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Abstract Predation is a major ecological and evolution-
ary driver of natural populations, greatly influencing fitness
and behaviour of prey species. Small, long-lived petrels are
vulnerable to predation at the breeding colonies and are
expected to evolve behavioural strategies to minimize pre-
dation risks. Using an automatic nest monitoring system
and nightly aerial counts, we examined the effect of vegeta-
tion cover and moonlight on colony attendance patterns and
levels of burrow activity of breeding thin-billed prions,
Pachyptila belcheri, on New Island, Falkland Islands. We
further investigated how these parameters were related to
predation by Falkland skuas. We monitored up to 32 nests
in two habitats, one with Tussock grass and one with low
vegetation cover. Individuals in both areas were more
active at the nest before hatching, and those breeding in the
low cover habitat were more active and arrived at the col-
ony earlier, which might reflect an effect of reaction time
over predation risk. Nocturnal activity peaks shifted in time
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as the season progressed, indicating behavioural adjust-
ments to sunrise hours. Moon phase did not affect atten-
dance and activity levels of breeders in either habitat or
overall aerial activity, but influenced arrival time at the
colony during chick-rearing, individuals arriving later in
periods of full moon. Skua capture rates were positively
correlated with aerial and nest activity but not with over-
all breeder attendance and were unaffected by moon
phase. Thin-billed prions activity budgets are influenced
by environmental parameters that affect their likelihood of
being predated.

Keywords Pachyptila - Attendance patterns - Predation -
Burrow activity - Vegetation cover

Introduction

Predation is a major demographic and evolutionary driver
of natural populations, greatly influencing survival, repro-
ductive success and behaviour of prey species (Martin
1996; Lima 1998), which in turn are likely to adopt strate-
gies that allow them to minimize survival costs (Harfenist
and Ydenberg 1995). Especially when predation represents
a major cause of mortality, anti-predator behaviour in prey
is strongly selected for and may include habitat choice and
temporal and/or spatial segregation of activity patterns that
minimize encounters with predators (for a review, see Lima
and Dill 1990).

The physical structure of the nesting habitat can provide
shelter from predators, especially for ground-nesting birds.
Vegetation cover improved reproductive success in gulls
and provided significant shelter against avian predators
in nocturnal auklets (Pierotti 1982; Miyazaki 1996). In the
latter species, experimental removal of vegetation cover
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resulted in an increase in predator density and attacks
towards breeding auklets which, in response, arrived later
at the nests (Miyazaki 1996).

Most pelagic seabirds only come ashore during the
breeding season and at this time they are vulnerable to
native and introduced predators (e.g., Boersma et al. 1980;
Watanuki 1986; Weidinger 1998; Nordstrom and Korpimaki
2004; Catry et al. 2007; Wanless et al. 2007). For example,
gulls kill approximately 13% of the adult Leach’s storm-
petrels (Oceanodroma leucorrhoa) annually on Daikoku
Island (Watanuki 1986), which must represent a strong
selective pressure. With very few exceptions, small petrels
are nocturnal at the breeding colonies (Warham 1990), and
nocturnality in this group has likely evolved in response to
predation and/or prey availability (Imber 1975; Brooke and
Prince 1991; Klomp and Furness 1992). Most studies
examining the effects of predation pressure and ambient
light on the behaviour of small petrels have found that
aerial activity and vocalization levels of non-breeders are
reduced during moonlit nights (e.g. Bretagnolle 1990;
Mougeot and Bretagnolle 2000b; Boersma and Silva 2001).
Conversely, the behaviour of breeders is poorly docu-
mented, but a few studies suggest that their activity is
unaffected by light variation (Storey and Grimmer 1986;
Bretagnolle 1990; but see Keitt et al. 2004). An exception
to this trend is the small Leach’s Storm-Petrels, where both
breeders and non-breeders, as determined by brood patch
condition, decreased the frequency of colony visitation dur-
ing moonlit nights (Watanuki 2002).

