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Abstract.  During the 2002 austral summer abnormally high sea-surface temperatures (SST) occurred in the south-
ern Great Barrier Reef (GBR), Australia. This phenomenon was accompanied by reduced provisioning, decreased
growth rates and reproductive failure of wedge-tailed shearwaters in the region. In 2002, adults were unable to
compensate for changes in either the availability and/or accessibility of forage-fish by increasing food loads or
foraging rates. This is one of few studies to explicitly correlate decreases in chick provisioning with above-average
annual variation in SST and is the first to do so for a tropical seabird species in the western Pacific. It adds to
an increasing number of data sets identifying the potential negative impacts of increasing SST at upper-trophic
levels. As SST continue to rise with global climate change, our results predict substantial detrimental effects on
seabird populations of the GBR. This finding has important implications for both seabird and coral reef ecosystem
management in the region. Our results also suggest that wedge-tailed shearwaters are sensitive indicators to changes
in forage-fish availability/accessibility associated with SST variation that can be used to develop models of, and
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monitor for, these potential impacts.

Extra keywords: El Nifio—Southern Oscillation, forage-fish, seabird reproduction.

Introduction

Sea-surface temperatures (SST) in many tropical regions
have increased by almost 1°C during the past 100 years,
and are continuing to increase at a rate of approximately
1-2°C per century (Hoegh-Guldberg 1999). Increasing SST
are related closely to various large-scale atmospheric pheno-
menon such as the El Nifio—Southern Oscillation (ENSO)
(Cane 1983).

The larger-scale impact of ENSO on seabird reproductive
parameters in the central and eastern Pacific is well docu-
mented (Schreiber and Schreiber 1984; Ainley et al. 1988;
Duffy et al. 1988; Cruz and Cruz 1990). A single severe
ENSO event in 1982-1983 produced reproductive failure
and high adult mortality in several seabird species breeding
in these areas (Schreiber and Schreiber 1984; Ainley ef al.
1988; Schreiber 1994). Detailed results correlate prevailing
El Nifio conditions with negative effects on many aspects
of seabird breeding biology, including lengthened fledging
periods, slowed growth rates, a reduced incidence of breed-
ing and decreased nesting success (Ainley et al. 1988; Cruz
and Cruz 1990).

Recently, several studies have directly correlated annual
variation in SST with fluctuations in long-term popula-
tion size (Veit ef al. 1997; Guinet et al. 1998; Pinaud and
Weimerskirch 2002; Ramos et al. 2002; Jenouvrier et al.
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2003). Specifically, these studies suggest that, on an annual
basis, SST may impact upon important demographic pro-
cesses such as the timing of breeding, year-to-year recruit-
ment, the number of breeding pairs and hatching success.
Yet these studies have not documented any direct mechanism
linking SST variation and fledgling survival.

Only for temperate alcids (puffins and auks) has decreased
fledging success and SST variation been explicitly linked
via correlated decreases in chick provisioning (Kitaysky
and Golubova 2000; Hedd et al. 2002; Durant et al. 2003).
For example, Durant et al. (2003) showed that the quality and
quantity of food reaching Atlantic puffin (Fratercula arctica)
chicks was compromised in years when SST were higher than
normal, leading to significant declines in overall breeding
success. The exact mechanisms by which food availability
declined in their and other studies linking SST and chick
provisioning remain unclear (Kitaysky and Golubova 2000;
Hedd et al. 2002; Stenseth et al. 2002; Durant ef al. 2003).

The majority of work examining the effects of SST on
fledgling success has focused on species breeding in tem-
perate climates (e.g. Guinet et al. 1998; Durant et al. 2003;
Jenouvrier et al. 2003). Little research has examined impacts
in tropical species beyond those associated with the 1982—
1983 ENSO event (Schreiber and Schreiber 1984; Ainley
et al. 1988; Cruz and Cruz 1990; Schreiber 1994), and
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a recent study that documented reduced fledgling survival
during abnormally high SST years in a low-latitude albatross
(Fernandez et al. 2001).

