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Foraging animals are expected to adapt their movement patterns to their environment in a way that
maximizes efficiency. The search strategies they rely on to achieve this is an enduring question in
ecology. Scale-free Lévy and Brownian search strategies have received particular attention as both
strategies are considered effective when prey are abundant and Lévy search is thought to optimize
success when prey are patchy. Environmental context has been shown to explain Lévy and Brownian
movement patterns for various marine predators, but potential effects of habitat structure and cognitive
skills are often overlooked. We used bird-borne global positioning sensors (GPS) and temperature depth
recorders (TDR) to assess flight paths and dive profiles of foraging parental common murres, Uria aalge.
Movement patterns while flying and diving were best approximated by Brownian motion even though
their primary prey, capelin,Mallotus villosus, are patchily distributed. Contrary to expectations, there was
virtually no support for Lévy flights. Further analyses revealed that murre foraging activities are not
random, but are rather more deterministic. Murres repeatedly returned to previously visited sites (within
w2 km), indicating a role of memory, and they focused foraging activities using small-scale area
restricted search (ARS; <2 km radius). Such behaviour appears to induce movement patterns that reflect
the distribution of capelin. These findings highlight the efficacy of assessing deterministic search
behaviour when interpreting the movement patterns of animals that may be informed about their
environment.
� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Successful and efficient foraging by predators depends largely
on the spatial and temporal distribution of prey and the search
strategies used to find them (Bell 1991). Because finding food is
crucial to survival, strategies that maximize net energy gain are
expected to emerge through natural selection (MacArthur & Pianka
1966). The strategies predators should use to maximize encounter
rates with prey are a central, but largely unresolved, issue in ecol-
ogy (Stephens & Krebs 1986). To help resolve the issue, recent work
in optimal foraging theory has drawn extensively from concepts
and methods used in statistical physics to quantify diffusion pro-
cesses, such as Lévy and Brownian flights (Viswanathan 2011). The
concept of Lévy flights has received particular attention because it
describes scale-free fractal movement patterns that theoretically
optimize encounters with unpredictable prey that are patchily or
uniformly distributed (Viswanathan et al. 1999). Brownian motion
describes more localized searching behaviour, which may be
equally efficient when prey are uniformly distributed (Bartumeus
ehavioural Ecology Program,
1B 3X9, Canada.
r).
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et al. 2002). Lévy and Brownian search patterns have been
demonstrated in a wide range of taxa, from bacteria to great white
sharks (Korobkova et al. 2004; Humphries et al. 2010, 2012; Sims
et al. 2011; Hays et al. 2012). The general assumption under the
Lévy flight foraging (LFF) hypothesis is that movement patterns
represent innate random searching behaviour that maximizes
foraging efficiency under specific prey landscapes (Viswanathan
2011). Recent research supports the possibility that such a search
strategy could have evolved in response to unpredictable resources
(Humphries et al. 2012). In some cases, however, Lévy and Brow-
nian search patterns may be outperformed and can emerge from
processes such as composite Brownian walks (Benhamou 2007),
olfactory search behaviour (Reynolds 2012b) or memory-based
foraging (Boyer et al. 2006). Nevertheless, most studies accept
observed patterns as optimal and scale-free without ruling out
other processes.

In nature, resources are rarely uniformly distributed; rather, prey
are typically clustered hierarchically with fine-scale high-density
patches nested within broad-scale low-density patches. Most
predators therefore have to respond to complex heterogeneity at
multiple scales in order tomaximize overlapwith prey (Russell et al.
1992). As such, widespread observations of scale-dependant shifts
by Elsevier Ltd. All rights reserved.
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in movement patterns, commonly termed area restricted search
(ARS), have often been interpreted as adaptive behavioural re-
sponses to local prey abundance (Tinbergen et al. 1967; Fauchald &
Tveraa 2003; Thums et al. 2011). Under this strategy, the forager is
expected to travel rapidly across large-scale, low-density prey
patches and increase searching effort when it enters finer-scale,
higher-density patches (Fauchald 1999). ARS shares similarities
with Lévy or composite Brownian randomwalk models since clus-
tered movements are typically separated by longer steps
(Grünbaum 1998). A Lévy distribution may therefore emerge from
ARS behaviour, or vice versa (Avgar et al. 2011). The question then
remains whether the organism acts autonomously by adjusting
foraging decisions based on recent experience or whether behav-
iour can be explained by statistically optimal movement patterns.

Beyond random or ARS, it is well known that some animals rely
on cognitive maps to navigate their environment (Gould 1986;
Garber 1989; Laughlin & Mendl 2000). These maps contain infor-
mation, outside the individual’s perceptual range, on the location
and perhaps quality of various targets and their geometric re-
lationships (Burt de Perera 2004). Cognitive maps allow predators
to make optimal foraging decisions that minimize search time
while maximizing overlap with prey. Such deterministic foraging
behaviour generates individual space use features like site fidelity
(Gautestad & Mysterud 2010; Gautestad 2011) and has obvious
benefits for foraging success (Boyer & Walsh 2010). Individuals
under the statistical diffusion paradigm are assumed to lack the
capacity for spatial memory. The danger with this assumption is
that scale-free movement patterns may emerge from spatially
aware foraging animals that are interacting with a particular dis-
tribution of resources (Boyer et al. 2006). Amemory-based strategy,
however, is contingent upon the cognitive capacity of individuals
and the predictability of their prey (Kamil & Roitblat 1985). In the
real world, information is rarely perfect. Resources are often
ephemeral and quasi-predictable, and as such a forager capable of
applying such cognitive skills may have to rely on a combination of
strategies to efficiently acquire prey (Boyer & Walsh 2010).

