Vol. 331: 255-266, 2007

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published February 16

Day-to-day variation in sea-surface temperature

reduces sooty tern Sterna fuscata foraging
success on the Great Barrier Reeif, Australia
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ABSTRACT: Many seabird species threatened by global climate change are found mainly or exclu-
sively in tropical regions. A shortage of long-term data linking climatic variation, oceanography and
tropical seabird reproductive biology at both within- and between-season temporal scales means that
the potential impact of climate change on these species is largely unknown. The sooty tern Sterna
fuscata, an almost ubiquitous tropical seabird, has been declining on the Great Barrier Reef (GBR),
Australia, over the last 3 decades. We examined the relationship between sooty tern foraging success
and sea-surface temperature (SST) at Michaelmas Cay over 2 consecutive breeding seasons. Consis-
tent patterns were observed with significant negative relationships between day-to-day variation in
SST and both the amount of food fed to chicks and the feeding frequency during the latter two-thirds
of each breeding season. At the beginning of each breeding cycle, rapid changes in foraging success
highlighted that other within-season mechanisms also influence sooty tern reproductive potential.
Our results suggest a previously undescribed spatial and temporal link between SST and sooty tern
reproduction. Combined with previous findings for the southern GBR, this suggests that SST varia-
tion can influence the foraging success of multiple tropical seabird species at a reef-wide scale and
implies a significant negative effect of forecasted climatic changes on seabirds breeding on the GBR.
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INTRODUCTION

Increasingly, human-induced climate change is
being identified as a major threat to seabird conserva-
tion on a global scale. Historically, and primarily in
temperate regions, seabird population fluctuations and
declines have been frequently associated with long-
term and seasonal-scale effects of climate variation
(Veit et al. 1997, Lyver et al. 1999, Dunlop et al. 2002),
with individual species responding differently to temp-
erature anomalies depending upon their diet (Kitaysky
& Goluvova 2000, Inchausti et al. 2003) and dispersal
characteristics (Frederiksen et al. 2004).

Many species threatened by climate change are
found mainly or exclusively in tropical oceans (Gaston
2001). Despite this, a scarcity of long-term datasets
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linking climatic variation, foraging ecology and repro-
ductive success in these regions means that predicting
the potential impact of climate change on tropical
seabirds remains difficult. From data that are available
for tropical systems, extreme variations in reproductive
performance have been related to both seasonal-scale
(Ramos et al. 2002, Smithers et al. 2003) and longer-
term (Schreiber & Schreiber 1984, Ainley et al. 1988)
processes associated with the El Nino Southern Oscil-
lation (ENSO). Recently, in addition to these inter-
annual effects, intra-annual effects have been docu-
mented in a tropical seabird by directly correlating
daily changes in provisioning rates, meal sizes and
chick growth with day-to-day fluctuations in sea-
surface temperature (SST) (Peck et al. 2004). While it
is clear from these data that SST impacts tropical Pro-
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cellariiform (tube-nosed) seabirds, there is currently a
critical lack of information on the trophic mechanisms
responsible for these impacts and on whether this is a
general phenomenon affecting a range of tropical
seabird taxa.

Prey abundance and seabird reproductive biology
have been significantly correlated many times (Ander-
son et al. 1982, Burger & Piatt 1990). In particular,
growth patterns in pelagic seabirds are frequently pre-
sumed to reflect characteristics of food supply (Ash-
mole & Ashmole 1967), with short-term fluctuations in
resource availability being directly linked to altered
growth rates (Feare 1976, Suryan et al. 2002). Foraging
seabirds have also been shown to respond rapidly to
SST changes in foraging areas (Hunt et al. 1992). Sim-
ilarly, prey abundance and availability have also been
linked to climate-associated variation in SST, at both
inter- and intra-annual temporal scales (Spear et al.
2001, Stenseth et al. 2002, Mcllwain 2003). Combined,
these findings suggest that short-term reproductive
success in seabirds (i.e. as measured by day-to-day
variations in foraging success and/or chick growth)
directly reflect prey abundance and availability at
similar temporal scales and, thus can be used as an
immediate indicator of food availability.

