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Abstract :   
 
Lunar phase and illumination are known to affect nocturnal behavior of many organisms, particularly 
through predator-prey interactions. Visual predators can benefit from higher light levels to increase their 
activity, while prey may decrease their activity to avoid predation. The lower number of nocturnal seabirds 
observed on colonies during full moon nights has been mostly interpreted as a predation avoidance 
strategy. However, it is also possible that shearwaters take advantage of the moon's illumination to feed 
also at night, and stay at sea to forage during full moon nights. We used miniaturized GPS-loggers to 
obtain 179 tracks from 99 wedge-tailed shearwaters breeding in New Caledonia, to investigate moonlight 
effects on individual behavior. Lunar phase significantly predicted self-provisioning trip duration, with 
individuals performing longer trips around the full moon. However, this relationship was not significant 
during chick-provisioning trips when adults have to frequently return to the colony. Adults mostly returned 
to the colony during moonlit periods, refuting the predation avoidance theory. Tracked individuals showed 
an unexpectedly high amount of nocturnal foraging activity (28% of total activity), positively influenced by 
the presence of the moon. δ15N stable isotope values were significantly related to the percentage of 
nocturnal foraging, but with a weak relationship, impeding our ability to confirm that wedge-tailed 
shearwaters fed on different prey when foraging at night. This study suggests that reduced colony 
attendance around the full moon may be linked to greater at-sea foraging opportunities in distant oceanic 
areas than to increased predation risk on land. 
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Highlights 

► Nocturnal Procellariids decrease their activity on colonies around the full moon. ► It has been 
previously interpreted as predation avoidance. ► Here, wedge-tailed shearwaters returned to the colony 
mostly during the moonlit period of the night. ► They foraged more intensively at night under moonlit 
conditions. ► Decreased activity at the colony may be rather due to higher foraging efficiency of seabirds 
around the full moon. 
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1 - Introduction 40 

Lunar cycle is known to influence the behavior and physiology of a wide range of living 41 

organisms, as well as predator-prey relationships (Grant et al., 2013; Prugh and Golden, 2014; 42 

Zimecki, 2006). Predators relying on visual cues to find their prey can increase their foraging 43 

activity at night during higher moonlight intensity, while prey can decrease their activity under 44 

such conditions (Martin, 1990; Prugh and Golden, 2014). Of marine taxa, Procellariid seabirds 45 

return to their colonies after dark, and adapt at-sea foraging trips to attend the colony under 46 

moonless conditions, are most likely to be affected by the lunar cycle. (Brooke, 2004; Mougeot 47 

and Bretagnolle, 2000). To date, this avoidance of the colony under moonlight has most 48 

commonly been interpreted as an antipredator adaptation. Indeed, moonlight avoidance is 49 

related to predation rate in nocturnal Procellariids (Keitt et al., 2004; Watanuki, 1986). Even 50 

in predator-free locations, moonlight avoidance has been observed in some populations, 51 

allegedly due to an innate and persistent behavior inherited from co-evolution with predators 52 

(Bretagnolle et al., 2000). 53 

However, reduced activity at the colony during moonlit nights may also be a result of increased 54 

activity elsewhere, such as nocturnal at-sea foraging. Procellariiform species, which are visual 55 

predators lacking night vision adaptations (Brooke 2004), should, therefore, benefit from 56 

moonlight, that would allow improved nocturnal foraging. Several studies have shown that 57 

shearwater, petrel and albatross nocturnal at-sea activity was enhanced during full moon 58 

nights compared with moonless nights, both during the breeding (Dias et al., 2016; Phalan et 59 

al., 2007; Rubolini et al., 2015) and non-breeding periods (Dias et al., 2012; Pinet et al., 2011; 60 

Yamamoto et al., 2008). The hypothesis of nocturnal foraging is also supported by increased 61 

availability of some seabird prey in subsurface waters during night time thanks to the Diel 62 

Vertical Migration (DVM) which is the vertical migration of micronekton, the prey species of 63 
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many predators, towards the surface at night and in deeper waters during the day (Hays 2003, 64 

Brooke 2004). Prey availability at the surface changes along with variations in the DVM, being 65 

reduced on full moon nights and higher during new moon nights (Benoit-Bird et al., 2009; 66 

Gliwicz, 1986). However, Waap et al. (2017) found no evidence of dietary shift in prey species 67 

composition or diversity according to the lunar cycle in nocturnally foraging and shallow-diving 68 

Procellariid species, the Bulwer’s petrel, which feeds on mesopelagic species brought close to 69 

the surface during DVM. Furthermore, research conducted on the same species revealed a 70 

relatively weak effect of lunar phase on its activity (10% more time flying during full moon 71 

compared to other lunar phase; Dias et al. 2016). Combined, these results suggest that 72 

normally deep prey are are available at the surface in sufficient amounts to be accessed by 73 

seabirds, even during full moon nights. 74 

Some Procellariid species, for example wedge-tailed shearwaters (Ardenna pacifca Gmelin, 75 

1789), are thought to primarily forage during daylight (Catry et al., 2009), and often in 76 

association with subsurface predators such as tuna (Au and Pitman, 1986; Hebshi et al., 2008; 77 

Miller et al., 2018; Spear et al., 2007). Epipelagic tuna are generally considered to be diurnal 78 

foragers (Roger, 1994), although some studies demonstrate occasional nocturnal foraging 79 

(Schaefer et al., 2009). These associations, by which surface predators drive prey close to the 80 

surface (Ashmole, 1971), facilitate foraging (Hebshi et al., 2008; Miller et al., 2018) for shallow-81 

diving procellariids like wedge-tailed shearwaters (mean maximum diving depth: 5-14 m; 82 

Burger 2001; Peck & Congdon 2006). This is particularly true in oligotrophic tropical waters 83 

where wedge-tailed shearwaters have been documented foraging in association with 84 

yellowfin (Thunnus albacares) and skipjack (Katsuwonus pelamis) tuna (Miller et al., 2018). 85 

However, wedge-tailed shearwaters have also been documented foraging during full moon 86 

nights (Gould, 1967) which suggests that other factors than sub-surface predator associations, 87 
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for instance the lunar phase or prey migration patterns may influence wedge-tailed 88 

shearwaters foraging strategies.   89 

If the light of the moon is advantageous to foraging wedge-tailed shearwaters, they may 90 

exploit nights around the full moon to extend foraging time and this would be observable as 91 

increased foraging activity under moonlit conditions. If nocturnal foraging is linked to the DVM 92 

of mesopelagic prey toward the surface at night, we would expect to find an isotopic signature 93 

in blood plasma correlated to the proportion of nocturnal foraging, showing a shift in prey 94 

between diurnal and nocturnal feeding. Stable isotopes can be used to examine trophic 95 

relationships, and they have been used to study niche partitioning that results from different 96 

prey or foraging habitats / resource use of consumers (e.g. Navarro et al., 2013; Pontón-97 

Cevallos et al., 2017; Rayner et al., 2016). Finally, if shearwaters avoid returning to the colony 98 

in order to reduce predation risk from predators that benefit from brighter moonlight, they 99 

should preferentially return to the colony during the moonless part of the night. 100 

While the predation avoidance hypothesis in relation to lunar cycle has been extensively 101 

tested by analyzing seabird activity patterns at colonies (e.g. Bretagnolle 1990; Mougeot & 102 

