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ABSTRACT

Effective conservation of highly mobile species
requires an understanding of the factors that influence
their habitat use patterns, locally and within a large-
scale oceanographic context. We characterized the
seasonal (chick-rearing, post-breeding) and inter-
annual (2004–2008) distribution and abundance of
black-footed albatross (Phoebastria nigripes; BFAL)
along the central California continental shelf/slope
using standardized vessel-based surveys. We used a
hypothesis-based information-theoretic approach to
quantify the relative influence of environmental con-
ditions on BFAL occurrence and abundance by assess-
ing their association with: (i) local static bathymetric
features, (ii) local and regional dynamic oceano-
graphic processes, and (iii) seasonal and inter-annual
basin-wide variability. While the presence/absence
models yielded stronger results than the abundance
models, both revealed that static and dynamic features
influence BFAL habitat use. Specifically, occurrence
was greatest near the shelf-break, particularly in
months with strong upwelling. High BFAL densities
were associated with Rittenburg Bank, especially dur-
ing the chick-rearing season, periods of positive North
Pacific Gyre Oscillation index and large northern
monthly upwelling, evidenced by cool, salty waters in
the study area. BFAL aggregation intensity was great-
est onshore of the shelf-break (200 m isobath). Behav-
ioral observations reinforced the notion that transiting
BFAL are widely dispersed near the shelf-break and
concentrate in large flocks of birds sitting on the water
farther onshore. These results underscore the need to

consider oceanographic processes at multiple spatial
scales when interpreting changes in BFAL dispersion
within marine sanctuaries, and highlight the feasibility
of implementing bathymetrically defined protected
areas targeting predictable BFAL aggregations within
these larger management jurisdictions.
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INTRODUCTION

In 2001 the U.S. National Oceanic and Atmospheric
Administration (NOAA) initiated a process to review
and formulate an updated management plan for three
of the current 13 National Marine Sanctuaries (NMS)
based on an ecosystem-level approach. As part of this
mandate, NOAA aimed to promote a thorough assess-
ment of the habitats and biota present in these sanctu-
aries and adjacent areas (NCCOS, 2003). A shared
objective of the management plans for Cordell Bank
and the Gulf of the Farallones National Marine Sanc-
tuaries (CBNMS and GFNMS, respectively) is to
‘maintain the natural biological communities, protect-
ing and (where appropriate) restoring and enhancing
natural habitats, populations, and ecological processes’
(NOAA-CBNMS, 2008; NOAA-GFNMS, 2008).
Implementation of this broader ecosystem-based man-
date calls for the assessment of the status of protected
marine resources within the sanctuaries and in adja-
cent shelf/slope habitat.

Monitoring data suggest that Cordell Bank is an
area of aggregation for three North Pacific albatrosses
and occasional southern hemisphere visitors (Stallcup
and Terrill, 1996). The black-footed albatross (Phoeba-
stria nigripes: BFAL) is the most common albatross spe-
cies in the region, with the highest densities and a
year-round presence (NOAA-CBNMS, 2008; NOAA-
GFNMS, 2008).

Despite breeding on islands in the central and wes-
tern North Pacific, BFAL forage on the central
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California shelf during the chick-rearing (April–June)
and the post-breeding (July–October) seasons (Hyren-
bach et al., 2002; Kappes et al., 2010). As tubenose
seabirds (Procellariiformes), a highly specialized order
of oceanic birds with far-ranging habits, BFAL use the
power of the wind to travel extensive distances while
expending relatively little energy thorough the use of
‘dynamic soaring’ (e.g., Weimerskirch et al., 2000;
Shaffer et al., 2004; Suryan et al., 2008; Adams and
Flora, 2009). Currently, the BFAL is listed as vulnera-
ble by the International Union for the Conservation
of Nature (IUCN), with the major at-sea threats
involving ongoing impacts from longline fisheries by-
catch, plastic ingestion, and the accumulation of or-
ganochlorinated pollutants (Naughton et al., 2007;
Arata et al., 2009; BirdLife International, 2012).

Effective protection of albatrosses and other highly
migratory species within CBNMS andGFNMS requires
adaptive management (e.g., Hyrenbach et al., 2000;
Hooker et al., 2011), which includes monitoring the
abundance and habitat use patterns of such species dur-
ing periods of changing oceanographic conditions (e.g.,
Hyrenbach et al., 2006; Benson et al., 2007). Although
vessel-based surveys and satellite tracking have pro-
vided a wealth of information on BFAL distributions
off California (e.g., Hyrenbach et al., 2002, 2006; Kap-
pes et al., 2010; NCCOS, 2007), important aspects of
BFAL habitat use remain poorly understood, including
the degree to which the larger-scale physical forcing
influences their association with local static and
dynamic features and their aggregation. Our analysis
aims to facilitate the spatial management of this highly
mobile species within existing management jurisdictions
by enhancing the understanding of its local dispersion,
using information on environmental drivers operating
at local, regional and basin-wide spatial scales.

MATERIALS ANDMETHODS

Study region

We modeled the seasonal (chick-rearing, post-breed-
ing) and inter-annual (2004–2008) variation in BFAL
distribution and abundance within the productive
continental shelf/slope system of central California
using vessel-based observations. Surveys were con-
ducted as a part of the ACCESS (Applied California
Current Ecosystem Studies) Partnership, and sampled
seven east–west parallel lines, from north of Cordell
Bank (38°8′N) to south of the Farallon Islands (37°34′
N) CA, extending from the upper continental slope
(1084 m depth) to coastal waters (50 m depth) within
15 km from the shore. These surveys cover the major-
ity of CBNMS and GFNMS and repeatedly cross the
shelf-break (200-m isobath). Three survey lines also
cross shallow (<100 m) bathymetric features within
the study site: two over Cordell Bank (shallowest
depth = 37 m) and one over Rittenburg Bank (shal-
lowest depth = 79 m) (Fig. 1).