The sooty tern Sterna fuscata is the most abundant
seabird species in tropical regions (Schreiber et al.
2002). As measured by food consumed, it is also the
principal tropical species and fourth most important
species world-wide (Brooke 2004). Sooty terns are
found breeding on many of Australia's tropical vege-
tated coral cays, offshore islands and stacks (Higgins &
Davies 1996). Michaelmas Cay is a highly important
tropical seabird nesting site in the Great Barrier Reef
(GBR) World Heritage Marine Park, Australia
(GBRMPA 2002), and constitutes a major nesting site
for sooty terns (King 1985). Significant declines in
sooty tern populations have been recorded throughout
the GBR over a 15 to 24 yr period, with marked de-
clines occurring between about 11 and 12°S (Blaber et
al. 1998). From 1984 to 1994 sooty tern numbers
declined by 26 % at Michaelmas Cay (GBRMPA 1998),
and, over a 24 yr period, by 84.4% at Raine Island,
another important breeding site in the far northern
sector of the GBR (Batianoff & Cornelius 2005).

Elsewhere in Australia, the sooty tern is listed as vul-
nerable on the schedules of the New South Wales
Threatened Species Conservation Act based on its
breeding ecology, distribution and poor recovery
potential (Lunney et al. 2000). In the Seychelles this
species has been declining since the beginning of the
century (Ridley & Percy 1958). Although long-term
declines have been attributed primarily to human con-
sumption of eggs (Feare 1976), more recent declines
have not, to our knowledge, been investigated in the

context of changing climatic regimes. Similarly, at
Christmas Island in the Central Pacific, the breeding
colony for this species has been reduced to approxi-
mately 1.5 % of its known original size (Schreiber et al.
2002), with declines being attributed to a combination
of ENSO influences and human predation.

Sooty terns have been shown to fare poorly through-
out most of their range during periods of El Nino con-
ditions (Ashmole 1963, Schreiber & Schreiber 1984,
Duffy 1990). In temperate Australia, almost complete
reproductive failure was documented for this species
at Lord Howe Island during the 2002 ENSO event
(L. O'Neill pers. comm.). The response of this species to
ENSO events is generally unknown in the GBR region.
However, ENSO events have caused reduced provi-
sioning and reproductive failure in other breeding
seabirds on the GBR (Hoegh-Guldberg 1999, Smithers
et al. 2003). As a result of the enhanced greenhouse
effect, recent SSTs on the GBR are the warmest in a
century of instrumental record (Lough 2000), with fur-
ther increases predicted (IPCC 2001). Similarly, since
the 1970s, El Nino events on the GBR have apparently
increased in both frequency and intensity (Hughes
2003).

These correlated long-term trends suggest that cli-
matic factors, including increasing SSTs, may be, in
part, responsible for the previously observed popula-
tion decline of sooty terns on the GBR. If so, negative
impacts may be manifested at either the long-term sea-
sonal, or within-season temporal scale. Consistent evi-
dence that small-scale variation in SST affects food
availability, provisioning and growth on a daily basis in
the southern GBR (Peck et al. 2004) suggests that there
may be an important and as yet undocumented link
between sooty tern population declines at Michaelmas
Cay and short-term fluctuations in SST. More impor-
tantly, findings that populations of the most abundant
seabird species in the tropics are declining could indi-
cate major changes in the structure and functioning of
tropical marine ecosystems that could be affecting
other species. Therefore, the primary aim of this study
was to investigate the relationship between sooty tern
foraging success and intra-seasonal SST variation
within near-colony foraging areas of the GBR. Specifi-
cally, we tested whether day-to-day fluctuations in SST
impacted chick provisioning, resulting in changes in
meal size, feeding rate and/or meal composition.

MATERIALS AND METHODS

Michaelmas Cay is a small vegetated sand cay
located on Michaelmas Reef (16°36'S, 145°59'E,
Fig. 1) in the Cairns section of the GBR. The cay is
~1.8 ha in size, with a vegetated area of available nest-
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Fig. 1. Map of Queensland, Australia, and the Cairns section

of the Great Barrier Reef (GBR) showing locations of Michael-

mas and Northeast Herald Cays and Agincourt, Arlington and
Moore Reefs (adapted from GBRMPA 1986)

ing habitat of approximately 180 m?. Data on foraging
success and SST were collected at Michaelmas Cay
over the same stage of 2 independent breeding cycles:
16 d from 1 September to 3 October 2004 and 19 d from
6 May to 22 June 2005 (data were not collected every
day during these 2 periods). At Michaelmas Cay, sooty
terns Sterna fuscata breed at irregular intervals (King
et al. 1992) and exhibit a mean breeding periodicity of
~10.35 £ 0.91 mo (QPWS unpubl. data). Data collection
periods in this study represent approximately the first
36 and 52% of each breeding cycle, respectively (Le
Corre 2001, QPWS unpubl. data). During 2004, all data
were collected remotely, i.e. no handling or banding of
the chicks or adults was undertaken. During the 2005
breeding season a subset of 42 same-aged chicks were
banded for individual recognition at 3 d of age.