Bretagnolle 2000; Bourgeois et al. 2008), few studies simultaneously focused on nocturnal 103 

foraging activity (but see Rubolini et al. 2015, which found that Scopoli shearwaters 104 

Calonectris domedea increased their diving activity during full moon nights, but interpreted 105 

longer trips around the full moon to be driven by predation avoidance on land rather than 106 

higher foraging opportunities at sea). Moreover, most studies on lunar effects on the 107 

nocturnal, at-sea activity of seabirds, have been conducted using global location sensor (GLS). 108 

These data, only provide information on the time spent on water (e.g. Phalan et al. 2007; Dias 109 

et al. 2012; Cruz et al. 2013), but prevent determining what drives that behavior, i.e. whether 110 
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increased time spent on water during moonlit periods represent foraging activity or loafing. 111 

Using high-resolution GPS data, the present study aimed at unravelling the effects of moon 112 

illumination and lunar phase on both nocturnal at-colony activity and at-sea foraging in 113 

wedge-tailed shearwaters, to understand how they shape their activities. We used 114 

miniaturized GPS-loggers to obtain a fine-scale trajectory of foraging trips during breeding 115 

season and accurately define resting, commuting and foraging events. We evaluated the 116 

proportion of time spent foraging during daytime and night-time and studied lunar phase and 117 

moon presence effects upon feeding trip duration, time of return to the colony and at-sea 118 

foraging. Finally we performed stable isotope analysis on blood plasma from all individuals, to 119 

determine whether we could identify diet differences associated with nocturnal foraging 120 

activity established through GPS tracking.  121 

2 - Material and methods 122 

2.1 Ethical statement 123 

All animal experimentation met the Animal Care Committee (ABS) / Association for the Study 124 

of Animal Behaviour (ASAB) guidelines for ethical treatment of animals. Permits to handle 125 

birds at Mato and Canard fields sites were delivered by New Caledonia’s Province Sud (permits 126 

nos. 609-2014/ARR/DENV, 2903-2015/ARR/DENV and 2695-2016/ARR/DENV), and at Pindai 127 

and Tiambouene fields sites by New Caledonia’s Province Nord (permits nos. 161214_AC 128 

2303_ 2016 and 161214_AC2304_2017). 129 

2.2 Field work 130 

Field trips were conducted at four field sites in New Caledonia in the Coral Sea, South-west 131 

Pacific, which is home of 500,000 breeding pairs of wedge-tailed shearwaters (Pandolfi and 132 

Bretagnolle, 2002). In this geographic area, the wedge-tailed shearwater breeding season 133 



7 

begins around the end of October with the return of breeding adults to colonies and is 134 

completed at the end of May when chicks fledge (McDuie and Congdon, 2016). GPS-loggers 135 

were fitted on breeding adults during the chick-rearing period (from March to April) during 136 

two successive years (2017 and 2018) at four breeding sites. One study colony is located on 137 

the main island of New-Caledonia (Figure 1): Pindaï (21.354°S, 164.954°E) where 37 and 7 138 

breeders were equipped in 2017 and 2018, respectively. The three other study sites are 139 

located on lagoon islets : Mato (22.55°S, 166.80°E) where 20 and 7 breeders were equipped 140 

in 2017 and 2018, respectively, Canard (22.31°S, 166.31°E) where 11 breeders were equipped 141 

in 2017, and Tiambouene (20.38°S, 164.04°E) where 17 breeders were equipped in 2018. 142 

Breeding adults were fitted with either 4.5 g Ecotone, 6 g Lotek, 5 g Pathtrack or 12.5 g 143 

TechnoSmart GPS-loggers, representing 1 to 3 % of wedge-tailed shearwater body weight (413 144 

± 40 g in the present study), i.e. below the limit commonly accepted to limit behavior 145 

modification (Phillips et al., 2003). The lightest GPS-loggers (Ecotone, Lotek and Pathtrack) 146 

were attached to three tail feathers using Tesa® tape (McDuie et al., 2018), while the heaviest 147 

GPS-loggers (Technosmart) were back-mounted to ensure balance during flight would not be 148 

affected (Vandenabeele et al., 2014). Locations were recorded every 15 minutes. Birds were 149 

captured by hand at their burrow entrance before feeding their chicks. Colonies were 150 

monitored every night to recapture birds for logger recovery. A maximum of 0.4 mL of blood 151 

was collected on recapture from the tarsal vein using a 0.5 mL 29G syringe. Blood samples 152 

were centrifuged within 1 hour from collection to separate plasma and blood cells that were 153 

then stored separately in 70% ethanol until stable isotope analyses were run. 154 
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 155 

Figure 1: Map of New Caledonia, showing the location of the four wedge-tailed shearwaters breeding 156 
colonies used in this high resolution GPS study of foraging behavior. Inset shows the position of New 157 
Caledonia at the eastern edge of the Coral Sea. 158 

2.3 Definition of nighttime, moonlight intensity and lunar phase 159 

In order to investigate the effect of moonlight on wedge-tailed shearwater foraging behaviour, 160 

the night was defined as the period between astronomical dusk and the beginning of the 161 

astronomical dawn (i.e. when the geometric center of the Sun's disk is 18 degrees below the 162 

horizon). Astronomical dusk and dawn, moon rise and set were computed at each location 163 

recorded by GPS-loggers using the R “suncalc” package (Agafonkin and Thieurmel, 2017), 164 

while moonlight intensity and lunar phase were determined at each location with the R 165 

package “lunar” (Lazaridis, 2014)Moonlight intensity was a value comprised between 0 and 1, 166 
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0 being the illumination during the new moon or during the moonless part of the night (Before 167 

moonrise or after moonset), and 1 the illumination during the brightest full moon. Lunar phase 168 

was a value in radians, 0 corresponding to new moon, π/2 to first quarter (waxing moon), π to 169 

full moon and 3π/2 to last quarter (waning moon).  170 

2.4 Foraging trip characteristics 171 

Data from a total of 179 foraging trips were collected during 2017 (n = 126) and 2018 (n = 53) 172 

breeding seasons from 99 GPS-tracked individuals. Complete tracks, starting from the 173 

departure of the bird and ending at its return to the burrow, represented 85 % of the total 174 

number of tracks. Trip duration (days), total distance travelled and maximum distance from 175 

the colony (km) were computed using the R package “trip” (Michael et al., 2016). When tracks 176 

were incomplete, trip duration was estimated using the individual return date based on 177 

observation of birds back at the colony. Durations of nine incomplete tracks were impossible 178 

to estimate, and these tracks were removed from the analysis, resulting in a total of 170 trips 179 

being considered for trip duration analysis. Trips presenting gaps (n = 20) were removed from 180 

total distance travelled analysis, and incomplete trips (i.e. when the battery stopped before 181 

the individual began its return to the colony, n = 16) were removed from maximal distance 182 

travelled analysis. During the chick-rearing period, pelagic seabirds have to concurrently 183 

provide food to their chicks and meet their own needs using zones of high foraging 184 

competition near their colony (Furness and Birkhead, 1984; Lewis et al., 2001). In wedge-tailed 185 

shearwaters, longer trips are undertaken to ensure self-provisioning whereas shorter trips 186 

focus on chick provisioning (Congdon et al., 2005; McDuie et al., 2015, 2018; Weimerskirch et 187 

al., in press). Thus, we differentiated in this study long trips (> 3 days, n = 50) and short trips 188 

(≤ 3 days, n = 119).  189 
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2.5 Arrival time at the colony 190 