The thin-billed prion, Pachyptila belcheri, is a medium-
sized petrel that breeds in the sub-Antarctic (Marchant and
Higgins 1990). Although some aspects of its biology have
been studied well (e.g., breeding ecology: Strange 1980;
Silva et al. 2007, foraging behaviour and chick provision-
ing: Chastel etal. 1995; Duriez 2000; Quillfeldt et al.
2006), their nocturnal activity budgets, as in most other
small petrels, have not been documented in detail. On New
Island, Falkland Islands, there is an estimated breeding
population of 2 million pairs (Catry et al. 2003). They nest
mainly in soft peat areas with reduced plant cover of short
grass and in lower numbers in areas of Tussock (Poa flabel-
lata). Higher densities in open areas do not reflect prefer-
ence, but availability of nesting sites. In fact, prions nest at
the base of tussock plants, and consequently, nest densities
are limited by the density of the plants. One of their main
predators at this colony is the Falkland skua, Catharacta a.
antarctica, and those nesting close to the main concentra-
tions of prion burrows seem to rely mainly on them as a
food source. Predation pressure on adult prions during the
breeding season, which lasts for up to 6 months, most likely
constitutes a strong selective force for predator avoidance
behaviour to evolve in this population. This study investi-
gates the effect of vegetation cover and the phase of the
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moon on the behaviour of this small petrel and specifically
addresses the following predictions: areas with high vegeta-
tion cover, such as the tussock habitat, will show (1) higher
burrow activity and (2) earlier arrivals to the nest sites,
since individuals are less exposed to predation relative to
more open areas. Also, during periods of full moon, (3)
individuals will decrease attendance and activity levels at
the nest and (4) arrive later at the colony. To compare
differences in the attendance profiles and activity levels of
breeding thin-billed prions between habitats, we used an
automatic nest logging system, which allowed to simulta-
neously, and unambiguously, monitor the two members of
each pair.

Materials and methods

The study was carried out on New Island, Falkland Islands
(51°73'S, 61°31'W) from mid-November 1999 until the
end of February 2000. Thin-billed prions lay a single egg
during the first half of November, and hatching begins at
the end of December. Fledging occurs when nestlings are
between 45 and 54 days old, typically during the second
half of February (Strange 1980; Silva unpubl. data). At the
beginning of the study, we randomly selected 16 nests in an
exposed area of peat (mean 5% of plant cover, mostly
Common Groundsel Senecio vulgaris and Yorkshire Fog
Holcus lanatus, mean maximum plant height of 64.4 cm),
hereafter designated as “low cover”. This area has approxi-
mately 50 prion burrow entrances per 50 m? (transect 16 of
Catry et al. 2003). We also randomly selected 16 nests in an
area covered almost exclusively by Tussock (mean plant
cover of 74%, mean maximum plant height of 160.0 cm),
hereafter designated as “high cover”. This area has between
30 and 50 nest entrances per 50 m? (transect 13 of Catry
et al. 2003). In each habitat, the studied nests were within a
60-m-diameter area. A small hole was cut in the roof of
each nest chamber to allow easy access to adults and chick.
The hole was covered by a flat stone and securely sealed to
protect the nest from rain and predators. In an area between
the two habitats, we randomly selected 30 chicks, which we
also measured and weighed (although the adults from these
nests were not manipulated) and acted as a control group.
Burrows were equipped with an automatic monitoring
system that allowed the simultaneous detection of activity
of the two adults in up to 16 nests in each area over the
duration of the study. This system records entrances and
departures from the nest, being triggered by a small magnet
(<1 g) attached to a tail feather (see Granadeiro et al. 1998
for details of the system). PVC tubes with two coils were
placed at the entrance of the studied nests. The passage of
the magnet sequentially activated these coils, determining
the direction (nest entry or exit) of the movement. Opposite
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orientations of the magnet induced different signals that
enabled discrimination between mates.

Adults were captured at the nest at the beginning of the
incubating period, ringed or identified if recaptured, sexed
by vent measurements (Boersma and Davies 1987), mea-
sured and weighed. The magnet was glued to a central tail
feather and covered with cloth-backed tape for additional
security. Males and females were also marked with a differ-
ent colour spot on the forehead to allow identification at the
nest without further handling. Data from the monitoring
system were rarely checked against field observations at
night during chick-rearing, but during incubation whenever
eggs were left unattended. Adult mass was not significantly
different between the two areas (fzo = —0.31, P> 0.1), and
chick growth rate was similar between habitats and no
different from the control group (F, 4o = 0.78, P > 0.5), sug-
gesting no significant differences in quality of the breeders
between the two habitats.