This region includes complex physiographic (shelf-
break, banks, canyons) and hydrographic features
(upwelling plumes, fronts) associated with highly pro-
ductive habitats (Huyer et al., 1991; Palacios et al.,
2006; Jahncke et al., 2008), which are exploited by
locally breeding and migratory upper-trophic marine
predators (Keiper et al., 2005; Hyrenbach et al., 2006;
Yen et al., 2006). A steep shelf-break/slope (200–
2000 m depth) region, which delineates the transition
between coastal and oceanic waters, is broader to the
south (~ 80 km) and narrower to the north (~ 45 km).

This region is characterized by strong seasonality in
atmospheric and oceanographic conditions, which
define three distinct oceanographic seasons: upwelling,
oceanic, and Davidson (Hickey, 1979; Largier et al.,

Figure 1. Study area showing BFAL
abundance from vessel-based surveys
during the chick-rearing and post-breed-
ing season, 2004–2008: training data set
(circles, birds per 3 km bin) and valida-
tion dataset (dashed lines, showing sur-
vey effort) are plotted separately.
Important bathymetric features include
Cordell Bank (CB) and Rittenburg Bank
(RB), defined by their 100-m isobath,
and the shelf-break (200-m isobath).
CBNMS (Cordell Bank National Marine
Sanctuary) and GFNMS (Gulf of the
Farallones National Marine Sanctuary)
boundaries are shown.
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1993). The upwelling season spans from early spring
(mid-March) to late summer (mid-August), with the
strongest upwelling occurring in May and June
(NCCOS, 2007; Schwing et al., 1991). Its onset, asso-
ciated with the strengthening of upwelling-favorable
winds, is marked by an abrupt decrease in sea surface
temperature (SST; Breaker and Mooers, 1986; Sch-
wing et al., 1991). Episodic, upwelling-favorable winds
persist for 3–10 days separated by 3–10-day periods of
relaxation or wind direction reversal (Schwing et al.,
1991). The oceanic season (mid-August to mid-
November) is characterized by relatively extensive
periods of calm due to weak, variable winds
(NOAA National Centers for Coastal Ocean Science
(NCCOS), 2007).

At-sea surveys and BFAL distribution

Trained observers collected BFAL distribution and
abundance data using standardized strip transect meth-
ods as the vessel cruised at a speed of 18–22 km h�1

(Tasker et al., 1984; Jahncke et al., 2008). One to two
observers continuously counted BFAL during daylight
hours from the flying bridge of one of three vessels
(17.1 m R/V John H. Martin, 20.4 m R/V Fulmar,
68.3 m NOAA Ship McArthur II), with observer eye-
heights of 5.3, 5.5, and 14.4 m, respectively, above the
surface of the water. Observers recorded the number
and behavior (flying, milling, ship-following, sitting/
eating) of every BFAL sighted within a 100–300-m
strip transect (depending upon the height of the survey
platform and the visibility) extending abeam to 90° off
of the side of the vessel with the best visibility (i.e.,
lowest glare) in a field computer with a temporal reso-
lution of 0.1 min. These methods have been used to
survey BFAL off California previously (Hyrenbach
et al., 2006; Yen et al., 2006).

We did not develop density correction factors using
flight direction data because the non-directional flight
patterns of ship-following BFAL (circling the vessel)
inhibit such an approach. Instead, ship-following birds
were recorded the first time they were seen, and
ignored thereafter (Hyrenbach, 2001). Furthermore,
we identified BFAL transit areas by integrating infor-
mation on their behavior and spatial aggregation
(described below). This approach accounted for poten-
tial inflated BFAL densities from ship-following and
flying birds.

Point Blue Conservation Science Geographic
Information System (GIS) technicians binned the sur-
vey data into ~3 km sections. Because shorter survey
sections occasionally arose upon arrival at a station,
some bins were <3 km. To avoid inflated BFAL densi-
ties, we discarded bins <1 km from the analysis.

Accordingly, the minimum (maximum) area surveyed
per bin ranged from 0.10 km2 (0.90 km2) or 0.10
(0.30) km wide, 1.0 (3.0) km long, with the mean bin
area 0.30 km2.

Habitat variables

We used 23 variables to characterize temporal variabil-
ity and environmental conditions: breeding season
(Julian day), year (cumulative Julian day), distance to
three bathymetric features (shelf-break, Cordell Bank,
Rittenburg Bank), mean depth, coefficient of variation
(CV) of depth, latitude, mean SST, CV of SST, mean
sea-surface salinity (SSS), CV of SSS, zonal (E-W)
wind, meridional (N-S) wind, wind modulus, (change
in) atmospheric pressure, 6 h and monthly upwelling
indices north (39°N) and south (36°N) of the study
area, the Pacific Decadal Oscillation (PDO) index,
and the North Pacific Gyre Oscillation (NPGO) index
(Table S1).

Static habitats. Point Blue GIS technicians derived
depth data from California Department of Fish and
Game, Marine Region GIS lab 200-m Exclusive Eco-
nomic Zone (EEZ) bathymetry grids (ftp://ftp.dfg.ca.
gov/R7_MR/BATHYMETRY/). We calculated the
association of BFAL with the shelf-break (200-m iso-
bath), Cordell and Rittenburg Banks (100-m isobaths)
using a macro provided by Point Blue (designed by
Michael Fitzgibbon), embedded in ARCVIEW 9.3 GIS
software (ESRI, 2009 Redlands, CA, USA). The lati-
tude at the middle of each bin was identified using
shipboard GPS units, with an accuracy of 3–10 m.