Efficient search strategies are particularly important to central
place foragers raising offspring in a location that is physically
separated from their foraging environment (Orians & Pearson
1979). In contrast to free-ranging predators, central place foragers
must balance self and offspring provisioning while travelling to and
from prey patches. Time spent travelling and searching for prey are
critical constraints to reproductive performance since both factors
limit provisioning rates (Clode 1993). Central place foragers are
therefore expected to employ tactics that minimize time spent
searching for prey. Here we attempt to reveal the foraging strate-
gies employed by parental commonmurres, Uria aalge, using global
positioning sensors (GPS) and temperature depth recorders (TDR).
During the breeding season in Newfoundland, murres feed them-
selves and their chicks primarily on capelin, Mallotus villosus (Piatt
1987; Davoren & Montevecchi 2003; Wilhelm et al. 2003). Capelin
is a small, schooling, pelagic fish that aggregates in large staging
and spawning sites along the Newfoundland coast during summer
(Templeman 1948). Capelin are distributed in hierarchical patches,
which can be ephemeral but can also be persistent (Rose & Leggett
1989; Davoren et al. 2006). Such a system allows for testing scale-
free, scale-dependent and memory-based foraging strategies. Since
capelin patches are sparse and often unpredictable, our null hy-
pothesis is that murre foraging patterns are governed by innate
scaling laws approximated by Lévy flight. Alternatively, murresmay
utilize deterministic foraging strategies to maximize overlap with
prey. Given the hierarchical and quasi-predictable nature of capelin
patches, previous research suggests that murre foraging efficiency
could be improved by applying ARS (Fauchald et al. 2000) or
cognitive maps (Davoren et al. 2003). These strategies, however,
require higher-order sensory abilities not required for Lévy search;
it is unclear whether murres have such capabilities. Scale-free
search is therefore an important limiting model to test. We
realize that these strategies may not be mutually exclusive;
depending on navigational and learning abilities, it is plausible that
murres rely on a combination of strategies to efficiently acquire
capelin. By considering a variety of possibilities, we hope to eluci-
date the most parsimonious explanation.

METHODS

Study Sites and Field Methods

Research was conducted at two Seabird Ecological Reserves in
Newfoundland, Canada: Gull Island (47.26�N, 52.78�W), Witless
Bay (w100 000 breeding pairs in the reserve) and Funk Island
(49.75�N, 53.19�W; 500 000þ pairs; Canadian Wildlife Service,
unpublished data). Archival temperature depth recorders (TDR;
<5 g, Lotek LTD 1110, LAT 1500 or 2500) were deployed on murres
from both colonies between 2007 and 2010, and global positioning
systems (GPS; w17 g, earth & OCEANS mGPS, Kiel, Germany) were
deployed on Gull Island murres in 2010 and 2011. Chick-rearing
adults were captured between July and August using a telescopic
noose pole and were equipped with an archival tag. TDRs were set
to record temperature (accuracy <0.2 �C) and depth (accuracy
<1 m) every 2 s for each dive. TDRs were secured to plastic leg
bands (Pro-Touch Engraving, Saskatoon, SK, Canada) and attached
to the left legs of study birds. GPS devices recorded locations (ac-
curacy <20 m) at 2 min intervals and were attached to the back
feathers of study birds using Tesa� tape. All loggered birds were
banded with a Canadian Wildlife Service metal band on the right
leg. A total of 79 TDR (39 on Gull Island: N2007 ¼ 6, N2008 ¼ 11,
N2009 ¼ 14, N2010 ¼ 8; 40 on Funk Island: N2007 ¼ 15, N2008 ¼ 15,
N2009 ¼ 10) and 17 GPS deployments were made (all on Gull Island:
N2010 ¼ 10, N2011 ¼7). Birds were typically recaptured after 3 days
(range 2e7 days). TDR birds were handled for about 5 min and GPS
birds for about 10 min during logger deployment and recapture.
Forty-seven of 53 recovered TDRs and 11 of 13 recovered GPS de-
vices were successfully downloaded; 45 TDR and 10 GPS records,
respectively, were used in the analysis following the exclusion of
records that did not capture chick-rearing foraging activity. TDRs
captured 36e130 h of data (memory limited) and GPS devices
captured 28e48 h of data (battery limited). These data were
processed and analysed using the statistical software R
(R Development Core Team 2011).

