
Journal of Marine Systems 188 (2018) 142–148

Contents lists available at ScienceDirect

Journal of Marine Systems

j ourna l homepage: www.e lsev ie r .com/ locate / jmarsys
Intrinsic and extrinsic controls on foraging effort in an iconic
Benguela seabird
Gavin M. Rishworth a,b, Pierre A. Pistorius a,⁎
a DST/NRF Centre of Excellence at the Percy FitzPatrick Institute, Department of Zoology, Nelson Mandela University, Port Elizabeth 6031, South Africa
b DST/NRF Research Chair in Shallow Water Ecosystems, Nelson Mandela University, Port Elizabeth 6031, South Africa
⁎ Corresponding author.
E-mail address: ppistorius@nmmu.ac.za (P.A. Pistorius

http://dx.doi.org/10.1016/j.jmarsys.2017.07.006
0924-7963/© 2017 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 26 December 2016
Accepted 17 July 2017
Available online 24 July 2017
Seabirds are upper trophic level predators and as such reflect bottom-up changes in the conditions of their prey
species through behavioural or demographic changes. This is especially useful in fisheries management where
seabirds can act as biomonitors of commercially-important prey species, potentially providing an attractive, albe-
it coarse, supplementation to expensive and labour-intensive conventional stock surveys. The Cape gannetMorus
capensis is an important predator of both sardine Sardinops sagax and anchovy Engraulis encrasicoluswithin the
Benguela upwelling region, and has been shown to be a useful biomonitor of these fish stocks. A recently-devel-
oped automatedmonitoring system thatmeasures foraging trip durations (a reflection of foraging effort andprey
availability) in Cape gannets using VHF technology was used in this study to explore a range of intrinsic and ex-
trinsic drivers of foraging effort that potentially need to be accounted for when relating foraging effort to avail-
ability of prey resources. Data from three seasons (2011/2012, 2012/2013 and 2013/2014) representing 5470
foraging trips from50 chick-provisioning pairswere used for this purpose. Using a linearmixed-effectsmodelling
approach, Cape gannet foraging trip behaviourwas shown to be influenced by chick age, parent sex,meteorolog-
ical conditions (barometric pressure, rainfall and wind) and ambient light conditions. These factors ideally need
to be accounted for when foraging effort in seabirds is used as a proxy for prey availability.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Global climate change and increasing fisheries pressures present an
escalating threat to the health and sustainability of marine ecosystems
(Hoegh-Guldberg and Bruno, 2010; Poloczanska et al., 2013). Monitor-
ing the state of marine systems is therefore important, yet often chal-
lenging because of the large spatial scales travelled by animals
(Einoder, 2009), and the large costs involved in ocean surveys (Scott
et al., 2006). As such, focusing research effort on selectmarine top pred-
ator species can be rewarding as their behavioural and demographic re-
sponses are often reflective of ecosystem changes, providing a simplistic
and cost-effective monitoring tool (Durant et al., 2009).

Seabirds are particularly useful in this regard. Breeding colonially on
land, individuals are monitored with relative ease and sample sizes can
be large, an important consideration for the statistical and informative
power of observations made (Furness and Camphuysen, 1997; Piatt et
al., 2007). Seabirds often cover a broader area in their foraging distribu-
tion than what would be economically feasible in fisheries surveys
(Einoder, 2009; Montevecchi, 1993; Sydeman et al., 2017) and thereby
provide a continuous sample of prey availability in their foraging range
).
(Furness and Camphuysen, 1997). As seabirds often amplify changes in
the lower trophic levels (Litzow and Piatt, 2003; Piatt et al., 2007), they
make ideal indicators of the current health of ecosystems because of
their apex trophic position (Durant et al., 2009; Einoder, 2009; Lyday
et al., 2015; Scott et al., 2006).

Being long-lived species, seabirds maximise long-term rather than
annual reproductive effort by favouring self-maintenance in years
when conditions are poor (Monaghan et al., 1992). Seabirds buffer
against prey that is patchily-distributed and sometimes unpredictably
available (Weimerskirch, 2007) by having flexible time-activity bud-
gets, spending less time foraging when prey is readily available
(Burger and Piatt, 1990; Cairns, 1987; Litzow and Piatt, 2003). As such,
foraging behaviour is sensitive to prey conditions and has been demon-
strated to be a useful bioindicator proxy of the state of prey stocks
(Cairns, 1987; Davoren, 2000; Jacobs et al., 2013; Litzow and Piatt,
2003; Montevecchi, 1993).

The Cape gannetMorus capensis has long been recognised as an im-
portant biomonitor of South African epipelagic fish stocks (Crawford et
al., 1983; Lewis et al., 2006). Thismonomorphic, biparental seabird is re-
stricted in its breeding distribution to six islands along the southern Af-
rican coastline falling within the Benguela upwelling region (Crawford
et al., 2007). The Cape gannet's diet primarily consists of sardine
Sardinops sagax and anchovy Engraulis encrasicolus (Green et al.,
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2015b), both of which are commercially- and ecologically-important
fish stocks (Coetzee et al., 2008; van der Lingen et al., 2005). Particularly
in the Benguela upwelling ecosystem, Cape gannets and other top pred-
ators competewith purse-seine fisheries for these prey species (Okes et
al., 2009; Pichegru et al., 2009). Several authors have demonstrated
some degree of foraging flexibility in the Cape gannet and have linked
this to changes in prey conditions (Mullers and Tinbergen, 2009;
Pichegru et al., 2007; Ropert-Coudert et al., 2004). However, other fac-
tors such as wind (Grémillet et al., 2004; Pistorius et al., 2015) or sex-
specific requirements (Bijleveld and Mullers, 2009; Rishworth et al.,
2014b) can also influence the foraging behaviour of Cape gannets.

Recently, an automated system that uses long-term, very high fre-
quency (VHF) transmitters has been demonstrated to continuously
monitor Cape gannet behaviour in terms of nest attendance and forag-
ing trip durations (Rishworth et al., 2014c). From a biomonitoring per-
spective, these data could be used to monitor prey conditions as
foraging trip durations are a reflective proxy of foraging effort and
prey availability (Jacobs et al., 2013; Litzow and Piatt, 2003; Rishworth
et al., 2014c). Several studies have since demonstrated the important in-
fluence of intrinsic (parent sex and chick age) and extrinsic (wind and
rainfall patterns) factors on foraging trip andnest attendance behaviour,
and also how this transcends to chick growth and fledging success
(Pistorius et al., 2015; Rishworth and Pistorius, 2015; Rishworth et al.,
2014b). The aim of the current study was to further investigate the in-
fluence of amore-complete suite of intrinsic and extrinsic factors on for-
aging trip durations of Cape gannets during the breeding season, the
period when seabirds are most-constrained in terms of self-mainte-
nance and chick-provisioning trade-offs (Mullers and Tinbergen,
2009). This was achieved using previously published (Pistorius et al.,
2015; Rishworth et al., 2014b) and additional data generated from the
automated VHF monitoring system (Rishworth et al., 2014c).