Dynamic habitats. We included local and regional
dynamic habitats in our analysis. For the local features,
we calculated the mean and CV of SST and SSS from
the vessel’s underway data-logging system, with a spa-
tial resolution from 3–10 m (Jahncke et al., 2008).

For the regional environmental variables, we
retrieved publicly available wind and upwelling data
compiled by the Pacific Fisheries Environmental Lab-
oratory (PFEL, 2009). Wind-scape data included zonal
(E-W) and meridional (N-S) wind speed (m s�1) at a
0.25º latitude/longitude spatial resolution and 6-h
temporal resolution, derived from blended satellite
and buoy data. We calculated the absolute speed
(modulus) of the wind from these two components
using trigonometry. In addition, we included atmo-
spheric pressure (millibars), derived from a spatial
scale larger than the wind data (1º latitude/longitude
spatial resolution and 6-h temporal resolution) to rep-
resent the regional weather systems during the cruises.
Because the movement of weather systems has been
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demonstrated to influence seabird distribution (Gar-
the et al., 2009), we also calculated the change in
atmospheric pressure (pressure during survey minus
pressure 24 h before survey) to identify bird flux in
response to weather systems. Due to the spatial mis-
match of the atmospheric data and the vessel-based
survey bins, the larger-scale wind and pressure data
reflected broader atmospheric mechanisms potentially
affecting albatross movement in and out of the smaller
study area.

We used upwelling data including 6-h and monthly
upwelling index values (m3 s�1 100 m coastline�1; 1°
latitude/longitude resolution) calculated at locations
north (39°N, 125°W) and south (36°N, 122°W) of
the study area, to identify the phasing and intensity of
upwelling during cruises (Keiper et al., 2005; Thayer
and Sydeman, 2007). This approach provided com-
plete spatial coverage of the study area and enabled
the evaluation of BFAL association with short-term
(6-h) and long-term (monthly) upwelling.

We calculated these 23 environmental variables for
every 3-km survey bin. Whenever a bin overlapped
with multiple time (e.g., 6-h data) and/or space (e.g.,
0.25° data) units, we weighted the variable values by
the proportion of time the vessel spent within each
period and area, assuming a constant cruising speed.

Basin-wide indices. To investigate BFAL association
with basin-wide variation, we retrieved monthly
PDO (http://jisao.washington.edu/pdo/PDO.latest) and
NPGO (http://npgo.o3d.org/data/NPGO.txt) index
values from publicly available online repositories. The
PDO (NPGO) is the first (second) empirical orthogo-
nal function, EOF1 (EOF2), of the analysis of the detr-
ended sea surface temperature anomalies (SST height
anomalies) north of 20° (25°) latitude north (Mantua
et al., 1997; Di Lorenzo et al., 2008). A positive PDO
index relates to anomalously warm SST in the Califor-
nia Current System, whereas a positive NPGO index
relates to anomalously high salinity, nutrients, and
chlorophyll-a concentration. The PDO is the dominant
influence north of 38° and the NPGO the dominates
influence south of 38°. Although a correlative relation-
ship between BFAL dispersion and short-term variation
in these basin-wide ocean-atmosphere patterns would
not establish a causal link, these indices facilitate the
investigation of potential remote forcing of local BFAL
dispersion patterns off central California.

Data analysis

Habitat modeling. We modeled BFAL habitat in associ-
ation with multiple variable classes (temporal, static

and dynamic). To facilitate the application of these
results to BFAL spatial management, we adopted a
hierarchical approach, whereby we first evaluated
BFAL occurrence (presence/absence) and then abun-
dance using only those records where BFAL were pres-
ent (e.g., Louzao et al., 2006). Both analyses were
performed using the 3-km bin data for the same sea-
sons and years but the sample sizes varied (1353 bins
for occurrence, 184 bins for abundance).

We followed an information-theoretic approach
and chose to model specific hypotheses instead of test-
ing all possible combinations of available variables.
We modeled the relative influence of each predictor
variable on BFAL occurrence and abundance using
generalized linear models with a ‘logit’ link function
for the binomial data (occurrence) and with a ‘log’
link function for the Poisson data (abundance) (Craw-
ley, 2007). We used this approach to identify which
models were the most likely to accurately identify
BFAL occurrence/abundance using custom scripts and
the MASS package (Venables and Ripley, 2002) for R

(R Development Core Team, 2009).
We developed four model sets based on our under-

standing of the system, to describe BFAL association
with static and dynamic habitats, response to temporal
variation, and the influence of basin-wide indices. By
only evaluating those models with a theoretical link to
the specific study objectives, we were able to systemat-
ically test hypotheses regarding the influence of the
environmental variables on BFAL dispersion. For a
complete list of the 160 models compared under this
approach and the specific questions they addressed, see
Table S2.

In short, we addressed the following four objectives:

Objective 1: BFAL response to temporal variation (45
models). We modeled the influence of year (cumula-
tive Julian day since the beginning of the study) and
breeding season (Julian day; to account for variation
in survey date) on BFAL occurrence/abundance indi-
vidually, as their distribution varies on both seasonal
and inter-annual temporal scales (Ainley et al., 2005;
Ainley and Hyrenbach, 2010; Kappes et al., 2010). To
determine if BFAL association with a given feature
changed in relation to temporal variation, we also
evaluated the interaction between year (and breeding
season in separate models) and all other individual
habitat variables. For example, the BFAL range may
expand during years of varying foraging conditions.
Documenting such temporal trends would clarify habi-
tat use patterns and could facilitate the design of sea-
sonal or inter-annual management actions (e.g., time-
area closures).

