily pattern is
ing (B) the characteristic ‘cold wedge’ prevalent in the best model
similar to that observed in studies of the
describing Kittlitz’s murrelet habitat use in Harriman Fjord, and (D) the
cold, fresh water layer remaining at the surface of the water column in the
congeneric marbled murrelet (Speckbest model describing Kittlitz’s murrelet habitat use in Heather Bay
man et al. 2000, Peery et al. 2009).
Increased abundance and activity durBefore removing distance to moraine from the
ing morning hours could indicate that Kittlitz’s murmodel to investigate the relative significance of the
relets are responding to the diurnal movements of
other variables, we tested for spatial autocorrelation
potential prey species that feed at the surface at
in the global GLM residuals. The spatial autocorrelanight and migrate to inaccessible water depths durtion in Heather Bay GLM residuals was insignificant
ing daylight hours; these species may be most susTable 2. Descriptions of the best models as selected by AICc, including AICc values, ΔAICc, and Akaike model weights (w),
describing Kittlitz’s murrelet habitat use in Harriman Fjord, Alaska, July 2008. TDPS = temperature-depth profile shape
Model

AICc

ΔAICc

w

Depth + distance to shore + distance to moraine + TDPS
Depth + distance to shore + distance to moraine + distance to glacier + TDPS
Depth + distance to shore + distance to moraine + distance to stream + TDPS
Depth + distance to shore + distance to moraine + distance to glacier
+ distance to stream + TDPS
Depth + distance to glacier + distance to moraine + distance to stream + TDPS

24.97
26.63
26.92

0
1.66
1.96

0.49
0.21
0.18

27.90
44.61

2.93
10.08

0.11
0.003
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Table 3. Point estimates, SE, and probability values of parameters included in the best generalized linear model as selected by AICc describing Kittlitz’s murrelet habitat use in
Harriman Fjord, Alaska, July 2008
Parameter

Estimate

Depth
0.44
Distance to shore
31.03
Distance to moraine 6.85
TDPS
3.72

SE

Zstatistic

p (>|Z | )

0.12
10.17
1.92
1.17

3.64
3.05
3.56
3.18

0.00028
0.0023
0.00037
0.0015

ceptible to predation during these transition periods
(i.e. dawn and dusk) (Hobson 1986). Other researchers noted the correlation between Kittlitz’s murrelet abundance and tide phase (here, incoming high
tides) (Kissling et al. 2007, Allyn et al. 2008), suggesting that tide current strength and tide phase also
influence Kittlitz’s murrelet abundance. Stronger
tidal currents, such as those occurring during the
midpoint between high and low tides, can concentrate potential prey species more effectively than
weaker currents (Alldredge & Hamner 1980). When
coupled with bathymetric features (e.g. shoals, sills,
banks), there is potential for increased prey concentrations from both tidal upwelling and secondary
circulation patterns resulting from the flow of water
masses around these features (e.g. Hunt et al. 1998,
Allen et al. 2001). Such locations and conditions
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would likely also exhibit dynamic water column
characteristics as a result of the interactions among
different water masses caused by the coupling of
water flow with bathymetric features.
It appears that the interaction between tide phase
and landscape features drives TDPSs and ultimately
influences habitat use locations for Kittlitz’s murrelet.
In Harriman Fjord, we found that TDPS significantly
influenced Kittlitz’s murrelet habitat use. Although
the TDPS variable was insignificant in Heather Bay,
likely due to our small sample size, the best TDPS
selected using negative log-likelihood values suggests that the TDPS at locations used by Kittlitz’s
murrelets were markedly different between fjords.
The TDPSs in both fjords appear to be driven by
landscape structure and transport dynamics. The
bottom topography within the sampled region of
Harriman Fjord is highly variable and includes a
glacial moraine. This moraine appears to facilitate
tidal upwelling. On an incoming tide, warmer, more
saline ocean waters enter over the moraine and force
the relatively cooler, fresher and more glacially
influenced waters towards the surface as they converge. This phenomenon was evident in the data as a
cold wedge at shallow depths (Fig. 4C), prominent at
most locations used by Kittlitz’s murrelet. This association with moraine upwelling events is further supported by the higher abundance of Kittlitz’s murrelets during the incoming high tide phase. Although
these locations were in fact farther from the moraine
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Table 4. Point estimates, SE, and probability values of parameters included in global generalized linear model A (with
distance to moraine parameter) and model B (without distance to moraine parameter) describing Kittlitz’s murrelet
habitat use in Heather Bay, Alaska, July 2008
Parameter

Estimate

Model A
Depth
Distance to shore
Distance to moraine
Distance to stream
TDPS

−0.013
−5.95
−2.37
−0.27
0.37

Model B
Depth
0.38
Distance to shore
−22.74
Distance to stream
−1.52
TDPS
0.68

SE

Z-statistic p (>|Z |)

0.04
6.96
0.74
2.72
0.41

−0.32
−0.86
−3.22
−0.10
0.91

0.75
0.39
0.0013
0.92
0.36

0.14
8.83
1.91
0.46

2.63
−2.28
−0.79
1.46

0.0085
0.010
0.43
0.14

Frequency

than the average available habitat, this could be
because the sampling area was centered directly
over the moraine, resulting in a very short average
distance (~1000 m) between the moraine and the
available habitat. Alternatively, this relationship may
indicate the spatial scale of the upwelling events.
Although the tidal upwelling appears to be driven by
the moraine feature, optimal upwelling conditions
may exist a certain distance away from the moraine,
and it is this distance and time that allows incoming
warm, saline water to displace the cooler, fresher,
more glacially influenced waters.