2. Materials and methods

2.1. Study site

Fieldwork was conducted at Bird Island, Algoa Bay, South Africa (33°
50′ S, 26° 17′ E). Of the six islands that support Cape gannet populations
(Crawford et al., 2007), Bird Island lies at the easternmost extent of their
distribution, situated at the transition of the Agulhas current and the
Benguela upwelling zone (Goschen et al., 2012). It also hosts the largest
gannetry in the world, estimated at 90,000 breeding pairs (Crawford et
al., 2007).

2.2. Data collection

Both partners of parents attending chicks (mean age: 22.4 ± 7.1 d)
were equipped with a VHF transmitter (NTQB-6-2; Lotek Wireless
Inc., Newmarket, Ontario, Canada) that transmits a unique, coded signal
(every 39–40 s), which was recorded by a VHF receiver (DataSika-C5;
Biotrack Ltd., Dorset, UK) when birds were at their nests or within
range of the receiver (Rishworth et al., 2014c). The transmitters were
attached to PVC leg-rings and together weighed ~10 g. No observable
deleterious effects were recorded on chick growth, fledging success or
parent behaviour following transmitter attachment (Rishworth et al.,
2014c). A total of 20 and 30 Cape gannet pairs were equipped during
the 2011/2012 and 2012/2013 breeding seasons, respectively. Two con-
trol transmitterswere permanently located on the island to continuous-
ly establish receiver functionality and data were downloaded at
approximately monthly intervals from December 2011 to September
2014. Ethics clearance was granted by the Research Ethics Committee
at the Nelson Mandela Metropolitan University (reference: A10-SCI-
ZOO-008).

Chick age at the time of transmitter attachment was determined by
carefully removing the chick from its nest,measuring bodymorphomet-
rics (mass, ±10 g or ±25 g; culmen length, ±1 mm; forewing length,
±1 mm), and then safely returning the chick within 3 min. Morpho-
metric measurements were used to calculate chick age following
Mullers and Tinbergen (2009). During subsequent seasons when chick
age could not be back-calculated (nests were not disturbed the follow-
ing season), known adult behavioural distinctions between incubation
and chick provisioning were used to determine hatching date, as de-
scribed by Pistorius et al. (2015). A few breast feathers were collected
from each partner during transmitter deployment to genetically-deter-
mine parent sex (Rishworth et al., 2014a).

Available daylight was calculated as the time difference between
sunrise and sunset. Moonlight was calculated as a scaled gradient
based upon moon phase, with new moon representing no light (0%)
and full moonmaximummoonlight (100%). Meteorological parameters
(atmospheric pressure, hPa; wind speed, m s−1; wind direction; rain-
fall, mmh−1)were recorded on a permanentweather station onBird Is-
land and obtained from the South African Weather Service (SAWS).
2.3. Data analysis

All downloaded raw data from transmitters recorded at Bird Island
were converted to foraging trip durations at a 10-minute resolution
using a purpose-designed MatLab (MathWorks, Natick, MA, USA) soft-
ware interface (Tremblay, unpubl.). Data were subsequently filtered to
remove records from birds from which consistent signals were not re-
ceived, as per Rishworth et al. (2014c).

Foraging trip durations of parents (provisioning chicks prior to
fledging age: 1 to 100 d) were analysed in R (R Core Team, 2017)
using linear mixed-effects models (LMMs) fitted using the ‘nlme’ pack-
age (Pinheiro et al., 2016). In accordance with previous studies, these
data were log-transformed prior to analysis as they were right-skewed
(Pistorius et al., 2015; Rishworth et al., 2014b). The following predictor
variables were included in the LMM: parent sex, chick age, chick age
interacting with parent sex, nest departure time (24 one-hour time
bins), daylight hours, moon phase, atmospheric pressure (average on
the day of nest departure), atmospheric pressure change (compared
to the day prior to nest departure), rainfall, wind speed, wind direction
and breeding season (nominal factor). Rainfall, wind speed andwinddi-
rectionwere averaged over theduration of each foraging trip,withwind
direction (in degrees) being averaged using circular statistics (‘circStats’
package: Lund and Agostinelli, 2012), as in Pistorius et al. (2015). Inde-
pendence amongst these predictor variables was tested using variance
inflation factors (VIF b 2) and correlation coefficients (r b 0.6) to assess
collinearity (Zuur et al., 2010; Zuur et al., 2009).

The optimal random component of the LMM, which accounts for re-
peated measures or individual variability amongst birds, was deter-
mined by fitting and comparing separate models fitted under
restricted maximum-likelihood estimation (REML). These included a
null model (no random effects), models with random intercepts per
nest site, random intercepts per individual partner associated with
each nest-site, and residual variability according to each nest-site strata
(‘varIdent’),fitted under the generalised least squares (GLS) framework.
These models were then compared using log-likelihood ratio tests and
Akaike information criterion (AIC) scores (Zuur et al., 2010; Zuur et
al., 2009). The optimal fixed component was determined using a back-
wards-iteration model-selection approach based on AIC scores (Zuur
et al., 2009). This fitted the full model under maximum likelihood esti-
mation (ML), with all possible predictor variables incorporated, and
compared this to separate models with single predictor terms omitted.
The predictor term that most-substantially lowered the AIC score
(ΔAIC ≥ 2)was then omitted from further analyses. This iteration proce-
dure was repeated until no further single-term deletions improved the
AIC score (Zuur et al., 2009). The most-parsimonious model was then
refitted using REML estimation and residuals assessed for normality
and homogeneity for all predictor variables, therebymeetingmodel as-
sumptions for LMMs (Zuur et al., 2009). An a priori significance level of
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α b 0.05 was specified and all data are presented as mean ± SD unless
otherwise indicated.
3. Results

During the 2011/2012, 2012/2013 and 2013/2014 Cape gannet
breeding seasons, a total of 5470 foraging trips were recorded in con-
junction with all measured intrinsic and extrinsic parameters (971,
3343 and 1156 foraging trips, respectively for each of the seasons, of
which 2717 were from females and 2753 from males).

