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Pete Warzybok5, Jaime Jahncke5, Isaac Schroeder1,2, Elliott L. Hazen1,2 and
Steven J. Bograd1,2

1 Environmental Research Division, NOAA Southwest Fisheries Science Center, Monterey, CA, United States, 2 Institute
of Marine Science, University of California, Santa Cruz, Santa Cruz, CA, United States, 3 Department of Biological Sciences,
San José State University, San Jose, CA, United States, 4 Fisheries Ecology Division, Southwest Fisheries Science Center,
National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Santa Cruz, CA, United States, 5 Point
Blue Conservation Science, Petaluma, CA, United States

With accelerating climate variability and change, novel approaches are needed to
warn managers of changing ecosystem state and to identify appropriate management
actions. One strategy is using indicator species—like seabirds as ecosystem sentinels—
to monitor changes in marine environments. Here, we explore the utility of western gulls
(Larus occidentalis) breeding on Southeast Farallon Island as a proxy of ecosystem state
in coastal California by investigating the interannual variability in gull foraging behavior
from 2013 to 2019 in relation to upwelling conditions, prey abundances, and overlap
with humpback whales (Megaptera novaeangliae) as gulls frequently feed in association
with whales. Western gulls have a flexible diet and forage on land and at-sea. We
combined gull GPS tracking data during the incubation phase, ecosystem survey data
on multiple predator and prey species, and derived oceanographic upwelling products.
When foraging at sea, gulls overlapped with cool upwelled waters. During 2015–2017,
25% more gull foraging trips visited land than in other years, where land trips were
on average ∼8 h longer and 40% further than sea trips, which coincided with high
compression of coastally upwelled waters (habitat compression) in 2015–2016. Gull
foraging behavior was related to local prey abundances, where more foraging occurred
near shore or on land when prey abundances were low. However, visual surveys
indicated that ∼70% of humpback whale observations co-occurred with gulls, and
the year with the most foraging on land (2017) corresponded to regionally low relative
whale abundances, suggesting gull movement patterns could be an indicator of whale
presence. Further, both whales and gulls forage near-shore under high upwelling habitat
compression and low krill abundance. Hence, the deployment of year-round tags on
gulls with the capability of near real-time data accessibility could provide important
fine-scale metrics for conservation and management of the threatened yet recovering
eastern Pacific humpback whale population between infrequent and coarse surveys.
Entanglement in fishing gear and ship strikes are major inhibitors to whale recovery and
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have increased concomitantly with human use of ocean resources. Moreover, as climate
variability and change increase, novel indicators should be explored and implemented
to inform marine spatial planning and protect species across multiple scales from
new risks.

Keywords: ecosystem indicator, predator-prey, foraging ecology, humpback whale, biologging, entanglement,
upwelling, marine heatwave

INTRODUCTION

Ecological indicators can be used to assess ecosystem state, such
as indicator species that are easy to monitor, respond to a stressor
in a predictable way, and can be used to guide management
actions (Dale and Beyeler, 2001; Siddig et al., 2016; Samhouri
et al., 2017). Seabirds are near the apex of most marine food
chains and thus, many are well known as ecosystem sentinels to
monitor changes in marine environments (Durant et al., 2009;
Hazen et al., 2019; Grémillet et al., 2020; Sydeman et al., 2021).
For example, seabird foraging behavior, breeding phenology,
breeding success, diet, population, and body condition can be
indicative of the productive capacity of ecosystem states (Durant
et al., 2009; Sydeman et al., 2021). Long-term monitoring of
seabirds can be accomplished using different methodologies:
demographic monitoring at breeding colonies, biologging as
a means to characterize movement and distribution, and at-
sea visual surveys. Each approach provides different, but often
complementary information on the annual status of a population.
Analyzed separately, demographic monitoring provides no
information of at sea distributions, biologging distribution data
is often limited to a small number of individuals, and at-sea
surveys provide population-level distribution data but are only
a snapshot in time. However, when evaluating the utility and
potential effectiveness of a seabird species indicator, the power
of compiling information from different monitoring approaches
may provide a more holistic ecosystem view.

Novel ecosystem-based management approaches such as
indicators and dynamic ocean management tools are increasing
in use in the California Current region to understand various
interacting factors that threaten species survival. For example,
through the California Current Integrated Ecosystem Assessment
(CCIEA1), a variety of environmental, biological, economic, and
social indicators are publicly available (Harvey et al., 2020).
In addition, there are operational dynamic ocean management
tools [e.g., EcoCast (Hazen et al., 2018; Welch et al., 2020),
WhaleWatch (Hazen et al., 2017; Abrahms et al., 2019),
and TOTAL (Welch et al., 2019)], aimed at protecting key
species from human activity or other ecosystem stressors.
Many of these tools provide either an annual index, or the
resolution of the mapped data is limited by satellites or
models (days to months, 10–25 km). As climate change and
variability are amplified, indicators at higher spatiotemporal
scales that improve predictability are increasingly necessary
(e.g., days to weeks, ≤ 10 km). The foraging locations and
trip characteristics of tracked animals, such as seabirds, can

1https://www.integratedecosystemassessment.noaa.gov/regions/california-
current

resolve key fine-scale oceanographic or predator-prey dynamics
that, in conjunction with current ecosystem indicators, can
improve our understanding of ecosystem state for management.
For example, seabird hotspots from multispecies tracking data
can inform marine protected area design (Davies et al., 2021).
Thus, considering additional indicators is critical as increased
variability in ecosystem conditions has led to surprises in
ecological interactions and a recognition that new approaches are
needed for effective management (Santora et al., 2020).