Data Analysis

Lévy and Brownian models were fitted to both flying and diving
movement patterns. Flights and dives were identified using tem-
perature and pressure data from TDRs (for methods, see Tremblay
et al. 2003). For presentation purposes, the distance (m) of each
flight was estimated by multiplying flight duration by 19.1 m/s
(estimate of mean flight speed of common murres; Pennycuick
1987) and dive depth (m) was characterized by the maximum
depth reached during each dive. GPS data confirmed that flight
distance is an appropriate measure of horizontal steps since there
were few significant turns within flights (see Results). This measure
is analogous to the step values used in Humphries et al. (2012) as it
represents the distance between landed sites. Nevertheless, for
comparison against the TDR-derived distributions, we fitted Lévy
and Brownian models to step distances derived from flights from
GPS-equipped murres (course alterations >90� were considered
significant turns; Reynolds et al. 2007). Similarly, maximum dive
depths were used to represent the vertical step length as 99% of
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dives were U- or V-shaped and unlike W-shaped dives, U- and V-
shaped dives lack significant within-dive turns (i.e. analogous to
step values used in Humphries et al. 2010). Unless murres are
capable of limiting their foraging efforts to areas where prey en-
counters are high, neither measure should be confounded by
resource detection patterns (sensuMiramontes et al. 2012) because
water turbidity likely limits large-scale patch-to-patch visibility of
capelin. There were no apparent spatiotemporal shifts in flying
behaviour, but clear diurnal patterns in diving behaviour were
apparent (Hedd et al. 2009; Regular et al. 2010). Split-moving
window analysis (30 min window size; for methods, see
Humphries et al. 2010) corroborated these results; thus, diurnal,
crepuscular (twilight) and nocturnal dives were analysed sepa-
rately. Since GPS-tracked murres showed commuting behaviour
(see Results; Weimerskirch 2007), TDR-derived flight distances
were analysed with and without inclusion of inbound and
outbound flights. Using methods outlined in Edwards et al. (2007)
and Edwards (2011), maximum likelihood estimation (MLE; nu-
merical optimization of likelihood functions performed using R
function ‘nlm’) was used to fit exponential (Exp), bounded expo-
nential (ExpB), power law (Lévy; PL) and bounded power law
(Pareto-Lévy; PLB) models to step distributions for all birds com-
bined on an individual basis (sensu Petrovskii et al. 2011). Values of
parameter a were set to 100 m and 5 m for flights and dives,
respectively, and b values were set as the maximum observed step
length. Exponential (l) and power law (m) parameter and log like-
lihood estimates were calculated for each model and Akaike In-
formation Criteria (AIC) values computed. Models were ranked by
Akaike weights and evidence ratios were computed; best-fit
models were considered those with evidence ratios <2.7
(Burnham & Anderson 2002). Lévy or Brownian type walks were
further teased apart by applying the power spectra and first sig-
nificant digit methods outlined in (Reynolds 2012a). Thesemethods
ensure that composite Brownian random walks (mixture of two
Brownian walks) are not misidentified as Lévy walks (Reynolds
2012a). The start and end of each flight and dive characterized
the time series of significant steps for the spectral analysis (pauses
on the surface and at the colony were excluded). Spectral density
was calculated using function ‘spec.pgram’. Flight distances
�100 m and dive depths �10 m were used in first significant digit
analyses.

To identify zones of ARS, we applied first-passage time (FPT)
analysis to GPS data, following Fauchald & Tveraa (2003), using the
R function ‘fpt’ (‘adehabitat’ package). Locations along the whole
track were interpolated at a uniform distance interval of 100 m,
ensuring that all points along foraging tracks are equally repre-
sented (Pinaud 2008). FPT was then calculated every 100 m for a
radius r from 1 m to 100 km. Plots representing variance in log(FPT)
as a function of r allows the identification of ARS scales by peaks in
the variance. ARS could not be tested for murre dives since the
devices used in this study could not record underwater horizontal
movements.

To assess the potential use of memory, we examined indicators
of homing behaviour and site fidelity in murre foraging behaviour.
Using GPS data, straightness index (straight line distance/path
length; a value of 1 represents the most efficient flight: Benhamou
2004) was calculated for each flight to assess the degree of active
orientation between locations. As a course indicator of site fidelity,
departure bearings were compared to the return bearing from the
previous trip (Weimerskirch et al. 2010). Finer-scale site fidelity
was assessed by calculating the distance of each presumed foraging
location (sites where birds were sitting on the water) from all lo-
cations visited in the previous 48 h; if individuals are site faithful,
they are expected utilize known locations and forage near those
sites. Persistent use of areas at-depth were assessed by comparing
maximum diving depths of TDR-loggered individuals that per-
formed more than 40 diurnal, crepuscular or nocturnal dives at
separate locations (i.e. areas separated by flights). Period and
location subsets accounted for spatial and temporal shifts in depth
utilization. Pearson correlation was used to test for fidelity in lo-
cations (longitude and latitude) and circular correlation tested for
fidelity in bearings (package ‘circular’ in R). Autocorrelation values
were calculated for dive depths by location and period. Unless
stated otherwise, means are presented with standard errors.

RESULTS

Scale-free Search

Through TDR tagging efforts, 1073 flights (23.8 � 1.8 flights/in-
dividual, range 2e57) and 9446 dives (209.9 � 43.0 dives/individ-
ual, range 5e1873) were recorded from murres foraging from Gull
and Funk Islands. Distributions of flight durations and daytime dive
depths showed rapid decay and were approximated by Brownian
(Exp or ExpB) models (flights: lz 0.0001/m, dives: lz 0.02/m;
Fig. 1a). PL and PLB models were not competitive. Ensemble-
averaged power spectra (Fig. 1b) provided further support for
Brownian typewalks (bz 0) over Lévywalks (bz 0.7). Finally, first
digit distributions (Fig. 1c) significantly deviated from values ex-
pected from Lévy walks (flights: c2

8 ¼ 643, P < 0.001; dives:
c2
8 ¼ 6341, P < 0.001). Results were similar across individuals (see

Supplementary Figs S1eS5), for twilight and nocturnal dives, and
for flight distances with inbound and outbound flights excluded.
The same analyses were performed on flight distance distributions
derived from GPS tracks and they yielded similar results.