The optimal random structure for the LMM of Cape gannet foraging
trip duration incorporated random intercepts per individual partner as-
sociated with each nest-site, rather than as different residual variability
structures per nest-site strata. All measured explanatory variables were
independent from each other and were also all retained in the back-
wards model-selection iteration for the most-parsimonious model
(Table 1). This model explained at least 20% of the residual variability
in Cape gannet foraging trip duration (Table 1).

Foraging trip duration increased with chick age but this varied be-
tween sexes, with females extending their trips more than males
when provisioning older chicks (Fig. 1; both p b 0.001, Table 1). Howev-
er, irrespective of chick age, foraging trip duration was not significantly
different between sexes (p = 0.28, Table 1). Foraging trip durations
were significantly shorter during the 2012/2013 Cape gannet breeding
season compared to during both the 2011/2012 and 2013/2014 seasons,
with the former reflecting the longest foraging trips overall (Fig. 1;
Table 1).

Cape gannets departing during the first few hours after sunrise gen-
erally had shorter trips compared to those leaving the nest later (Fig. 2a;
p b 0.001, Table 1). Birds spent more time away on foraging trips when
daylight lengthwas relatively short (p b 0.001, Table 1), probably due to
an increased tendency to stay at sea overnight. Nonetheless, a clear peak
in activity was evident in terms of nest departure and arrival that
tracked sunrise and sunset times, respectively (Fig. 3).

The amount of moonlight associated with moon phase was also in-
cluded in the most-parsimonious model. Although this effect was not
significant (p = 0.178, Table 1), in general when it was close on full
Table 1
The most-parsimonious linear mixed-effects model fitted by REML estimation of Cape
gannet foraging trip duration in relation to intrinsic (sex, chick age and the interaction
of these) and extrinsic (moon phase, daylight duration, breeding season, atmospheric
pressure, rainfall, wind conditions and time of departure) factors during three breeding
seasons (2011/2012 to 2013/2014) at Bird Island, Algoa Bay, South Africa. The directional
effect of each parameter (coefficient: C) as well as the test significance thereof are indicat-
ed. Coefficients for “Sex” and “Season” are reflective of males compared to females and the
other two seasons compared to 2011/2012, respectively. Marginal and conditional R2

values were 0.192 and 0.203, respectively (Nakagawa et al., 2013).

Parameter df C (±SE) t-Value P

Intercept 1 −15.37 (±4.31) −3.6 b0.001
SexMale 1 0.07 (±0.06) 1.1 0.28
Chick age 1 0.01 (±0.001) 8.0 b0.001
SexMale:Chick age 1 −0.005 (±0.001) −4.3 b0.001
Departure time 23 see Fig. 2a 636.8a b0.001
Daylight 1 −0.33 (±0.05) −6.2 b0.001
Moon phase 1 −0.06 (±0.04) −1.3 0.18
Pressure 1 0.02 (±0.004) 5.1 b0.001
ΔPressure 1 −0.01 (±0.004) −2.7 b0.01
Rainfall 1 −0.10 (±0.04) −2.6 b0.01
Wind speed 1 −0.03 (±0.01) −5.2 b0.001
Wind direction 7 see Fig. 2b 94.4* b0.001
Season 2
2012/2013 −0.18 (±0.05) −3.8 b0.001
2013/2014 −0.13 (±0.05) −2.4 b0.05

a Test statistics for the “Winddirection” and “Departure time” parameters represent the
log-likelihood ratio values for the comparisons of nestedmodels with and without the re-
spective parameters, fitted under ML estimation.
moon, Cape gannets had shorter foraging trips (C = −0.06 ± 0.04,
Table 1; Fig. 4), foraging on average for 20.2 ± 25.0 h during new
moon compared to 18.1 ± 25.5 h during full moon.

All measured meteorological conditions had a significant effect on
Cape gannet foraging trip durations (Table 1). Higher atmospheric pres-
sures on the day of nest departure resulted in longer foraging trips (p b

0.001, Table 1; Fig. 5), while pressure increases compared to the day
prior to departure resulted in shorter foraging trips (p b 0.01, Table 1).
Foraging trips undertaken when there was much precipitation tended
to be significantly shorter than those during which little to no rain fell
(p b 0.01, Table 1). Stronger wind speeds resulted in shorter foraging
trips (p b 0.001, Table 1) and this was confounded by the prevailing
wind direction whereby foraging trips made during westerly to south-
westerly conditionswere significantly shorter than those during easter-
ly conditions (Fig. 2b; p b 0.001, Table 1).

4. Discussion

Several studies have demonstrated that seabirds reflect changes in
lower trophic levels and are thus often suitable as ecological indicators
(Cairns, 1987; Durant et al., 2009; Harding et al., 2007; Lewison et al.,
2012; Lyday et al., 2015; Montevecchi, 1993; Piatt et al., 2007). They
can therefore potentially be employed infisheriesmanagement, bearing
in mind that signals can be complicated by species interactions or cli-
mate variability (Sydeman et al., 2017). For example, the breeding suc-
cess of black-legged kittiwakes (Rissa tridactyla) has been used in sand
lance (Ammodytes marinus) fisheries management in the North Sea,
where the fishery closed during years of poor kittiwake breeding suc-
cess, and reopened when this resource recovered (Frederiksen et al.,
2008). Lyday et al. (2015) also demonstrated the close and predictable
coupling between shearwater (Puffinus spp.) metrics and the catch of
commercial fisheries species, for example dolphinfish (Coryphaena
hippurus). Technological advances have driven theminiaturisation of at-
tached data-loggers for seabirds (Ropert-Coudert and Wilson, 2005;
Wilson and Vandenabeele, 2012), and these can now be deployed for
long periods with little or no negative effects (Rishworth et al.,
2014c). Their use can therefore be incorporated into monitoring
schemes of seabird behaviour that are designed to provide information
relevant to ecosystem-based management (Einoder, 2009; Le Maho et
al., 1993; Montevecchi, 1993; Piatt et al., 2007). The method of leg-
ring attached VHF transmitters used in this study clearly does not neg-
atively impact Cape gannets and is therefore suitable for long-term or
inter-seasonal monitoring schemes (Rishworth et al., 2014c). Further-
more, foraging effort, which is reflective of prey availability (Burger
and Piatt, 1990; Davoren, 2000; Litzow and Piatt, 2003), is strongly re-
lated to Cape gannet foraging trip duration (Rishworth et al., 2014c).

