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In 1987, David Cairns proposed that a gradient of colony-based measures on seabirds

could be used to assess food supply in the ocean. Measures closely tied to the ocean,

such as foraging trip duration, would be sensitive to small declines in food supply while

measures more closely tied with the nest site, such as reproductive success, would be

sensitive to large declines in food supply. The continual refinement of tracking devices

holds the potential to clearly link variables measured via seabirds to food supply, possibly

extending Cairns’ hypothesis. Here, we review the various tests of Cairns’ hypothesis,

and demonstrate that those tests have had variable success, partly because of the

complex and nonlinear relationships between food supply and colony-based measures.

We summarize the metrics available from biologgers and argue that such devices can

provide a more direct proxy of food supply. We conclude that Cairns’ hypothesis can be

extended to biologger-derived parameters and that seabird behavior can be used as an

early warning signal for declining food supply.

Keywords: biologging, early warning signals, ecological indicators, marine birds, movement ecology

INTRODUCTION

Fish and other seafood provide important ecosystem services, including provisioning, ecotourism,
and promoting ecosystem diversity (Holmlund and Hammer, 1999). Inaccurate or incomplete
quantification of seafood populations can lead to overfishing and ecosystem collapse, ultimately
impacting nearby human communities (Myers et al., 1997; Myers and Worm, 2003; Worm et al.,
2006). Food supply metrics, like population trends or relative abundance of seafood on different
spatial scales, are often at the center of interest for fisheries management, and are typically
quantified from commercial catch data. Yet those data can be biased, may miss early life stages that
are important for predictive models, and will miss components of ecosystems that may be essential
for ecosystem function but not commercially valuable (Richards and Schnute, 1986; Rose and
Kulka, 1999; Salthaug and Godø, 2000). Ship-based biological surveys can provide additional data,
but are expensive, especially in remote areas, such as the Arctic, and only cover a single trajectory
and a single point in space at each time point (Montevecchi, 1993; Furness and Camphuysen, 1997).

Seabirds range widely across oceans, yet return to a single central place, the colony, during the
breeding season. In one afternoon at a seabird colony, a biologist can sample an area of ocean
that would cost millions of dollars to investigate using a scientific vessel, obtaining much of the
information needed for food supply assessment. Indeed, Cairns (1987) proposed that a gradient of
colony-based measures of seabird breeding behavior could be used as indicators of food supply. He
proposed that nest attendance would be most sensitive to variation in prey availability, followed
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by chick growth rates, reproductive success, and adult survival.
In each case, the relationship would be nonlinear, such that there
would be a small range of food supply over which each variable
would be able to provide meaningful predictions.

Since Cairns’ paper, biologgers (e.g., time-depth recorders,
GPS loggers, geolocators, satellite tags) have become a
common part of the seabird biologist “tool kit,” allowing
for the measurement of several new variables (Jouventin and
Weimerskirch, 1990; Ropert-Coudert et al., 2009; Garthe et al.,
2011; Regular et al., 2013). These devices allow biologists to follow
seabirds out to sea, with some of them (e.g., camera loggers,
accelerometers, beak-opening sensors) directly documenting
the very moment where a seabird encounters and captures
(“samples”) its prey (Simeone andWilson, 2003; Bost et al., 2008;
Watanabe and Takahashi, 2013). Owing to the closer temporal
and spatial proximity between the measured variable (seabird
behavior) and the variable of interest (food supply), biologgers
have the potential for the measured variable to provide more
accurate estimates of the variable of interest, including those
of the Cairns hypothesis. In particular, whereas Cairns’ original
parameters could be confounded at the colony by predation,
disease, weather, and human disturbance, some biologger-
derived parameters may be less directly impacted. Finally,
biologgers allow researchers to indirectly assess food supply
throughout the year at a higher temporal resolution, and to
monitor the fine-scale spatial distribution of food supply. In this
paper, we review the evidence in support of Cairns’ hypothesis
and examine the use of biologgers on seabirds to monitor food
supply. We are careful to separate food supply (the underlying
variable of interest) from fish stocks (measured by independent
metrics meant to approximate food supply, such as fishing catch
per unit effort and hydroacoustic surveys) and prey availability
(the variable that seabirds directly respond to). As an example,
the behavior of a surface-feeding seabird (e.g., black-legged
kittiwake) might be used to infer capelin (Mallotus villosus)
populations (food supply). Elsewhere, that inference’s viability
might have been tested by independent hydroacoustic surveys
at one life stage (fish stocks). Nonetheless, only capelin near
the surface are accessible to kittiwakes (prey availability). Our
assumption is that all three variables are related to each other.