Area Restricted Search

From GPS data, we obtained 26 tracks (2.6 � 0.6 tracks/indi-
vidual, range 1e4; for a map displaying all tracks, see
Supplementary Fig. S6) from murres foraging from Gull Island.
While visual inspection suggested little evidence of ARS behaviour,
FPT analyses revealed fine-scale peaks in the variance of log(FPT);
ARS zones were primarily centred on presumed foraging locations
(sites where birds were sitting on the water or diving; Fig. 2a).
Peaks in FPT occurred at a median scale of 1.3 km (range 0.2e
6.9 km); 32% of zones were less than 500 m and 68% were less than
2 km (Fig. 3a). Overall, these results show that murres rarely
perform coarse-scale area restricted searches while flying; rather
they primarily perform finer-scale searches while they are sitting
on the water.

Memory-based Search

Taking a sequential look at GPS tracks, the directed nature of
murre foraging paths becomes apparent. Foraging tracks of murres
from Gull Island revealed several generalities; flights were straight,
path headings matched those of return headings from previous
trips and locations visited were close to previously visited sites
(Fig. 2b, c). Analyses confirmed that flights were primarily straight;
88% of flights showed a straightness index >0.8 (Fig. 3b). This
finding supports our contention that flights are directed and
involve little active search. Murres also showed a tendency to
depart from the colony on the same heading that they used to re-
turn to the colony during the previous foraging trip (50% of de-
parture headings were within 20� of return headings of previous
trip; Fig. 3c), although headings were not significantly correlated
(circular correlation: r14 ¼ 0.36, P ¼ 0.18). Finally, murres visited
sites within close range of sites with which they had previous
experience (30% of locations werewith 2 km of a previous location;
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Fig. 3d); the latitude and longitude of these nearest neighbours
were correlated (Pearson correlation: latitude: r41 ¼ 0.80,
P < 0.001; longitude: r41 ¼ 0.35, P ¼ 0.02). Autocorrelation values
also showed that murres’ dive depths were positively correlated,
repeatedly taking them to the same general depth (w4 dives;
Fig. 3e). Such behaviour is not expected for a randomly foraging
predator. These results suggest that horizontal and vertical site fi-
delity are driven by memory.

DISCUSSION

Despite increasing support for scale-free Lévy search behaviour
across a range of species (reviewed in Viswanathan 2011), our
analysis provided little support for Lévy flights in murre movement
patterns (see also Elliott et al. 2009; Miramontes et al. 2012).
Instead, movement patterns were best approximated by Brownian
motion. Under the LFF hypothesis, predators displaying Brownian
movement patterns are thought to be searching for abundant and
uniformly distributed prey (Humphries et al. 2010). Capelin, how-
ever, are distributed in discrete horizontal and vertical patches
(Davoren et al. 2006); thus, Brownian motion would be an ineffi-
cient strategy to use to maximize overlap with prey (Bartumeus
et al. 2002). It therefore seems likely that murres are employing
more deterministic strategies to find capelin.

Given the hierarchical distribution of capelin patches, murres
are expected to display ARS behaviour (Fauchald et al. 2000). Here
we confirm the presence of ARS in murres and show that murres
primarily exhibit this behaviour at small scales (<2 km) when
sitting on the water. At this scale, Fauchald et al. (2000) found no
overlap between the at-sea distribution of capelin and murres
because capelin patches are much more unpredictable at this scale.
The murres studied here may have used ARS to find small-scale
stochastic prey patches. There was little indication of larger-scale
(>2 km) ARS behaviour because of the directed nature of murre
flights. Straight flights suggest that murres navigate to and from
known locations. This supposition is supported by the finding that
murres tended to visit the same general area (w2 km) they visited
previously. In a landscape where their degree of freedom is hun-
dreds of kilometres, it is impressive that foraging murres return to
the same general area with such consistency. In all, murre search
patterns were characterized by relatively long travel times inter-
spersed with small-scale ARS. This strategy is likely reinforced by
the spatiotemporal dynamics of capelin patches. As in the Barents
Sea, medium-scale capelin patches likely persist for days, and
hence are more predictable, than smaller-scale patches (Fauchald
et al. 2000). Overall, this indicates that murres may rely on mem-
ory to relocate medium-scale patches and use ARS to hone in on the
best small-scale patches. This foraging strategy is expected to
minimize costly search activity.

Using memory to return repeatedly to previously visited sites
might be an efficient foraging strategy given the temporal persis-
tence (both inter- and intra-annually) of some capelin hotspots
(Davoren et al. 2003). In Newfoundland, capelin shoals are often
predictable in both horizontal and vertical dimensions. As diel
vertical migrants, capelin aggregate near the bottom during the day
and migrate to shallower depths at night (Davoren et al. 2006).
Previous studies have shown that murres adjust the depth at which
they focus foraging activity according to the diel, and perhaps lunar,
vertical migration of capelin (Regular et al. 2010, 2011). Although
vertical movement patterns within diurnal, crepuscular and
nocturnal periods were approximated by Brownian motion, posi-
tive autocorrelation of diving depths across multiple dives showed
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that murre diving activity is directed. This suggests that murres are
often aware of the vertical location of capelin and they repeatedly
visit the same patch at-depth.

