
Report
Foraging range scales wit
h colony size in high-
latitude seabirds
Graphical abstract
Highlights
d The distribution of foraging trips around murre colonies

scaled to colony size0.33

d Colony size can be used to predict foraging areass over a

large geographic scale

d Foraging areas of most North Atlantic murre breeding

populations are not within protected areas
Patterson et al., 2022, Current Biology 32, 3800–3807
September 12, 2022 ª 2022 Elsevier Inc.
https://doi.org/10.1016/j.cub.2022.06.084
Authors

Allison Patterson, H. Grant Gilchrist,

Sigurd Benjaminsen, ...,

Hallvard Strøm,

Thorkell Lindberg Thórarinsson,
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SUMMARY
Density-dependent prey depletion around breeding colonies has long been considered an important fac-
tor controlling the population dynamics of colonial animals.1–4 Ashmole proposed that as seabird colony
size increases, intraspecific competition leads to declines in reproductive success, as breeding adults
must spend more time and energy to find prey farther from the colony.1 Seabird colony size often varies
over several orders of magnitude within the same species and can include millions of individuals per col-
ony.5,6 As such, colony size likely plays an important role in determining the individual behavior of its
members and how the colony interacts with the surrounding environment.6 Using tracking data from
murres (Uria spp.), the world’s most densely breeding seabirds, we show that the distribution of
foraging-trip distances scales to colony size0.33 during the chick-rearing stage, consistent with Ashmole’s
halo theory.1,2 This pattern occurred across colonies varying in size over three orders of magnitude and
distributed throughout the North Atlantic region. The strong relationship between colony size and
foraging range means that the foraging areas of some colonial species can be estimated from colony
sizes, which is more practical to measure over a large geographic scale. Two-thirds of the North Atlantic
murre population breed at the 16 largest colonies; by extrapolating the predicted foraging ranges to sites
without tracking data, we show that only two of these large colonies have significant coverage as marine
protected areas. Our results are an important example of how theoretical models, in this case, Ashmole’s
version of central-place-foraging theory, can be applied to inform conservation and management in
colonial breeding species.
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RESULTS AND DISCUSSION

Colony size-foraging range relationship
Colonial breeding is pervasive among seabirds, occurring in

95% of species,7 and density-dependent prey depletion around

breeding colonies has long been proposed as an important fac-

tor controlling population dynamics. Ashmole’s halo theory pre-

dicts that, assuming equal distribution and abundance of food,

individuals at larger colonies should forage farther than those

from small colonies during the same breeding stage. Foraging

range should increase with colony size to the 0.5 power because

the area available for foraging is proportional to the square of dis-

tance from the colony.8,9 Although prey depletion is widely

assumed to limit colony size in seabirds, based on geographical

distributions of colonies and variation in trip durations or daily en-

ergy expenditure with colony size,8,10–12 direct measurements of

the relationship between colony size and foraging range are

scarce.13,14 Although several studies have shown that prey is

less abundant near colonies,15–17 a link with colony size is neces-

sary to provide support for Ashmole’s theory.

We used GPS tracking data collected from common murre

(COMU) (Uria aalge) and thick-billed murre (TBMU) (Uria lomvia)

at 29 colonies, ranging in size from 900 to 470,000 breeding

pairs, within the North Atlantic region (Figures 1, S1, and S2;

Table S1). COMU and TBMU are congeneric species with similar

morphology, behavior, energetics, and diet;18,19 therefore, we

expected them to exhibit a similar relationship between foraging

range and colony size. Globally, murre colonies range in size

over five orders of magnitude, from hundreds to millions of

pairs.18,19 High flight costs, delivery of single prey items to

chicks, and open breeding sites that necessitate continuous

nest attendance to protect offspring make murres particularly

sensitive to increases in foraging range that reduce parental pro-

visioning rates.20–22 Only data from birds in the chick-rearing

stage of breeding at the colony were included in the analysis,

as this is the breeding stage when feeding rates are highest

and competition should have the greatest effect on foraging

range.20,23 Our analysis included tracking from 973 individual

birds (per site median = 16, range = 3–194), collected between

2009 and 2020, with 5,283 foraging trips (per site median = 81,

range = 7–1,536; Table S1). We calculated the maximum over-

water distance from the colony for each foraging trip (hereafter,

trip distance) because murres avoid flying over land.