A particularly concerning issue in the California Current
system is severe whale injury or mortality as a result of
entanglements in fishing gear and ship strikes (Williams and
O’Hara, 2010; Redfern et al., 2013; Rockwood et al., 2021).
With the urgent need to utilize ecosystem data to advise marine
resource management, working groups were established to
develop mitigation strategies and understand drivers of increased
whale entanglement (Santora et al., 2020; Feist et al., 2021;
Ingman et al., 2021) and ship strikes (Hazen et al., 2017;
Abrahms et al., 2019; Blondin et al., 2020; Rockwood et al., 2020).
Specifically, humpback whales (Megaptera novaeangliae) can shift
between onshore and offshore foraging habitats depending on
prey availability driven by upwelling conditions (see Figure 1).
Shoreward upwelling habitat compression can lead to nearshore
foraging and intensify the overlap between whales and nearshore
crab fishing gear (Santora et al., 2020). Thus, a monthly habitat
compression index (HCI), the areal extent of cool upwelled
water, aids in understanding the risk of interactions between
fishing activities and humpback whales. However, the HCI was
not designed to capture the fine-scale spatiotemporal dynamics
of whale distributions given it is calculated monthly integrated
over 4.5◦ latitude, suggesting the development of other high-
resolution indicators would be useful.

Seabirds and cetaceans often associate at sea, either through
overlapping spatial distributions when targeting the same
foraging habitats (Yen et al., 2004; Cox et al., 2018; Sutton
et al., 2019), or by maximizing foraging efficiency when feeding
together (Harrison, 1979; Ballance et al., 1997; Maxwell and
Morgan, 2013). In these feeding associations, seabirds are the
likely beneficiaries as cetaceans make food more accessible by
driving prey that is typically out of reach toward the surface and
sometimes concentrating prey into tight groups (Evans, 1982).
Gulls are one species known to benefit from associating with
whales (e.g., Harrison, 1979; Haynes et al., 2011; García-Cegarra
et al., 2020) because they are only capable of shallow plunge dives
(Henkel, 2009). In particular, western gulls (Larus occidentalis)
are regionally abundant throughout coastal California and
Oregon, spanning the range of biologically productive waters
known for high cetacean biodiversity and are anecdotally known
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FIGURE 1 | Conceptual model showing how climate variability causes optimal or suboptimal upwelling habitat conditions that alters the distribution and/or
abundance of prey and humpback whales, which leads to changes in western gull foraging behavior. The Habitat Compression Index (HCI) is an existing
environmental indicator that was developed to predict the risk of interactions between crab fishing activities and humpback whales. In this study, we propose
western gull foraging behavior as a new ecological indicator that provides higher-resolution information on ecosystem conditions compared to the HCI.

to associate with whales. When breeding, western gulls are central
place foragers with high repeatability in foraging locations, a
capacity to respond quickly to changing conditions due to
relatively high flight speeds, and they often feed in aggregations
when attracted by social facilitation (Shaffer et al., 2017). Their
adaptability is also related to being a generalist carnivore, feeding
on a diversity of forage species while at sea and exploiting human
refuse when feeding at landfills and urban centers (Annett and
Pierotti, 1989; Annett and Pierotti, 1999; Cassell, 2016; Shaffer
et al., 2017). Conservation strategies building upon seabird-
cetacean feeding associations have been suggested (Veit and
Harrison, 2017), but these common multi-species associations
have not been explored as an ecological indicator.

Here, we examined the movement patterns and distribution of
western gulls to evaluate their utility as an indicator of ecosystem
state and specifically humpback whale presence in coastal central
California. Humpback whales migrate through central California
to feed on krill and forage fish historically during the late
summer/fall upwelling season (Calambokidis et al., 2000) but
currently arrive in the Farallon Island region in May/June, nearly
4 months earlier than during the early 1990s (Ingman et al., 2021).
This time period overlaps with the incubation and chick rearing
phases of western gulls breeding at the Farallon Islands. Using
multiple years of high-resolution tracking data from incubating
western gulls, we characterized interannual variability in foraging
behavior (e.g., foraging at sea vs. on land, trip distance and
duration) in relation to: (1) upwelling conditions, (2) prey
abundances, and (3) humpback whale presence. We combined

gull tracking data with ecosystem assessment surveys that
monitor predator and prey species abundances and upwelling
conditions derived from an oceanographic model. Ultimately, the
ecosystem relationship between predator-prey-oceanographic
interactions (see Figure 1) allowed us to test whether western
gull foraging movements and distributions could serve as an
indicator of ecosystem conditions and humpback whale feeding
aggregations in an effort to minimize negative human impacts
on this threatened species. We aim to show that gull foraging
behavior can provide a high-resolution, near-real time indicator
of where and when whales may be foraging or switching their
distributions to nearshore regions (indicating a shift in ecosystem
state, see Figure 1) where entanglement or ship collision is more
likely to occur. Combining multiple data streams leads to a better
understanding of indicators, and more robust conservation and
planning approaches.

MATERIALS AND METHODS

Western Gull Tracking and Data
Processing
Western gulls were studied at Southeast Farallon Island (37.697N,
−123.001W), within the Farallon Islands National Wildlife
Refuge, located 45 km from the coast of San Francisco, California,
United States. Southeast Farallon Island is one of the largest
seabird breeding colonies in the Eastern Pacific and has the
largest breeding population of western gulls in California (Ainley,
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1990). In addition to this region containing important seabird
habitat, the San Francisco Bay area contains a large port
with high shipping and fishing traffic, high humpback whale
density, and is a hotspot for the commercial Dungeness crab
(Metacarcinus magister) fishery—the largest fixed-gear fishery in
central California (Feist et al., 2021).

Birds were captured using noose mats or a single foot snare
during the incubation phase of breeding between mid-May and
early June of each year in 2013–2019 (see Shaffer et al., 2017;
Table 1). Their breeding phenology at this colony is remarkably
consistent (Sydeman et al., 1991). Western gull pairs exchange
incubation duties where one individual forages, while the mate
remains at the nest to incubate and protect the eggs. Each gull
was captured twice at their nest, once to deploy a GPS logger
and again 2–6 days later for logger recovery. A total of 133 adults
(Table 1) were equipped with a GPS data logger (20-g igotU GT-
120 or 32-g GT-600, Mobile Action Technology, Taiwan) that
recorded location data at 1–2 min intervals (spatial accuracy
3–4 m, manufacturer specifications). GPS loggers were encased
in adhesive-line heat shrink tubing and attached to the base of
4–5 central tail feathers using Tesa tape for a total package that
was < 3% of body mass (Shaffer et al., 2017). Only large (1,100 g)
male gulls were tracked using the 32-g GPS loggers.