The time of arrival after a foraging trip was calculated using the first GPS location recorded on 191 

land, inside the colony area (i.e the contour of the islet, or within 1 Km around our study). 192 

Twenty tracks presenting gaps did not allow us to determine the accurate time and were 193 

excluded from this analysis. The arrival time was calculated for the 159 remaining tracks with 194 

an estimated accuracy of 15 min. During waxing moon nights, the moon is present in the first 195 

part of the night then sets, while during waning moon nights, the moon rises during the night. 196 

To investigate the effect of moon presence on wedge-tailed shearwaters arrival time at the 197 

colony, we determined whether birds arrived at the colony during the moonless or moonlit 198 

part of the night, or even before the astronomical dusk, for each lunar phase.  199 

2.6 Behavioral assessment 200 

Expectation Maximization binary Clustering (EMbC) algorithm (Garriga et al., 2016), a variant 201 

of the expectation maximization algorithm in maximum likelihood estimation of Gaussian 202 

mixture models, was used to determine wedge-tailed shearwater behavior during their 203 

foraging trips using the R package “EMbC” (Garriga et al., 2016). EMbC is a robust multivariate 204 

clustering algorithm based on sinuosity and speed of the trajectory calculated using 205 

loxodromic distances and bearings of the tracks to determine animal behavior. It requires few 206 

prior assumptions, assuming that turn angles between consecutive locations indicate 207 

searching or foraging, while straight bouts can be associated with resting (slow) and 208 

commuting (fast) (Garriga et al., 2016). This method has been used to assess ecologically 209 

meaningful behaviors from geolocation data for a range of seabird species, including 210 

Procellariiforms (Bennison et al., 2018; Clay et al., 2019; de Grissac et al., 2017; Mendez et al., 211 

2017). Each GPS location was assigned with one of the four behaviors determined by the 212 

algorithm according to speed and turning angle: resting (low speed, low turning angle), 213 
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commuting (high speed, low turning angle), extensive search (high speed, high turning angle) 214 

or intensive foraging (low speed, high turning angle). Resting corresponded to birds sitting on 215 

the water, and commuting to birds transiting between the colony and feeding areas, or 216 

between feeding areas.  217 

In order to estimate individual daily activity patterns, the total number of each of the four 218 

behaviors identified by EMbC was summed per hour of the day and divided by the total 219 

number of behaviors per hour, thus representing relative proportion of each behavior 220 

according to the time of the day. Proportions of each behavior per individual were also 221 

computed and compared between the day, the moonlit part of the night and the moonless 222 

part of the night in order to determine if behavior varies according to the presence of the 223 

moon and if wedge-tailed shearwaters adopted a similar behavior during the moonlit part of 224 

the night and during the day. Tracks containing less than 40 GPS locations were excluded from 225 

the analysis because they could not effectively represent the activity pattern. Cloud cover was 226 

not taken into account in the analysis, due to the poor temporal resolution of the 227 

observational data available (minimum 1 observation per day), which does not allow to 228 

determine the influence of the cloud cover on light intensity throughout the night.  229 

2.7 Stable isotope analyses 230 

Stable isotopic ratios were used to test for diet or foraging differences between night and day 231 

feeding of GPS-tracked wedge-tailed shearwaters. For this purpose, isotopic ratio for stable 232 

carbon (13C/12C, expressed as δ13C) and nitrogen (15N/14N expressed as δ15N) were analyzed in 233 

blood plasma of each individuals. δ15N values are generally used as a proxy of the trophic level 234 

(Minagawa and Wada, 1984), allowing to test whether individuals fed on different prey during 235 

the day and at night. Carbon stable isotope values (δ13C) mainly reflect the foraging habitat / 236 
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resource use of consumers if significant gradients exist at the base of food webs, which seem 237 

less pronounced in the tropics (Jaeger et al., 2010; Newsome et al., 2007). They were used 238 

here to test a difference in prey habitat (e.g. offshore vs. onshore, benthic vs. pelagic) between 239 

day and night. Plasma isotopic values reflect diet integrated 3 to 4 days prior to sampling, 240 

(Hobson and Clark, 1993). Plasma was therefore used to assess recently integrated food items 241 

by individuals, most likely during their last recorded trip. 242 

Since lipids can affect plasma δ13C values, they were removed using 2:1 chloroform: methanol 243 

mixture (Hobson and Clark, 1993). Between 0.5 to 5 mg of dried plasma were repeatedly (2–244 

3 treatments) shaken for one hour in 4 ml of the solvent. The sample was then centrifuged at 245 

4000g for 5 min and the supernatant containing the lipids was discarded. Lipid-free pellets 246 

were dried at 60°C.  247 

Sub-samples of plasma and red blood cells were weighed (0.3 mg) with a microbalance and 248 

packed into tin cups. Relative abundance of C and N isotopes were determined with a 249 

continuous flow mass spectrometer (Thermo Scientific Delta V Advantage) coupled to an 250 

elemental analyzer (Thermo Scientific Flash EA 1112). Results are presented in the δ notation 251 

relative to Vienna PeeDee Belemnite and atmospheric N2 for δ13C and δ15N, respectively. 252 

Replicate measurements of internal laboratory standards (acetanilide) indicated 253 

measurement errors <0.10‰ for both δ13C and δ15N values. 254 

2.8 Statistical analyses 255 

All statistical and spatial analyses were performed using R 3.5.1 (R Core Team, 2018). . 256 

Correlation between trip duration and maximum distance from the colony was tested using a 257 

Pearson correlation test. In order to test whether birds adjusted their trip duration according 258 

to the lunar phase, General Additive Model (GAM) assuming a Poisson error distribution was 259 
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applied, with trip duration as the dependent variable and lunar phase at the departure of the 260 

colony as fixed factor. Models were applied separately to chick-provisioning and self-261 

provisioning trips. GAMs were created using the “mgcv” R package (Wood, 2017). Differences 262 

in the proportion of each behavior according to day or night, and moonless or moonlit part of 263 

the night were tested using Wilcoxon-Mann-Whitney rank sum-tests. Generalized Linear 264 

Models (GLMs) with Gaussian family and logit link function were applied on δ15N or δ13C values 265 

with proportion of time spent to forage at night, site and year as explanatory variables. All 266 

results are presented as mean ± standard error. 267 

3 - Results  268 

3.1 Foraging trip characteristics 269 

The distribution of foraging trip durations suggests a bi-modal distribution with several trips 270 

lasting from 1 to 3 days, and longer trips lasting from 4 to 13 days (Appendix 1). Chick-feeding 271 

trip mean duration was 1.19 days (± 0.07, n = 120, Table 1), mean distance travelled 276 km 272 

(± 20, n = 100) and mean maximum distance from the colony 102 km (± 8, n = 101). Self-273 

feeding trip mean duration was 7.31 days (± 0.37, n = 50), mean distance travelled 1452 km 274 

(± 102, n = 30) and mean maximum distance from the colony 401 km (± 21, n = 53). Pearson 275 

correlation tests showed that trip duration and maximum distance from the colony were 276 

correlated on average at 88.6 % ± 3.8 % by site. Thus, we will consider only trip duration in the 277 

following results.  278 

Tableau 1 : Foraging parameters of wedge-tailed shearwaters studied during the 2017-2018 breeding 279 
season in New Caledonia 280 

Number of tracked individuals 99 

Number of foraging trips  179 

Number of GPS-locations 23827 

Chick-provisioning - trip duration (days) 1,19 ± 0,07 (n = 120) 