In order to use seabirds as environmental indicators or to aid fisher-
ies management it is important to understand factors other than prey
availability that also influence their behaviour. Based upon our most
parsimonious model (Table 1), chick age and parental sex interacting
with chick age as well as climate variability (wind and rain) influence
foraging trip duration, as has recently been reported (Pistorius et al.,
2015; Rishworth et al., 2014b).

Chick age clearly influenced Cape gannet behaviour, as also observed
elsewhere (Mullers and Tinbergen, 2009), but this only becomes pro-
nounced during the poorly-documented post-guard stage of chick pro-
visioning (N50 d chick age) when adults start taking longer trips. The
effect of chick age on foraging behaviour may reflect local prey deple-
tion, which would be expected to drive longer foraging trips, during
the later stages of the breeding season (Rishworth et al., 2014b).
There also appears to be clear segregation in reproductive investment
between male and female partners during this stage. Not only do fe-
males generally spend longer periods of time foraging at sea, but this
is enhanced as the chick nears fledging, indicating that females may
be using this period and strategy to replenish their investment during
egg development by shifting chick provisioning responsibilities to the



Fig. 1.Mean foraging trip durations (±SD) as a function of chick age of female (a) andmale (b) Cape gannets during three breeding seasons (2011/2012, grey bars; 2012/2013, black bars;
2013/2014, white bars) at Bird Island, Algoa Bay, South Africa.
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male (Rishworth et al., 2014b). Sex in itself is, however, not necessarily
an important predictor of foraging trip duration, except when
interacting with chick age (Table 1; Fig. 1). Females tended to spend
longer periods on average away from the nest immediately post-hatch-
ing (hatchingwas calculated using the VHF activity patterns: see “Mate-
rials and Methods”) but spent similar amounts of time foraging
compared to males when chicks were of an intermediate age (Fig. 1).
Therefore, in addition to the period of post-guard provisioningwhen fe-
male Cape gannets seem to favour self-provisioning trips (Rishworth et
al., 2014b), the first few days immediately post-hatching may serve a
similar purpose.

Although atmospheric pressure is a tool used by meteorologists to
forecast weather patterns, its direct relationship with wind and rainfall
Fig. 2. Foraging trip duration coefficient estimates (dark lines)± SE (dotted lines) of nest depar
seasons at Bird Island, Algoa Bay, South Africa. Time is modelled as 24 one-hour time bins (00:0
reference category).
patterns measured during this study was not collinear. It was therefore
included in the LMM analysis of foraging trip duration and demonstrat-
ed that higher pressures resulted in significantly longer foraging trips
(Table 1, Fig. 5). The ability to detect changing barometric pressure
and thereby to anticipate future weather conditions is an evolution-
ary-selected means to improve on fitness through appropriate behav-
ioural responses (Austin et al., 2014; Pellegrino et al., 2013). Birds
have long been known to be able to detect changes in pressure, possibly
though the inner ear paratympanic organ (von Bartheld, 1994), and this
has often been contextualised around migratory strategies (Breuner et
al., 2013; Kreithen and Keeton, 1974). Our data showed that breeding
gannets responded to changing barometric pressure by altering their
time at sea during foraging trips. The significance of this is unclear, but
ture time (a) andmeanwind direction (b) (Table 1) of Cape gannets during three breeding
0 is the reference category) and wind according to eight prevailing directions (south is the



Fig. 3.Nest departure (left graph) and arrival (right graph) times for chick-provisioning adult Cape gannets equippedwith VHF transmitters at Bird Island, Algoa Bay, South Africa during
three breeding seasons (2011/2012 to 2013/2014). Sunrise and sunset times are indicated by the solid lines, with night hours being shaded.
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it could be related to birds undertaking foraging trips closer to the island
when low pressure systems are passing through to avoid being caught
in storms far from the island.

Both wind and rainfall affected foraging trip durations of chick-pro-
visioning adults, as previously demonstrated by Pistorius et al. (2015).
Over and above strong winds resulting in relatively short foraging
trips, probably due to wind-aided locomotion, wind direction strongly
influenced foraging trip duration. Short trips were observed during
westerly winds. As the primary foraging grounds of Cape gannets
from Bird Island during the breeding seasons are located to the south-
west of the island (Green et al., 2015a), the relatively short trips could
be explained by birds taking advantage of tail winds when returning
to the colony with a load of prey for provisioning chicks. Birds further-
more undertake shorter trips during rainy conditions, but also only
spend brief periods at their nests when it is raining (Pistorius et al.,
Fig. 4.Mean foraging trip duration (black line) ± SE (dotted lines) of Cape gannets during
three breeding seasons (2011 to 2014) at Bird Island, Algoa Bay, South Africa as a function
of moon phase on the day of nest departure.
2015), which consequently negatively affects chick survival and growth
(Rishworth and Pistorius, 2015).

Further on meteorological influences, ambient light conditions also
affected Cape gannets. Although Cape gannets are visual foragers
(Ropert-Coudert et al., 2004), we found a surprising amount of noctur-
nal activity (Fig. 3). Moon phase, and the consequent amount of noctur-
nal light it emits, influenced Cape gannet foraging trip durations (Fig. 4).
Birds had shorter overall foraging trips when the moon was brighter,
likely because this enabled more efficient travel at night, which thereby
resulted in birds reaching foraging grounds or their nests sooner. Sea-
bird time-activity budget periodicity has elsewhere been shown to be
dependent on the phase of the moon (Pinet et al., 2011).

Birds departing on foraging trips when there was more daylight
available spent significantly shorter periods away from their nests
(Table 1). Presumably the later in the day birds depart on foraging
trips the lower the chances are that they will find adequate prey re-
sources and return to the colony that same day. Lewis et al. (2004) dem-
onstrated similar patterns in relation to daylight and time of nest
departure (Fig. 2a) in boobies (Sula spp.), while also showing that
Fig. 5. Foraging trip durations of Cape gannets during three breeding seasons (2011 to
2014) at Bird Island, Algoa Bay, South Africa as a function of atmospheric pressure (hPa)
during the day of nest departure. Trips shorter than 100 h (~98% of all recorded) are
reflected.
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parents tended towork harder, in terms of number of dives per foraging
trip, when available daylight diminished.