Nothing is known of above-average SST effects on seabird
reproductive success in the western Pacific, especially for
birds nesting on the Great Barrier Reef (GBR), Australia.
Similar negative impacts on breeding success may be occur-
ring in GBR populations, particularly during events like the
1997-1998 ENSO, which was accompanied by extremely
high SST and severe coral bleaching (Hoegh-Guldberg 1999;
Berkelmans et al. 2002).

During two exceptionally warm periods in the austral sum-
mer of 2001-2002, SST in the GBR were maintained at
1.5-2°C above the long-term seasonal average of 27.5°C for
up to 2 weeks (Marshall et al. 2002). Although this was not
classified as an El Nifio event, these temperatures exceeded
those recorded during the 1998 El Nifio and were also accom-
panied by extensive coral bleaching (Marshall ez al. 2002).
The previous 2000-2001 austral summer saw relatively ‘nor-
mal’ SST and no evidence of coral bleaching (Berkelmans
2002).

The coincident occurrence of this phenomenon with a
longer-term study of the foraging ecology of the wedge-tailed
shearwater (Puffinus pacificus) in the southern GBR pro-
vided the first opportunity to identify the potential impacts
of ENSO-related SST change on breeding success in this
and other associated seabird species. By comparing several
wedge-tailed shearwater breeding parameters across the two
breeding seasons, the first having relatively normal (2001)
and the second abnormally high SST (2002), we were able
to identify the potential effects of elevated SST on fledgling
survival in this species.

Materials and methods

The wedge-tailed shearwater is a tube-nosed seabird (Procellariidae)
that nests in burrows on islands throughout the tropics, including coral
islands of the GBR (Marchant and Higgins 1990). Breeding adults rear a
single chick over a relatively long 60—70-day nestling period. They for-
age over large distances and return to feed chicks only at night (Marchant
and Higgins 1990). The present study was undertaken during February—
March 2001 and 2002 at Heron Island (23°26’S, 151°51'E), a coral
cay of the Capricorn Island group of the southern GBR. A total of 29
nests were monitored in 2001 and 26 in 2002. During the 2001 breeding
season, SST recorded at Heron Island for the February—March study
period ranged from 22.5°C to 30°C whereas they ranged from 22.5°C
to 32°C for the same period in 2002 (http://www.aodc.gov.au/, accessed
November 2003).

Adult provisioning rate, chick growth and chick survivorship were
monitored at each nest daily. Chicks were weighed twice a day at 06:00 h
and 16:00 h using an electronic balance (0.1 g). Between these times
no adult visits or chick feeding was observed. Culmen and tarsus mea-
surements were also obtained for each chick every 4 days using dial
calipers (£0.1 mm). At each burrow, both adults were banded for indi-
vidual recognition and attendance was monitored continuously from
17:00 h to 05:00 h daily. During monitoring in 2001, burrow entrances
were partially obstructed with markers that allowed adult visits to be
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detected. In 2002 a sliding trapdoor of clear Perspex, which was trig-
gered by adults entering the burrow, replaced these markers. After adults
had entered the burrow and chick feeding was complete, as indicated by
chicks no longer begging, the visiting adult was captured and identified.
After each capture, markers/traps were reset so that subsequent visits by
the same or other adults could be detected. Chick weights were obtained
immediately following any known adult visit to a nest.

Chick growth rates

Daily mass gains for each chick were determined by calculating the
weight change over each 24-h period (the difference between two con-
secutive 16:00 h weights). The daily mass gain represents the amount a
chick was fed during the previous 24 h, minus the amount used in respi-
ration and excretion. As we were interested only in overall mass gain for
comparative purposes, adjustments for mass loss owing to respiration
and excretion were not required (Schreiber 1996). All else being equal,
a chick’s change in mass will be directly proportional to the amount of
food it receives.