Tests of Cairns’ Hypothesis
We reviewed 489 studies citing Cairns’ (1987) seminal paper, or
citing later follow-up reviews by Piatt et al. (2007a,b), that tested
for a relationship between colony-based parameters (those that
do not require the use biologgers) and at least one independent
measure of food supply. We concentrated on food supply
targeted by the fishing industry, therefore excluding zooplankton.
We focused on three categories of colony-based parameters that
were most commonly examined (foraging trip duration/colony
attendance, chick growth rate/mass, and breeding success;
Supplementary Material). Median sample size was 19 colony
years (range: 8–47 years), and studies shorter than four years were
not included in the review. Although Cairns (1987) predicted that
seabirds would respond nonlinearly to variation in food supply,
four out of fifteen studies only tested for linear correlations.
Of the studies that tested for both linear and nonlinear effects,

nonlinear relationships provided the best fits for 32 out of 42
colony-based parameters examined (linear: 3; no relationship:
7). In addition, we completed a non-comprehensive review of
the literature to find examples of studies that used biologgers on
seabirds to estimate food supply, to assess the potential benefits
of biologgers to use seabirds as indicator of food supply.

Breeding Success
Eleven studies looked at the effect of prey availability on breeding
success, with all of them defining breeding success as the number
of fledged chick per breeding pair. Cury et al. (2011) performed
a comprehensive review of long-term seabird studies examining
the relationship between breeding success and fish stocks; they
found that seabird breeding success responded to changes in fish
stocks when it was within the lower third ofmaximumfish stocks.
This indicates that breeding success is less sensitive to variation
in food supply than Cairns’ original hypothesis (Figure 1A). The
study by Cury et al. (2011) re-analyzed data from populations
examined by other studies included in our review (e.g., Oro
and Furness, 2002; Crawford et al., 2006; Piatt et al., 2007a).
Although they found only asymptotic relationships (and one
non-significant relationship) across species (Cury et al., 2011),
the original studies reported the full range of functional responses
to changes in fish stocks (no relationship, linear, asymptotic,
step), with asymptotic relationships being the most common.
There was also great variability in the explanatory power of
these relationships (r2: 0.19–0.75). In some cases, the relationship
between reproductive success and fish stocks was only significant
when certain years with exceptionally low breeding success were
excluded (e.g., Crawford et al., 2006; Wanless et al., 2007),
indicating that other drivers of reproductive failure can confound
this relationship, in addition to food availability.

Chick Growth Rate and Mass
The link between chick growth and prey availability was the
subject of four studies. In five cases where an asymptote or
step function was reported for chick growth rate/mass, the
variation occurred within the lowest 25% of measured fish stocks,
indicating that chick size is less sensitive to variation in food
supply than Cairns’ original hypothesis implied (Figure 1B).
Three cases reported no relationship between chick growth
rates/mass and fish stocks, one case reported a negative linear
relationship (Österblom et al., 2006), and one case reported a
weak positive relationship (Cohen et al., 2014). The explanatory
power of these models was generally weak, with only one study
reporting r2 values >0.5 (Piatt et al., 2007a). In studies that
considered both chick growth rates and mass, the relationship
with fish stocks was not always consistent; Suryan et al. (2006)
found that fish stocks predicted chick growth rate but not
mass, while Dänhardt and Becker (2011) found that fish stocks
predicted chick mass but not growth rate at one colony and
no relationship with fish stocks at another. Finally, one study
examined feeding rates (Harding et al., 2007b), presumably
representative of chick growth rates, but relationships were
driven by differences between colonies monitored by sight or
by video camera, with the possibility that observations by sight
missed some feeding events. Chick growthmeasures are probably
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not well correlated with fish stock because breeding adults,
especially older ones, likely compensate in years with low prey
availability by increasing foraging effort.