Self-provisioning - trip duration (days) 7,31 ± 0,37 (n = 50) 
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Chick-provisioning - distance travelled (km) 276 ± 20 (n = 100) 

Self-provisioning -  distance travelled (km) 1452 ± 102 (n = 30) 

Chick-provisioning - maximal distance from the colony (km) 102 ± 8 (n = 101) 

Self-provisioning - maximal distance from the colony (km) 401 ± 21 (n = 53) 

 281 

3.2 Effect of lunar phase on foraging trip duration 282 

GAM did not reveal a significant effect of the lunar phase on chick-provisioning trips (≤ 3 days) 283 

duration (Figure 2; adjusted R²= -0.005, deviance explained = 0.385%, n= 120, edf = 1, p= 284 

0.521) but duration of self-provisioning trip (> 3 days) was significantly longer when birds 285 

departed around the full moon (Figure 2; adjusted R²= 0.200, Deviance explained = 25.5 %, n= 286 

50, edf = 2.702, p= 0.038).   287 

 288 

Figure 2: Results from generalized additive models that assessed self-provisioning and chick-289 
provisioning foraging trip durations of WTSH from 4 study colonies on New Caledonia, and the 290 
relationships with the phase of the moon at the time of departure from the colony. The figure shows a 291 
clear relationship with self- provisioning trips (n = 50, dashed line and circles represent individual trips), 292 
but no effect of the moon on chick-provisioning trips (n = 120, solid line and triangles) 293 
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3.3 Arrival time at the colony 294 

Among the 160 trips for which arrival time at the colony could be calculated, 19 (12 %) took 295 

place during the day, before astronomical dusk or after astronomical dawn. Among the 141 296 

arrivals that took place at night, 55 (39 %) occurred during moonless conditions and 86 (61 %) 297 

under moonlit conditions (Figure 3). During waxing and waning moons, when the moon is 298 

present only during a part of the night, most individuals reached the colony under moonlit 299 

conditions (64.3 % during waxing moon, 53.6 % during waning moon). Around the new moon, 300 

the moon is absent throughout the night and it is the only case where most of the arrivals took 301 

place during moonless conditions (76.5 %), the others occurring before astronomical dusk 302 

(23.5 %).  303 

 304 

Figure 3: Frequency distribution of wedge-tailed shearwaters arrivals to the colony according to the 305 
presence of the moon for (a) all trips, (b) chick-provisioning trips and (c) self-provisioning trips. Sample 306 
sizes (number of arrivals to the colony) are as follows: moonless part of nights, n = 55; moonlit part of 307 
the night, n = 86; outside the complete night, n = 19 308 

3.4 Activity patterns and lunar cycle 309 

When at sea, foraging behavior represented the most important activity during daytime and 310 

the second most important during the night (Table 2, Figure 4). Individuals spent most of their 311 

time resting on the water during the night, while during the day it was the least represented 312 

behavior. Commuting behavior occurred mainly at dusk and dawn. At night, wedge-tailed 313 
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shearwater behavior was significantly affected by moonlight, with foraging activity occurring 314 

more frequently during moonlit than during moonless periods of the night (W = 3964.5, p 315 

< 0.001; Figure 5). Furthermore, they foraged more than they rested during moonlit periods 316 

(Wilcoxon-Mann-Whitney W = 3841.5, p = 0.001) and conversely rested more than foraged 317 

during moonless periods (W = 779.5, p < 0.001), even though foraging remained lower during 318 

moonlit periods of the night than during daylight (W = 4695, p = 0.008; Figure 5).  319 

On average 72.1 % (± 1.6) of foraging activity occurred during daylight. Daylight foraging 320 

dropped to 68.0 % (± 1.7) when the foraging trips included ≥ 1 night/s away from the colony, 321 

with individual variability ranging between 4 and 94 % of total foraging activity.  322 

Tableau 2: Proportion (mean ± SE) of behaviour (foraging, extensive search, resting, commuting) 323 
carried out by breeding wedge-tailed shearwaters in New caledonia. Results are presented for night 324 
and day confounded (All), during the day (Day), during the night (Night), during the moonless part of 325 
the night (Moonless) or during the moonlit part of the night (Moonlit). 326 

 
Foraging Extensive 

search 
Resting Commuting 

All 0,32 ± 0,15 0,12 ± 0,10 0,27 ± 0,28 0,28 ± 0,21 

Day 0,38 ± 0,13 0,19 ± 0,08 0,09 ± 0,07 0,34 ± 0,14 

Night 0,28 ± 0,15 0,07 ± 0,08 0,39 ± 0,30 0,24 ± 0,23 

Moonlit 0,34 ± 0,15 0,10 ± 0,08 0,25 ± 0,23 0,31 ± 0,21 

Moonless 0,23 ± 0,13 0,05 ± 0,08 0,56 ± 0,29 0,16 ± 0,22 
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 327 

Figure 4: Percentage of time allocated to each behavior (foraging, extensive search, resting or 328 
commuting) by New Caledonia breeding wedge-tailed shearwaters, according to the time of day. The 329 
dark grey parts represent the night, the light grey parts the dawn and dusk and the white part the day. 330 
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 331 

Figure 5 : Proportion (mean ± SE) of behaviors (foraging, extensive search, resting, commuting) 332 
assigned along the tracks of New Caledonia breeding wedge-tailed shearwaters according to the 333 
presence of the sun and the moon (day, moonlit part of the night or moonless part of the night) 334 

3.5 Stable isotope analyses 335 

Linear regression models revealed that the δ15N values in blood plasma were significantly 336 

affected by the percentage of nocturnal foraging (estimate = -1.98, CI95: [-3.930 : -0.034]; 337 

Table 3) indicating a decrease in δ15N values along with the time spent foraging at night.  The 338 

δ15N values were significantly higher during 2018 compare to 2017 (estimate = 1.17, CI95: 339 

[0.752 : 2.906]) and significantly higher in Tiambouene colony compare to Canard (estimate = 340 

-1.15, CI95: [-3.135 : -0.463]). The model also highlighted a significant combined-effect of the 341 

percentage of nocturnal foraging at Pindai (estimate = 2.27, CI95: [0.203 : 4.329]), indicating 342 

that the δ15N values were differently affected by the percentage of nocturnal foraging for this 343 

colony.  344 

No significant effect of percentage of nocturnal foraging on the blood plasma δ13C values was 345 

shown (estimate = 0.25, CI95: [-0.589  : 1.102]).  346 
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Tableau 3: Summary tables of linear models explaining trends in nitrogen (δ15N) and carbon (δ13C) 347 
isotopic values from blood plasma of wedge-tailed shearwater as a function of their percentage of 348 
nocturnal foraging, colony and year of sam- pling. Intercept represent the year 2017 and the site Canard 349 
islet. 350 

δ15N Estimate Std.error t value P-value 

Intercept 9,34 0,38 24,79 *** 

Percentage of nocturnal foraging -1,98 0,99 -2,01 * 

Site - Mato -0,37 0,48 -0,77 0,44 

Site - Pindai -0,62 0,40 -1,56 0,12 

Site - Tiambouene -1,14 0,45 -2,53 * 

Year - 2018 1,18 0,21 5,58 *** 

Percentage : Site - Mato 0,10 1,37 0,07 0,94 

Percentage : Site - Pindai 2,27 1,04 2,17 * 

Percentage : Site - Tiambouene 0,72 1,25 0,58 0,56 

     