Sooty tern chicks become mobile at an early age
(<10 d), and creche under dense shrubs where avail-
able. During each observation period, adult feeding
rates in a spatially defined area of the colony contain-
ing a different but known number of either all un-
banded (2004) (n = 73 to 157) or groups of both banded

and unbanded (2005) (n = 20 to 65) chicks at nests
(<10 d of age) and in creches (>10 d of age) were mon-
itored continuously using binoculars. Areas of the
colony and the numbers of chicks to be monitored
were redefined at the beginning of each observation
period. Observations occurred for at least 1.4 h and up
to 3.8 h associated with the same period each day
(10:45 to 14:15 h). Multiple logistical constraints pre-
cluded data collection outside these hours; however,
standardising observations over the same period each
day serves as a relative measure of day-to-day forag-
ing success.

Meal index (Mnpex) and feeding frequency (Fgrgq)-
During 2004, when no chicks were banded or handled,
provisioning was monitored using binoculars only.
Food items delivered to chicks were quantified into a
‘meal index' (Mnpex) based on prey linear dimensions,
using the size of the adult's bill as a reference, a tech-
nique which has been used previously (Forbes & Sealy
1990, Shealer 1998). Food items that were approxi-
mately the same length as the adult's bill were given a
value of 1. Items that were approximately 1.5 times the
length of the bill were assigned a value of 1.5, and so
on. Items that were wider or taller than the bill were
treated in the same manner. This technique assumes a
linear relationship between prey size and volume (i.e.
that prey have zero depth) and so may underestimate
slightly the caloric value of larger prey items. Thus,
Mpex provides an index of relative change in meal
size among days, rather than absolute measure of meal
size (Suryan et al. 2002). Using the bill as a ruler also
assumes little variation in bill size between individual
adult sooty terns at a single breeding colony; a realistic
assumption based on available data (Higgins & Davies
1996).

For each chick that was fed in the observation group
over the observation interval, a M\pgx Value was cal-
culated based on the relative length x width of each
prey item multiplied by the number of prey items of
that size + the length x width x number of prey items
for each differently sized prey item. To standardise
Mpex between observation periods, a mean Miypgx
was computed for each observation period by dividing
total food by both the number of chicks and the num-
ber of minutes per observation period.

In 2005, provisioning was monitored as in 2004. In
addition, in 2005, a 'food curve' was generated, so that
Mnpex values could be converted into an index of
meal mass in grams. On 3 d of data collection (12, 14
and 17 May) colour-banded chicks (n = 23) were
weighed both in the morning, prior to their first meal
(08:00 h), and in the afternoon, directly subsequent to
8 h of visual observations (16:00 h). A meal mass equiv-
alent of M\pgx was estimated by regressing the mass
increment for each chick, based on the differences
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between the morning and afternoon weighings,
against Mppex for the same chicks over the same
period. Derivation of meal sizes from chick mass
changes is a standard method of obtaining relative
measures of adult foraging success for comparative
purposes (Phillips & Hamer 2000, Peck et al. 2004). As
chicks lose mass during the day, due to digestion, res-
piration, defecation and evaporative cooling, the dif-
ference in mass between the morning and afternoon
weights does not represent the total mass of food
received (Ricklefs et al. 1985). Thus, mass meal values
serve as a relative measure of mass gain per chick from
the visually observed Mpex. Mass values were stan-
dardised for stage of chick growth by dividing each
chick’s daily mass change by their age in days.