These findings draw attention to the efficacy of assessing both
random and deterministic search behaviour when interpreting
movement patterns. Sole reliance on the LFF hypothesis could have
led us to assume that murres were foraging for uniformly
distributed capelin using a Brownian search strategy. Careful
consideration of prey landscape characteristics and navigational
abilities, however, suggest that murres utilize information gained
on capelin distribution in the short term to guide foraging de-
cisions. Species that utilize cognitive maps can show diffuse
properties (e.g. Lévy), but these patterns can simply emerge from
the distribution of prey patches (e.g. Boyer et al. 2006). Such
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appears to be the case for murres; when we plotted the horizontal
and vertical distribution of capelin shoals (Fig. 4; digitized data
from Figure 3a in Davoren et al. 2006), patterns and model expo-
nents roughly matched those observed in the flying and diving
movements of murres (cf. Fig. 1a and Fig. 4).

Repeated returns to known capelin patches would be reinforced
through repeated success but would extinguish after a few visits of
limited success (winestay/loseeswitch rule; Kamil 1983). The
searching component of this strategy occurs when predators have
to switch locations. The presence of small-scale ARS behaviour
suggests that murres would utilize this strategy when searching at
larger scales. Although longer-term tracking efforts may reveal
periods when birds utilize Lévy search, it seems likely that murres
would use short-term information in combinationwith that gained
through lifetime foraging efforts. Learning howandwhere to forage
is considered a protracted process for seabirds (Lack 1968). Young
and naïve seabirds are less proficient foragers than more experi-
enced adults (Daunt et al. 2007). Murres show delayed maturity
and spend several years visiting the colony before recruiting into
the population (w6 years; Halley et al. 1995). This periodmay be an
important life-history stage to gather information on the local
environment before attempting to breed, ultimately improving
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foraging efficiency and future reproductive success. Tracks from
naïve juvenile murres could provide insights into the presence of
innate Lévy search behaviour; Lévy search should optimize the
foraging success of juvenile murres since they lack knowledge of
spatiotemporal dynamics of capelin patches.

Foraging decisions may, in some cases, be influenced by local
enhancement, a process bywhich individuals cue in on the foraging
activities of conspecifics within their visual range (Wittenberger &
Hunt 1985). Game theory predicts that individuals will balance
searching effort and competition by actively switching between
‘producing’ and ‘scrounging’. Scrounging is expected to increase
when prey patches are difficult to locate but decrease when
competition is high (Beauchamp 2008). Thus, depending on cir-
cumstances, scrounging may be more efficient than searching or
sampling mental maps, and vice versa. Because capelin shoals can
be both persistent and ephemeral, a mixed strategy of memory and
local enhancement could be essential (Davoren et al. 2003). The
scale and circumstances under which murres rely on each strategy
depends on the resolution of cognitive maps and perceptual range
(above and below water), as well as the spatial and temporal dis-
tribution of capelin and conspecifics. Working out such detail re-
quires further research.

Conclusions

A central assumption of the LFF hypothesis is that predators are
foraging for unpredictable resources (Viswanathan 2011). This
strategy has been shown to be very efficient for predators searching
for stochastic prey (Humphries et al. 2012). Violations of this
assumption, however, are easily overlooked given the general
assumption that marine predators are foraging for unpredictable
resources. This is not always the case (sensu Weimerskirch et al.
2007); prey predictability is not uncommon; thus, the ability to
retain information regarding the spatial and temporal distribution
of prey patches should greatly improve foraging efficiency (Boyer &
Walsh 2010). Moreover, many animals are capable of utilizing in-
formation gathered while foraging to strategically adjust foraging
patterns (e.g. ARS; Fauchald 2009). Although little is known of the
cognitive abilities of murres, they are capable of returning to pre-
viously visited sites. Of course, their knowledge of prey locations is
not perfect; they appear to rely on ARS when information is sparse.
This creates horizontal and vertical diffusion patterns similar to the
distribution of their primary prey, capelin. It is therefore important
to consider both prey predictability and cognitive skills when
interpreting movement patterns.

Acknowledgments

We thank C. Burke, D. Fifield, A.-L. Kouwenberg, N. Laite,
P. Mallum, P. Merchant, L. McFarlane Tranquilla, M. Rector,
G. Robertson, L. Regular, L. Takahashi, N. White, M. Wille and the
captain and crew of the Lady Easton for assistance in the field. All
procedures were in full compliance with guidelines of the Presi-
dent’s Committee on Animal Care at Memorial University of
Newfoundland (01-01-WM). Thanks to A. Edwards for assistance
with diffusion model analyses and B. Inouye for providing critical
methodological recommendations. Funding was provided by a
Natural Sciences and Engineering Research Council of Canada
(NSERC) postgraduate scholarship to P. M. Regular, an NSERC Dis-
covery Grant, the Murre Fund of the Newfoundland and Labrador
Legacy Nature Trust, and the Government of Canada’s Program for
International Polar Year to W. A. Montevecchi.

Supplementary Material

Supplementary material for this article is available, in the online
version, at http://dx.doi.org/10.1016/j.anbehav.2013.06.008.

References

Avgar, T., Kuefler, D. & Fryxell, J. M. 2011. Linking rates of diffusion and con-
sumption in relation to resources. American Naturalist, 178, 182e190.

Bartumeus, F., Catalan, J., Fulco, U., Lyra, M. & Viswanathan, G. 2002. Optimizing
the encounter rate in biological interactions: Lévy versus Brownian strategies.
Physical Review Letters, 89, 109902.