GPS location data were filtered using a speed algorithm
to remove erroneous positions (<0.01% of data) based on a
maximum flying speed of 70 km h−1 (Shaffer et al., 2017), and
tracks were linearly interpolated to a standardized 2-min interval.
We processed the data into individual trips using the R package
track2KBA (Lascelles et al., 2016; Beal et al., 2020) and we only
considered complete trips that started and returned to the colony,
were >30 min in duration, and >1 km away from the colony
because gulls can make short trips offshore to drink or rest.

Foraging trip metrics included the maximum linear distance
from the colony, total travel distance over a trip, and trip duration
measured as the total time outside of a 1 km buffer from the
colony (Shaffer et al., 2017). Within trip activity patterns were
categorized into periods of transiting (travel speeds >6 km
h−1 between consecutive locations) and stationary (travel speeds
<6 km h−1 between consecutive locations) where stationary
periods that were ≥4 min (two GPS fixes or interpolated
locations) were assumed to be foraging events (following Shaffer
et al., 2017). For each foraging event within a trip, we calculated
the mean location and duration of event. In addition, we
determined whether foraging events occurred at sea or on land
by matching all foraging events to bathymetry/elevation data.
Ocean trips were classified as any trip that did not overlap
with land. A “land trip” was classified as any trip where a gull
overlapped with land (elevation ≥0 m). We also determined
whether gulls foraged within 5 km of the shoreline (i.e., relatively
“nearshore”) or within 3 km of a landfill—reflecting the average
size of landfills2 at ∼2.5 km2. These trip characteristics were all
used as potential gull foraging indicators. All analyses in this
study were performed in R (R Core Team, 2020).

Tracking data were summarized by year to investigate
interannual variability in gull behavior including trip duration,
total distance traveled, maximum linear distance from colony,

2https://www.waste360.com/mag/waste_mapping_landfill_space

and the proportion of foraging events by trip at sea, nearshore,
and near a landfill (means ± SD were calculated by individual
and then year); and the distribution of the proportion of foraging
events on land by trip was determined to show the spread
of the data. To determine if there were statistically significant
differences in trip characteristics between years, we used linear
mixed-effects models (for trip duration, total distance, and
maximum linear distance) and generalized linear mixed-effects
models with a binomial error distribution (for presence/absence
of foraging events on land/at sea, nearshore, or at a landfill) using
the lme4 R package (Bates et al., 2015) with year as the fixed
effect and individual as the random effect. While western gulls
are generally sexually size dimorphic (Pierotti and Annett, 1995),
there was some overlap in size measurements for both sexes
and thus, data for both sexes were combined in this study. The
response variables (trip duration and maximum trip distance)
were log10 transformed. For post hoc comparisons between
years, we used the “glht” function in the multcomp R package
(Hothorn et al., 2008) with Tukey’s honestly significant difference
pairwise multiple comparisons of means (Bretz et al., 2016) and
adjusted p-values using the Bonferroni correction to account
for multiple comparisons. Results were considered statistically
significant at p-value (p) < 0.05 and marginally significant at
0.05 < p < 0.10.

The spatial region encompassing gull foraging events each
year and all years collectively was determined using two-
dimensional kernel density estimations with an axis-aligned
bivariate normal kernel in R following past work (Venables and
Ripley, 2002; Pickett et al., 2018). To highlight the dominant
areas utilized each year, we showed the 75 and 50% (core)
foraging regions.

Environmental Data
We obtained medium resolution shoreline data from the
National Oceanic and Atmospheric Administration (NOAA)
nautical charts, shipping lanes from the NOAA Office of Coast
Survey electronic navigational charts, National Marine Sanctuary
boundaries from the NOAA Sanctuaries geographic information
system database, and 1 arc-minute bathymetry/elevation data
from the ETOPO1 Global Relief Model. Landfill locations were
downloaded from the California Office of Environmental Health
Hazard Assessment and included two Recology recycling center
locations that western gulls are known to visit (Shaffer et al.,
2017). Distance to the shoreline and landfills/recycling centers
within our study area were calculated over a 1 km× 1 km grid.

The California Current system is characterized by wind-driven
coastal upwelling that delivers deep, cool nutrient-rich waters
to the surface, which supports a diversity of primary producers
up to top predators (Huyer, 1983; Checkley and Barth, 2009;
Jacox et al., 2018). The HCI evaluates the monthly area of coastal
upwelling habitat and is considered a regional indicator of the
likelihood of ecosystem shifts coinciding with the shoreward
distribution and increased aggregation intensity of top predators
(Figure 1; Santora et al., 2020). The HCI is the area covered by
surface waters below a monthly sea surface temperature (SST;
derived from data assimilative Regional Ocean Modeling System
analysis of the California Current system) over the domain
between latitudes 37.3–38.5◦N and extending from the shore out
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TABLE 1 | Summary of western gull tracking dates, sample size of individuals tracked before and after speed and quality filters were applied, the mean deployment
duration, the total number of trips and foraging events by year.