To control for the possibility that feed sizes may change as a season
progresses, mean daily mass gains for each experimental chick were
determined over 7 consecutive nights during the same 2-week period in
late February—early March in both breeding seasons. To control for pos-
sible allometric differences in growth rates or metabolic demands, only
chicks of similar body size were included in the comparative analyses
(chick culmen length of 23—25 mm on Day 1). This provided samples of
24 chicks in 2001 and 12 in 2002. Average daily mass gains in each sea-
son were compared using Student’s ¢-test. Individual chicks were used
as replicates in this analysis with the data for each chick comprising the
mean daily mass increase obtained over the 7-night observation period.

Adult provisioning rates and chick mortality

A chick was determined to have been provisioned by an adult if it
gained mass during any single night, regardless of whether an adult
was observed or not. Comparisons were made between the frequency
of provisioning visits that occurred during each 7-night study period
in 2001 and 2002, as per the mass gain experiment described above.
To control for possible variation in provisioning rate associated with
chick size differences, only chicks of similar body size were included
in the comparative analyses, as per the chick growth rate experiment
described above (chick culmen length of 23-25 mm on Day 1). Differ-
ences in both the median rate and variance of adult provisioning among
the 2 years were tested using a Kolmogorov—Smirnov test for iden-
tical distributions. To determine the relationship between provisioning
rate, mass gain and year, an analysis of covariance (ANCOVA) was used
with provisioning rate as the covariate. Chick mortality during the entire
4-week observation period was also compared across the 2 years using
a x? goodness-of-fit test.

Comparison of adult self-provisioning between years

Mean empty adult mass at the end of the 4-week study period was
compared between years to determine if differences in SST and/or pro-
visioning patterns were correlated with adult mass change. To do this,
between 20 and 25 adults were captured each year and weighed at dawn
(04:00-05:00 h), immediately before leaving the island to begin for-
aging. Birds leaving on foraging trips were easily identified moving
towards and queuing at known take-off points. Adults were not observed
returning to feeding chicks after 04:00 h; therefore, it was assumed that
birds captured between 04:00 h and 05:00 h were not carrying food to
be delivered to chicks. Between-year mean empty adult mass was com-
pared using Student’s ¢-test. All statistical analyses were undertaken
using SPSS 11.0.1 (SPSS 2001).
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Results

Chick growth rates

Charting the daily mean mass of chicks during the 7-day
observation period for each year (Fig. 1) clearly demonstrates
that although both cohorts of chicks began the observation
period at equivalent weights (and culmen length), in 2001
chicks gained weight considerably faster than they did in
2002. This is reflected in the overall mean mass gain for
each year. Chicks gained significantly more mass per day in
2001 (4.79 gday !, s.e. = 1.23) thanin 2002 (—4.36 g day !,
s.e.=2.31oranetlossof4.36¢g day‘l), (r=4.292,d.f. =33,
P <0.001).

Adult provisioning rates and chick mortality

Chicks were fed less often in 2002 than in 2001 (Fig. 2;
Z=3.19, P <0.001), with the median number of observed
feed nights during the 7-night observation period decreas-
ing from four in 2001 to one in 2002. There was a
significant effect of feeding frequency on mean mass gain
(Fig. 3; ANCOVA Fj 33=14.7, R> =0.561, P=0.001) but
no separate effect of year on mean mass gain (1,33 = 0.009,
P =0.925). Thus, in both years chick mass gain per feed was
equivalent, but in 2002 chicks obtained significantly fewer
feeds (Figs 2 and 3). Combined, these results suggest that
in both years adults provisioned chicks with an equivalent
amount of food per feed, but that in 2002 they foraged for
three to four times as long to obtain each feed. It is also clear
that at delivery rates of below two feeds per week chicks were
unable to maintain body mass (Fig. 3).

Chick mortality was significantly higher in 2002 than in
2001 ()(é_f_:1 =16.6, P <0.001). Of 29 chicks monitored in
2001, one died during the 4-week observation period, whereas
13 of 26 chicks died in 2002. This gives mortality rates of
3.4% in 2001 compared with 50% in 2002. A consistent loss

220

200

Chick mass (g)
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Fig. 1. Mean chick mass on each day (£2 s.e.) over the 7-day
observation period in (O) 2001 and (m) 2002.
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of mass in the remaining 13 chicks in 2002 further suggested
that all but one individual was likely to die before fledging.