The average size of all prey items of known size for
each day of observation was used to assign an Mpex
value to prey items of unknown size (i.e. when a food
item was exchanged, but the observer could not deter-
mine the size). The proportion (+SE) of prey items that
had to be assigned a mean value was 0.063 + 0.010 in
2004 and 0.052 + 0.014 in 2005. The adult feeding fre-
quency (Frreq) Was also recorded. This variable com-
prised the total number of deliveries per observation
period divided by the number of chicks in the observa-
tion area and the number of minutes of observation.

Squids make up the primary prey items in the diet of
sooty terns (53 to 70 %), while fishes make up 33.2 to
46 % (Harrison et al. 1983, Higgins & Davies 1996, Sur-
man et al. 2002). In this study, food items were cate-
gorised as fish, squid, or unknown. Immature fish are
of only slightly higher energy density than squid
(Davis et al. 1998), and Mnyprx values obtained in our
study were consistent with previous observations that
terns feed primarily on immature fishes (Shealer 1998).
Thus, each prey type was assumed to be of approxi-
mately equal calorific value per gram provided. Meal
composition as a percentage of each prey type was
determined for each day of the study.

Adjustments for chick age and changing energy
demands. Analyses of Mppex Or Frrpq examined
changes in the amount of food reaching each chick per
unit time. Since adults may adjust food loads or feed-
ing frequencies relative to the energetic demands of
chicks (Feare 1976), Mpnpex and Frrpq were also
adjusted for potential changes in energy requirements
with chick age. This procedure required estimates of
both chick age and of the relationship between chick
energy demands and chick age.

Sooty terns breeding in different subsections of a
colony nest relatively synchronously (Feare 1976,
authors' pers. obs.). This means that at any single point
in time, the majority of chicks in a definable area of
colony are of equivalent ages. In 2004, the chick age
estimates used to adjust Mypex and Frreq data were

the median values estimated for each similarly aged
group of chicks observed during an observation inter-
val. These age estimates were derived from compari-
son with time-series photographs taken of multiple
known-age chicks.

For sooty tern young, the growth rate and shape of
the growth curve are such that chick energy demands
increase more rapidly during the first week of growth,
but then increase relatively uniformly throughout the
developmental period (Ricklefs & White 1981). For
example, during the first 20 d, the energy requirement
increases from 55 to 80 % of the maximum. This sug-
gests an approximately linear relationship between the
energy requirements of sooty tern neonates and age. If
so, dividing Mipex by chick age is an appropriate
adjustment for increasing energy demands.

SST data. Sooty terns are rarely found feeding within
sight of land (Ashmole 1963). However, the distance
travelled from nesting to foraging grounds is variable
among years and colonies (Ashmole & Ashmole 1967)
as well as according to reproductive status (Flint 1991).
Outside the Australian region, sooty terns have been
observed foraging 80 to 200 km from their breeding
colonies (Dinsmore 1972, Feare 2002). In Australia, this
species has been observed foraging 480 to 600 km
from their colonies, on the edge of the continental shelf
(Surman & Wooller 2003).

To account for the fact that foraging adults may
experience conditions different to those at the breed-
ing colony, SST data were collected at different spatial
scales from 4 independent sources. From 15 Septem-
ber to 3 October (the second half of the 2004 study
period) and from 6 May to 22 June (the entire study
period in 2005) dual IBUTTON (Maxim/Dallas Semi-
conductor) data loggers were fastened to a permanent
mooring in Michaelmas Cay harbour at 1 m depth
below the sea surface. These data loggers recorded
hourly SST measurements in the waters directly adja-
cent to Michaelmas Cay (SSTyc) that were later con-
verted to daily averages. IBUTTON data at Michael-
mas Cay for 1 through 14 September 2004 were not
obtained due to equipment failure.

In order to generate SST values for the first portion of
the 2004 study period, as well as to determine the com-
parability between daily SST collected locally and
more broadly, SSTyc 2004 data were compared with
daily average SST data from Great Barrier Reef Marine
Park Authority (GBRMPA) and Australian Institute of
Marine Science (AIMS) monitoring stations on multi-
ple outer reefs in the Cairns section of the GBR, as well
as at a location in the Coral Sea, which is within the
sooty tern foraging range (at least 500 km in the Aus-
tralian region [Higgins & Davies 1996, Surman &
Wooller 2003]). At each monitoring station, average
daily SSTs were computed from the average of SST
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measurements recorded every 30 min at 1 to 2 depths
per station (4 to 7 m).