Factors that have previously been shown to influence foraging trip
durations of breeding Cape gannets (Pistorius et al., 2015; Rishworth
et al., 2014b), together with additional influences highlighted in this
study, (atmospheric pressure, available daylight and moon phase;
Table 1), account for over 20% of residual variability in foraging trip du-
rations. Although prey availability probably accounts for most of the re-
maining variability, other factors may also be important in governing
foraging trip duration. Much recent work has demonstrated the impor-
tance of individual specialisation and patterns in behavioural decisions
in seabirds (e.g. Patrick et al., 2014; Sommerfeld et al., 2013). A simple
measure of individual or pair behaviour was used in this study (by ac-
counting for unique residual variability structures per nest-site strata),
but this did not feature in the most-parsimonious model. Nonetheless,
further detailed descriptors of behavioural patterns demonstrated by
individual Cape gannets, such as the well-documented regular alterna-
tion of self- and chick-provisioning foraging trips in albatrosses (e.g.
Weimerskirch et al., 1997), may yet be an important variable to
consider.

5. Conclusion

Estimates of the prey populations of seabirds, obtained through
acoustic surveys and fisheries catch data, are essential if seabird proxies
are to be accurately interpreted in relation to prey variability (Litzow et
al., 2000; Monaghan, 1996). This is the next step which would need to
be investigated in the Cape gannet: towhat extent does prey availability
relate to foraging trip duration, and how does this relationship change
throughout the breeding season. This is not a simple task as it is not
only prey availability but also prey type which is likely to affect Cape
gannet behaviour. For instance, Mullers and Navarro (2010) showed
that gannets foraging on fisheries discards had shorter foraging trips.

Facedwith environmental change, phenotypic plasticitymay restrict
the suitability of seabirds as indicators as their range of responses may
be increasing (Grémillet and Charmantier, 2010). Nevertheless, a num-
ber of seabird proxies have been shown to be a good reflection of prey
state (Einoder, 2009; Furness and Camphuysen, 1997; Montevecchi,
1993) and that seabirds are useful candidates as ecological indicators
(e.g. Lyday et al., 2015; Piatt et al., 2007). With the modern advance-
ments in technology (Ropert-Coudert and Wilson, 2005; Wilson and
Vandenabeele, 2012), multitude of publicity and awareness campaigns
for seabirds (Lewison et al., 2012), coupled with improvements in sta-
tistical techniques andmodelling (Durant et al., 2009), we are now bet-
ter equipped than ever to understand the dynamics of seabird-prey-
fishery interactions.

Acknowledgements

The National Research Foundation (NRF) (Grant No: 79741) of
South Africa is thanked for funding this research, and also for providing
a bursarie to GMR. The Claude Leon Foundation is thanked for providing
a postdoctoral fellowship to GMR. South African National Parks
(SANParks) provided logistical support and accommodation on Bird Is-
land. The authors are grateful to Yann Tremblay for kindly creating the
MatLab interface that was used to process the raw VHF data. David
Green and Maëlle Connan are especially thanked for field assistance.
The South African Weather Service (SAWS) and Wayne Goschen are
thanked for providing the meteorological data used in this research.

References

Austin, C.J., Guglielmo, C.G., Moehring, A.J., 2014. A direct test of the effects of changing
atmospheric pressure on the mating behavior of Drosophila melanogaster. Evol. Ecol.
28:535–544. http://dx.doi.org/10.1007/s10682-014-9689-8.

von Bartheld, C.S., 1994. Functional morphology of the paratympanic organ in the middle
ear of birds. Brain Behav. Evol. 44, 61–73.
Bijleveld, A.I., Mullers, R.H.E., 2009. Reproductive effort in biparental care: an experimen-
tal study in long-lived Cape gannets. Behav. Ecol. 20:736–744. http://dx.doi.org/
10.1093/beheco/arp054.

Breuner, C.W., Sprague, R.S., Patterson, S.H., Woods, H.A., 2013. Environment, behavior
and physiology: do birds use barometric pressure to predict storms? J. Exp. Biol.
216:1982–1990. http://dx.doi.org/10.1242/jeb.081067.

Burger, A.E., Piatt, J.F., 1990. Flexible time budgets in breeding common murres: buffers
against variable prey abundance. Stud. Avian Biol. 14, 71–83.

Cairns, D.K., 1987. Seabirds as indicators of marine food supplies. Biol. Oceanogr. 5,
261–271.

Coetzee, J.C., van der Lingen, C.D., Hutchings, L., Fairweather, T.P., 2008. Has the fishery
contributed to a major shift in the distribution of South African sardine? ICES
J. Mar. Sci. 65:1676–1688. http://dx.doi.org/10.1093/icesjms/fsn184.

R Core Team, 2017. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria.

Crawford, R.J.M., Shelton, P.A., Cooper, J., Brooke, R.K., 1983. Distribution, population size
and conservation of the Cape gannet Morus capensis. S. Afr. J. Mar. Sci. 1:153–174.
http://dx.doi.org/10.2989/025776183784447458.

Crawford, R.J.M., Dundee, B.L., Dyer, B.M., Klages, N.T.W., Meyer, M.A., Upfold, L., 2007.
Trends in numbers of Cape gannets (Morus capensis), 1956/1957–2005/2006, with
a consideration of the influence of food and other factors. ICES J. Mar. Sci. 64:
169–177. http://dx.doi.org/10.1093/icesjms/fsl011.

Davoren, G.K., 2000. Variability in foraging in response to changing prey distributions in
rhinoceros auklets. Mar. Ecol. Prog. Ser. 198:283–291. http://dx.doi.org/10.3354/
meps198283.

Durant, J.M., Hjermann, D.Ø., Frederiksen, M., Charrassin, J.B., Le Maho, Y., Sabarros, P.S.,
Crawford, R.J.M., Stenseth, N.C., 2009. Pros and cons of using seabirds as ecological in-
dicators. Clim. Res. 39:115–129. http://dx.doi.org/10.3354/cr00798.

Einoder, L., 2009. A review of the use of seabirds as indicators in fisheries and ecosystem
management. Fish. Res. 95:6–13. http://dx.doi.org/10.1016/j.fishres.2008.09.024.

Frederiksen, M., Jensen, H., Daunt, F., Mavor, R.A., Wanless, S., 2008. Differential effects of
a local industrial sand lance fishery on seabird breeding performance. Ecol. Appl. 18:
701–710. http://dx.doi.org/10.2307/40062179.