δ13C     
Intercept -16,99 0,16 -104,29 *** 

Percentage of nocturnal foraging 0,26 0,43 0,60 0,55 

Site - Mato 0,07 0,22 0,32 0,75 

Site - Pindai 0,12 0,17 0,67 0,50 

Site - Tiambouene -0,30 0,29 -1,02 0,31 

Year 2018 0,32 0,24 1,36 0,18 

Percentage : Site - Mato -0,11 0,67 -0,16 0,87 

Percentage : Site - Pindai 1,92 0,45 -0,36 0,72 

Percentage : Site - Tiambouene 1,92 1,01 1,90 0,06 

Percentage : Year - 2018 -1,82 0,85 -2,13 * 
 351 

4 - Discussion 352 

Wedge-tailed shearwaters performing chick-provisioning trips primarily returned to the 353 

colony under moonlit conditions and lunar phase did not significantly affect chick-provisioning 354 

trip length, indicating that these trips would be conducted regardless of the lunar phase. It is 355 

important for shearwaters to maintain regular chick provisioning and they can achieve this 356 

with short duration trips that are near the colony (McDuie et al., 2018). 357 

By contrast, when performing self-provisioning foraging trips, trip lengths were longer around 358 

the full moon than under the new moon. Wedge-tailed shearwaters are known to forage at 359 
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more distant locations when self-provisioning (Congdon et al., 2005; McDuie et al., 2015) 360 

where prey resources may be richer (e.g. Miller et al., 2018; Weimerskirch et al., 1994). We 361 

also found that the maximum distance of longer trips was farther from the colony that for 362 

shorter trips so WTSH could be taking advantage of increased light available around the full 363 

moon to extend foraging time and food assimilation when self-provisioning.  364 

This behavior has been previously documented in another shearwater species, the Scopoli’s 365 

shearwater Calonectris diomedea, where (Rubolini et al. (2015) interpreted the longer trips 366 

taken by shearwaters under moonlit conditions as a predation avoidance strategy. 367 

Furthermore, in that study, the majority of individuals returned to the colony and entered 368 

burrows once the night was moonless. Moonlight avoidance when attending colonies has also 369 

been documented in other Procellariid species, generally reflected by a lower number of 370 

individuals at the colony during the nights around the full moon (Bourgeois et al., 2008; 371 

Bretagnolle, 1990; Mougeot and Bretagnolle, 2000; Riou and Hamer, 2008). In contrast, a 372 

recent study indicated that streaked shearwaters Calonectris leucomelas did not avoid 373 

moonlight when arriving at the colony (Tatenhove et al., 2018). In our study, 53 % of wedge-374 

tailed shearwaters returned from chick- and self-provisioning foraging trips during moonlit 375 

periods and 12 % of the individuals reached the colony before astronomical dusk. Even when 376 

the moon was absent during part of the night, when waxing or waning, only 39 % of wedge-377 

tailed shearwaters returned during moonless periods, which contradicts the predation 378 

avoidance hypothesis. Thus, wedge-tailed shearwater trip duration does not seem to be 379 

related to the avoidance of predation on land in New Caledonia, despite evidence of predation 380 

by feral cats Felis catus and peregrine falcons Falco peregrinus in at least two colonies (pers. 381 

obs.). On the other hand, we cannot exclude that non-breeding individuals may have avoided 382 
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moonlight, a phenomenon observed in other petrel and shearwater species (Bourgeois et al. 383 

2008).  384 

During the breeding season, wedge-tailed shearwaters primarily foraged during the day, 385 

commuted to and from the colony at dawn and dusk and rested at night. However, the 386 

unexpectedly active nocturnal foraging differed from most previous studies that showed little 387 

nocturnal foraging in closely related, large shearwaters (600 to 950 g; flesh footed shearwater 388 

Ardenna carneipes: 2% of dives during night-time, Rayner et al. 2011; sooty shearwater 389 

Ardenna grisea: <5% of dives, Shaffer et al. 2009; streaked shearwater: 5% of dives, 390 

Matsumoto et al. 2012; great shearwater Ardenna gravis: <0.5% of dives, Ronconi et al. 2010; 391 

short-tailed shearwaters Ardenna tenuisrostris: lack of dive during the night, Raymond et al. 392 

2010). One exception of this contrasted pattern of nocturnal foraging activity between large 393 

and small procellariids is the pink-footed shearwater (Ardenna creatopus, ~700 g) which 394 

performed 22 % of its dives during the night (Adams et al., 2019), which is similar to the 28 % 395 

nocturnal foraging by wedge-tailed sheawaters in the present study. Nevertheless, we cannot 396 

exclude that our results may be specific to our study populations and/or years as spatial and 397 

temporal adjustment of foraging activity has been observed in other seabird populations. 398 

Cory’s shearwaters Calonectris diomedea, for example, become nocturnal foragers when 399 

wintering in colder, deeper seas areas of the ocean where the DVM is more prevalent, 400 

particularly during moonlit nights (Dias et al., 2012). 401 

Interestingly, wedge-tailed shearwaters foraging activity under moonlit conditions became 402 

more similar to their diurnal pattern, whereby foraging exceeded resting. Moonlight could 403 

provide sufficient light for these predators that, as with many procellariids, rely on visual cues 404 

at small spatial scale to hunt for small pelagic prey such as squids and fish (Brooke, 2004; 405 
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Harrison et al., 1983). Remaining at sea for nocturnal foraging consequently delayed these 406 

individuals’ return to the colony which drove the increase in moonlit commuting behavior. 407 

These results are consistent with previous studies conducted on petrels (Dias et al., 2016; 408 

Ramos et al., 2016), shearwaters (Dias et al., 2012; Yamamoto et al., 2008) and albatrosses 409 

(Phalan et al., 2007), that highlighted a greater movement or foraging activity during moonlit 410 

nights. Thus, we think it more likely that longer trips around the full moon are linked to 411 

increased foraging opportunities than predation avoidance.  412 

Another factor that may cause wedge-tailed shearwaters to remain foraging at-sea 413 

nocturnally is the DVM exhibited by mesopelagic fish species (Spear et al., 2007) such as 414 

Myctophidae, known to be consumed by wedge-tailed shearwaters (Komura et al., 2018). If 415 

DVM makes these species available during the night to shallow divers, such as wedge-tailed 416 

shearwaters (Spear et al., 2007), we would expect to see this reflected in divergent values of 417 

the stable isotopes δ13C and/or δ15N (Inger and Bearhop, 2008) according to the time spent 418 

foraging at night..  The absence of a relationship between δ13C values and the proportion of 419 

nocturnal foraging may indicate that wedge-tailed shearwaters target similar habitats/species 420 

when foraging at night. Alternatively, this could be due to a lack of contrast in δ13C values at 421 

the base of tropical food webs (Ménard et al., 2007), which prevents differentiation between 422 

the foraging habitats used.  By contrast, the decrease in δ15N values in relation to the 423 

percentage of nocturnal foraging supports a possible shift in prey consumption between day 424 

and night which is consistent with the assumption that wedge-tailed shearwaters could take 425 

advantage of the nocturnal migration of mesopelagic prey to the surface. However, this was 426 

a relatively weak relationship compared with the strong differences in δ15N values between 427 

year and sites and, as such, must be interpreted carefully. Additional diet analyses based on 428 
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eDNA would be useful to confirm these results, and to better understand the diet of wedge-429 

tailed shearwaters when foraging at night. 430 

Based on 179 high resolution WTSH foraging trips, this study strengthens the evidence that 431 

the moon strongly affects foraging activity during the breeding season in Procellariids. By 432 

tuning self-provisioning foraging trip durations, WTSH were able to extend their foraging time-433 

window and forage day and night by taking advantage of the lengthened light available during 434 

the most favorable periods around full moon. This behavioral adjustment could reduce intra- 435 

and inter-specific competition for resources with other abundant, and mainly diurnal foraging 436 

seabird species that nest in New Caledonia (Spaggiari et al., 2007).  This could be of significant 437 

importance in an area where very large seabird populations (Pandolfi and Bretagnolle, 2002) 438 

rely on poor productivity, oligotrophic waters (Menkes et al., 2015). 439 
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Appendixes: 440 