© 2013 John Wiley & Sons Ltd, Fish. Oceanogr., 23:1, 18–31.
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Objective 2: BFAL response to static features (94
models). We modeled static features (distance to three
specific bathymetric features, mean and CV of depth)
individually and according to their uniqueness; we
considered three ‘common features’ (distance to the
shelf-break, mean and CV of depth), and two ‘unique
features’ (distance to Cordell and distance to Ritten-
burg Banks). Furthermore, to compare the relative
association of BFAL with static versus dynamic fea-
tures, we evaluated each static variable in combination
with hydrographic variables, mean and CV of SST,
mean and CV of SSS, and with the interaction of the
mean and CV of SST with the mean and CV of SSS,
where a high CV of both SST and SSS indicates
hydrographic fronts (Smith et al., 1986).

To explore the influence of zonal wind on BFAL
association with the shelf-break, we modeled the inter-
action of the distance to the shelf-break and zonal
wind. The potential influence of latitude was modeled
individually only. Although different sample sizes pre-
vented a direct comparison with the suite of 160 mod-
els, we further explored the relationship of BFAL
occurrence and abundance with the shelf-break rela-
tive to their onshore–offshore position graphically.
This yielded four models of onshore/offshore occur-
rence/abundance.

Objective 3: BFAL response to dynamic features (19
models). We modeled 13 dynamic features (mean SST
and CV of SST, mean SSS, and CV of SSS, 6-h
upwelling at 39 and 36°N, monthly upwelling at 39
and 36°N, atmospheric pressure, change in atmo-
spheric pressure, zonal wind, meridional wind, and
wind modulus) individually and in ecologically mean-
ingful combinations. We evaluated the interaction of
SST (the mean and CV) and SSS (the mean and CV),
with individual variables to explore the cumulative
influence of variation in these hydrographic parame-
ters. We also modeled the influence of zonal wind and
6-h local upwelling (at 39° and 36°N) on BFAL occur-
rence/abundance to assess the relationship of wind and
instantaneous upwelling with BFAL dispersion. A
strong association of BFAL with dynamic features
would suggest the utility of integrating dynamic com-
ponents to current management strategies.

Objective 4: BFAL response to basin-wide fluctuation (2
models). We evaluated the influence of the PDO and
NPGO, two basin-wide indices indicative of low fre-
quency signals, on BFAL occurrence and abundance.
Identification of BFAL association with either index
would suggest that spatial management, even at a local
scale, would benefit by considering large-scale

variability beyond the physical extent of the study
area. To identify those model(s) or variable(s) with
the greatest explanatory power across objectives, we
ranked the models using the Akaike information crite-
rion (AIC). In short:

AIC ¼ �2 � ln ðlikelihoodÞ þ 2 � K ð1Þ
where K is the number of parameters. We also calcu-
lated the relative likelihood of all models within an
objective using the Akaike weight (wi; Burnham and
Anderson, 2002) with the following equation:

wi ¼ ðexpð�0:5 � DiÞÞ
XR

r¼1
expð�0:5 � DrÞ

� ��1

ð2Þ
where the numerator is the likelihood of a given model
(Δi is the change in AIC of the given model from the
model with the lowest AIC; Δr is the change in AIC of
each model from the model with the lowest AIC) and
the denominator is the sum of all of the relative
weights for all models. The sum of the weights of the
models being compared = 1, with the most likely
model(s) having a weight of ≥ 0.90.

If > 2 models were needed to achieve this weight
(thus complicating the interpretation), the most
important variables were identified. This was achieved
by summing the weights of all models that included
each variable (e.g., the importance of SST = sum of
the weights of all models including SST; Burnham and
Anderson, 2002). Because each variable was not nec-
essarily used in the same number of models, the sum of
the model weights including each variable was first
divided by the number of models it was included in
(i.e., average weight of all models with a given vari-
able), and then by the average weight of all models
across objectives. The resulting ‘scaled average weight’
values indicate the influence each variable had on the
average weight of the models it was included in. Using
this metric, we identified important variables as having
a scaled average weight > 1, suggesting that the mod-
els including that particular variable had a greater
weight than the average model (where average Akaike
weight of the models compared had a scaled average
weight of 1).

When ≤ 2 models were selected, we calculated the
linear predictor (LP) using the appropriate constant
(intercept) and coefficients from the most likely
model, and calculated the probability (Pr) of BFAL
occurrence using the inverse of the ‘logit’ link
function, so that Proccurence = eLP(1°+ eLP)-1 (Crawley,
1993). To more thoroughly explore our BFAL
habitat use models onshore and offshore of the shelf-
break, we calculated the Pr of BFAL abundance
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22 P. E. Michael et al.



using the inverse of the ‘log’ link function, with
Proccurence = eLP.

We also evaluated the intensity of BFAL aggrega-
tion as a function of the distance from the shelf-break
using Green’s index of dispersion (hereafter Gx):

Gx ¼ ðS2 � X�1Þ �
X

x� 1
� ��1

ð3Þ
where S2 is the variance of densities within the line, X
is the mean bird density for the line and Σx represents
the sum of bird densities across all bins within the line.
Values range from 1 (maximum aggregation: all birds
in a single survey bin) to a small negative number
equal to –1 * (Σx–1)�1 (uniform distribution: same
density of birds in each bin and variance of 0), with a
value of 0 indicating a random distribution (variance
equal to the mean) (Green, 1966; Andrew and Map-
stone, 1987; Hyrenbach et al., 2006).