In contrast to the sampling region in Harriman
Fjord, Heather Bay contains no tidewater glaciers.
However, the fjord is still strongly influenced by
Columbia Glacier in neighboring Columbia Bay.
Columbia Glacier is currently in drastic retreat (Walter et al. 2010) and produces a large volume of icebergs calved from its receding face. A submerged
moraine 6.5 km from the mouth of Columbia Bay
serves as a dam, creating a densely packed pool of
trapped icebergs ~12 km long. At the head of adjoining Heather Bay, an intertidal moraine separates
Columbia Bay’s iceberg pool from the warmer waters
of Heather Bay. These calved icebergs, combined
with the cold (~1°C) pool water, breach the Heather
Bay moraine during each incoming tide and pour into
Heather Bay. In striking contrast to the observed
upwelling in Harriman Fjord, the cold, fresh glacial
water enters and remains at the surface of the water
column in Heather Bay (Fig. 4D). This TDPS best
matched locations where we observed Kittlitz’s
murrelets within Heather Bay, where surface waters
were dramatically cooler than underlying water.
The fact that TDPSs seem to be important in describing Kittlitz’s murrelet habitat use suggests that
these water column characteristics have some effect
on prey availability. Temperature gradients can affect the distribution of fish and zooplankton (e.g.
Coyle & Pinchuk 2005, Speckman et al. 2005), and
create concentrations of prey within and slightly
above or below water masses of different tempera-
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tures (e.g. Haney 1988, Frank et al. 1989). Additionally, in glacial fjord systems macrozooplankton species may avoid the colder, less saline, more turbid
waters when entering the system, resulting in high
concentrations of macrozooplankton near these interface points (Weslawski et al. 1995). Therefore,
the interface between water masses may aggregate
prey species not only at certain locations within the
fjord, but also at certain depths and times (i.e. tidal
phases) at particular locations. These distinct patterns could ultimately allow Kittlitz’s murrelets,
which are ‘persistent hotspot’ foragers (Day & Nigro
2000, Stephensen 2009), to focus their foraging efforts on predictable prey hotspots both spatially within the fjord and vertically within the water column.
A substantial proportion of the remaining global
population of Kittlitz’s murrelets is found in the
glacial fiords of PWS during the summer months
(USFWS 2010). Within PWS, Harriman Fjord and
Heather Bay can host relatively high densities of this
rare seabird (Kuletz et al. 2011). Our research shows
that entirely different dynamics may render each of
these areas a reliable Kittlitz’s murrelet foraging hotspot. Both systems, however, are heavily dependent
on glacial input. Considering that more than 98% of
tidewater glaciers in Alaska are now receding (Molnia 2007), glacial influence on these important Kittlitz’s murrelet refugia is likely to change significantly
in coming decades. Given the tight association between Kittlitz’s murrelets and coastal glacial features, reduction in the effects of glacial influx on the
water column in fjords will likely degrade the quality
of Kittlitz’s murrelet habitat. For a species with already low overall population numbers, further reductions in survival or productivity rates from a reduction in foraging habitat quality could prove
devastating to future Kittlitz’s murrelet populations.
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Appendix 1. Supplemental information for survey design (Table A1) and parameter values used to develop
candidate temperature-depth profile models (Table A2)

Table A1. Date (in 2008), area, Kittlitz’s murrelet density region, number of
transects surveyed, and CTD casts completed in Heather Bay and Harriman
Fjord, Alaska, USA
Date

Fjord

2 Jul
5 Jul
10 Jul

Heather Bay
Heather Bay
Harriman Fjord
Harriman Fjord
Harriman Fjord
Heather Bay
Heather Bay
Harriman Fjord
Harriman Fjord

17 Jul
20 Jul
26 Jul

Kittlitz’s murrelet
density region
High
Kow
High
Kow
High
High
Kow
High
Kow

Number of
transects

Number of
CTD casts

4
4
2
2
4
7
4
3
2

17
23
12
9
13
13
10
8
7

Table A2. Parameter descriptions and range of possible
values used in constructing candidate temperature-depth
profile models with linear piece-wise function
Parameter

Possible values

Temperature at 1st inflection
Depth at 1st inflection
Temperature at 2nd inflection
Depth at 2nd inflection
End temperature
End depth

0, 2, −2, 4, −4
2.5, 5, 7.5, 10
0, 2, −2, 4, −4
10, 15, 20
0, 2, −2, 4, −4
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