We developed a foraging-range model to describe how the

distribution of maximum foraging-trip distances (foraging range)

changes as a function of colony size.24–26 We used Bayesian

distributional regression27 to model foraging as a function of

colony size and other environmental predictors. This approach

allowed for modeling of fixed and random effects for all param-

eters (not just the mean) of the distributions considered and

enabled us to derive estimates for the entire conditional distribu-

tion of foraging trips.28,29 The distribution of foraging-trip dis-

tances around each colony conformed most closely to a

Weibull distribution (STAR Methods). The scale parameter (l)

of the Weibull distribution increased to the exponent 0.33 (95%

CI = 0.22–0.44) of the combined population size of both murre

species at each colony (Figure 2; Table S3); the 95% credible in-

terval for the exponent did not overlap with the expected value of

0.5. The foraging-range model predicted that 50% of foraging
trips occur within 11.2 km (95% CI = 9.5–13.7) and 34.7 km

(95% CI = 24.5–50.5) and 95% of foraging trips occur within

27.5 km (95% CI = 22.3–33.7) and 85.3 km (95% CI = 59.5–

122.0) for colonies of 10,000 and 300,000 pairs, respectively

(Figure 2). Models using the combined populations of both

COMU and TBMU at mixed colonies performed better than

models using only the species-specific colony size ormodels us-

ing colony size that accounted for the inverse-distance weighted

size of neighboring murre colonies (Table S3). In addition, there

was no support for a difference in the scaling parameter between

COMU and TBMU (Table S3). Finally, we examined whether

broad-scale environmental factors were related to foraging

range. Models including colony latitude (increasing day length

could influence trip duration and distance), mean July sea

surface temperature, maximum primary productivity, and pro-

portion of water available within 30 km of the colony (relative

amount of ocean habitat could influence competition) were not

competitive with a model based only on colony size (Table S4).

Figure S3 shows a comparison of observed and predicted trip

distance density distributions for each site.

We extrapolated predicted foraging areas (FAs) within which

95% of trips should occur (FA95) based on posterior probability

distributions of foraging-trip distances for a given colony size

and the overwater distances from the colony. This geographic

extrapolation of the foraging-range model assumes that birds

use the whole area within their colony’s foraging radius. How-

ever, as prey are likely to be unevenly distributed, we could

expect birds to make repeated, directed trips to highly profitable

prey patches within that radius, potentially resulting in different

foraging distributions and total exploited areas than predicted.

The 95%utilization distribution (UD95) is a commonmetric calcu-

lated to represent the FAs used by breeding seabirds. The UD95

represents the area in which the population is expected to occur

95% of the time based on the distribution of all locations within

trips and, as such, is not directly comparable with the FA95.

Nevertheless, this comparison is useful to demonstrate that the

FA95 can provide similar information about the distribution of

foraging effort around a colony. For 17 colonies with sufficient

tracking data to estimate a representative FA using UD95, the

mean overlap between the observed UD95 and predicted FA95

was 61.9% (mean Dice’s similarity: 0.619, SD = 0.107; Figure 3;

STAR Methods). If a consistent foraging hotspot, such as a fish

spawning site, is available, then, many individuals may travel to

that hotspot, regardless of the distance. For example, COMUs

in Atlantic Canada exploit dense concentrations of spawning

capelin (Mallotus villosus) during chick-rearing, making directed

trips during active spawning. When these prey are not available,

however, murres respond by foraging over a wider area.30,31 Un-

der this scenario, the directionality of foraging trips should be

highly concentrated, with less of a relationship to colony size.