Albatross behavior. Following previous studies of BFAL
distributions, we considered three behaviors: (i) ship-
following, (ii) flying and (iii) sitting on the water/feed-
ing (Hyrenbach, 2001; Spear et al., 2004). We used
Gx to assess the degree of aggregation of BFALs
engaged in each behavior separately. For this analysis,
we used the maximum offshore distance surveyed from
the shelf-break (4.32 km) to define five onshore–off-
shore distance intervals, and compared the distribu-
tion of BFAL behaviors across these five regions using
G tests.

Model validation. We used a receiver operating charac-
teristic (ROC) curve to evaluate the predictive power
of the most likely model(s) selected for BFAL occur-
rence. ROC curves graphically display the compromise
between sensitivity (accurate prediction of presence
rate) and false positive (incorrect prediction of a
presence rate) as the threshold for defining a presence
(Swets, 1988; Pearce and Ferrier, 2000). If the discrim-
inatory power of a model is perfect, its ROC curve will
follow the left hand and top axis: sensitivity = 1; false
positive rate [or 1 – true negative rate (specific-
ity)] = 0, whereas a model completely lacking
discriminatory power will display a 45° line (sensitiv-
ity = false positive rate) (van Erkel and Pattynama,
1998; Pearce and Ferrier, 2000; Boyce et al., 2002).

The area under the ROC curve (AUC) can be used
to quantify a model’s predictive power, where an AUC
of 0.5 indicates no predictive power and an AUC of 1
indicates perfect discrimination (Bradley, 1997;
Jim�enez-Valverde et al., 2009; but see Lobo et al.,
2008; Peterson et al., 2008). In cases where the rela-
tive cost of an incorrect identification of a presence is

not equal to an incorrect identification of absence, the
threshold used to define ‘presence’ can be shifted to
balance these costs/benefits (van Erkel and Pattynama,
1998). Here, as with most ecological literature, we
assumed an equal ‘cost’ to an erroneous identification
of a presence/absence (Pearce and Ferrier, 2000). The
value which maximized the sensitivity and specificity
for the model predictions was identified by the thresh-
old value at their point of intersection (Louzao et al.,
2006, 2009; Jim�enez-Valverde et al., 2009).

We used a distinct data set in the ROC curve and
AUC analyses (hereafter ‘validation’ data) which was
not included in the original analyses (‘training’ data)
from which the LP and models were derived. The vali-
dation data were collected using identical techniques
to the training data (see ‘At-sea surveys and BFAL dis-
tribution’ in Materials and methods). The calibration
data originated from survey lines which occurred
between the replicated training data survey lines or
crossed them (Fig. 1). Validation data were collected
during the same study period, the same region (lati-
tude, longitude), and depth ranges of the training data.
See Table S3 for a comparison of the spatial and tem-
poral coverage of the test and validation data. Because
we did not compare classification schemes of our data,
standard errors were not presented (Bradley, 1997).
All validation computations were run in R (R Devel-
opment Core Team, 2009) using custom scripts and
the ROCR package (Sing et al., 2005).

Predicted habitat. We mapped the predicted BFAL
occurrence in ARCGIS 9.3 and calculated BFAL occur-
rence from the most likely occurrence models using
the threshold identified by the ROC curves. We used
high resolution bathymetry data provided by the
NOAA Centers for Coastal Monitoring and Assess-
ment (http://ccma.nos.noaa.gov) and measured dis-
tances using the macro described in the ‘Habitat
Variables, Static Habitats’ section and created the
contours using the Spatial Analyst extension of ARC-

MAP 9.3. In the predicted occurrence map, we only
evaluated areas (longitude and latitude), depths and
months included in the training data. For any given
cell, the months where BFAL occurrence was pre-
dicted by both models were only tallied once.

RESULTS

At-sea surveys and BFAL distribution

Replicate surveys of the study area during the chick-
rearing period (April–June) and the post-breeding per-
iod (July, September–October) of 5 y (2004–2008)
yielded 115 individual survey lines for the training
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data and 20 for the validation data (Table S3). Of the
1353 survey bins in the training data, BFAL occurred
in 184, with a total of 368 individuals. For the valida-
tion data, a total of 83 BFAL occurred in 38 of the 168
surveyed bins. When present, the number of BFAL per
survey bin ranged from 1 to 18 (mean = 2.0,
SD = 1.03, n = 184) in the training data and from 1
to 22 (mean = 2.0, SD = 1.90, n = 38) in the valida-
tion data. For a description of the cross-correlations
between habitat variables, see Table S4.

Habitat modeling: occurrence

The two most likely models relating BFAL presence/
absence to habitat characteristics identified high
occurrence near the shelf-break, especially during peri-
ods of strong upwelling. Specifically, both models
included the distance to the shelf-break and either
northern (39°N; hereafter ‘primary occurrence model’)
or southern (36°N; hereafter ‘secondary occurrence
model’) monthly upwelling. The primary and second-
ary occurrence models accounted for 0.808 and 0.192
of the total likelihood across all models, respectively
(Table 1). BFAL occurrence decreased with increasing
shoreward distance from the shelf-break (slope = –
0.185 � 0.0240 SE, P < 0.001, df = 1072) but it did
not significantly change offshore of the shelf-break
(slope = –0.0116 � 0.106 SE, P > 0.9, df = 277;
Fig. 2a).

Habitat modeling: abundance and behavior

The ‘most important variable’ was the NPGO index,
with the average weight of models including NPGO
index being ~ 114 times greater, therefore more likely,

Table 1. Results of the information-theoretic approach to model selection using multimodel inference to identify habitat char-
acteristics relating to BFAL occurrence (presence/absence) and abundance across objectives. The relative likelihood of all mod-
els within an objective was calculated using the Akaike weight (Akaike wt.). If more than two models were selected to reach a
summed Akaike weight of ≥0.9, the scaled average weight (Scaled avg. wt., > 1) was used to identify important variables (see
‘Habitat Modeling’ in Materials and Methods).