Beauchamp, G. 2008. A spatial model of producing and scrounging. Animal
Behaviour, 76, 1935e1942.

Bell, W. J.1991. Searching Behaviour: the Behavioural Ecology of Finding Resources. 1st
edn. London: Chapman & Hall.

Benhamou, S. 2004. How to reliably estimate the tortuosity of an animal’s path:
straightness, sinuosity, or fractal dimension? Journal of Theoretical Biology, 229,
209e220.

Benhamou, S. 2007. Howmany animals really do the Lévy walk? Ecology, 88, 1962e
1969.

http://dx.doi.org/10.1016/j.anbehav.2013.06.008
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref1
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref1
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref1
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref2
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref2
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref2
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref3
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref3
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref3
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref4
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref4
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref5
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref5
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref5
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref5
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref6
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref6


P. M. Regular et al. / Animal Behaviour 86 (2013) 545e552552
Boyer, D. & Walsh, P. D. 2010. Modelling the mobility of living organisms in het-
erogeneous landscapes: does memory improve foraging success? Philosophical
Transactions of the Royal Society A, 368, 5645e5659.

Boyer, D., Ramos-Fernandez, G., Miramontes, O., Mateos, J. L., Cocho, G.,
Larralde, H., Ramos, H. & Rojas, F. 2006. Scale-free foraging by primates
emerges from their interaction with a complex environment. Proceedings of the
Royal Society B, 273, 1743e1750.

Burnham, K. P. & Anderson, D. R. 2002. Model Selection and Multi-model Inference:
a Practical Information-theoretic Approach. New York: Springer.

Burt de Perera, T. 2004. Fish can encode order in their spatial map. Proceedings of
the Royal Society B, 271, 2131e2134.

Clode, D. 1993. Colonially breeding seabirds: predators or prey? Trends in Ecology &
Evolution, 8, 336e338.

Daunt, F., Wanless, S., Harris, M. P., Money, L. & Monaghan, P. 2007. Older and
wiser: improvements in breeding success are linked to better foraging perfor-
mance in European shags. Functional Ecology, 21, 561e567.

Davoren, G. K. & Montevecchi, W. A. 2003. Signals from seabirds indicate changing
biology of capelin stocks. Marine Ecology Progress Series, 258, 253e261.

Davoren, G.,Montevecchi,W.&Anderson, J. 2003. Search strategies of a pursuit-diving
marinebirdandthepersistenceofpreypatches.EcologicalMonographs,73, 463e481.

Davoren, G. K., Anderson, J. T. & Montevecchi, W. A. 2006. Shoal behaviour and
maturity relations of spawning capelin (Mallotus villosus) off Newfoundland:
demersal spawning and diel vertical movement patterns. Canadian Journal of
Fisheries and Aquatic Sciences, 63, 268e284.

Edwards, A. M. 2011. Overturning conclusions of Lévy flight movement patterns by
fishing boats and foraging animals. Ecology, 92, 1247e1257.

Edwards, A. M., Phillips, R. A., Watkins, N. W., Freeman, M. P., Murphy, E. J.,
Afanasyev, V., Buldyrev, S. V., da Luz, M. G. E., Raposo, E. P., Stanley, H. E.,
et al. 2007. Revisiting Levy flight search patterns of wandering albatrosses,
bumblebees and deer. Nature, 449, 1044e1049.

Elliott, K. H., Bull, R. D., Gaston, A. J. & Davoren, G. K. 2009. Underwater and
above-water search patterns of an Arctic seabird: reduced searching at small
spatiotemporal scales. Behavioral Ecology and Sociobiology, 63, 1773e1785.

Fauchald, P. 1999. Foraging in a hierarchical patch system. American Naturalist, 153,
603e613.

Fauchald, P. 2009. Spatial interaction between seabirds and prey: review and
synthesis. Marine Ecology Progress Series, 391, 139e151.

Fauchald, P. & Tveraa, T. 2003. Using first-passage time in the analysis of area-
restricted search and habitat selection. Ecology, 84, 282e288.

Fauchald, P., Erikstad, K. & Skarsfjord, H. 2000. Scale-dependent predatoreprey
interactions: the hierarchical spatial distribution of seabirds and prey. Ecology,
81, 773e783.

Garber, P. A. 1989. Role of spatial memory in primate foraging patterns: Saguinus
mystax and Saguinus fuscicollis. American Journal of Primatology, 19, 203e216.

Gautestad, A. O. 2011. Memory matters: influence from a cognitive map on animal
space use. Journal of Theoretical Biology, 287, 26e36.

Gautestad, A. O. & Mysterud, I. 2010. The home range fractal: from randomwalk to
memory-dependent space use. Ecological Complexity, 7, 458e470.

Gould, J. L. 1986. The locale map of honey-bees: do insects have cognitive maps.
Science, 232, 861e863.

Grünbaum, D. 1998. Using spatially explicit models to characterize foraging per-
formance in heterogeneous landscapes. American Naturalist, 151, 97e115.

Halley, D., Harris, M. & Wanless, S. 1995. Colony attendance patterns and
recruitment in immature common murres (Uria aalge). Auk, 112, 947e957.