Fisheries. Daily catch and effort records from the
Eastern Tuna and Billfish Fishery (ETBF) were ob-
tained from Australian longline daily fishing logbooks
(ALOS logtypes) housed at the Australian Fisheries
Management Authority (AFMA). Daily catch (kg) data
were analysed for all days during each study interval.
Latitudes were limited to between 13.0 and 19.99°S
and longitudes to between 142.5 and 150.99°E. Data
from this area were used to estimate the relationship
between sooty tern foraging success and the relative
abundance of some of the most important obligate
commensal sub-surface marine predators that forage
in association with sooty terns. Almost all tropical feed-
ing terns, noddies and shearwaters occur where
surface-feeding tunas or mammals are present (Au &
Pitman 1986, Jaquemet et al. 2004), and tonnage
capture data indicate the presence and spatial abun-
dance of these taxa.

Statistical analyses. All data were tested for normal-
ity and homogeneity of variance. Linear regressions
were then calculated where those assumptions were
met. To account for the very small values associated
with Mpex and Frreq data, these variables were lin-
early transformed by multiplication by 1000. The stan-
dardised foraging variables (Mpex, Frreq and meal
composition) were then tested against SST measure-
ments that were recorded primarily at Michaelmas
Cay in both seasons (see 'Results’ for justification). To
determine the influence of daily fluctuations in SST on
the observed pattern of inter-annual foraging success,
ANCOVA analyses were conducted with Mpex and
Frrrq as dependent variables, year as the fixed factor
and SST as the covariate. The relationship between
Mppex and chick mass change was established by
regressing logjochick mass change and logjochick
mass change per day of age against the M\pgx values.
Logjo transformations were required to meet the
assumption of normality. Different levels of variance
were observed between years for fisheries data (Lev-
ene's F-test; see 'Results’). As a consequence, the
between-year comparisons were undertaken using a
non-parametric test that adjusted for unequal variance
among samples (Mann-Whitney U-test). All statistical
analyses were performed using SPSS for Windows
Version 11.0.1 (SPSS 2001).

RESULTS
SST data

SSTyc 2004 data were compared with daily SST data
from the GBRMPA temperature monitoring stations at

Arlington (16°43'S, 146°03'E) and Moore Reefs
(16°52'S, 146° 12"E) (SSTg0aa) (Fig. 1). These monitor-
ing stations are on outer reefs in the Cairns section of
the GBR Marine Park, approximately 15 and 40 km
from Michaelmas Cay, respectively. SSTg,q Values
from 15 September to 3 October were compared with
SSTyc values collected during the same period. The 2
temperatures were highly correlated (F;; = 30.364,
adjusted r? = 0.786, p = 0.001; SSTyc = 1.236 SSTxr0aa —
6.022).

At the time of publication, SST data were not avail-
able from Arlington and Moore Reefs for the 2005
study period; instead SSTyc values were compared
with SST data generated from the AIMS temperature
monitoring station at Agincourt Reef (16°02'S,
145°49'E; Fig. 1). This monitoring station is also on an
outer reef in the Cairns section of the GBR Marine
Park, approximately 80 km from Michaelmas Cay.
Daily values from Agincourt Reef were then used as a
broad-scale measure of SST (SSTagi,) in 2005. SSTyic
values in 2005 were compared with SST,g, values
collected during the same period. The 2 temperatures
were highly correlated (F; ;o = 116.153, adjusted r? =
0.852, p < 0.001; SSTyc = 1.3 SSTgin — 8.774).

SSTyc data for both 2004 and 2005 were also com-
pared with SSTs that were generated from a GBRMPA
temperature monitoring station at Northeast Herald
Reef (16°56'S, 149°11"E), an isolated seamount in the
Coral Sea, approximately 400 km from Michaelmas
Cay (Fig. 1). Daily SSTs from Northeast Herald Reef
(SSTNEHerala) Provided a very broad-scale measure of
SST during both seasons. SSTNgperalq Values from
15 September to 3 October 2004 and 6 May to 22 June
2005 were compared with SSTy,c values collected dur-
ing the same period; again the temperatures were
highly correlated (F; 39 = 202.455, adjusted r* = 0.834,
p <0.001; SSTyc = 1.200 SSTNEHerald — 9.670).