 441 

Appendix 1: Histogram of the foraging trip duration of wedge-tailed shearwaters GPS tracked in New 442 
Caledonia during 2017 and 2018 breeding season. 443 

Acknowledgments: 444 

We thank the many field workers involved in the field studies in New Caledonia, especially 445 

Aymeric Bodin, Guillaume Chagneau, Julien Dijoux, Mathieu Mathivet, Aurore Pujapujane, 446 

Angélique Pagenaud, Nicolas silva, Maële Brisset, Maxime Neaoutyine, Corentin Lemesle and  447 

Hélène de Méringo. We also thanks for field work facilities the Province Nord and Province 448 

Sud environmental services. We also appreciate support of M. Brault-Favrou from the 449 

Plateforme Analyses Elémentaires of the LIENSs laboratory for proceeding the samples for the 450 

stable isotope analyses, and of G. Guillou from the Plateforme Analyses Isotopiques of the 451 

LIENSs laboratory for running stable isotope analyses. Thanks to the CPER (Contrat de Projet 452 

Etat-Région) and the FEDER (Fonds Européen de Développement Régional) for funding the 453 



25 

IRMS of LIENSs laboratory. The IUF (Institut Universitaire de France) is acknowledged for its 454 

support to P. Bustamante as a Senior Member.  455 



26 

References 456 

Adams, J., Felis, J.J., Czapanskiy, M., Carle, 457 

R.D., Hodum, P.J., 2019. Diving behavior of 458 

Pink-footed Shearwaters Ardenna 459 

creatopus rearing chicks on Isla Mocha, 460 

Chile. Mar. Ornithol. 47, 17–24. 461 

Agafonkin, V., Thieurmel, B., 2017. suncalc: 462 

Compute Sun Position, Sunlight Phases, 463 

Moon Position and Lunar Phase. R package 464 

version 0.4. 465 

Ashmole, N.P., 1971. Seabird ecology and 466 

the marine environment, in: Farner, D., 467 

King, D., Parkes, K. (Eds.), Avian Biology, Vol 468 

1. Academic Press, New York, pp. 223–286. 469 

Au, D.W.K., Pitman, R.L., 1986. Seabird 470 

interactions with dolphins and tuna in the 471 

eastern tropical Pacific. Condor 88, 304–472 

317. 473 

Bennison, A., Bearhop, S., Bodey, T.W., 474 

Votier, S.C., Grecian, W.J., Wakefield, E.D., 475 

Hamer, K.C., Jessopp, M., 2018. Search and 476 

foraging behaviors from movement data: A 477 

comparison of methods. Ecol. Evol. 8, 13–478 

24. 479 

Benoit-Bird, K.J., Au, W.W.L., Wisdom, 480 

D.W., 2009. Nocturnal light and lunar cycle 481 

effects on diel migration of micronekton. 482 

Limnol. Oceanogr. 54, 1789–1800. 483 

Bourgeois, K., Dromzée, S., Vidal, É., 484 

Legrand, J., 2008. Yelkouan shearwater 485 

Puffinus yelkouan presence and behaviour 486 

at colonies: not only a moonlight question. 487 

C. R. Biol. 331, 88–97. 488 

Bretagnolle, V., 1990. Effet de la lune sur 489 

l’activité des pétrels (classe Aves) aux îles 490 

Salvages (Portugal). Can. J. Zool. 68, 1404–491 

1409. 492 

Bretagnolle, V., Attié, C., Mougeot, F., 493 

2000. Audubon’s Shearwaters Puffinus 494 

lherminieri on Reunion Island, Indian 495 

Ocean: behaviour, census, distribution, 496 

biometrics and breeding biology. Ibis 497 

(Lond. 1859). 142, 399–412. 498 

Brooke, M., 2004. Albatrosses and Petrels 499 

across the world. Oxford University Press, 500 



27 

Oxford. 501 

Burger, A.E., 2001. Diving Depths of 502 

Shearwaters. Auk 118, 755–759. 503 

Catry, T., Ramos, J.A., Le Corre, M., Phillips, 504 

R.A., 2009. Movements, at-sea distribution 505 

and behaviour of a tropical pelagic seabird: 506 

The wedge-tailed shearwater in the 507 

western Indian Ocean. Mar. Ecol. Prog. Ser. 508 

391, 231–242. 509 

Clay, T.A., Oppel, S., Lavers, J.L., Phillips, 510 

R.A., De, · M, Brooke, L., 2019. Divergent 511 

foraging strategies during incubation of an 512 

unusually wide-ranging seabird, the 513 

Murphy’s petrel. Mar. Biol. 166, 8. 514 

Congdon, B.C., Krockenberger, A.K., 515 

Smithers, B. V., 2005. Dual-foraging and co-516 

ordinated provisioning in a tropical 517 

Procellariiform, the wedge-tailed 518 

shearwater. Mar. Ecol. Prog. Ser. 301, 293–519 

301. 520 

Cruz, S.M., Hooten, M., Huyvaert, K.P., 521 

Proan, C.B., Anderson, D.J., Afanasyev, V., 522 

Wikelski, M., 2013. At-Sea Behavior Varies 523 

with Lunar Phase in a Nocturnal Pelagic 524 

Seabird, the Swallow-Tailed Gull. PLoS One 525 

8, e56889. 526 

de Grissac, S., Bartumeus, F., Cox, S.L., 527 

Weimerskirch, H., 2017. Early-life foraging : 528 

Behavioral responses of newly fledged 529 

albatrosses to environmental conditions. 530 

Ecol. Evol. 7, 6766–6778. 531 

Dias, M.P., Granadeiro, J.P., Catry, P., 2012. 532 

Working the day or the night shift? 533 

Foraging schedules of Cory’s shearwaters 534 

vary according to marine habitat. Mar. 535 

Ecol. Prog. Ser. 467, 245–252. 536 

Dias, M.P., Romero, J., Granadeiro, J.P., 537 

Catry, T., Pollet, I.L., Catry, P., 2016. 538 

Distribution and at-sea activity of a 539 

nocturnal seabird, the Bulwer’s petrel 540 

Bulweria bulwerii, during the incubation 541 

period. Deep. Res. Part I Oceanogr. Res. 542 

Pap. 113, 49–56. 543 

Furness, R.W., Birkhead, T.R., 1984. Seabird 544 

colony distributions suggest competition 545 

for food supplies during the breeding 546 



28 

season. Nature 311, 655–656. 547 

Garriga, J., Palmer, J.R.B., Oltra, A., 548 

Bartumeus, F., 2016. Expectation-549 

maximization binary clustering for 550 

behavioural annotation. PLoS One 11, 551 

e0151984. 552 

Gliwicz, M.J., 1986. A Lunar Cycle in 553 

Zooplankton. Ecology 67, 883–897. 554 

Gould, P.J., 1967. Nocturnal Feeding of 555 

Sterna fuscata and Puffinus pacificus. 556 

Condor 69, 529–529. 557 

Grant, R., Halliday, T., Chadwick, E., 2013. 558 