Year Tracking period Sample size of individuals
tracked (sample size after filter)

Deployment
length (days)

Number of trips
(At-sea/On land)

Number of presumed
foraging events

2013 26–30 May 9 (5) 2.62 ± 0.86 12 (8/4) 87

2014 1–12 June 20 (20) 3.3 ± 1.05 66 (54/12) 396

2015 24 May—3 June 15 (14) 4.77 ± 1.96 51 (28/23) 475

2016 29 May—11 June 23 (23) 4.43 ± 1.12 68 (34/34) 645

2017 28 May—4 June 15 (14) 4.16 ± 0.76 39 (16/23) 249

2018 20–31 May 28 (28) 5.76 ± 1.62 169 (124/45) 1,019

2019 20–31 May 23 (21) 5.66 ± 1.43 139 (110/29) 891

Summary 133 (125) 4.39 ± 1.16 77.71 ± 56.05 537.4 ± 336.3

It should be noted that the tracking effort was lower in 2013 (first year of study), but the data still provided valuable information. For summary statistics, the total number
of logger deployments and mean ± standard deviation for the other metrics are shown.

to 150 km from land. The monthly SST thresholds were the
long-term (1980–2010) SST spatial average for a given month
over the same latitude range (37.3–38.5◦N) and over 75 km
from shore (11.5◦C in May and 12.0◦C for June). We computed
monthly HCI for May and June from 2013 to 2019, corresponding
to the period when western gulls were tracked and ecosystem
surveys occurred. We evaluated the spatial areas that fall below
the thresholds during May and June in relation to western gull
habitat use each year.

Prey Data and Predator Sightings From
Ecosystem Surveys
The NOAA-NMFS Rockfish Recruitment and Ecosystem
Assessment Survey (RREAS) occurs predominately during May
and often into early June each year (Sakuma et al., 2016) and
spans most of coastal California. Prey abundance indices were
obtained from 15-min net tows using a modified Cobb midwater
trawl with a 9.5 mm cod-end liner with a headrope depth of
30 m (Sakuma et al., 2006; Ralston et al., 2013). Individuals from
the net hauls were sorted to species and the total number per
haul and species were estimated by extrapolating the species
subsample to the total species volume. Abundance was estimated
as log-transformed catch-per-unit-effort [ln(CPUE + 1)]. Prey
taxa included krill (Euphausiids), market squid (Doryteuthis
opalescens), northern anchovy (Engraulis mordax) adults
and young-of-the-year (YOY), Pacific sanddab (Citharichthys
sordidus) YOY, and rockfish (Sebastes) YOY based on past
studies (Cassell, 2016; Santora et al., 2017). For each year,
we mapped the proportional abundance of each species at
each sampling station within our study region. To examine
interannual variability near the gull colony, CPUE across the five
or six stations (not all stations were sampled each year) directly
around the Farallon Islands were averaged to give a single annual
abundance value for each prey species. Because tracked western
gulls overlapped considerably with these selected stations, these
stations likely provide the best information on the available prey
field in the region.

Daytime seabird and whale sighting observations were made
using standardized survey methods (Tasker et al., 1984; Yen et al.,
2004) where an observer counted seabirds and mammals from

the ship’s bridge at vessel speeds above 5 kts. All mammals out
to 3 km and seabirds within a 300 m arc from the bow and
300 m off the side were counted. Because visual surveys do not
occur in the same location each year, we calculated how much
of the study region (box in Figure 2) was covered by the survey
each year. These calculations showed the survey covered 25% of
the study region in 2013–2014, < 10% in 2015, 20% in 2016–
2017, ∼12% in 2018, and 30% in 2019. In 2018, the small area
that was surveyed (Supplementary Figure 1) missed the main
gull foraging region to the northwest of the Farallon Islands, and
similarly, 2015 had the lowest survey coverage. In contrast, in
2019, the survey covered the largest area with the most nearshore
observations overlapping with the gull foraging region to the
north of the Farallon Islands. We also determined the total area
of overlap between the survey and the tracking data (shown on
Supplementary Figure 1). The tracking data was integrated on
a 5 km × 5 km grid where 0 indicated the absence of foraging
events and 1 indicated the presence of at least one foraging event
for each year (Supplementary Figure 1).

Using this survey data, the number of western gulls and
humpback whales were summed within the same 5 km × 5 km
grid cells each year (see Supplementary Figure 1). Further, to
investigate associations between the two species each year, we
determined the grid cells where humpback whales were present
and retaining only those cells, we determined the number of
western gulls and humpback whales within those grid cells. The
proportion of those grid cells where both species were present
was determined to understand the likelihood of associations
in the two species distributions. It was inappropriate to do
the comparison by first determining where gulls were present
because gulls spend most of their time at-sea transiting compared
to foraging and we only expected their foraging locations to
overlap with whales.

Statistical Analyses
We computed Pearson’s correlations between prey abundance
indices, gull foraging characteristics, and the HCI. We also
calculated correlations between the gridded number of gulls and
number of whales from the survey including each grid cell and all
years. These correlations provide a simple metric of association
among the many investigated time series.
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FIGURE 2 | Map of western gull tracks from 2013 to 2019 from their breeding colony on Southeast Farallon Island, east of the San Francisco Bay, California,
United States (inset). The blue box is the study region. The total number of humpback whale sightings (summed on a 5 km × 5 km grid) from 2013 to 2019 from the
Rockfish Recruitment and Ecosystem Assessment Survey where the size of the circle is scaled from 1 to 23 individuals. Note, the survey did not equally cover our
entire study area. Landfill or recycling center locations are denoted in gray and bathymetry is shown in the background from 0 to 3,800 m depth in ∼600 m
increments.

To investigate overlap between whales, gulls and cool upwelled
waters, we computed a range overlap metric. Range overlap
measures the proportion of a species’ range where another
species or habitat condition co-occurs, and is the area occupied
by both species or conditions divided by the area occupied
by one species (Araújo et al., 2011; Carroll et al., 2019). We
computed range overlap for each year between: (a) foraging
gull locations from tracking data and cool SST (gulls were the
denominator), (b) whales and gulls from survey data (whales
were the denominator), and (c) the co-occurrence of whales
and gulls from survey data and cool SST (whale and gull co-
occurrence was the denominator). Cool SST thresholds were
11.5◦C in May and 12.0◦C for June (as described in section
“Environmental Data”). For a, we computed range overlap
separately for May and June in all years while for c, we used
only May cool SST as the majority of the RREAS survey occurs
in May. Range overlap has values from zero to one, where
one indicates high overlap. We report the mean and standard
deviation of all years.