There was no evidence of a correlation between Dice’s similarity

and the circular variance in trip bearings (r = �0.33, p = 0.188),

which does not support the hypothesis that colonies where indi-

viduals make more directed foraging trips have a foraging distri-

bution less accurately predicted by the foraging-range model

(Figure S4). However, Dice’s similarity had a strong positive

correlation to the total number of individuals tracked (r = 0.61,

p = 0.01) and a modest correlation with the number of years of

tracking (r = 0.49, p = 0.046, Figure S4), suggesting that FAs
Current Biology 32, 3800–3807, September 12, 2022 3801



Figure 1. The distribution of murre colonies with GPS tracking data used in this study

Point sizes indicate the estimates of combined colony size of both murre species at a site. Inset maps provide detailed views of GPS tracking data for common

(green) and thick-billed (purple) murres. All maps use Lambert conformal conical projection, and inset maps are plotted on the same scale. Individual site maps

are provided in Figures S1 and S2, and detailed site-level data are provided in Table S1.
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were predicted better for sites that were sampled more exten-

sively. Tracking studies tend to have small sample sizes and

short duration; individuals tracked may not visit all the areas

used by the wider population during that period or even by the

tracked individuals over a longer timescale. Increasing variance

in trip direction with number of trips and years of tracking indi-

cates that over time, observed distributions will occupy more

of the potential foraging range predicted by colony size.

The strength of the relationship between foraging range

and colony size, spanning an entire ocean basin, provides

convincing evidence for Ashmole’s halo theory that intraspecific
3802 Current Biology 32, 3800–3807, September 12, 2022
competition for food is an important factor contributing to nega-

tive density dependence in colonial seabirds. Previous multi-col-

ony studies generally tracked birds from colonies over a much

smaller geographical range and a smaller range of colony sizes

(<75,000 pairs).8,11–13,32 The cost of commuting between FAs

and breeding sites increases with distance for breeding adults,

which can constrain chick growth at larger colonies,33 because

the time between feedings increases.22 Multiple studies have

proposed that foraging range should scale with the 0.5 exponent

of colony size8,9,32,34 because FA scales with the square root of

foraging range. The scaling factor in our study was lower, at 0.33



Figure 2. Relationship between colony size and mean foraging range modeled using a Weibull distribution

(A) Predicted mean foraging distance as a function of colony size. Points show observed mean foraging range for individual colonies, with point size scaled to the

number of trips recorded at each site. Colonies of common murre, thick-billed murre, and mixed species are indicated by green, purple, and orange colors,

respectively. The solid line shows the predicted relationship between foraging range and colony size, and the shaded area shows the 95% credible region for this

relationship.

(B) Spaghetti plot showing the predicted foraging-trip density distributions for a range of colony sizes. Bold colored lines show the mean predicted density of the

foraging-trip distances for a given colony size, and light lines show 500 posterior draws at each level of colony size. Closed points and open points, respectively,

show the distance at which 50% and 95% of foraging trips would occur for each colony size. Figure S3 shows observed and predicted trip densities for each site.
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(95% CI = 0.22–0.44). This could result from systematic differ-

ences in habitat quality that also correlate with colony size,

namely that colony size is likely positively correlated with

foraging conditions. Alternatively, the lower exponent may arise

from predation pressure exerted in three dimensions. Murres are

pursuit divers that can forage at depths over 200 m;18 therefore,

foragers may trade-off costs of flying farther to locate prey by

making more, deeper dives while remaining closer to the col-

ony.35,36 Similar scaling is likely to exist among other species,

but values will depend on their foraging ecology and environ-

ment. Further studies across different taxa of central-place for-

agers may reveal more general patterns. For example, species

that are more constrained in their foraging habitat—like true guil-

lemots (Cepphus spp.) foraging in coastal zones and tropical

terns foraging along reefs—may show different scaling with col-

ony size.2 The recent proliferation of tracking studies provides

the opportunity for large-scale multi-colony and multi-species

studies to better understand this fundamental ecological

relationship.