Foraging Trip Duration and Colony Attendance
Cairns (1987) predicted that measures of activity budgets and
colony attendance would be sensitive to a broader range of
variation in food supply thanmeasures of reproductive success or
chick growth rate (Figure 1C). A very limited number of cases—
four studies looking at three colony/species combinations—
examined foraging trip duration or colony attendance. The
one study that considered foraging trip duration (Piatt et al.,
2007a) reported a negative exponential relationship with fish
stocks, where trip duration varied across the entire range of
fish stocks. Three cases considered colony attendance, and
a different relationship was reported for each species; only
one species (common murre, Uria aalge) showed a strong
relationship with fish stocks, where attendance during chick
rearing varied in the lower 60% of observed fish stocks (Harding
et al., 2007a,b; Piatt et al., 2007a). Furthermore, the relationship
between colony attendance and fish stocks was driven by
differences between colonies monitored by sight or by video
camera (Harding et al., 2007a,b; Piatt et al., 2007a), and it
is possible that visual observations missed some attendance
periods. While there is suggestive evidence that foraging
and attendance parameters are sensitive to changes in prey
availability, the lack of studies that consider these parameters
speaks to the difficulty of data collection without use of
biologgers.

General Patterns
Our review found conflicting trends that challenge the utility of
colony-based parameters as indicators of food supply. Studies
that tested for relationships between colony-based measures and
multiple prey types or age classes reported different trends,
depending on the prey types or age classes considered (e.g., Oro
and Furness, 2002; Wanless et al., 2007; Dänhardt and Becker,
2011; Santora et al., 2014). Thus, seabirds may be indicators
of only a specific subset of food supply in some cases (e.g.,
certain species, age classes within species). However, seabirds
may preferentially select specific prey or switch to alternate
prey depending on conditions (Suryan et al., 2002), which
could also obscure relationships with specific food supply. While
Cairns’ (1987) hypothesis specifically addresses total biomass,
additional variation with food supply, including average prey
mass (Österblom et al., 2006), timing of prey arrival (Wanless
et al., 2007), and age class (Oro and Furness, 2002; Dänhardt
and Becker, 2011), can complicate the relationship between
food supply and colony-based parameters. Furthermore, studies
examined colony-based measures at different breeding stages
(i.e., incubation, chick-rearing), which could add further noise in
the response to prey availability. A mismatch between the timing
of measurements of fish stocks and seabird responses to prey
availability could also obscure our ability to detect relationships
even when they are present.

Responses to fish stocks varied between (e.g., Piatt et al.,
2007a) and within species (e.g., Dänhardt and Becker, 2011).

Differences in responses to variation in fish stocks among species
may be related to foraging mode. For example, the relationships
between fish stocks and foraging trip duration/colony attendance
parameters were weaker in black-legged kittiwakes (Rissa
tridactyla; surface foragers) than in common murres (divers),
possibly because murres can reallocate resting time to foraging
effort when food is scarce (Piatt et al., 2007a). Although
breeding success of surface foragers is often considered more
sensitive to low prey availability than that of diving foragers
(Furness and Tasker, 2000), we found little evidence that the
strength of the relationship is stronger for surface foragers
than divers, especially as many of the studies reviewed focused
on two species, black-legged kittiwakes or common murres.
Furthermore, hydroacoustic and trawling surveys of food supply
may better-represent prey available to diving birds, while aerial
surveys (e.g., Suryan et al., 2006) are more representative
of prey available to surface foragers. Interestingly, different
colonies of the same species showed different responses to
variation in fish stocks (common terns, Sterna hirundo: Dänhardt
and Becker, 2011; black-legged kittiwakes: Piatt et al., 2007a
vs. Suryan et al., 2006).

Although it is clear that variation in prey availability influences
seabird behavior and breeding success, these relationships are
generally weak and nonlinear. The colony-based parameters
examined may identify coarse changes in food supply, but are
poor predictors of smaller changes, and therefore of limited
utility as indicators of changes in food supply.