We tested whether the proportion of foraging events at specific
locations (e.g., near shore and on land) were related to the
HCI and prey abundances. We tested 12 models in total for
each proportional dataset, six models with May HCI and the
abundance of each prey species and six models with June HCI
and the abundance of each prey species. We used generalized
additive models (GAMs) fit using the “mgcv” package in R (R
Core Team, 2020), using the “betar” family that is appropriate for
proportional data and logit-link function. GAMs can fit complex
non-linear relationships using a smoothness parameter estimated
by generalized cross-validation. In cases where a non-linear

relationship did not exist and a linear relationship was more
appropriate, we did not use the smoothness parameter. We
tested for multicollinearity between predictor variables using
variance inflation factors, which we found was not a problem
as all values were <4 (O’Brien, 2007). We calculated variable
importance using the “caret” R package. Akaike information
criterion corrected for small sample size (AICc) was used to
rank model performance, where models with a 1AICc < 2 were
considered to have substantial support and > 10 had no support
(Burnham and Anderson, 2002). We removed models that had
negative R2-values, which indicated the model fit was worse
than a horizontal line. We report the R2, deviance explained
and Akaike weight as an indicator of model performance for all
models with a 1AICc < 10.

RESULTS

Western Gull Foraging Patterns
After applying our filtering criteria, there were foraging tracks
from 125 gulls yielding a total of 544 complete foraging trips.
Of these, 516 foraging trips included at least one foraging event,
with a total of 3,762 foraging events across all trips (Table 1).
Gull foraging trips were concentrated along the continental
slope or shelf where whales typically aggregate (Figure 2 and
Supplementary Figure 1), along the shoreline, and to specific
landfill/recycling center locations in urban areas (Figure 2).

There was interannual variability in foraging trip
characteristics. The highest percentage of land trips out of
the total number of trips were in 2015 (45%), 2016 (50%), and
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FIGURE 3 | Summary of western gull foraging trip characteristics by year. For
trips where land was visited and at-sea only trips, (A) mean and standard
deviation in foraging trip duration and (B) the maximum distance traveled from
the colony and total distance traveled per trip. (C) Boxplot of the proportion of
foraging events on land for each trip. The box represents the interquartile
range, the horizontal line is the median, the whiskers represent the range of
non-outlier observations, and circles are outliers. (D) The mean and standard
deviation in the proportion of foraging events for each trip that were at sea, at
sea and within 5 km of the shoreline, and within 3 km of a landfill/recycling
center.

2017 (59%), and the lowest percentage of land trips were in
2014 (19%), 2018 (27%), and 2019 (21%, Table 1). Mean trip
duration ranged from 8 to 15 h for land trips and ∼3–4 h for
sea trips (Figure 3A). There were no significant differences
between the duration of land trips across years or the duration
of sea trips across years (p > 0.05) but the durations of
land trips were significantly longer than sea trips in all years
(z-statistic(z) = −3.7 to −11.9, p < 0.001). The mean maximum
trip distance from the breeding colony was 45–60 km for land
trips and 17–30 km for sea trips, and the mean total distance
traveled was 110–170 km for land trips and 45–70 km for sea
trips (Figure 3B). There were no significant differences between
the maximum distance or total distance traveled for land trips

across years or the maximum distance or total distance traveled
for sea trips across years (p > 0.05). In all years, the maximum
distances of land trips were significantly farther than sea trips
(z = −2.8 to −12.6, p < 0.001), and the total distances of land
trips were significantly farther than sea trips (z = −2.6 to −11.8,
p < 0.001). On average, land trips were 8.2 h longer, 31.4 km
farther from the colony, and the total distance of the trip was
90.7 km farther.

Gulls foraged at sea but also at a variety of sites on
land, including landfills, parks, cemeteries, fast food, and other
restaurants. The proportion of foraging events that were on
land for each trip was generally low but there were always a
few trips that solely or partially had foraging events on land
(Figure 3C). On average, ∼80% of foraging events were at sea
while ∼20% were near shore or a landfill (Figure 3D). There
were significantly more foraging events at sea in 2019 compared
to 2015 (z = 2.91, p = 0.07), 2016 (z = 3.41, p = 0.01), and
2017 (z = 4.27, p < 0.001) as well as less foraging at sea in 2017
compared to 2014 (z=−2.96, p= 0.06). There were significantly
fewer foraging events near landfills in 2019 compared to 2015
(z = −3.08, p = 0.04), 2016 (z = −4.11, p < 0.001), 2017
(z = −4.39, p < 0.001), and marginal significance in 2018
(z = −2.83, p = 0.09). Similarly, there was less foraging near
the shore in 2014 compared to 2015 (z = 4.00, p = 0.001) and
2017 (z = 4.04, p = 0.001); and marginally less foraging near the
shore in 2018 compared to 2015 (z = −2.87, p = 0.09) and 2017
(z=−2.95, p= 0.07). Some of the annual foraging characteristics
(e.g., distance and duration) were significantly related to each
other (see Supplementary Figure 2).

Gull Habitat Space in Relation to Coastal
Upwelling and Prey Abundance
Western gull foraging habitat space varied by year as did the area
with cool upwelled waters and regional prey abundances. Core
foraging areas (within the 50% contour of the kernel densities of
foraging locations) generally encompassed an area adjacent to the
colony but oriented in different directions each year (Figure 4). In
2013, 2014, 2018, and 2019, foraging occurred predominantly to
the north of the colony, and in 2014–2017, foraging also occurred
to the west and there were larger hotspots over landfill locations
over the mainland. The location and area of cool surface waters
varied, with the greatest compression shoreward and to the north
occurring in 2015–2016 and 2019. The spatial footprint of cool
waters was generally similar in May and June but with a greater
southward extension during May in 2014–2017 and during June
in 2018–2019. Despite the variability in location of cool waters,
gulls often foraged within these areas. The range overlap between
foraging locations from gull tracking data and cool SST generally
showed high overlap (0.73 ± 0.33, see annual values for May
and June on Figure 4). However, 2019 had low overlap due to
the small area of cool waters in the north but it should be noted
that gulls foraged to the north of the Farallon Islands toward the
region with cool waters.