The system only required a one-time manipulation of
each individual, and measuring and magnet attachment
took up to 10 min per bird. Birds lost the magnet on two
occasions because the tail feather broke, and these individu-
als were excluded from all the analyses until the magnet
was replaced. Data from the monitoring system were col-
lected between 24 November and the end of February, and
up to 16 nests were simultaneously monitored in each area.
Black rats Rattus rattus predated four chicks in the Tussock
and one chick in the low cover areas when they were
approximately 15 days old. These nests were included in
most analyses until predation took place since it is unlikely
that adult attendance or activity patterns were affected up to
that moment.

Remains of prions were collected every other day in
nineteen skua breeding territories, from the beginning of
December to the end of February. All skua territories were
located between the two prion study areas and were chosen
based on the presence of a pair and an initiated nest struc-
ture. All territories were cleaned of existing remains before
monitoring started. As in other sub-Antarctic colonies,
skuas catch prions on the ground as they arrive at the col-
ony (Mougeot and Bretagnolle 2000b), and prion remains,
consisting usually of the two wings connected by the ster-
num, are found scattered on skua breeding territories. Dur-
ing the study period, we collected only fresh remains and
we only counted the right wings to account for the few
occasions when only one wing was found. Since prions
may have been consumed by skuas away from the breeding
territories, these predation rates are a conservative estimate
of how many prions were taken during the period of the
study.

Immature prions visit the breeding colonies, prospecting
for mates and nests, and are thus also exposed to predation
risks, possibly higher than those faced by breeders

(Bretagnolle et al. 1998). Aerial activity of both age groups
was quantified by performing ten consecutive 1-min counts
of all flying birds crossing the beam of a headlight pointing
vertically, every night throughout the whole period of the
study. The counts were carried out in an area adjacent to the
low cover habitat, approximately 2 h after sunset.

The effect of moonlight was examined for 7-day window
periods around the peaks of full and new moon. During
incubation, there were up to 10 days of full moon and
7 days of new moon. During chick-rearing, we considered
up to 14 days of new moon (depending on the date of
hatching) and 14 days of full moon when considering time
of arrival, and 7 days of full moon and new moon when
looking at differences in attendance and nest activity to
account for the seasonal decline of these parameters.
Arrival time data are reported relative to civil twilight time
(as calculated in www.esrl.noaa.gov/gmd/grad/solcal) of
the mid-point date for the incubation and chick-rearing
periods.

Data from the automatic monitoring system were ana-
lysed in terms of colony attendance, estimated by the pro-
portion of breeders with magnet present at the colony on a
given night, levels of activity at the nest, defined as the
number of single movements, either an entry or exit from
the nest, performed by breeders present at the colony on a
given night, and arrival times. Aerial activity data, esti-
mated by the counts, refer to both breeders and non-breed-
ers. We used generalized linear mixed models (GLMM) to
account for repeated measurements on the same individuals
and also to account for a possible correlational structure in
the behaviour of birds in a pair. We used the package nlme
(Pinheiro et al. 2009) to fit the models, using individuals
nested within nest as a random factor. The significance of
the fixed terms was tested using log-likelihood tests on
nested models, with and without the variables of interest.
The statistics are presented as averages for individual birds
or nests, as appropriate. Results are presented as mean £
S.D. unless otherwise stated.

Results

Colony attendance and nest activity levels throughout the
breeding season

Attendance oscillated around 50% in both habitats dur-
ing incubation and the beginning of chick-rearing, indicat-
ing that on average, one of the parents was present at the
nest, but decreased significantly thereafter (low cover habi-
tat: r = —0.73, n = 36 days, P < 0.0001; high cover habitat:
r=—0.34, n =37 days, P = 0.037) (Fig. 1).