Occurrence Abundance

Models Akaike wt. Important variables Scaled avg. wt.

Distance to shelf-break + Monthly upwelling at 39N 0.808 NPGO index 114.3
Distance to shelf-break + Monthly upwelling at 36N 0.192 Monthly upwelling at 39N 3.2

Year 2.1
Breeding season 1.9
SST* 1.5
Distance to Rittenburg Bank 1.4
SSS 1.1

Italic (bold) text indicates a negative (positive) relationship with the dependent variable. NPGO, North Pacific Gyre Oscilla-
tion; SST (SSS), sea surface temperature (salinity).
*Positive when modeled with the interaction of SST and SSS.

(a)

(b)

Figure 2. BFAL (a) occurrence and (b) abundance relative
to the distance onshore (positive)/offshore (negative) of the
shelf-break. Absence depicted with empty circles and pres-
ence depicted with filled circles. Solid lines represent occur-
rence and abundance trends identified by generalized linear
models for onshore and offshore data (see ‘Habitat Modeling’
in Materials and Methods). Distances from shelf-break in
onshore and offshore habitats were restricted to distances
observed in the training data.
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than the average model weight. Positive NPGO index
values, indicative of high regional ocean productivity,
were associated with high BFAL abundance. Addi-
tionally, high BFAL abundance was also associated
with strong monthly northern upwelling (39°N), low
SST, and high SSS, especially during the chick-rearing
season and in the vicinity to Rittenburg Bank. In con-
trast to the occurrence patterns, BFAL abundance
increased with distance from the shelf-break in shore-
ward habitats (slope = +0.0543 � 0.3410 SE,
P < 0.001, df = 103), whereas there was no significant
relationship with abundance in the offshore habitat
(slope = +0.0034 � 0.0649 SE, P > 0.9, df = 77;
Fig. 2b). Furthermore, BFAL abundance increased
with year (i.e., over the course of the study; Table 2).

BFAL aggregation (when present) was most intense
onshore (Table 3), where the highest percentage of

BFAL was observed sitting or feeding on the water
(Fig. 3). The opposite pattern was observed for ship-
following and flying BFALs (G-test = 26.255, df = 8,
P > 0.001).

Model validation

Validation of the primary and secondary occurrence
models indicated a very good (AUC = 0.811) and
good (AUC = 0.759; Fig. 4a) model performance,
respectively (Swets, 1988). The threshold achieving
the best compromise (least difference) between sensi-
tivity and specificity for the primary and secondary
occurrence models, assuming an equal weight of these
measures, yielded intersection points with a Pr ≥ 0.357
(primary occurrence model) and 0.326 (secondary
occurrence model; Fig. 4b). The primary occurrence
model successfully predicted 78.9% (30/38) of

Table 2. BFAL abundance models identified by Akaike
weight sum ≥ 0.900.

Model Akaike weight

Season *NPGO index 0.267
NPGO index 0.183
Year * NPGO index 0.122
Year * Monthly upwelling at 39ºN 0.114
Distance to Rittenburg Bank +
Mean SST

0.059

Distance to Rittenburg Bank +

(Mean SST *Mean SSS) +
0.052

Mean SSS + Mean SST
Distance to Rittenburg Bank +
Monthly upwelling at 39ºN

0.036

Distance to Rittenburg Bank +
(Mean SST *Mean SSS)

0.035

Year * Monthly upwelling at 36ºN 0.023
Distance to shelf-break + Mean SST 0.008

Italic (bold) text indicates a negative (positive) relationship
with the dependent variable or of the interaction (symbol-
ized with *).

Table 3. BFAL offshore and onshore aggregation intensity relative to the distance from the shelf-break (SB).

Habitat
Distance (km)
from SB Gx No. Bins

Proportion
(% presence)

Max. density
(birds km�2)

Avg. density � SD
(birds km�2)

Offshore 0.001–4.32 0.02 279 39.50 30.00 1.49 � 3.35
Onshore 0.001–4.32 0.02 238 21.85 13.33 0.78 � 1.88
Onshore 4.33–8.64 0.07 246 12.60 36.67 0.70 � 3.07
Onshore 8.65–12.97 0.22 182 6.67 43.33 0.53 � 3.43
Onshore 12.98–17.29 0.50 246 3.25 60.00 0.35 � 3.90
Onshore 17.30–21.61 n.a. 97 0 0 0
Onshore 21.62–24.54 n.a. 65 0 0 0

Gx, Green’s index of dispersion. n.a., indicates that the value could not be calculated as no BFAL were observed. SD, standard
deviation.

Figure 3. Percent of all BFAL observed in each distance
interval onshore (positive) and offshore (negative) of the
shelf-break (dashed line), that were engaged in three behav-
iors: following the ship (dense grids), flying (white) or sitting
on the water (fine grids). The total number of BFAL
observed is shown in parentheses above distance intervals.
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occurrences and 76.9% (100/130) of absences, and the
secondary occurrence model correctly predicted 68.4%
(26/38) and 67.7% (88/130), respectively. Together,
the models correctly defined 94.7% (36/38) of the
occurrences and 86.1% (112/130) of the absences from
the validation dataset.

Predicted habitat

We developed a total of 38 habitat use predictions
using 19 monthly surveys, from which we predicted
BFAL occurrence using the primary and secondary
models. The two model predictions agreed to a great
extent: predicting 7 of the 11 months expected to
contain BFAL within the study area, and the
8 months with BFAL absences (Fig. 5).

DISCUSSION

Our models of BFAL dispersion revealed predictable
associations with a variety of environmental parame-
ters. While the presence/absence models yielded stron-
ger results than the abundance models, both revealed
that static and dynamic features influence BFAL habi-
tat use.