Significant correlations were found between SST at
Michaelmas Cay and SST data from all other locations,
suggesting that SSTy,c accurately reflects the variation
in SST that sooty tern adults breeding at Michaelmas
Cay experience throughout their foraging range.
Therefore, SSTyic was used as the general measure
of sea-surface temperature variation in all further
analyses.

Foraging success in relation to SST

During both 2004 and 2005, 2 distinctly different and
temporally discrete relationships were evident be-
tween SST variation and sooty tern foraging success.
Potential SST impacts were consistently observed only
during the second two-thirds of the study period in
each year (Fig. 2).
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Fig. 2. Sterna fuscata. Effect of daily sea-surface temperature (SST) at Michaelmas Cay on day-to-day age-adjusted (a,b) meal in-
dex (Minpex) and (c,d) feeding frequency (Frreq) during (a,c) the first one-third (o, 1 to 13 September) and second two-thirds (e, 15
September to 3 October) of 2004 and (b,d) the first one-third (o, 6 to 19 May) and second two-thirds (e, 23 May to 22 June) of 2005

Table 1. Sterna fuscata. Regression analysis results describing relationships between predictor variables (local- and broad-scale
SSTs) and sooty tern foraging success in contrasting ‘regimes’ and both regimes combined (entire) during 2004 and 2005, in terms
of meal index (Minpex) and feeding frequency (Frreq). Bold print denotes significant relationships

Dependent variable Year Regime Predictor F Adjusted r? P
Minpex (chick™ ! min™!) 2004 1st SSTgroad F; 3=0.525 -0.135 0.521
2nd SSTuce F,;=2249 0.135 0.177
Entire SSTgroad F;14=0.172 -0.058 0.685
2005 1st SSTuc F, 5=0.045 -0.189 0.840
2nd SSTmc Fi 10 =7.459 0.370 0.021
Entire SSTuc F 17 =6.078 0.220 0.025
Minpex (chick ' min~! d™! of age) 2004 1st SSTgroad F, 3=0.763 -0.062 0.445
2nd SSTmc F,;=6.973 0.427 0.033
Entire SSThroad Fi14=0.738 -0.018 0.405
2005 1st SSTuc F,;5=0.113 -0.173 0.750
2nd SSTumc F, 10 =6.246 0.323 0.031
Entire SSTac F) 17 =1.875 0.046 0.189
Frreq (chick™ min™?) 2004 1st SSThroad F;3=0.893 -0.028 0.414
2nd SSTmc F,; =6.525 0.409 0.038
Entire SSTgroad F;14,=0.116 -0.063 0.739
2005 1st SSTac F,5=0.215 -0.151 0.662
2nd SSTymc F 10 =21.575 0.652 0.001
Entire SSTuce F, 17 =4.044 0.145 0.060
Frgeq (chick™! min~! d! of age) 2004 1st SSTgroad F; 3=1.339 -0.078 0.331
2nd SSTumc F,;=8.388 0.480 0.023
Entire SSTgroad Fj14=0.223 -0.055 0.644
2005 1st SSTuce F,; 5=0.154 -0.164 0.711
2nd SSTmc Fi10=5.176 0.275 0.046
Entire SSTmc F 17 =11.632 0.371 0.003
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During the 15 September to 3 October 2004 and
again during 23 May to 22 June 2005 (‘Foraging
Regime 2') SSTyc was a significant negative predictor
of age-adjusted Mpnpex (ANCOVA: F;;; = 12.868,
adjusted r? = 0.335, p = 0.002; Table 1, Fig. 3a). There
was also a significant difference in the intercept of
each regression line (F; 17 = 14.458, p = 0.001), but not
in the slopes of the lines between years (F; ;7 = 0.150,
p = 0.704). Thus, during both 2004 and 2005, age-
adjusted Mppgex declined at the same rate with
increasing SST, but, for any given temperature, the
Mnpex was consistently lower during 2004. For each
1°C increase in SST, age-adjusted Mypex declined by
7.96 % (Fy,19=9.463, adjusted r?=0.297, p =0.006; age-
adjusted Mpex = 2.09 — 0.0796 SSTyc).