Use of Biologger-Derived Behaviors as
Indicators of Food Supply
Biologging provides new opportunities to use seabirds as
indicators of marine food supply (Table 1). The consensus from
the studies in Table 1 is that biologgers are useful tools that
demonstrate how seabirds adjust their foraging behavior to fish
stocks and distribution, sometimes showing strong correlations
(Litzow and Piatt, 2003; Bertrand et al., 2012; Cohen et al.,
2014; Boyd et al., 2015). Three studies found a linear correlation
between fish stocks and foraging parameters (Litzow and Piatt,
2003; Bertrand et al., 2012; Cohen et al., 2014), which suggests
that foraging distance from the colony, diving depth, and diving
activity may be good candidate parameters for detection of
changes in food supply. Most studies emphasized that because it
is more difficult to collect fish stock data than seabird foraging
behavior data, few can link the two—which is, after all, why
seabirds are examined as potential indicators of food supply. Five
studies collected data over five or fewer colony years, making
it difficult to determine whether the relationship between bird
behavior and fish stocks is linear or nonlinear (Monaghan et al.,
1994; Suryan et al., 2006; Pichegru et al., 2010; Angel et al., 2015).
Biologgers also recordmany foraging parameters, which were not
all considered by each study; therefore, some studies might have
missed a potentially important correlation.

Similar to the case for colony-based metrics, the link
between fish stocks and seabird distribution likely varies
among species (Cairns, 1987), which could explain differences
among studies. Although several studies found correlations
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A D

B E

C F

FIGURE 1 | Theoretical (dashed lines) and observed (solid lines) relationships between food supply and colony-based parameters (A–C; adapted from Cairns, 1987)

or biologging parameters (D–F). Cairns’ original parameters are sensitive to low food supply, while biologging parameters are theoretically sensitive to a broader range

of food supply.

between the distribution of birds and prey (Catry et al., 2004;
Weimerskirch et al., 2005; Fauchald and Tveraa, 2006), one
study found no relationship between foraging effort and fish
stocks (Croll et al., 2006), or only with primary productivity,
rather than fish stocks (Grémillet et al., 2008). Thus, species
may vary in their responses to food supply in both colony-
based reproductive parameters, and biologger-derived foraging
parameters. Furthermore, biologging also potentially suffers
from the same bias as colony monitoring, as factors other
than prey availability could also explain changes in behaviors.
Most considerations described for colony-based measures, like
differences among colonies, also likely play a role in the
differences observed.

Even if some biologger-derived parameters were sometimes
reported to be linearly correlated with fish stocks (Litzow and
Piatt, 2003; Bertrand et al., 2012; Cohen et al., 2014), other
parameters were not. Indeed, seabird energy expenditure is often
thought to be at a ceiling over a large range of food supply (Elliott
et al., 2014; Figure 1D). Years with low food supply may prevent
birds from expending high energy while birds may not need to
expend high energy expenditure during years of high food supply.

Based on the relationships reported in Table 1, we propose an
extension of Cairns’ hypothesis that includes biologger-derived
parameters (Figure 1D–F). In contrast to energy expenditure,
foraging effort (i.e., number of dives, distance traveled, flight
duration) was often reported to be linearly related to fish
stocks (Table 1), at least over the range of fish stocks measured
(Figure 1E). We argue that energy intake, or prey encounter
rate, should be even more closely linked to fish stocks, and the
relationship is likely to be linear given that encounter rate is
likely proportional to abundance (Figure 1F). This relationship
remains untested, but could likely be verified via accelerometers,
beak-opening recorders, and esophagus temperature recorders
(Simeone and Wilson, 2003; Hanuise et al., 2010; Watanabe and
Takahashi, 2013).

Future Directions
The use of biologgers can provide an opportunity to extend the
Cairns’ hypothesis, by adding new parameters that may have a
more linear relationship with fish stocks in at least some seabird
species. Some of those parameters may be sensitive over the
entire range of food supply, obviating the need for multiple
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TABLE 1 | Studies that used biologgers to link seabird foraging parameters to food supply (variation in time, space, or both).