Furness, R.W., Camphuysen, C.J., 1997. Seabirds as monitors of the marine environment.
ICES J. Mar. Sci. 54:726–737. http://dx.doi.org/10.1006/jmsc.1997.0243.

Goschen, W.S., Schumann, E.H., Bernard, K.S., Bailey, S.E., Deyzel, S.H.P., 2012.
Upwelling and ocean structures off Algoa Bay and the south-east coast
of South Africa. Afr. J. Mar. Sci. 34:525–536. http://dx.doi.org/10.2989/
1814232x.2012.749810.

Green, D.B., Coetzee, J., Rishworth, G.M., Pistorius, P.A., 2015a. Foraging distribution of
Cape gannets in relation to oceanographic features, prey availability and marine
protected areas. Mar. Ecol. Prog. Ser. 537:277–288. http://dx.doi.org/10.3354/
meps11428.

Green, D.B., Klages, N.T.W., Crawford, R.J.M., Coetzee, J.C., Dyer, B.M., Rishworth, G.M.,
Pistorius, P.A., 2015b. Dietary change in Cape gannets reflects distributional and de-
mographic shifts in two South African commercial fish stocks. ICES J. Mar. Sci. 72:
771–781. http://dx.doi.org/10.1093/icesjms/fsu203.

Grémillet, D., Charmantier, A., 2010. Shifts in phenotypic plasticity constrain the value of
seabirds as ecological indicators of marine ecosystems. Ecol. Appl. 20:1498–1503.
http://dx.doi.org/10.1890/09-1586.1.

Grémillet, D., Dell'Omo, G., Ryan, P.G., Peters, G., Ropert-Coudert, Y., Weeks, S.J., 2004. Off-
shore diplomacy, or how seabirds mitigate intra-specific competition: a case study
based on GPS tracking of cape gannets from neighbouring colonies. Mar. Ecol. Prog.
Ser. 268:265–279. http://dx.doi.org/10.3354/meps268265.

Harding, A.M.A., Piatt, J.F., Schmutz, J.A., 2007. Seabird behavior as an indicator of food
supplies: sensitivity across the breeding season. Mar. Ecol. Prog. Ser. 352:269–274.
http://dx.doi.org/10.3354/meps07072.

Hoegh-Guldberg, O., Bruno, J.F., 2010. The impact of climate change on theworld's marine
ecosystems. Science 328:1523–1528. http://dx.doi.org/10.1126/science.1189930.

Jacobs, S.R., Elliott, K.H., Gaston, A.J., 2013. Parents are a drag: long-lived birds share
the cost of increased foraging effort with their offspring, but males pass on more
of the costs than females. PLoS One 8, e54594. http://dx.doi.org/10.1371/
journal.pone.0054594.

Kreithen, M.L., Keeton, W.T., 1974. Detection of changes in atmospheric pressure by the
homing pigeon, Columba livia. J. Comp. Physiol. 89:73–82. http://dx.doi.org/
10.1007/bf00696164.

Le Maho, Y., Gendner, J.P., Challet, E., Bost, C.A., Gilles, J., Verdon, C., Plumere, C., Robin, J.P.,
Handrich, Y., 1993. Undisturbed breeding penguins as indicators of changes inmarine
resources. Mar. Ecol. Prog. Ser. 95, 1–6.

Lewis, S., Schreiber, E.A., Daunt, F., Schenk, G.A., Wanless, S., Hamer, K.C., 2004. Flexible
foraging patterns under different time constraints in tropical boobies. Anim. Behav.
68:1331–1337. http://dx.doi.org/10.1016/j.anbehav.2004.04.007.

Lewis, S., Grémillet, D., Daunt, F., Ryan, P.G., Crawford, R.J.M., Wanless, S., 2006. Using
behavioural and state variables to identify proximate causes of population
change in a seabird. Oecologia 147:606–614. http://dx.doi.org/10.1007/s00442-
005-0321-z.

Lewison, R., Oro, D., Godley, B., Underhill, L., Bearhop, S., Wilson, R.P., Ainley, D., Arcos,
J.M., Boersma, P.D., Borboroglu, P.G., Boulinier, T., Frederiksen, M., Genovart, M.,
González-Solís, J., Green, J.A., Grémillet, D., Hamer, K.C., Hilton, G.M., Hyrenbach,
K.D., Martínez-Abraín, A., Montevecchi, W.A., Phillips, R.A., Ryan, P.G., Sagar, P.,
Sydeman, W.J., Wanless, S., Watanuki, Y., Weimerskirch, H., Yorio, P., 2012. Research
Priorities for Seabirds: Improving Conservation andManagement in the 21st Century.
Endangered. Sp. Res. 17:pp. 93–121. http://dx.doi.org/10.3354/esr00419.

van der Lingen, C.D., Coetzee, J.C., Demarcq, H., Drapeau, L., Fairweather, T.P., Hutchings, L.,
2005. An Eastward Shift in the Distribution of Southern Benguela Sardine. 11.
GLOBEC International Newsletter, pp. 17–22.

http://dx.doi.org/10.1007/s10682-014-9689-8
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0010
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0010
http://dx.doi.org/10.1093/beheco/arp054
http://dx.doi.org/10.1242/jeb.081067
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0025
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0025
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0030
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0030
http://dx.doi.org/10.1093/icesjms/fsn184
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0040
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0040
http://dx.doi.org/10.2989/025776183784447458
http://dx.doi.org/10.1093/icesjms/fsl011
http://dx.doi.org/10.3354/meps198283
http://dx.doi.org/10.3354/meps198283
http://dx.doi.org/10.3354/cr00798
http://dx.doi.org/10.1016/j.fishres.2008.09.024
http://dx.doi.org/10.2307/40062179
http://dx.doi.org/10.1006/jmsc.1997.0243
http://dx.doi.org/10.2989/1814232x.2012.749810
http://dx.doi.org/10.2989/1814232x.2012.749810
http://dx.doi.org/10.3354/meps11428
http://dx.doi.org/10.3354/meps11428
http://dx.doi.org/10.1093/icesjms/fsu203
http://dx.doi.org/10.1890/09-1586.1
http://dx.doi.org/10.3354/meps268265
http://dx.doi.org/10.3354/meps07072
http://dx.doi.org/10.1126/science.1189930
http://dx.doi.org/10.1371/journal.pone.0054594
http://dx.doi.org/10.1371/journal.pone.0054594
http://dx.doi.org/10.1007/bf00696164
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0125
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0125
http://dx.doi.org/10.1016/j.anbehav.2004.04.007
http://dx.doi.org/10.1007/s00442-005-0321-z
http://dx.doi.org/10.1007/s00442-005-0321-z
http://dx.doi.org/10.3354/esr00419
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0145
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0145


148 G.M. Rishworth, P.A. Pistorius / Journal of Marine Systems 188 (2018) 142–148
Litzow, M.A., Piatt, J.F., 2003. Variance in prey abundance influences time budgets of
breeding seabirds: evidence from pigeon guillemots Cepphus columba. J. Avian Biol.
34:54–64. http://dx.doi.org/10.1034/j.1600-048X.2003.02995.x.