Adult self-provisioning between years

Mean empty adult weight in 2001 (341.18g, n=25,
s.e. =4.52) was not significantly different to that observed in
2002 (342.25g, n =20, s.e. =5.05), (t =—0.158, d.f. =43,
P =0.8754). This suggests that, on average, adults foraged

40+

Proportion of chicks (%)
N W
o o
1 1

_
o
1

: Ik

0 1 2 3 4 5
Frequency of feeding (feeds/7 days)

Fig. 2. The distribution of feeding frequency (feeds/7 nights) dur-
ing the 7-day observation period in () 2001 (n =24) and (H) 2002
(n =12). There was a significant effect of year on the number of feeds
(Kolmogorov—Smirnov Z =3.19, P < 0.001).
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Fig.3. The effect of feeding frequency on mean daily mass gain in (O)
2001 and (m) 2002. There was a significant effect of number of feeds
on mean mass gain (ANCOVA Fj 33 =14.7, R2=0561, P= 0.001).
The regression line equation is y =2.958x — 0.741. The effect of year
on mean mass gain was not significant (ANCOVA Fp 33 =0.009,
P =0.925).
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considerably longer between chick feeds in 2002 but they did
not lose body condition while doing so.

Discussion

Although chick feed sizes remained relatively constant
between years, our results suggest overall that a reduction in
average feeding rates to less than two feeds per week in 2002
led to decreases in chick mass gain and substantial increases
in chick mortality. This result points to major differences in
the ability of adults to successfully provision chicks between
2001 and 2002. In 2002, adults foraged on average three to
four times longer for an equivalent amount of food deliv-
ered, implying they were unable to compensate for changes in
either the distribution or abundance of forage-fish by increas-
ing food loads or foraging rates. As a consequence, Heron
Island shearwaters suffered an almost complete reproductive
failure.

Our findings are consistent with those obtained for tem-
perate alcids (Kitaysky and Golubova 2000; Hedd ez al. 2002;
Durant et al. 2003), making our study one of few to explicitly
correlate decreased chick provisioning with above-average
annual variation in SST, and the first to do so for a tropi-
cal species in the western Pacific. As with previous studies,
the exact mechanism by which SST variation influences prey
availability/accessibility remains unknown.

Wedge-tailed shearwater adults at Heron Island were not
significantly lighter in 2002 despite remaining at-sea signifi-
cantly longer to provision equivalent meal sizes. This suggests
that the level of self-provisioning by adults did not differ
significantly between years. In 2002, adults either prefer-
entially maintained their own reserves or, alternatively, the
resources accessed by adults for chick-provisioning as
opposed to self-provisioning were not the same, as has been
shown for many temperate procellariiforms (Weimerskirch
1998; Weimerskirch and Cherel 1998; Catard et al. 2000),
with SST variation influencing only the availability of chick
resources. Further data are required to distinguish between
these alternatives.

Although it is tempting to attribute the observed differ-
ences in provisioning rate directly to variations in SST, the
results of the present study are correlative across only two sea-
sons and not replicated. They now require validation through
further replication across different years and SST regimes.
But, given repeated observations of similar correlated effects
at different temporal scales and levels of resolution (e.g. Cruz
and Cruz 1990; Guinet et al. 1998; Durant et al. 2003), the
coincidental occurrence of this failure with abnormally high
SST on the GBR cannot be ignored.

The implications of our results and reasons behind need-
ing to further validate them are obvious. With SST expected
to continue rising at 1-2°C per century (Hoegh-Guldberg
1999; Berkelmans et al. 2002), our data predict substan-
tial detrimental effects that will significantly impact seabird
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populations and possibly other reef organisms at upper-
trophic levels. Our findings also suggest that wedge-tailed
shearwaters are sensitive indicators to spatial and tempo-
ral changes in forage-fish availability that can be effectively
used to develop models of, and monitor for, these potential
impacts.
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