Predicting murre foraging ranges throughout the North
Atlantic
There are an estimated 7,582,000 pairs of murres (3,099,000

COMU and 4,484,000 TBMU) breeding at 384 colonies (larger

than 500 pairs) within the North Atlantic region (Table S2). With

so many colonies, it is clearly not feasible to directly measure

colony-specific foraging radii using GPS tracking. Estimating

foraging ranges from colony size data, which are easier to collect

and more widely available, offers a pragmatic alternative to infer

potential UDs during chick-rearing. Using the foraging-range
model described above, we estimate that the predicted 95%

FA (FA95) for all murre colonies in the North Atlantic is

495,000 km2, with FA95 of individual colonies ranging in size

from 45 to 29,600 km2 (Figure 4; STAR Methods). Sixteen col-

onies (4% of all colonies) with at least 100,000 breeding pairs ac-

count for 54% of the total North Atlantic murre population and

have a combined FA95 of 238,000 km2. Because the foraging

radii of some larger colonies encompasses smaller neighboring

colonies, the areas within these foraging radii would be used

by 58% of breeding murres in the North Atlantic, demonstrating

that protecting even a relatively small proportion of colonies

could protect much of the regional population.

We compared predicted FAs (FA95) with the World Database

of Protected Areas (WDPA)37 to evaluate the level of protection

for FAs of the North Atlantic murre population. The WDPA may

not include all protected areas and does not reflec2t other effec-

tive management actions that may be in place within different ju-

risdictions. Nevertheless, it provides a useful starting point for

evaluating the level of potentially effective species protection in

place. Forty-eight percent of all colonies, representing 61% of

the North Atlantic murre population, have less than 10% of their

FA95 within protected areas and 18% of colonies (22% of the

population) have no overlap with protected areas. Only 17% of

colonies, accounting for 6.0% of the population, have at least

90% of their FA95 within protected areas. Among the 16 largest

colonies, only two have more than 50% of their FA95 within pro-

tected areas and 9 colonies have less than 10% of their FA95

within protected areas. If these 16 colonies with at least

100,000 pairs had protection of FA95, this would help safeguard

FAs for nearly two-thirds of the North Atlantic population of
Current Biology 32, 3800–3807, September 12, 2022 3803
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Figure 4. Predicted 95% foraging area

(FA95), within which 95% of foraging trips

are expected to occur based on colony

size, for common murre (COMU) and thick-

billed murre (TBMU) colonies (black points)

throughout the North Atlantic region

Colonies were considered mixed if both species

accounted for at least 1% of the breeding popu-

lation. Marine protected areas from the World

Database of Protected Areas37 are shown in

yellow.
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murres (44% of COMU and 62% of TBMU) during the breeding

season. Of course, the effectiveness of a marine protected

area for any seabird species depends on the management pre-

scriptions related to specific activities including hunting, fish-

eries, hydrocarbon exploration and extraction, tourism, and

shipping.38,39 This analysis illustrates the utility of the foraging-

range model for informing any area-based conservation

measures.

Foraging range is a widely used tool for identifying important

areas around seabird colonies.34,40,41 Thaxter et al.41 proposed

using species-specific foraging ranges to inform Marine Pro-

tected Areas around seabird colonies. Our study shows that col-

ony size can be used to further inform estimates of foraging range

for species that occur in colonies that range in size over multiple

orders of magnitude. Modeling foraging distributions based on

colony size has the advantage of being generalizable over a

broad geographical and ecological scale, as represented in this

study. Despite the many other factors that contribute to the at-

sea foraging distribution of seabirds on a local scale, we have

demonstrated that colony size alone explained substantial vari-

ance in foraging range at a range-wide level. The fundamental

constraints imposedby colony size and the energetic costs asso-

ciatedwith commuting trips are high; therefore, wewould expect

the relationshipbetweencolony size and foraging range topersist

in spite of differences in local environmental conditions. Marine

spatial planning should, of course, primarily consider local

foraging distributions where these data are available; we would

expect observed distributions to deviate frommodel predictions

at sites where environmental conditions are poor, leading to
Figure 3. Overlap between the predicted foraging areas (FA95, open polygons), the area within