Metric of food supply

estimated

Behavioral parameter Species of seabird Relationship between metric of food

supply and behavioral parameter

Citation

Temporal abundance of

fish

Time budget Uria aalge Foraging trip duration and dive frequency

increased in years of low prey abundance

Monaghan et al., 1994

Temporal abundance of

fish

Time budget Cepphus columba Time spent diving increased in years of low

prey abundance

Litzow and Piatt, 2003

Spatial distribution of

fish

Spatio-temporal distribution Thalassarche

chrysostoma

Individuals spatially associated with areas of

predictable prey concentrations

Catry et al., 2004

Spatio-temporal

distribution of fish

Spatio-temporal distribution Diomedea exulans Individuals spatially and temporally associated

with specific prey types

Weimerskirch et al.,

2005

Temporal abundance of

fish

Time budget; foraging effort Pygoscelis antarctica Foraging effort (i.e., length and number of

foraging trips per day; dive depth, rate and

duration) did not vary among years with varying

prey abundance

Croll et al., 2006,

Spatio-temporal

distribution of fish

Spatio-temporal distribution Thalassoica

antarctica

Large-scale prey hotspots had a turn-over

within weeks, while small-scale hotspots had a

turn-over within days

Fauchald and Tveraa,

2006

Temporal abundance of

fish

Time budget Rissa tridactyla Foraging trip duration and distance increased

in years of low prey abundance

Suryan et al., 2006

Spatial distribution of

area with high primary

productivity and fish

abundance

Spatial distribution Morus capensis Individuals spatially associated with areas of

high primary productivity, but not with areas of

high fish abundance

Grémillet et al., 2008

Spatial-temporal

abundance of fish

Time budget Spheniscus

demersus

Foraging trips duration and distance decreased

after closure of purse-seine industrial fishing,

relative to the year before the closure and other

colonies where fisheries continued; dive metrics

did not change across colonies or years

Pichegru et al., 2010

Temporal abundance of

fish

Time budget Sula variegata Foraging distance and dive depth increased on

days of high fishery activity

Bertrand et al., 2012

Temporal abundance of

fish

Time budget Morus capensis Foraging distance increased in years of low

prey abundance

Cohen et al., 2014

Temporal abundance of

fish

Energetic expenditure; time

budget

Morus serrator Energetic expenditure per foraging trip

increased in years of low primary productivity;

foraging trip duration and distance did not vary

in response to prey abundance

Angel et al., 2015

Abundance and spatial

distribution of fish

Probability of diving at a given

location

Phalacrocorax

bougainvilliorum

Individuals dove more often when prey were

located at shallow depth, but not necessarily

when the relative abundance of prey was higher

Boyd et al., 2015

parameters. A major advantage of biologging is the potential to
estimate food supply over multiple spatial and temporal scales.
Year-round biologger deployments (e.g., Daunt et al., 2014; Fayet
et al., 2016) can document year-round variation in food supply
over large scales. Repeated biologger deployments on the same
individuals over multiple years (e.g., Daunt et al., 2014) will allow
us to examine inter- and intra-individual responses to variation
in food supply. Inter-species variation is also likely important.
Such issues can be addressed with a larger sample size, which is
now possible due to the reducing cost of biologgers.

Relatively few biologging studies compared biologger-derived
measures of foraging behavior with independent measures of
food supply, and those that did had small sample sizes relative
to the studies of colony-based reproductive parameters. We
recommend that biologgers become integral components of
long-term seabird monitoring studies. With the aggregation of

data overmany years, tests of nonlinear relationships will become
more robust.

We encourage the use of biologging devices with multiple
channels, such as GPS-accelerometers. Accelerometers provide
direct estimates of prey capture rates and energy expenditure
over the entire range of food supply variation (Wilson et al.,
2006; Watanabe and Takahashi, 2013; Stothart et al., 2016), and
coupling GPS locations with accelerometer data could allow
the modeling of energy landscapes, with net energy intake
peaks corresponding to regions of high food supply. Regardless,
biologgers provide a variety of potential foraging parameters,
and we suggest that studies examine multiple parameters
simultaneously.

Biologging improves our ability to quantify foraging behavior
of seabirds, which in turn improves our ability to use seabirds as
indicators of food supply. Thus, seabird behavioral parameters
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derived from biologging devices may act as an early warning
signal for declining food supply, which is valuable for fisheries
managers and marine biologists alike. The addition of biologging
technology as a tool for studyingmarine birds hasmade the use of
seabirds as indicators of food supply even more promising than
in 1987.
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