Litzow,M.A., Piatt, J.F., Abookire, A.A., Prichard, A.K., Robards, M.D., 2000. Monitoring tem-
poral and spatial variability in sandeel (Ammodytes hexapterus) abundance with pi-
geon guillemot (Cepphus columba) diets. ICES J. Mar. Sci. 57:976–986. http://
dx.doi.org/10.1006/jmsc.2000.0583.

Lund, U., Agostinelli, C., 2012. CircStats: Circular Statistics, From “Topics in Circular Statis-
tics” (2001). R Package Version 2.15.1.

Lyday, S.E., Ballance, L.T., Field, D.B., David Hyrenbach, K., 2015. Shearwaters as ecosystem
indicators: towards fishery-independent metrics of fish abundance in the California
current. J. Mar. Syst. 146:109–120. http://dx.doi.org/10.1016/j.jmarsys.2014.08.010.

Monaghan, P., 1996. Relevance of the behaviour of seabirds to the conservation of marine
environments. Oikos 77, 227–237.

Monaghan, P., Uttley, J.D., Burns, M.D., 1992. Effect of changes in food availability on re-
productive effort in Arctic terns Sterna paradisaea. Ardea 80, 71–81.

Montevecchi, W.A., 1993. Birds as indicators of change in marine prey stocks. In: Furness,
R.W., Greenwood, J.J.D. (Eds.), Birds as Monitors of Environmental Change. Chapman
and Hall, London, pp. 217–265.

Mullers, R.H.E., Navarro, R.A., 2010. Foraging behaviour of Cape gannets as an indicator of
colony health status. Endangered. Sp. Res. 12:193–202. http://dx.doi.org/10.3354/
esr00306.

Mullers, R.H.E., Tinbergen, J.M., 2009. Parental provisioning behaviour predicts survival of
Cape gannet chicks under poor conditions. Ardea 97, 89–98.

Nakagawa, S., Schielzeth, H., O'Hara, R.B., 2013. A general and simple method for
obtaining R2 from generalized linear mixed-effects models. Methods Ecol. Evol. 4:
133–142. http://dx.doi.org/10.1111/j.2041-210x.2012.00261.x.

Okes, N.C., Hockey, P.A.R., Pichegru, L., van der Lingen, C.D., Crawford, R.J.M., Grémillet, D.,
2009. Competition for shifting resources in the southern Benguela upwelling: sea-
birds versus purse-seine fisheries. Biol. Conserv. 142:2361–2368. http://dx.doi.org/
10.1016/j.biocon.2009.05.031.

Patrick, S.C., Bearhop, S., Grémillet, D., Lescroël, A., Grecian, W.J., Bodey, T.W., Hamer, K.C.,
Wakefield, E., Le Nuz, M., Votier, S.C., 2014. Individual differences in searching behav-
iour and spatial foraging consistency in a central place marine predator. Oikos 123:
33–40. http://dx.doi.org/10.1111/j.1600-0706.2013.00406.x.

Pellegrino, A.C., Peñaflor, M.F.G.V., Nardi, C., Bezner-Kerr, W., Guglielmo, C.G., Bento, J.M.S.,
McNeil, J.N., 2013. Weather forecasting by insects: modified sexual behaviour in re-
sponse to atmospheric pressure changes. PLoS One 8, e75004. http://dx.doi.org/
10.1371/journal.pone.0075004.

Piatt, I.J.F., Sydeman, W.J., Wiese, F., 2007. Introduction: a modern role for seabirds as in-
dicators. Mar. Ecol. Prog. Ser. 352:199–204. http://dx.doi.org/10.3354/meps07070.

Pichegru, L., Ryan, P.G., van der Lingen, C.D., Coetzee, J., Ropert-Coudert, Y., Grémillet, D.,
2007. Foraging behaviour and energetics of Cape gannets Morus capensis feeding on
live prey and fishery discards in the Benguela upwelling system. Mar. Ecol. Prog.
Ser. 350:127–136. http://dx.doi.org/10.3354/meps07128.

Pichegru, L., Ryan, P.G., Le Bohec, C., van der Lingen, C.D., Navarro, R., Petersen, S., Lewis, S.,
van derWesthuizen, J., Grémillet, D., 2009. Overlap between vulnerable top predators
and fisheries in the Benguela upwelling system: implications for marine protected
areas. Mar. Ecol. Prog. Ser. 391:199–208. http://dx.doi.org/10.3354/meps08283.

Pinet, P., Jaeger, A., Cordier, E., Potin, G., Le Corre, M., 2011. Celestial moderation of
tropical seabird behavior. PLoS One 6, e27663. http://dx.doi.org/10.1371/
journal.pone.0027663.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., Core Team, R., 2016. nlme: Linear and Nonlin-
ear Mixed Effects Models. R Package Version. 3 pp. 1–128.
Pistorius, P.A., Hindell, M.A., Tremblay, Y., Rishworth, G.M., 2015. Weathering a dynamic
seascape: influences of wind and rain on a seabird's year-round activity budgets.
PLoS One 10:e0142623. http://dx.doi.org/10.1371.journal.pone.0142623.

Poloczanska, E.S., Brown, C.J., Sydeman, W.J., Kiessling, W., Schoeman, D.S., Moore, P.J.,
Brander, K., Bruno, J.F., Buckley, L.B., Burrows, M.T., Duarte, C.M., Halpern, B.S.,
Holding, J., Kappel, C.V., O'Connor, M.I., Pandolfi, J.M., Parmesan, C., Schwing, F.,
Thompson, S.A., Richardson, A.J., 2013. Global imprint of climate change on marine
life. Nat. Clim. Chang. 3:919–925. http://dx.doi.org/10.1038/nclimate1958.