Hays, G. C., Bastian, T., Doyle, T. K., Fossette, S., Gleiss, A. C., Gravenor, M. B.,
Hobson, V. J., Humphries, N. E., Lilley, M. K. S., Pade, N. G., et al. 2012. High
activity and Lévy searches: jellyfish can search the water column like fish.
Proceedings of the Royal Society B, 279, 465e473.

Hedd, A., Regular, P. M., Montevecchi, W. A., Buren, A. D., Burke, C. M. &
Fifield, D. A. 2009. Going deep: common murres dive into frigid water for
aggregated, persistent and slow-moving capelin. Marine Biology, 156, 741e751.

Humphries, N. E., Queiroz, N., Dyer, J. R. M., Pade, N. G., Musyl, M. K.,
Schaefer, K. M., Fuller, D. W., Brunnschweiler, J. M., Doyle, T. K.,
Houghton, J. D. R., et al. 2010. Environmental context explains Lévy and
Brownian movement patterns of marine predators. Nature, 465, 1066e1069.

Humphries, N. E., Weimerskirch, H., Queiroz, N., Southall, E. J. & Sims, D. W.
2012. Foraging success of biological Lévy flights recorded in situ. Proceedings of
the National Academy of Sciences, U.S.A., 109, 7169e7174.

Kamil, A. 1983. Optimal foraging theory and the psychology of learning. American
Zoologist, 23, 291e302.

Kamil, A. C. & Roitblat, H. L. 1985. The ecology of foraging behavior: implications
for animal learning and memory. Annual Review of Psychology, 36, 141e169.

Korobkova, E., Emonet, T., Vilar, J., Shimizu, T. & Cluzel, P. 2004. From molecular
noise to behavioural variability in a single bacterium. Nature, 428, 574e578.

Lack, D. 1968. Ecological Adaptations for Breeding in Birds. London: Methuen.
Laughlin, K. & Mendl, M. 2000. Pigs shift too: foraging strategies and spatial

memory in the domestic pig. Animal Behaviour, 60, 403e410.
MacArthur, R. H. & Pianka, E. R. 1966. On optimal use of a patchy environment.

American Naturalist, 100, 603e609.
Miramontes, O., Boyer, D. & Bartumeus, F. 2012. The effects of spatially hetero-
geneous prey distributions on detection patterns in foraging seabirds. PLoS One,
7, e34317.

Orians, G. H. & Pearson, N. E.1979. On the theory of central place foraging. In:Analysis
of Ecological Systems (Ed. by D. J. Horn, G. R. Stairs & R. D. Mitchell), pp. 155e177.
Columbus: Ohio State University Press.

Pennycuick, C. 1987. Flight of auks (Alcidae) and other northern seabirds compared
with southern Procellariiformes: ornithodolite observations. Journal of Experi-
mental Biology, 128, 335e347.

Petrovskii, S., Mashanova, A. & Jansen, V. A. A. 2011. Variation in individual
walking behavior creates the impression of a Lévy flight. Proceedings of the
National Academy of Sciences, U.S.A., 108, 8704e8707.

Piatt, J. F. 1987. Behavioural ecology of common murre and Atlantic puffin predation
on capelin: implications for population biology. Ph.D. thesis. Memorial University
of Newfoundland.

Pinaud, D. 2008. Quantifying search effort of moving animals at several spatial
scales using first-passage time analysis: effect of the structure of environment
and tracking systems. Journal of Applied Ecology, 45, 91e99.

R Development Core Team 2011. R: a Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing. http://
www.R-project.org.

Regular, P. M., Davoren, G. K., Hedd, A. & Montevecchi, W. A. 2010.
Crepuscular foraging by a pursuit-diving seabird: tactics of common murres
in response to the diel vertical migration of capelin. Marine Ecology Progress
Series, 415, 295e304.

Regular, P. M., Hedd, A. & Montevecchi, W. A. 2011. Fishing in the dark: a pursuit-
diving seabird modifies foraging behaviour in response to nocturnal light level.
PLoS One, 6, e26763.

Reynolds, A. M. 2012a. Distinguishing between Lévy walks and strong alternative
models. Ecology, 93, 1228e1233.

Reynolds, A. M. 2012b. Olfactory search behaviour in the wandering albatross is
predicted to give rise to Lévy flight movement patterns. Animal Behaviour, 83,
1225e1229.

Reynolds, A. M., Smith, A. D., Menzel, R., Greggers, U., Reynolds, D. R. & Riley, J. R.
2007. Displaced honey bees perform optimal scale-free search flights. Ecology,
88, 1955e1961.

Rose, G. A. & Leggett, W. C. 1989. Interactive effects of geophysically-forced sea
temperatures and prey abundance on mesoscale coastal distributions of a
marine predator, Atlantic cod (Gadus morhua). Canadian Journal of Fisheries and
Aquatic Sciences, 46, 1904e1913.

Russell, R. W., Hunt, G. L., Coyle, K. O. & Cooney, R. T. 1992. Foraging in a fractal
environment: spatial patterns in a marine predatoreprey system. Landscape
Ecology, 7, 195e209.

Sims, D. W., Humphries, N. E., Bradford, R. W. & Bruce, B. D. 2011. Lévy flight and
Brownian search patterns of a free-ranging predator reflect different prey field
characteristics. Journal of Animal Ecology, 81, 432e442.

Stephens, D. W. & Krebs, J. R. 1986. Foraging Theory. Princeton, New Jersey:
Princeton University Press.