Amphibians’ response to the lunar synodic 559 

cycle—a review of current knowledge, 560 

recommendations, and implications for 561 

conservation. Behav. Ecol. 24, 53–62. 562 

Harrison, C.S., Hida, T.S., Seki, M.P., 1983. 563 

Hawaiian seabird feeding ecology. Wildl. 564 

Monogr. 85, 3–71. 565 

Hebshi, A.J., Duffy, D.C., Hyrenbach, K.D., 566 

2008. Associations between seabirds and 567 

subsurface predators around Oahu, 568 

Hawaii. Aquat. Biol. 4, 89–98. 569 

Hobson, K.A., Clark, R.G., 1993. Turnover of 570 

13 C in Cellular and Plasma Fractions of 571 

Blood: Implications for Nondestructive 572 

Sampling in Avian Dietary Studies. Auk 110, 573 

638–641. 574 

Inger, R., Bearhop, S., 2008. Applications of 575 

stable isotope analyses to avian ecology. 576 

Ibis (Lond. 1859). 150, 447–461. 577 

Jaeger, A., Lecomte, V.J., Weimerskirch, H., 578 

Richard, P., Cherel, Y., 2010. Seabird 579 

satellite tracking validates the use of 580 

latitudinal isoscapes to depict predators’ 581 

foraging areas in the Southern Ocean. 582 

Rapid Commun. Mass Spectrom. 24, 3456–583 

3460. 584 

Keitt, B.S., Tershy, B.R., Croll, D.A., 2004. 585 

Nocturnal behavior reduces predation 586 

pressure on Black-vented Shearwaters 587 

Puffinus opisthomelas. Mar. Ornithol. 32, 588 

173–178. 589 

Komura, T., Ando, H., Horikoshi, K., Suzuki, 590 

H., Isagi, Y., 2018. DNA barcoding reveals 591 



29 

seasonal shifts in diet and consumption of 592 

deep-sea fishes in wedge-tailed 593 

shearwaters. PLoS One 13, e0195385. 594 

Lazaridis, E., 2014. lunar: Lunar Phase & 595 

Distance, Seasons and Other 596 

Environmental Factors (Version 0.1-04). 597 

Lewis, S., Sherratt, T.N., Hamer, K.C., 598 

Wanless, S., 2001. Evidence of intra-599 

specific competition for food in a pelagic 600 

seabird. Nature 412, 816–819. 601 

Martin, G.R., 1990. Birds by Night. T. & A. 602 

D. Poyser, London. 603 

Matsumoto, K., Oka, N., Ochi, D., Muto, F., 604 

Satoh, T.P., Watanuki, Y., 2012. Foraging 605 

behavior and diet of Streaked Shearwaters 606 

Calonectris leucomelas rearing chicks on 607 

Mikura Island. Ornithol. Sci. 11, 9–19. 608 

McDuie, F., Congdon, B.C., 2016. Trans-609 

equatorial migration and non-breeding 610 

habitat of tropical shearwaters: 611 

Implications for modelling pelagic 612 

Important Bird Areas. Mar. Ecol. Prog. Ser. 613 

550, 219–234. 614 

McDuie, F., Weeks, S.J., Congdon, B.C., 615 

2018. Oceanographic drivers of near-616 

colony seabird foraging site use in tropical 617 

marine systems. Mar. Ecol. Prog. Ser. 589, 618 

209–225. 619 

McDuie, F., Weeks, S.J., Miller, M.G.R., 620 

Congdon, B.C., 2015. Breeding tropical 621 

shearwaters use distant foraging sites 622 

when self-provisioning. Mar. Ornithol. 43, 623 

123–129. 624 

Mendez, L., Prudor, A., Weimerskirch, H., 625 

2017. Ontogeny of foraging behaviour in 626 

juvenile red-footed boobies (Sula sula). Sci. 627 

Rep. 7, 13886. 628 

Menkes, C.E., Allain, V., Rodier, M., Gallois, 629 

F., Lebourges-Dhaussy, A., Hunt, B.P.V., 630 

Smeti, H., Pagano, M., Josse, E., Daroux, A., 631 

Lehodey, P., Senina, I., Kestenare, E., 632 

Lorrain, A., Nicol, S., 2015. Seasonal 633 

oceanography from physics to 634 

micronekton in the south-west pacific. 635 

Deep. Res. Part II Top. Stud. Oceanogr. 113, 636 

125–144. 637 



30 

Michael, A., Sumner, D., Luque, S., 638 

Fischbach, A., 2016. Trip : Tools for the 639 

Analysis of Animal Track Data. R package 640 

version 1.5.0. 641 

Miller, M.G.R., Carlile, N., Phillips, J.S., 642 

Mcduie, F., Congdon, B.C., 2018. 643 

Importance of tropical tuna for seabird 644 

foraging over a marine productivity 645 

gradient. Mar. Ecol. Prog. Ser. 586, 233–646 

249. 647 

Minagawa, M., Wada, E., 1984. Stepwise 648 

enrichment of 15N along food chains: 649 

Further evidence and the relation between 650 

δ15N and animal age. Geochim. 651 

Cosmochim. Acta 48, 1135–1140. 652 

Mougeot, F., Bretagnolle, V., 2000. 653 

Predation risk and moonlight avoidance in 654 

nocturnal seabirds. J. Avian Biol. 31, 376–655 

386. 656 

Navarro, J., Votier, S.C., Aguzzi, J., Chiesa, 657 

J.J., Forero, M.G., Phillips, R.A., 2013. 658 

Ecological Segregation in Space, Time and 659 

Trophic Niche of Sympatric Planktivorous 660 

Petrels. PLoS One 8. 661 

Newsome, S.D., Rio, Martinez del, C., 662 

Bearhop, S., Phillips, D.L., 2007. A Niche for 663 

Isotope Ecology. Front. Ecol. Environ. 5, 664 

429–436. 665 

Pandolfi, M., Bretagnolle, V., 2002. 666 

Seabirds of the Southern Lagoon of New 667 

Caledonia; Distribution, Abundance and 668 

Threats. Waterbirds 25, 202–214. 669 

Phalan, B., Phillips, R.A., Silk, J.R.D., 670 

Afanasyev, V., Fukuda, A., Fox, J., Catry, P., 671 

Higuchi, H., Croxall, J.P., 2007. Foraging 672 

behaviour of four albatross species by night 673 

and day. Mar. Ecol. Prog. Ser. 340, 271–674 

286. 675 

Phillips, R.A., Xavier, J.C., Croxall, J.P., 2003. 676 

Effects of satellite transmitters on 677 

albatrosses and petrels. Auk 120, 1082–678 

1090. 679 

Pinet, P., Jaeger, A., Cordier, E., Potin, G., Le 680 

Corre, M., 2011. Celestial moderation of 681 

tropical seabird behavior. PLoS One 6, 682 

e27663. 683 



31 

Pontón-Cevallos, J., Dwyer, R., Franklin, C., 684 

Bunce, A., 2017. Understanding resource 685 

partitioning in sympatric seabirds living in 686 

tropical marine environments. Emu Austral 687 

Ornithol. 117, 31–39. 688 

Prugh, L.R., Golden, C.D., 2014. Does 689 

moonlight increase predation risk? Meta-690 