Rishworth, G.M., Pistorius, P.A., 2015. Protection and provisioning: the role of parental be-
haviour in terms of chick growth and survival in a pelagic seabird. Mar. Ecol. Prog.
Ser. 530:153–162. http://dx.doi.org/10.3354/meps11317.

Rishworth, G.M., Connan, M., Green, D.B., Pistorius, P.A., 2014a. Sex differentiation based
on the gular stripe in the apparently monomorphic Cape gannet. Afr. Zool. 49,
107–112.

Rishworth, G.M., Tremblay, Y., Connan, M., Green, D.B., Pistorius, P.A., 2014b. Drivers of
time-activity budget variability during breeding in a pelagic seabird. PLoS One 9,
e116544. http://dx.doi.org/10.1371/journal.pone.0116544.

Rishworth, G.M., Tremblay, Y., Green, D.B., Pistorius, P.A., 2014c. An automated approach
towards measuring time-activity budgets in colonial seabirds. Methods Ecol. Evol. 5:
854–863. http://dx.doi.org/10.1111/2041-210x.12213.

Ropert-Coudert, Y., Wilson, R.P., 2005. Trends and perspectives in animal-attached re-
mote sensing. Front. Ecol. Environ. 3:437–444. http://dx.doi.org/10.1890/1540-
9295(2005)003[0437:tapiar]2.0.co;2.

Ropert-Coudert, Y., Grémillet, D., Kato, A., Ryan, P.G., Naito, Y., Le Maho, Y., 2004. A
fine-scale time budget of Cape gannets provides insights into the foraging strat-
egies of coastal seabirds. Anim. Behav. 67:985–992. http://dx.doi.org/10.1016/
j.anbehav.2003.09.010.

Scott, B.E., Sharples, J., Wanless, S., Ross, O.N., Frederiksen, M., Daunt, F., 2006. The use of
biologically meaningful oceanographic indices to separate the effects of climate and
fisheries on seabird breeding success. In: Boyd, I., Wanless, S., Camphuysen, C.J.
(Eds.), Top Predators in Marine Ecosystems: Their Role in Monitoring and Manage-
ment. Cambridge University Press, Cambridge, pp. 46–62.

Sommerfeld, J., Kato, A., Ropert-Coudert, Y., Garthe, S., Hindell, M.A., 2013. The individual
counts: within sex differences in foraging strategies are as important as sex-specific
differences in masked boobies Sula dactylatra. J. Avian Biol. 44:531–540. http://
dx.doi.org/10.1111/j.1600-048X.2013.00135.x.

Sydeman, W.J., Thompson, S.A., Piatt, J.F., García-Reyes, M., Zador, S., Williams, J.C.,
Romano, M., Renner, H.M., 2017. Regionalizing indicators for marine ecosystems: Be-
ring Sea–Aleutian Island seabirds, climate, and competitors. Ecol. Indic. 78:458–469.
http://dx.doi.org/10.1016/j.ecolind.2017.03.013.

Weimerskirch, H., 2007. Are seabirds foraging for unpredictable resources? Deep-Sea Res.
II Top. Stud. Oceanogr. 54:211–223. http://dx.doi.org/10.1016/j.dsr2.2006.11.013.

Weimerskirch, H., Cherel, Y., Cuenot-Chaillet, F., Ridoux, V., 1997. Alternative forag-
ing strategies and resource allocation by male and female wandering albatrosses.
Ecology 78:2051–2063. http://dx.doi.org/10.1890/0012-9658(1997)078[2051:
afsara]2.0.co;2.

Wilson, R.P., Vandenabeele, S.P., 2012. Technological innovation in archival tags used in
seabird research. Mar. Ecol. Prog. Ser. 451:245–262. http://dx.doi.org/10.3354/
meps09608.

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed Effects Models
and Extensions in Ecology with R. Springer, New York.

Zuur, A.F., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid common
statistical problems. Methods Ecol. Evol. 1:3–14. http://dx.doi.org/10.1111/j.2041-
210X.2009.00001.x.

http://dx.doi.org/10.1034/j.1600-048X.2003.02995.x
http://dx.doi.org/10.1006/jmsc.2000.0583
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0160
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0160
http://dx.doi.org/10.1016/j.jmarsys.2014.08.010
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0170
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0170
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0175
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0175
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0180
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0180
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0180
http://dx.doi.org/10.3354/esr00306
http://dx.doi.org/10.3354/esr00306
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0190
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0190
http://dx.doi.org/10.1111/j.2041-210x.2012.00261.x
http://dx.doi.org/10.1016/j.biocon.2009.05.031
http://dx.doi.org/10.1111/j.1600-0706.2013.00406.x
http://dx.doi.org/10.1371/journal.pone.0075004
http://dx.doi.org/10.3354/meps07070
http://dx.doi.org/10.3354/meps07128
http://dx.doi.org/10.3354/meps08283
http://dx.doi.org/10.1371/journal.pone.0027663
http://dx.doi.org/10.1371/journal.pone.0027663
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0235
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0235
http://dx.doi.org/10.1038/nclimate1958
http://dx.doi.org/10.3354/meps11317
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0255
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0255
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0255
http://dx.doi.org/10.1371/journal.pone.0116544
http://dx.doi.org/10.1111/2041-210x.12213
http://dx.doi.org/10.1890/1540-9295(2005)003[0437:tapiar]2.0.co;2
http://dx.doi.org/10.1890/1540-9295(2005)003[0437:tapiar]2.0.co;2
http://dx.doi.org/10.1016/j.anbehav.2003.09.010
http://dx.doi.org/10.1016/j.anbehav.2003.09.010
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0280
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0280
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0280
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0280
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0280
http://dx.doi.org/10.1111/j.1600-048X.2013.00135.x
http://dx.doi.org/10.1016/j.ecolind.2017.03.013
http://dx.doi.org/10.1016/j.dsr2.2006.11.013
http://dx.doi.org/10.1890/0012-9658(1997)078[2051:afsara]2.0.co;2
http://dx.doi.org/10.1890/0012-9658(1997)078[2051:afsara]2.0.co;2
http://dx.doi.org/10.3354/meps09608
http://dx.doi.org/10.3354/meps09608
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0310
http://refhub.elsevier.com/S0924-7963(16)30451-1/rf0310
http://dx.doi.org/10.1111/j.2041-210X.2009.00001.x
http://dx.doi.org/10.1111/j.2041-210X.2009.00001.x

	Intrinsic and extrinsic controls on foraging effort in an iconic Benguela seabird
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Data collection
	2.3. Data analysis

	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgements
	References