pected to occur based on the foraging-rangemodel, and observed 95% utilization distribution (

lization distribution of all GPS tracks from each site

The 50% (red) and 95% (orange) areas are shown. Dice’s similarity for each colony is given in the top-right cor

S with variance in trip bearings, number of individuals tracked, and years of tracking for each site.

Current Biology
declining reproductive success and col-

ony size.13,42 However, our study also

demonstrates that the interaction be-

tween colony size and foraging range

should not be ignored in any model that

aims toextrapolate habitat useacrosscol-

onies of different sizes.13 Generalizable

models, informed by ecological theory,

are an important contribution to informing

conservation for such species on a large

spatial scale. Our analysis provides an
example of how behavioral theory, in this case Ashmole’s halo,

a special case of central-place-foraging theory, can be applied

to inform conservation andmanagement.43 Although our dataset

is noteworthy in its size, it still represents direct tracking at only

7.5% of the murre colonies within the North Atlantic, which high-

lights the limitations of predicting foraging habitat through direct

tracking of such a widely distributed species.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Foraging Trips

B Colony sizes

B Environmental variables

d QUANTIFICATION AND STATISTICAL ANALYSIS

B Foraging range model

B Comparing foraging range model to utilization distribu-

tions

B Predicting foraging ranges within the North Atlantic

murre population
which 50% and 95% of foraging trips are ex-

UD95, filled polygons) based on themean uti-

ner. Figure S4 shows scatterplots comparing Dice’s
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Supplemental information can be found online at https://doi.org/10.1016/j.

cub.2022.06.084.
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Other

Coastline Wessel and Smith46 https://www.soest.hawaii.edu/pwessel/gshhg/

Mean July SST Bosch and Fernandez47 https://www.lifewatch.be/sdmpredictors/

MS_sst07_5m_lonlat.tif

Maximum primary productivity Bosch and Fernandez47 https://bio-oracle.org/data/2.2/Present.Surface.Primary.

productivity.Lt.max.BOv2_2.tif.zip

Marine protected areas UNEP-WCMC and IUCM37 https://www.protectedplanet.net/marine
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Allison

Patterson (allison.patterson@mail.mcgill.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d GPS tracking and colony size data were deposited on Mendeley and are publicly available as of the date of publication. DOIs

are listed in the key resources table. Colony size data for colonies in Russia are available on request through the Barent’s Portal

(http://www.barentsportal.com).

d All original data and code has been deposited atMendeley and is publicly available as of the date of publication. Deposited data

includes raw GPS tracks, trip summaries, and colony size estimates. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Our study focused on adult common (Uria aalge) and thick-billed murres (Uria lomvia) during the chick-rearing stage of breeding. We

collected GPS tracking data at 29 colonies within the North Atlantic region (Figures 1, S1, and S2). A detailed summary of sample

sizes at each colony is provided in Table S1. Birds were caught at the nest according to ethical approval from each country’s appro-

priate organization.

METHOD DETAILS

Foraging Trips
Foraging trips were defined as any continuous period of movement more than 1 km from the colony that lasted at least 20 minutes.

For each foraging trip, we calculated themaximumoverwater distance from the colony (hereafter, trip distance). Overwater distances

were calculated on a 0.25 x 0.25 km raster grid using an Albers equal area projection centered on each colony using the ‘gdistance’
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package.48 Details on study site locations and tracking sample sizes are provided in Table S1 and maps of all tracks are shown in

Figures S1 and S2.