There was a difference in the pattern of activity during
incubation and chick-rearing between the two habitats
(Fig. 2). During incubation, adults in the low cover area
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were on average significantly more active at the nest than
adults in the high cover area (low cover area: 2.84 £ 3.53
movements per night (n = 32 individuals), high cover area:
1.13 &+ 1.05 movements per night (n = 28 individuals), log-
likelihood test = 4.13, P = 0.042, but not during chick-rear-
ing (low cover area: 2.49 4 0.84 movements per night
(n =29 individuals), high cover area: 2.35 & 1.17 move-
ments per night (n=31 individuals), log-likelihood
test =1.93, P =0.164).

There was an initial period of increased activity after
hatching, coinciding with the brooding period. In both hab-
itats, the number of movements per bird eventually con-
verged to an average of two movements per night (Fig. 2),
indicating that during this period, adults entered the nest,
fed the chick and left.

Levels of prion aerial activity, as indicated by night-time
counts of flying birds, varied widely throughout the breed-
ing season, with no apparent underlying pattern. This
counting method was highly repeatable during the 10-min
periods, as the first 5-min counts were significantly corre-
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lated with the second 5-min counts (r=0.92, n= 100,
P =0.0001). The numbers of prions crossing the beam of
light ranged between 0.20 4 0.63 and 25.7 &£ 5.14 prions
per minute (n =10 counts). Most peaks of aerial activity
occurred during incubation, a period during which there
was no relation between aerial activity and nest attendance
of breeders (Fig. 3). During chick-rearing, aerial activity
and attendance of breeders were positively correlated in the
low cover (Spearman r=0.52, n=53, P<0.0001) and
high cover habitats (Spearman r = 0.44, n = 54, P < 0.0008)
(Fig. 3). We also found a positive correlation between aer-
ial activity and activity at the nest in the low cover habitat
(r=0.26, n = 82, P <0.02) but not in the high cover habitat
(P>0.05).

Activity levels throughout the night
Nocturnal activity patterns were similar among habitats

(Fig. 4a, b). During incubation, adults in both areas
increased burrow activity levels, on average, ca. 2.30 h
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after sunset. The number of movements peaked around
02:00, ca. 2.30 h before sunrise, after which nest activity
dropped sharply, as birds either returned to sea or to their
burrows. Approximately 1 h before sunrise, birds stopped
moving (Fig. 4a). Throughout the night, the total number of
movements per unit of time in the Tussock was lower than
in the low cover habitat. During chick-rearing, nocturnal
activity of breeders in both areas reflected the pattern of
attendance of the adults as they visited the colony to feed
the chick (Fig.4b). Numbers progressively build up as
birds arrived at the colony approximately two and half
hours after sunset, decreased slightly after this period and
peaked again before dawn, at around 02:45, as birds left the
colony. Although time of arrival at the colony during incu-
bation and chick-rearing did not change significantly with
the change of sunset hours, departure times were adjusted
to sunrise hours, the last adults leaving the colony later dur-
ing chick-rearing (Fig. 4a, b).

Effect of moonlight

There was no difference in the attendance levels of breeders
between full and new moon periods during chick-rearing in
either habitat, although the effect of habitat just failed to
reach statistical significance (repeated measures ANOVA (on
arcsin-root transformed attendance), with habitat as a main
factor: habitat: F; 44 =3.89, P =0.055; moon phase: F; 4, =
0.32, P > 0.5; interaction Fig4= 3.19, P =0.08). There was a
tendency for chick-rearing adults to visit more frequently in
the low cover area, irrespective of moon phase.

The phase of the moon did not also have an effect on the
activity levels of breeders (number of single movements
per bird) in both habitats during either incubation or chick-
rearing (all log-likelihood tests were non-significant)
(Table 1; Fig. 2). In contrast, both habitat and the phase of

Number of birds in nocturnal aerial counts (n)

the moon had a significant effect on the breeders’ time of
arrival to the colony (Table 1). During incubation, individu-
als in the high cover area arrived significantly later relative
to birds breeding in the low cover area, irrespective of
moon phase (log-likelihood tests: effect of moon = 1.31,
P =0.25, effect of area=7.9, P =0.005) (Table 1). During
chick-rearing, breeders arrived significantly later in periods
of full moon irrespective of the breeding habitat ((log-like-
lihood tests; effect of moon=11.2, P <0.001, effect of
habitat = 1.96, P = 0.161) (Table 1).