Templeman, W. 1948. The life history of the caplin (Mallotus villosus O. F. Müller) in
Newfoundland waters. Bulletin of the Newfoundland Government Laboratory, 17,
1e151.

Thums, M., Bradshaw, C. J. A. & Hindell, M. A. 2011. In situ measures of foraging
success and prey encounter reveal marine habitat-dependent search strategies.
Ecology, 92, 1258e1270.

Tinbergen, N., Impekoven, M. & Franck, D. 1967. An experiment on spacing-out as
a defence against predation. Behaviour, 28, 307e320.

Tremblay, Y., Cherel, Y., Oremus, M., Tveraa, T. & Chastel, O. 2003. Unconventional
ventral attachment of time-depth recorders as a new method for investigating
time budget and diving behaviour of seabirds. Journal of Experimental Biology,
206, 1929e1940.

Viswanathan, G. M. 2011. The Physics of Foraging: an Introduction to Random
Searches and Biological Encounters. Cambridge: Cambridge University Press.

Viswanathan, G., Buldyrev, S., Havlin, S., da Luz, M., Raposo, E. & Stanley, H. 1999.
Optimizing the success of random searches. Nature, 401, 911e914.

Weimerskirch, H. 2007. Are seabirds foraging for unpredictable resources? Deep-
Sea Research Part II, 54, 211e223.

Weimerskirch, H., Pinaud, D., Pawlowski, F. & Bost, C. 2007. Does prey
capture induce area-restricted search? A fine-scale study using GPS in
a marine predator, the wandering albatross. American Naturalist, 170,
734e743.

Weimerskirch, H., Bertrand, S., Silva, J., Carlos Marques, J. & Goya, E. 2010. Use of
social information in seabirds: compass rafts indicate the heading of food
patches. PLoS One, 5, e9928.

Wilhelm, S. I., Robertson, G. J., Taylor, P. A., Gilliland, S. G. & Pinsent, D. L. 2003.
Stomach contents of breeding common murres caught in gillnets off
Newfoundland. Waterbirds, 26, 376e378.

Wittenberger, J. F. & Hunt, G. L. 1985. The adaptive significance of coloniality in
birds. In: Avian Biology (Ed. by D. S. Farner, J. R. King & K. C. Parkes), pp. 1e78.
New York: Academic Press.

http://refhub.elsevier.com/S0003-3472(13)00292-3/sref7
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref7
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref7
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref7
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref8
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref8
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref8
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref8
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref8
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref9
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref9
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref10
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref10
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref10
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref11
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref11
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref11
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref12
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref12
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref12
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref12
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref13
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref13
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref13
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref14
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref14
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref14
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref15
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref15
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref15
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref15
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref15
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref16
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref16
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref16
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref17
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref17
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref17
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref17
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref17
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref18
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref18
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref18
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref18
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref19
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref19
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref19
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref20
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref20
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref20
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref21
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref21
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref21
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref22
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref22
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref22
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref22
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref22
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref23
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref23
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref23
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref24
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref24
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref24
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref25
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref25
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref25
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref26
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref26
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref26
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref27
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref27
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref27
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref28
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref28
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref28
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref29
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref29
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref29
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref29
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref29
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref30
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref30
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref30
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref30
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref31
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref31
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref31
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref31
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref31
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref32
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref32
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref32
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref32
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref33
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref33
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref33
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref34
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref34
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref34
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref35
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref35
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref35
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref36
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref37
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref37
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref37
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref38
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref38
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref38
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref39
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref39
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref39
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref41
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref41
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref41
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref41
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref42
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref42
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref42
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref42
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref43
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref43
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref43
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref43
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref44
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref44
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref44
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref45
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref45
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref45
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref45
http://www.R-project.org
http://www.R-project.org
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref47
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref47
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref47
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref47
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref47
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref48
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref48
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref48
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref49
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref49
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref49
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref50
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref50
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref50
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref50
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref51
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref51
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref51
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref51
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref52
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref52
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref52
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref52
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref52
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref53
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref53
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref53
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref53
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref53
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref55
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref55
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref55
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref55
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref56
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref56
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref57
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref57
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref57
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref57
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref58
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref58
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref58
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref58
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref59
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref59
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref59
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref60
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref60
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref60
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref60
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref60
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref61
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref61
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref62
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref62
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref62
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref63
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref63
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref63
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref64
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref64
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref64
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref64
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref64
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref65
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref65
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref65
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref66
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref66
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref66
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref66
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref67
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref67
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref67
http://refhub.elsevier.com/S0003-3472(13)00292-3/sref67

	Must marine predators always follow scaling laws? Memory guides the foraging decisions of a pursuit-diving seabird
	Methods
	Study Sites and Field Methods
	Data Analysis

	Results
	Scale-free Search
	Area Restricted Search
	Memory-based Search

	Discussion
	Conclusions

	Acknowledgments
	Supplementary Material
	References