analysis reveals divergent responses of 691 

nocturnal mammals to lunar cycles. J. 692 

Anim. Ecol. 83, 504–514. 693 

R Core Team, 2018. R: A language and 694 

environment for statistical computing. 695 

Ramos, R., Ramírez, I., Paiva, V.H., Militão, 696 

T., Biscoito, M., Menezes, D., Phillips, R.A., 697 

Zino, F., González-Solís, J., 2016. Global 698 

spatial ecology of three closely-related 699 

gadfly petrels that breed in Macaronesia. 700 

Sci. Rep. 6, 23447. 701 

Raymond, B., Shaffer, S.A., Sokolov, S., 702 

Woehler, E.J., Costa, D.P., Einoder, L., 703 

Hindell, M., Hosie, G., Pinkerton, M., Sagar, 704 

P.M., Scott, D., Smith, A., Thompson, D.R., 705 

Vertigan, C., Weimerskirch, H., 2010. 706 

Shearwater foraging in the Southern 707 

Ocean: The roles of prey availability and 708 

winds. PLoS One 5, e10960. 709 

Rayner, M.J., Carlile, N., Priddel, D., 710 

Bretagnolle, V., Miller, M.G.R., Phillips, 711 

R.A., Ranjard, L., Bury, S.J., Torres, L.G., 712 

2016. Niche partitioning by three 713 

Pterodroma petrel species during non-714 

breeding in the equatorial Pacific Ocean. 715 

Mar. Ecol. Prog. Ser. 549, 217–229. 716 

Rayner, M.J., Taylor, G.A., Thompson, D.R., 717 

Torres, L.G., Sagar, P.M., Shaffer, S.A., 718 

2011. Migration and diving activity in three 719 

non-breeding flesh-footed shearwaters 720 

Puffinus carneipes. J. Avian Biol. 42, 266–721 

270. 722 

Riou, S., Hamer, K.C., 2008. Predation risk 723 

and reproductive effort: impacts of 724 

moonlight on food provisioning and chick 725 

growth in Manx shearwaters. Anim. Behav. 726 

76, 1743–1748. 727 

Roger, C., 1994. Relationships among 728 

yellowfin and skipjack tuna, their prey-fish 729 



32 

and plankton. Fish. Oceanogr. 3, 133–141. 730 

Ronconi, R.A., Ryan, P.G., Ropert-Coudert, 731 

Y., 2010. Diving of great shearwaters 732 

(Puffinus gravis) in cold and warm water 733 

regions of the South Atlantic Ocean. PLoS 734 

One 5, e15508. 735 

Rubolini, D., Maggini, I., Ambrosini, R., 736 

Imperio, S., Paiva, V.H., Gaibani, G., Saino, 737 

N., Cecere, J.G., 2015. The Effect of 738 

Moonlight on Scopoli’s Shearwater 739 

Calonectris diomedea Colony Attendance 740 

Patterns and Nocturnal Foraging: A Test of 741 

the Foraging Efficiency Hypothesis. 742 

Ethology 121, 284–299. 743 

Schaefer, K.M., Fuller, D.W., Block, B.A., 744 

2009. Vertical Movements and Habitat 745 

Utilization of Skipjack (Katsuwonus 746 

pelamis), Yellowfin (Thunnus albacares), 747 

and Bigeye (Thunnus obesus) Tunas in the 748 

Equatorial Eastern Pacific Ocean, 749 

Ascertained Through Archival Tag Data, in: 750 

Tagging and Tracking of Marine Animals 751 

with Electronic Devices. Springer, 752 

Dodrecht, pp. 121–144. 753 

Shaffer, A., Weimerskirch, H., Scott, D., 754 

Pinaud, D., Thompson, D.R., Sagar, P.M., 755 

Moller, H., Taylor, G.A., Foley, D.G., 756 

Tremblay, Y., Costa, D.P., 2009. 757 

Spatiotemporal habitat use by breeding 758 

sooty shearwaters Puffinus Griseus. Mar. 759 

Ecol. Prog. Ser. 391, 209–220. 760 

Spaggiari, J., Barré, N., Baudat-Franceschi, 761 

J., Borsa, P., 2007. New Caledonian 762 

Seabirds. Compend. Mar. species New 763 

Caledonia. Doc. Sci. Tech. 117, 415–428. 764 

Spear, L.B., Ainley, D.G., Walker, W.A., 765 

2007. Foraging dynamics of seabirds in the 766 

eastern tropical Pacific Ocean. Stud. Avian 767 

Biol. 35, 1–99. 768 

Tatenhove, A. Van, Fayet, A., Watanuki, Y., 769 

Yoda, K., Shoji, A., 2018. Streaked 770 

Shearwater Calonectris leucomelas 771 

moonlight avoidance in response to low 772 

aerial predation pressure, and effects of 773 

wind speed and direction on colony 774 

attendance. Mar. Ornithol. 46, 177–185. 775 



33 

Vandenabeele, S.P., Grundy, E., Friswell, 776 

M.I., Grogan, A., Votier, S.C., Wilson, R.P., 777 

2014. Excess baggage for birds: 778 

Inappropriate placement of tags on 779 

gannets changes flight patterns. PLoS One 780 

9, e92657. 781 

Waap, S., Symondson, W.O.C., Granadeiro, 782 

J.P., Alonso, H., Serra-Gonçalves, C., Dias, 783 

M.P., Catry, P., 2017. The diet of a 784 

nocturnal pelagic predator, the Bulwer’s 785 

petrel, across the lunar cycle. Sci. Rep. 7, 786 

1384. 787 

Watanuki, Y., 1986. Moonlight avoidance 788 

behavior in Leach’s Storm-Petrels 789 

(Oceanodroma leucorhoa) as a defense 790 

against Slaty-backed Gulls. Auk 103, 14–22. 791 

Weimerskirch, H., Chastel, O., Ackermann, 792 

L., Chaurand, T., Cuenot-Chaillet, F., 793 

Hindermeyer, X., Judas, J., 1994. Alternate 794 

long and short foraging trips in pelagic 795 

seabird parents. Anim. Behav. 47, 472–476. 796 

Weimerskirch, H., De Grissac, S., Ravache, 797 

A., Prudor, A., Corbeau, A., Congdon, B.C., 798 

Mcduie, F., Bourgeois, K., Dromzée, S., 799 

Butscher, J., Menkes, C., Allain, V., Vidal, É., 800 

Jaeger, A., Borsa, P., n.d. At-sea 801 

movements of wedge-tailed shearwaters 802 

during and outside the breeding season 803 

from four colonies in New Caledonia. Mar. 804 

Ecol. Prog. Ser. in press. 805 

Wood, S.N., 2017. Generalized Additive 806 

Models: An Introduction with R. Chapman 807 

and Hall/CRC. 808 

Yamamoto, T., Takahashi, A., Yoda, K., 809 

Katsumata, N., Watanabe, S., Sato, K., 810 

Trathan, P.N., 2008. The lunar cycle affects 811 

at-sea behaviour in a pelagic seabird, the 812 

streaked shearwater, Calonectris 813 

leucomelas. Anim. Behav. 76, 1647–1652. 814 

Zimecki, M., 2006. The lunar cycle: effects 815 

on human and animal behavior and 816 

physiology. Postep. Hig Med Dosw. 60, 1–817 

7.818 

 819 