Colony sizes
We used existing data sources and consultation with regional experts to compile colony size data for murre colonies in the North

Atlantic between 75�W and 75�E (Table S2). Different jurisdictions define the boundaries of adjacent colonies using different criteria.

To reduce inconsistencies in how colonies are defined, we used a density-based spatial clustering algorithm to identify colonies that

were spatially aggregated (R package ‘dbscan’, version 1.1-10).49 Colonies identified as clusters were grouped and assigned the

coordinates of the largest colony in the cluster.

To identify the level where competition is occurring for murres we considered three measures of colony size. Species-specific col-

ony size (SSC), defined as the number of pairs of each species breeding at each colony. Combined colony size (CCS), defined as the

number of pairs of the two species combined breeding at each colony. Finally, distance weighted colony size (DCS) that incorporates

competition with murres from neighboring colonies, calculated as:

DCSi =
XCCSj

dj + 1

Where, i is the focal colony, j is an index for all colonies within the maximum recorded foraging range of murres in this study (200 km),

d is the distance between colony i and colony j.

Environmental variables
Colony latitude (LAT) was included as a potential predictor of foraging range, because latitude influences the daylight time available

for foraging during summer and may also serve as a proxy for marine productivity. Mean July sea surface temperature (SST)50 at the

colony and maximum primary productivity (MPP)51 were considered as potential predictors of marine conditions. These raster data

were obtained from the ‘sdmpredictors’ package52 (layer codes: ‘MS_sst07_5m’ and ‘BO22_ppltmax_ss’). We calculated the relative

potential foraging area based on the proportion of ocean area within a 30 km area around each colony (WAT), using a global high-

resolution shoreline (https://www.soest.hawaii.edu/pwessel/gshhg/).46 Colonies surrounded by water would have more potential

foraging habitat within the same distance as coastal or fjord colonies.13

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. The experiments were not randomized and the investigators were not

blinded to allocation during experiments and outcome assessment. All analyses were conducted using R version 4.1.3.44

Foraging range model
We used hierarchical Bayesian distributional regression models27,28 to estimate the effect of colony size and other potential

predictors on the response distribution of foraging trip distances around a colony. First, we considered four possible distributions

(exponential, lognormal, Gamma, and Weibull distributions) in a fully parameterized model where all distributional parameters de-

pended on fixed effects of site identity and random effects for individual identity. All distributions were fit with a log-link function.

Model comparison was performed using leave-one-out cross-validation and DELPD (expected log predictive density) to compare

among models.53 ELPD measures the expected predictive accuracy of a Bayesian model when predicting to new datasets, higher

values of ELPD indicate better predictive performance.53 Themodel fit using theWeibull distribution was 83.6DELPD higher than the

next best distribution. All subsequent analyses used the Weibull distribution.

Next, we consideredmodels with three formulations of colony size (SSC, CCS, andDCS) as covariates for theWeibull scale param-

eter (l). Colony size values were log-transformed for all analyses, because we expected foraging range to have a linear relationship

with colony size on a log-log scale. We also considered combinations of models allowing for differences in slope or intercepts related

to species (SPP). All models included random intercepts for individual identity nested within sites for both the scale and shape

parameters. Models were compared using 7-fold leave-one-out cross validation with folds grouped by sites located within the

same large marine ecosystem (LME, https://www.lmehub.net/), the same folds were applied to all models. Colonies within the Baltic

Sea andNorth Sea LMEswere grouped to ensure at least three colonies within each fold. Themodel using CCS and no effects related

to species had the best performance (Table S3). Finally, we considered additional effects of environmental variables on foraging

range independently and in combination with the best colony size predictor. Model formulation and comparison followed the

methods described above for determining the best measure of colony size. Only models including a single environmental and colony

size predictor were considered. Models including environmental predictors did not perform better than the model with only CCS as a

fixed effect (Table S4).