Moon phase did not have an effect on the total aerial
activity registered during either incubation or chick-rearing
(all log-likelihood tests, P > 0.05)

Predation by skuas

A total of 764 prion remains was collected from 19 skua
territories, corresponding to an average of 0.53 prions per
day per skua territory. No other avian remains were found,
except for a skua chick leg bone found in a pellet. During
the skuas’ chick-rearing period, fish (whole or remains)
were found consistently in only two territories.

Prion intake by skuas decreased significantly over the
breeding season (r=—0.69, n=34days, P <0.001),
reflecting the decrease in activity, both of breeding and
non-breeding prions, as the season progressed. In fact, we
found a positive correlation between the number of prions
collected on the skua territories and the number of flying
prions counted on the previous night (r = 0.62, n = 33 days,
P <0.0002), although the same was not true for breeder
attendance (r = 0.30, n = 34 days, P = 0.08). Capture rates
of skuas were also positively correlated with the number of
single movements per bird (reflecting prion nest activity)
visiting the colony on the previous night (r = 0.43, n = 34 days,
P =0.01).
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Skua predation rates were not affected by the phase of
the moon, as we found no significant differences in capture
rates between periods of full and new moon (paired -test;s,
P >0.05).

Discussion

Despite the large number of studies focusing on petrel
breeding biology (e.g, Warham 1990), only a handful have
examined in detail patterns of colony attendance of small
petrels, and specifically those of breeders. The monitoring
system used in this study provided an efficient and non-
intrusive way of discriminating the effects of vegetation
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Time (min)

cover and moon phase on attendance and activity patterns
of breeding thin-billed prions (see also Granadeiro et al.
1998). Contrary to our predictions, breeding adults were
more active at the nest in the habitat with the lowest level of
vegetation cover, although only during incubation. This is
surprising since skuas were often observed hunting on the
ground in low cover areas, but were very seldom seen hunting
in tussock areas at night. This result may reflect a trade-off
between cover from predators and ability to escape rapidly.
Although in the low cover habitat adults presumably face a
higher risk of predation by skuas, the absence of dense veg-
etation allows the birds to move and take-off rapidly, as
petrels do not move well in tall vegetation (Warham 1990,
1996). Also, non-vegetated areas are more exposed to
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Table 1 Proportion of monitored breeders present at the colony per
day, level of burrow activity (defined as the number of single move-
ments performed by breeders present at the colony on a given night)

and (relative) time of arrival at the nest (time after the civil twilight for
incubation and chick-rearing, see methods), averaged per individual, in
the two habitats relative to phase of the moon and breeding stage

Habitat Incubation Chick-rearing
New moon Full moon New moon Full moon
Presence
Low cover 0.52 £ 0.29 (n =28) 0.54 £ 0.29 (n =28) 0.49 £ 0.16 (n =26) 0.67 £ 0.18 (n = 26)
High cover 0.51 £0.32 (n=24) 0.54 £ 0.23 (n=24) 0.48 + 0.21 (n =20) 0.56 + 0.13 (n =20)

Activity at the burrow
Low cover
High cover

Time of arrival
Low cover

High cover

3.12 £ 4.17 (n=29)
0.98 + 0.89 (n = 24)

01:41 £ 0:43 (n = 18)
02:26 + 1:06 (n = 12)

3.83 £ 5.35 (n=30)
1.19 & 1.80 (n = 27)

02:04 + 0:38 (n = 16)
02:35 £ 0:48 (n = 13)

2.15 £ 0.35 (n = 26)
2.01 £ 0.24 (n =22)

02:32 £ 0:50 (n =32)
02:36 £ 0:51 (n=30)

272 4 1.43 (n=28)
2.24 £ 0.47 (n = 30)

02:48 + 0:49 (n = 29)
03:08 =+ 0:43 (n = 30)

n refers to number of individuals

the generally moderate to strong winds, and consequently,
birds in the low cover area might afford to be more active if
they can detect incoming predators, manoeuvre and get air-
borne more rapidly. This might also explain earlier arrivals
to the colony in this habitat, a pattern especially seen during
incubation. As the low cover habitat has a higher density of
nests and a larger proportion of nests sharing the same
entrance, a higher number of movements in this area may
also be the result of more social interactions, involving both
breeders and non-breeders (Granadeiro et al. 1998). In the
year of the study, there was lower breeding success in the
high cover habitat, which might have been the result of rat
predation (Catry et al. 2007). However, we have no evi-
dence suggesting that rats influence adult behaviour.