Interannual variability in prey distribution and abundance was
observed, including latitudinal and onshore-offshore patterns
(Supplementary Figure 3). Focusing on trawl data around the
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FIGURE 4 | Western gull kernel density estimates (KDE, green) for foraging locations for each year with the outer area being the 75% KDE and the inner 50% KDE
line representing the core foraging area. The area with cool sea surface temperature (SST) in May (SST below 11.5◦C) and June (SST below 12◦C) is shown with the
numbers indicating the range overlap between gull foraging locations and cool SST for each month. Southeast Farallon Island is the black triangle and
landfills/recycling centers are the gray circles.

Farallon Islands, the most abundant prey item was krill (mean
CPUE 7.91), which had dips in abundance in 2015–2016 and 2019
(Figure 5A). Market squid had a mean abundance of 2.88 CPUE
with a dip in 2016. Rockfish YOY peaked in 2015 (4.85 CPUE)
and declined from 2016 to 2019 to 0.85 CPUE. Pacific sanddab
YOY followed a somewhat similar trend to rockfish, peaking in
2014 and declining from 2015 to 2019 (0 CPUE) with a small
peak in 2018. Comparatively, northern anchovy YOY were least
abundant with small peaks in 2015 (1.18 CPUE) and 2019 (0.60
CPUE) while adult anchovy CPUE increased in 2018–2019 to
3.42 from 0. Annual prey abundances were not correlated to each
other except for a marginal relationship between rockfish YOY
and anchovy adults (r= 0.70, p= 0.08; Supplementary Figure 2).

Given significant interannual variability in the proportion
of foraging events that were on land, at sea, near shore
or a landfill, we tested for drivers of this interannual
variability focusing on the proportion of foraging events on
land and near shore given the high correlations between
these proportional datasets (Supplementary Figure 2). The
proportion of foraging events on land was related to the
HCI during May (variable importance 63.3%) and Pacific
sanddab YOY abundance (variable importance 36.7%, Table 2
and Supplementary Table 1). Gulls foraged over land more
frequently when the HCI was high (i.e., high shoreward
compression of upwelled water) and when sanddab abundance
was low (Supplementary Figure 4A). The proportion of foraging
events near shore was also related to the HCI during May
(variable importance 58.2%) and krill abundance (variable
importance 41.8%, Table 2 and Supplementary Table 1). Gulls
had more foraging events near shore when the HCI was high
and krill abundance was low (Supplementary Figure 4B). The
two best performing models only explained 50–60% of the
deviance (Table 2).

TABLE 2 | Generalized additive models relating the proportion of foraging events
on land and near shore to the Habitat Compression Index (HCI) and
prey abundances.

Model R2 Deviance
Explained

AICc 1AICc Akaike
weight

Proportion of foraging events on land∼

MayHCI + PacificSanddabYOY 0.40 53.8 10.4 0.0 0.32

Proportion of foraging events near shore∼

MayHCI + TotalKrill 0.59 61.6 5.5 0.0 0.44

MayHCI + NorthernAnchovyYOY 0.36 48.1 7.6 2.1 0.15

MayHCI + PacificSanddabYOY 0.17 47.0 7.8 2.3 0.14

MayHCI + MarketSquid 0.02 27.0 9.8 4.3 0.05

MayHCI + NorthernAnchovyAdults 0.06 24.3 10.0 4.5 0.05

MayHCI + TotalRockfishYOY 0.00 20.9 10.3 4.8 0.04

For each model, we report the R2, deviance explained, AICc for small sample size,
the amount of information lost using AICc (difference from the lowest AICc value),
and model support using Akaike weight. Models with 1AICc < 2 have substantial
support and only models with a 1AICc < 10 are shown. Only one model for the
proportion of foraging events on land had a positive R2-value.

Ecosystem Survey Informs Overlap of
Humpback Whales and Gulls
The ecosystem survey coverage varied each year but in general,
spatial patterns in visual sightings revealed that western gulls
were likely to be present near the Farallon Islands and that
humpback whales were more abundant south of the island
(Figure 2 and Supplementary Figure 1). Across years, there were
a total of 9–44 grid cells per year where humpback whales were
observed (see the size of circle in Figure 5B). The total number of
whales within those grid cells ranged from 13 to 133 and the total
number of gulls ranged from 12 to 342. A higher abundance of
whales within a grid cell was weakly, but positively correlated to
gull abundance (Spearman’s Rank rho = 0.18, p = 0.02). During
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all years except 2018, 65–82% (mean 71%) of grid cells had both
whales and gulls present. In 2018, despite a moderate number of
whales observed (101 whales in 26 grid cells), there were few gulls
sighted resulting in only 35% of grid cells with both species, which
is likely related to the small area surveyed outside of the gull
foraging region (Supplementary Figure 1). In 2017, the survey
reported the fewest number of whales observed (13 whales)
concomitant with the second lowest number of gull sightings in
2018. Range overlap indicated a high degree of overlap between
whales and gulls from the survey data (0.71 ± 0.13), and where
whales and gulls co-occurred, there was often high range overlap
with cool SST (0.82± 0.16 for 2013–2018, with no overlap in 2019
as the footprint of cool SST was small, Figure 4).

DISCUSSION

We examined the drivers of interannual variability in western
gull foraging behaviors at the Farallon Islands and the utility of
western gulls as an ecological indicator by combining animal
tracking data, ecosystem survey data on multiple predator
and prey species, and oceanographic data on upwelling. Our
analysis suggests that western gulls can serve as a valuable
ecosystem sentinel and more specifically as a fine-scale indicator
of humpback whale presence. Specifically, our results indicate
that gull foraging behavior can differ between years, where
this behavioral plasticity combined with the capacity to exploit
resources in both marine and terrestrial habitats may allow
gulls to buffer more extreme oceanic events (e.g., marine
heatwaves) compared to other seabird species with less flexible
diets and behavior. Gull foraging patterns were coincident
with regions of cool upwelled waters, foraging closer to shore
and on land in years when there was higher compression
of upwelled water and lower prey abundances. Evidence that
gull at-sea distributions were associated with humpback whales
suggests prey accessibility may be more important than prey-
abundance alone. However, continued sampling that increases
this short time window within a season and tagging outside
the breeding period could be key factors that may strengthen
these relationships.