BFAL occurrence

Our finding of BFAL association with the shelf-break,
especially during months of strong regional upwelling,
reinforces the notion that seabird habitat use results
from the interplay between static and dynamic features
(e.g., Hunt et al., 1998; Louzao et al., 2006). In partic-
ular, we attribute the importance of the shelf-break to
enhanced prey aggregation due to local oceanographic
processes and the concentration of fishery activities.
Shelf-breaks are characterized by water flow conducive

(a)

(b)

Figure 4. Receiver operating characteristic (ROC) curves
showing (a) tradeoff between sensitivity and 1 – specificity,
with the dashed 1:1 line indicating a null model with ran-
dom BFAL distribution, and (b) threshold (point of intersec-
tion) at which there is the least difference between
sensitivity (empty circles) and specificity (filled circles),
identifying a presence using the primary (black) and second-
ary (gray) BFAL occurrence models. In (a) the points repre-
sent the actual data, while the smoothed curve represents
the convex hull of those data.

Figure 5. Predicted occurrence contours
for BFAL in Cordell Bank and Gulf of
the Farallones National Marine Sanctu-
aries (CBNMS and GFNMS, respec-
tively) during the chick-rearing and
post-breeding season, 2004–2008. Impor-
tant bathymetric features include the
shelf-break, defined by the 200-m iso-
baths, and two shallow banks, Cordell
Bank (CB) and Rittenburg Bank (RB),
defined by the 100-m isobaths. Of
19 months modeled, 11 predicted BFAL
occurrences. The percent occurrence
contours indicate two (10%), six (30%)
and 10 (>50%) months predicting
occurrence.
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to the aggregation of zooplankton and larval fish (Sim-
ard et al., 1986; Larson et al., 1994). Furthermore, the
shelf and shelf-break off central California are impor-
tant fishing grounds for a variety of species, including
ground fish and albacore (Scholz et al., 2006), whose
discards could provide food for BFAL. The strong asso-
ciation of BFAL with northern monthly upwelling is
likely due to the equator-ward surface flow of the Cali-
fornia Current during the study period, which advects
water (and weakly swimming plankton and neuston)
through the study area (Hickey, 1979; Lynn and Simp-
son, 1987; Largier et al., 1993). Thus we speculate
that, provided there are appropriate conditions of ele-
vated northern upwelling, the shelf-break along the
study provides enhanced foraging opportunities for
BFAL through physical aggregation of prey at conver-
gence zones at the edge of the upwelling plumes (Brig-
gs et al., 1984; Hyrenbach et al., 2006; Yen et al.,
2006).

Our validation indicated good performance by the
primary and secondary occurrence models and con-
firmed the relative likelihood of each model, since the
AUC was larger for the primary than for the secondary
model. Together, the models created with the valida-
tion data accurately identified 94.7% (36/38) of occur-
rences and 86.1% (112/130) of absences. Although
ROC curves tend to overestimate the distributions of
rare species by inaccurately predicting their occur-
rence (e.g., Manel et al., 2001), the 22% occurrence of
BFAL in the validation data set does not appear to
have impaired the predictive power of the ROC curve.

These findings are unique in their quantification
and differentiation of the relative importance of rela-
tionships noted or suggested in more qualitative stud-
ies (e.g., Briggs et al., 1987). By evaluating a broad
suite of habitat characteristics and with the support of
our ROC analysis, we validated the importance of
upwelling and the shelf-break across the study period.

BFAL abundance

Seasonal and inter-annual shifts in albatross distribu-
tion are well noted in the literature (Hyrenbach et al.,
2002; Kappes et al., 2010; NOAA National Centers
for Coastal Ocean Science (NCCOS), 2007). While
the abundance models identified many important hab-
itat variables, BFAL abundance was related to both
static and dynamic features. Specifically, seven explan-
atory variables were related to high BFAL abundance:
a large NPGO index (the strongest variable), elevated
monthly northern upwelling, the chick-rearing season,
low mean SST, high mean SSS, proximity to Ritten-
burg Bank, and the latter part of the study period, as
suggested by the positive relationship with cumulative

Julian day. Although lacking explicit mechanistic
links, the significant relationships with many of these
variables suggest that high BFAL abundances occur
during periods of strong upwelling conditions
(Table 1).

The increasing BFAL abundance over the study
period and the chick-rearing season reinforces the
importance of the existing sanctuaries to foraging
BFAL (Hyrenbach et al., 2006; NOAA-CBNMS,
2008; NOAA-GFNMS, 2008). Although we were
unable to discern breeders from non-breeders, previous
studies have shown that breeding birds from Tern
Island (French Frigate Shoals) commuted to the West
Coast of the U.S. and foraged within the study area
(Hyrenbach et al., 2006). During the post-breeding
season, BFAL are known to disperse broadly across the
north Pacific, when they range from the Gulf of Alaska
to Japan (Springer et al., 1999; Hunt et al., 2005; Hy-
renbach, 2008).

High BFAL abundance near Rittenburg Bank may
be associated with the enhanced foraging opportuni-
ties that steep, submarine features provide, by trapping
vertically migrating prey and concentrating weakly
swimming planktonic and neustonic organisms in sec-
ondary flows associated with turbulent mixing and
fronts (Simard et al., 1986; Haney et al., 1995).