We also found an effect of ambient light on the patterns
of attendance of the breeders. Nocturnal activity in both
habitats shifted in time as the season progressed suggesting
that birds adjusted their behaviour particularly to sunrise
hours, a pattern also seen in other small petrel species
(Boersma and Silva 2001). This dynamic strategy is likely
to reduce predation risk, by concentrating phases of higher
activity during the darker periods of the night.

Several reports of decreased colony attendance during
periods of full moon in petrels, particularly by smaller spe-
cies, have been interpreted as a strategy to reduce the
risk of predation (Boersma et al. 1980; Watanuki 1986;
Bretagnolle 1990; Mougeot and Bretagnolle 2000a, b). Most
studies found that the intensity of moonlight influences
mainly non-breeding individuals, which reduced both the
levels of colony attendance as well as vocal activity
(Bretagnolle 1990; Mougeot and Bretagnolle 2000b). Unlike
other studies, we found no effect of moon phase on the pat-
terns of colony attendance of prions, including breeders and
non-breeders, as estimated by our daily counts (but see
Harris 1969; Watanuki 1986; Mougeot and Bretagnolle

2000a). Furthermore, by looking specifically at the activity
budgets of breeding individuals, we also found that the
phase of the moon did not affect the patterns of colony
attendance and levels of activity of incubating and chick-
rearing adults (see also Storey and Grimmer 1986). Inter-
estingly, adults feeding chicks in both habitats arrived
significantly later at the colony during periods of full moon.
A similar pattern found in Leach’s Storm-Petrel was inter-
preted as a predator avoidance behaviour, as their main
predators (Larus gulls) were found to be more active on
moonlit nights (Watanuki 1986; Huntington et al. 1996).
Although we did not find a relationship between skua cap-
ture rates and moon phase, it is possible that skuas and
other predators are more active during bright nights and pri-
ons respond accordingly, by arriving later in periods of full
moon. Alternatively, prions might increase and/or extend
their foraging activity in brighter nights as suggested in
other petrels (Klomp and Furness 1992; Phalan et al. 2007;
Yamamoto et al. 2008).

On sub-Antarctic islands, skuas show high levels of prey
specificity and their diets reflect local species abundance
(Mougeot et al. 1998). Although skuas breeding on or near
prion nesting areas seem to rely essentially on this species
as prey, capture rates were low, ca. 0.5 prion/day/territory,
and significantly lower than those of skuas on other sub-
Antarctic islands (Young 1976; Mougeot et al. 1998). This
suggests that skua diet must include other prey species such
as fish, crustaceans and occasionally penguin eggs and
chicks, which are under-represented in prey remains left on
their territory. Another plausible explanation is that skuas
are hunting and consuming prey away from their nests.

Capture rates were found to be highest during prion
incubation and hatching periods, similar to the pattern
found with Brown skuas in Mayes Island (Mougeot et al.
1998). In their study, maximum capture rates were found to
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be related to periods of high colony attendance by non-
breeding petrels (Mougeot and Bretagnolle 2000b). We
found that nightly intake of prions was positively correlated
with the number of prions flying on the previous night but
not correlated with the number of visiting breeders, sug-
gesting that also on New Island, skua diet might include a
significant proportion of non-breeding individuals. This age
group spends more time flying and moving around above
ground while looking for burrows and advertising for
potential mates (Bretagnolle et al. 1998), which increases
their exposure to predation by skuas. This relation also
shows that skua predation rates are a function of prion
availability, suggesting that skuas need to rely on other
prey species particularly on nights of low prion activity.
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