Gull Foraging Patterns in Relation to
Environmental Variability
Although seabird foraging behavior often relates to ecosystem
state, including variables such as productive waters, prey
distribution, abundance and accessibility (reviewed by Durant
et al., 2009), the utility of western gulls as an ecosystem indicator
was unknown. Many gull species employ a dual-habitat foraging
strategy alternating between marine and terrestrial habitats (e.g.,
Schwemmer and Garthe, 2008; Garthe et al., 2016; Navarro
et al., 2017). The most striking patterns in gull foraging behavior
were interannual shifts in foraging locations between landscapes
and seascapes. When conducting land trips, the gulls mainly
followed and foraged along the shoreline or visited specific
landfills/recycling centers (as previously identified by Shaffer
et al., 2017). A flexible diet and plasticity in foraging dynamics
may allow gulls to adapt to a changing environment, and

terrestrial habitats with predictable food sources may provide a
buffer in years when food at sea is harder to acquire (Garthe et al.,
2016; Navarro et al., 2017).

The interannual variability in gull behavior and habitat
use appears somewhat related to environmental conditions
as more near shore and land foraging occurred during
years with high upwelling habitat compression. During our
study, marine heatwaves caused unprecedented ocean warming,
altered upwelling and impacted ecosystem dynamics (e.g.,
Cavole et al., 2016; McCabe et al., 2016; Ryan et al., 2017;
Santora et al., 2020). Marine heatwaves cause a shoreward
compression of cool surface waters (e.g., 2015) whereas
strong upwelling conditions often result in cool surface
waters extending further offshore (e.g., 2013, Checkley and
Barth, 2009; Bograd et al., 2019). The 2015 marine heatwave
(Bond et al., 2015) was followed by a moderate El Niño
in late 2015/early 2016, which coincided with shoreward
habitat compression. During 2015–2017, a higher proportion
of foraging occurred nearshore and on land. While upwelling
conditions and habitat compression may have influenced gull
foraging dynamics in 2015–2016, gull foraging behavior in
2017 (the year with the most foraging on land) cannot solely
be explained by oceanographic anomalies. To establish more
robust climate connections, we acknowledge that a longer time
series is necessary.

Gull Foraging Behavior in Relation to
Prey Species During Incubation
Gull food consumption and foraging strategies can vary with food
availability, breeding stage, and intraspecific competition (Annett
and Pierotti, 1989; Belant et al., 1998; Camphuysen et al., 2015;
Corman et al., 2016; Isaksson et al., 2016; Navarro et al., 2017).
The variability in prey communities and shifts in gull foraging
dynamics suggests that the prey species consumed varied both
intra- and interannually. We found that there were more gull
foraging events on land and near shore when Pacific sanddab and
krill abundance was low, respectively. These models explained
50–60% of the deviance, with prey abundances contributing
35–40% to the models. Apart from these relationships, we did
not find evidence that prey abundance around the Farallon
Islands was related to other gull foraging dynamics but more
complex and finer-scale comparisons between the prey field and
foraging behavior may be needed as the spatial structure of prey
communities are convoluted (see Supplementary Figure 3). It
is also possible that stronger relationships between gull foraging
dynamics and prey exist during the chick-rearing period, when
gulls prey switch from human refuse to marine resources (Spaans,
1971; Ward and Zahavi, 1973; Annett and Pierotti, 1989). Food
found on land can be of lower quality leading to reduced breeding
success (Isaksson et al., 2016) but adults may initially forage on
land due to the predictability and abundance of food. Therefore,
foraging at landfills could provide a buffer for adults during
incubation when prey availability at sea is low, but this may not
provide a buffer for chicks who either reject items from landfills
or do not get adequate nutrition (Annett and Pierotti, 1989;
Isaksson et al., 2016).
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FIGURE 5 | Prey indices and predator overlap from the ecosystem survey. (A) Mean and standard deviation in Catch-Per-Unit-Effort [ln(CPUE + 1)] of prey species
within the 5 or 6 trawl stations surrounding the Farallon Islands (see Supplementary Figure 3). For taxa with multiple species, the “total” abundance of all species
was used. (B) The number of humpback whales (HUWH, blue line) within 5 km × 5 km grid cells within the gull foraging domain (blue box in Figure 1) and the
number of western gulls (WEGU, red line) in grid cells where humpback whales were observed from 2013 to 2019. The percentage of grid cells with whales that also
had gulls (green line) with the size of the circle indicating the number of grid cells where at least 1 whale was present. During 2015 and 2016, there were marine
heatwave impacts on our study area, and in 2017, there were regionally low humpback whale abundances.

Gull Foraging Behavior as an Indicator of
Humpback Whales
Another critical factor to consider when characterizing gull
foraging behavior and prey availability is gull feeding associations
with humpback whales. From visual sighting data, ∼70% of
humpback whale observations coincided with gulls, which is
also supported by high range overlap (0.71). While present in
central California, humpback whales prey switch from krill to
anchovy when krill are less available, which results in changes
in feeding locations from offshore to onshore habitats (Ainley
and Hyrenbach, 2010; Santora et al., 2018, 2020; Figure 1).
In 2015–2016, onshore shifts of whales due to prey availability
was also driven by upwelling habitat compression. This same
relationship was seen in the gull tracking data, where there
was a higher proportion of foraging locations near shore under
high habitat compression and low krill abundance. There were
also more foraging events on land during high compression,
suggesting gulls take advantage of predictable terrestrial feeding
hotspots. Further, when whales and gulls co-occurred, it was
often within cool upwelled waters. As noted above, 2017 was
the year with the most foraging on land, which could not
be explained by environmental characteristics alone. Whale
abundance in the region was low in 2017, with the second
lowest encounter rate from 1996 to 2019 (Wells et al., 2017;
Thompson, 2019), and distributed shoreward likely feeding on
anchovy (Wells et al., 2017), which aligned with gull foraging
locations (Figure 4). If whales were a key factor in making prey
available to gulls and whales were not highly abundant, gulls
likely shifted their foraging locations to regions with predictable
sources of food (such as landfills). Further, if whales aid in
making prey available, it is not surprising that prey abundances

were not the main driver of gull foraging behavior as gulls are
capable of switching among many species of krill, fish and squid
when available within surface waters. Overall, whales respond
to prey and oceanographic dynamics in a predictable manner
(Santora et al., 2020; Ingman et al., 2021; Figure 1), and our
findings suggest gulls respond in the same way. Given that gull
distributions were related to humpback whale presence, gulls
could perform as an informative indicator of ecosystem state.