BFAL aggregation and behavior

Our analyses of aggregation intensity and behavior
suggest that BFAL use shelf-break and onshore habi-
tats differently. Specifically, the high overall occur-
rence and disproportionate amount of flying/ship-
following BFAL near the shelf-break suggests that the
birds search for prey (including fisheries discards)
through this area as they transit between the breeding
colonies and West Coast sanctuaries. The highest
BFAL aggregation intensity in onshore waters is in
agreement with previous observations of BFAL aggre-
gations during the chick-rearing season, north of the
Monterey Bay canyon, and south of our study area
(Hyrenbach et al., 2006). The overall low occurrence,
but occasionally high abundances, of sitting/feeding
BFAL onshore of the shelf-break may represent aggre-
gations of becalmed birds during low wind conditions,
or the signature of an earlier feeding event caused by
an ephemeral prey patch or attraction to a fishing ves-
sel. Upon the dispersal or vertical emigration of the
prey beyond the birds’ reach, BFAL may remain in the
area digesting or awaiting for favorable wind condi-
tions to resume their search for food. Although vessel
survey observations do not enable the tracking of indi-
vidual bird behavior, previous satellite-tracking studies
have documented that BFAL movement rates slow
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down (or altogether stop) during periods of low wind
(Adams and Flora, 2009).

Following Burnham and Anderson (2002), we
developed the scaled average weight to facilitate the
comparison between individual variables used in a dif-
ferent number of models, when the model-based
approach does not yield clear results. The resulting
weights, though un-bounded (< 0 to infinity), are easy
to interpret, as the scaled average weight is the propor-
tional increase in likelihood for models containing the
variable in question. We hope that other researchers
will continue to develop, refine, and standardize tech-
niques addressing the challenges of abundance data for
individual species and communities (McGill et al.,
2007).

Management applications. Our findings suggest that
BFAL dispersion within CBNMS and GFNMS is influ-
enced by features at multiple spatial and temporal
scales. Thus, the assessment of BFAL distribution and
abundance within sanctuary waters should consider
both local and larger-scale environmental drivers.

We developed separate model predictions for the
BFAL range (occurrence data) and the areas of aggre-
gation (abundance data, when present). The occur-
rence data can be used to implement certain diffuse
management and monitoring actions, such as fishery
observers and vessel-based survey, during the time
periods and areas in which the species is expected to
occur. While seabird abundance data are highly vari-
able and problematic to model, they augment the
inferences from the occurrence models. The abun-
dance models identify areas of aggregation, which can
be targeted with special management actions, such as
time–area closures (Hyrenbach et al., 2006; Louzao
et al., 2006).

Our results will enable NMS managers to refine
their definition of the BFAL range and aggregation
areas off central California. Additionally, our analysis
of BFAL behavior highlights the unique importance of
habitats encompassed within this region. Monitoring
could be extended to include important features (e.g.,
the shelf-break) adjacent to sanctuary boundaries,
helping managers to identify if BFAL habitat use and
aggregation are focused within the sanctuaries or
extend past the current boundaries.

Despite the broad range of processes influencing
BFAL habitat use and the limited spatial scale of our
surveys, the existing CBNMS and GFNMS manage-
ment framework encompasses important features of
BFAL aggregation. Furthermore, it appears that chick-
rearing birds commute to these bathymetric features
from distant breeding areas (Hyrenbach et al., 2006),

further underscoring the ecological significance of
these sanctuary waters. However, because dynamic
oceanographic processes also play a role, sanctuary
management could be enhanced by developing
dynamic approaches, like those used to mitigate log-
gerhead turtle (Caretta caretta) bycatch in driftnet fish-
eries off California (NMFS, 2002) and in the Hawaii-
based longline fishery (Howell et al., 2008).

In particular, the predicted BFAL habitat use pat-
terns can provide a dynamic layer for inclusion in the
NOAA coastal and marine spatial planning (CMSP)
framework; the sectioning of the marine environment
into spatially/temporally explicit areas of compatible
and future uses (IOPTF, 2009; Young et al., 2007). To
this end, this study has begun to address some of the
specific CMSP needs, such as the identification of
important static features (Rittenburg Bank) and
dynamic processes (upwelling) influencing BFAL dis-
persion, and the description of the ‘relative ecological
importance’ of different habitat features (shelf-break
and continental shelf) within CBNMS and GFNMS.
The next step of this process would entail overlaying
information on the distribution of potential threats
over the current understanding of BFAL spatial/tem-
poral dispersion.

Fisheries represent an ongoing threat to BFAL, as
bycatch is known to occur in demersal longlines in the
Bering Sea, the Gulf of Alaska, and the West Coast of
North America (Dietrich and Fitzgerald, 2010; Jannot
et al., 2011). In particular, bycatch has been reported
by limited-entry sablefish-endorsed vessels operating
in the CCS, primarily north of our study area (Jannot
et al., 2011). The precautionary management of BFAL
interactions with fisheries can afford managers several
bycatch reduction options. Managers could empower
fishers to reduce their own bycatch by informing them
of the location of bycatch-prone areas (Howell et al.,
2008) or require the use of bycatch mitigation tech-
niques, including the use of tori-lines or night-setting
at times/areas of high BFAL abundance (see Bull,
2007 for more examples). Such condition-specific
time–area closures have already been implemented in
southern California, where drift gillnet fisheries are
temporarily closed during El Ni~no conditions to
reduce the bycatch of loggerhead turtles (first imple-
mentation; National Marine Fisheries Service
(NMFS), 2002). Similarly, protective measures could
be expanded to important shelf-break and shoreward
habitats during those seasons (chick-rearing period)
and years (elevated localized upwelling) of high BFAL
abundance. Furthermore, the consideration of addi-
tional regional and basin-wide indices could provide a
powerful tool for the spatial management of highly
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mobile mega-fauna and ocean productivity related to
atmospheric/oceanographic forcing (e.g., Mantua
et al., 1997; Benson et al., 2007).
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