We used a linear hypothesis test to determine if the coefficient for colony size was different from the expected value of 0.5. We

tested for spatial autocorrelation in the residuals from the best model using Moran’s I with the ‘ape’ package.54 Using the foraging

range model identified above, we predicted the conditional distribution of foraging trip distances as a function of colony size by sam-

pling shape and scale values from the posterior distribution and calculating the probability density function for theWeibull distribution

(Figure 2). Predicted foraging ranges (FR95), the distance from colony within which 95% of trips should occur, were calculated based
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on the quantile function of 500 posterior predictions of the shape and scale parameters. Estimates of FR95 are reported as medians

with 95% credible intervals.

Comparing foraging range model to utilization distributions
GPS tracks were linearly interpolated to 5 min intervals, so that each location would be given the same weight in kernel density

estimates. Only deployments with aminimum of 5 off colony locations (> 1 km) were included in the analysis. We calculated utilization

distributions with the adehabitatHR package55 using a 300 x 300 km area centered on the colony with a 500 x 500mgrid resolution, in

the Albers Equal Area projection. Kernel smoothing parameters were calculated separately for each individual using the ad hoc

method and utilization distributions (UD) were averaged across all individuals within each colony. We defined the observed 95%

foraging area as the 95% volume contour of the kernel density estimate, after excluding any areas that overlap with land.

We used the track2KBARpackage45 to assesswhich sites had enough tracking data to adequately estimate a consistent observed

95% foraging area (UD95) from themean utilization distribution.We used 50 iterative resamples to calculate amean foraging area for a

colony from increasing subsamples of all individual tracks. The mean UD95 was calculated for each iteration and sample size, and an

inclusion rate was calculated for the proportion of out-of-sample locations that overlapped this area. A non-linear generalized least

squares regression was fit to estimate the sample size where the inclusion rate reaches an asymptote. Representativeness (R) was

calculated as:

R =
yn
A

� 100

Where A is the asymptote, y is the inclusion rate achieved at the maximum sample size n.45 Data for a site was considered repr-

esentative if there were tracking data from at least 10 individuals, representativeness was at least 95%, and the estimated asymptote

for inclusion rate waswithin 10%of the target of 95%.Based on the non-linear generalized least squares regression fits, tracks from 9

individuals (SD = 3.6) were required to obtain an estimated representativeness of 95%. However, a minimum of 10 independent

tracks is recommended for inferring population UDs.45

The predicted density of foraging trips as a function of colony size and distance was calculated on the same grid used in estimating

UDs by calculating the probability density function from posterior samples for a colony of the same size from the foraging range

model. We calculated the predicted 95% foraging area (FA95) based on all cells with a probability of use of at least 0.05. Predicted

foraging areas were compared to observed foraging areas using Dice’s Similarity Coefficient32 s:

s =
2AðUDOX UDPÞ
AðUDOÞ+ AðUDPÞ

where, A(UDO) and A(UDP) are the observed and predicted foraging areas.

We calculated the bearing between the colony and the farthest foraging location within each trip using the ‘geosphere’ package.56

For each colony, we calculated the circular variance in bearings using the ‘circular’ package.57 We used Spearman’s correlation to

test if there was a relationship between Dice’s Similarity Coefficients and variance in trip bearings, the number of trips measured per

site, and the number of years of tracking data per site (Figure S4).

Predicting foraging ranges within the North Atlantic murre population
We used the foraging range model described above to estimate the 95% foraging range of all colonies with at least 500 breeding

pairs. We mapped the 95% foraging area (FA95) for each colony as described above and subtracting any areas that intersected

land.46 We then calculated the area within the FA95 buffer zone of all colonies and determined their percent overlap with marine pro-

tected areas in the World Database of Protected Areas.37 All overlap analysis was performed using an Albers Equal Area Projection.
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