Using Gulls for Marine Spatial Planning
and Conservation
Fishery and vessel interactions with protected species pose a
risk to populations and are a global conservation issue (Read,
2008). Entanglement in trap fisheries is thought to be the
most common source of human-related injury or mortality to
humpback whales followed by ship strike (Carretta et al., 2015).
With whale protections under the Marine Mammal Protection
Act, entanglements and ship strikes generate public concern and
many agencies are actively working to recover these populations.
To reduce risks to whales, it is critical to identify where and when
threats occur. While ship strikes often occur in the vicinity of
large ports (especially off San Francisco for humpbacks) with
peaks in high traffic summer months (Rockwood et al., 2017;
Keen et al., 2019), the Dungeness crab fishery is usually open
from mid-November to the end of June with the highest activity
from mid-November to February (Carretta et al., 2015; Figure 6).
Indicators that provide actionable high-resolution information
are critical as more decision support tools are needed (Santora
et al., 2020), especially given that earlier arrivals, longer residency
and higher concentrations of whales in central California could
lead to increased risks (Ingman et al., 2021).
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FIGURE 6 | Temporal and spatial overlap of western gulls (WEGU), humpback whales (HUWH), the Dungeness crab fishery, and shipping traffic in central California.
(A) Phenology of the WEGU annual cycle at Southeast Farallon Island (black triangle) and HUWH presence in central California. After the gull breeding period, many
birds remain in the Greater Farallones region occasionally visiting their colony. The Dungeness crab fishery operates from November to June with a peak in
November—February. Shipping traffic outside of the San Francisco Bay is present year-round with a peak in the summer (June—September). Whale entanglement
and ship strike risk occurs roughly from May to November (depending on whale arrival and departure dates), with the highest risk period between May and
September (gray shading). (B) An example of a gull tracking visualization that could exist on an indicator dashboard highlighting: shipping lanes, the footprint of the
crab fishery (<180 m), and gull foraging metrics including habitat use over 2013–2019 [95% kernel density estimate (KDE)], core habitat space over a 1-week period
(50% KDE), and four examples of foraging trips. Also shown are three National Marine Sanctuary borders and bathymetry contours.

By using animal tracking data and known seabird-cetaceans
feeding associations, we can obtain information on where
humpback whales face threats from fisheries or large vessels.
Western gulls occupy their Farallon Island breeding colony
during a critical period when shipping traffic is high, crab
fishing is ending, and humpback whales arrive in the region
(Figure 6). Although the gull breeding period ends in late
July/early August, many individuals remain nearby until the
majority of the population returns in October-November (Spear,
1988; Ainley, 1990). Thus, the population has the capacity to
provide clues about how the ecosystem and humpback whale
distributions shift over the summer-fall entanglement and ship
strike period (Figure 6). Such generalist predators also offer
a different view on the state of an ecosystem than would a

habitat specialist, suggesting that combining a few indicator
species could give a more complete assessment of ecosystem
response (Hazen et al., 2019). Outfitting a small portion of the
gull population with year-round transmitters that are capable
of near real-time, remote offload could benefit dynamic ocean
management. Successful long-term deployments of tags on birds
are also higher than whales due to reduced tag shedding,
increased transmissions as birds largely remain above the surface,
and reduced tag/labor costs.

The Gulf of Farallones-Monterey Bay area accounts for a high
percentage of humpback strike mortality and entanglements, and
should be a high priority area for mitigation efforts (Rockwood
et al., 2017, 2020). Based on the results presented here, we suggest
a few strategies for using gulls to inform ecosystem management.
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First, from continuous gull tracking datasets, indices on foraging
characteristics (e.g., Figure 3) could be produced on daily to
weekly scales. A threshold (e.g., >20%) for the proportion of
foraging events on land indicates low whale abundances or
suboptimal at sea foraging habitats. Second, gull tracking data
could be mapped and viewed in relation to crab pot/fishing vessel
locations or shipping lanes (e.g., Figure 6), and alerts can be
set up to provide an early warning system of potential human-
wildlife conflicts. For example, when the gull core foraging area
overlaps with a shipping lane, vessel speed reductions could be
implemented until that region is no longer highly utilized by gulls
likened to a Seasonal Management Area with the designation
of temporary “Areas to be Avoided.” Keen et al. (2019) found
a 2–3 kt reduction significantly reduces ship strike risk by 20–
50%. Core foraging areas could also indicate risky crab pot
deployment locations, or signal fishers to retrieve deployed gear.
Third, more simply, notifying ship captains of these predictable
seabird-cetacean relationships could mitigate ship strike risk as
it is easier to spot a gull aggregation above the water and adjust
course than a whale on the sea surface.

Visualizations or metrics derived from the tracking data
could feed into existing ocean observing dashboards and
provide information to the public, fishers, fisheries managers,
scientists and other teams who consider the tradeoffs between
economic needs and the risk to protected resources. Tracking
data yields cost-effective information on fine time and space
scales, complementing and improving upon existing coarse
resolution indicators used in central California. The tracking
and monitoring of new indicator species in addition to existing
indicators can provide critical information for identifying and
establishing management tools and arming managers with
the best information to protect species from climate and
anthropogenic threats.
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