During these same periods, age-adjusted Frrgq was
also significantly negatively correlated with SSTyc
(ANCOVA: F;.; = 13.142, adjusted r*> = 0.495, p =
0.002; Table 1, Fig. 3b). Again there was a difference in
the intercepts of the regression line between years
(Fy 17 = 14.549, p = 0.001), but not between the slopes
(Fy 17 = 2.355, p = 0.143). Thus, during both years, age-
adjusted Frrpq again declined at a similar rate with
increasing SST, but, for any given temperature, Frrrq
was lower during 2004. For each 1°C increase in SST,
age-adjusted Frppq declined by 2.00 % (F; 19 = 19.314,
adjusted r? = 0.478, p < 0.001; age-adjusted Fpggq =
0.512 - 0.0200 SSTyc).

Significant negative relationships were also present
for the non-age-adjusted Minpex and Fpreq in 2005
(Table 1) and for non-age-adjusted Fpreq in 2004.
However, no significant relationship was observed for
Minpex in 2004 when chick age was not accounted for
(Table 1).

During the later portions of both study periods in
each year when SST was a significant negative predic-
tor of foraging success, absolute meal sizes (+SE) also
differed significantly between the 2 seasons, meal
sizes being larger in 2005 (2004: 3.74 + 0.62 Mpex d 7',
2005: 6.32 + 0.89 Mppex d°!; independent samples t-
test: t =-2.220, df =19, p = 0.039).

From 6 to 13 September 2004 and from 6 to 19 May
2005 (‘Foraging Regime 1') no significant effects of
SSTymce/Broaa O Minpex O Frreq Were observed
(Table 1). During this period in 2004 there was on aver-
age ~5 times the age-adjusted Mipgx (Regime 1:
0.646 + 0.068 SE, Regime 2: 0.141 + 0.024 SE) and ~3
times as many meals relative to chick requirements
(Regime 1: 0.117 + 0.014 SE, Regime 2: 0.030 + 0.0065
SE) brought to the colony for equivalent SSTs. This
equates to ~15 times as much food with no apparent
temperature effect. Similarly, during this period in
2005, there was on average ~2 times the amount of
food (Regime 1: 0.299 + 0.065 SE, Regime 2: 0.152 +
0.023 SE) and ~5 times as many meals (Regime 1:

0.979 + 0.020 SE, Regime 2: 0.0196 + 0.0063 SE)
brought to the colony for equivalent SSTs. This equates
to ~10 times as much food with no apparent tempera-
ture effect. Therefore, over a relatively short 1 to 2 d
period in both years, food availability to foraging adult
sooty terns decreased by approximately 1 order of
magnitude, after which it did not recover and SST
effects became apparent.

Converting meal index (Mypgx) values into
meal mass

Significant positive relationships were observed
between Mi\pgx, chick mass change (F;,; = 12.551,
adjusted r2 = 0.344, p = 0.002; log;ochick mass change =
0.0782 Mppex + 0.743) and age-adjusted chick mass
change (F; 5; = 15.626, adjusted r? = 0.399, p < 0.001;
logjpchick mass change per day of age = 0.0591 M npgex
—0.330; Fig. 4). Thus, each change of 1 meal index was
equal to 0.0782 g and 0.0591 g d"! of age. Furthermore,

Meal index
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Feeding frequency

0.01
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23.0 23.5 240 245 250 255
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Fig. 3. Sterna fuscata. Effect of daily SST at Michaelmas Cay

on (a) age-adjusted Mi\pex during ‘Foraging Regime 2’ (e, 15

September to 3 October) of 2004 and (0, 20 May to 22 June) of

2005 and on (b) age-adjusted Frrgq in Foraging Regime 2 of
2004 (@) and 2005 (o)
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Fig. 5. Sterna fuscata. Significant relationship between daily

SST at Michaelmas Cay and percent squid meal composition

during the entire 2005 study period, where (®) and (O) repre-
sent the Foraging Regimes 1 and 2, respectively

at daily meal index values <9.50 and 5.58, respectively,
chick mass change and chick mass change per day of
age were no longer positive.

Meal composition

There was a significant negative relationship be-
tween SSTy,c and percent squid brought to the colony
during the entire study period of 2005 (F, 9 = 6.101,
adjusted r? = 0.203, p = 0.023; Fig. 5), implying a signif-
icant positive relationship between percent fish and
SSTyic over the same period. However, there were no
detectable relationships between either the percent
squid or fish in meals fed to chicks and SSTyic/Broaa

during all of 2004 or during any of the sub-periods pre-
viously identified in each year (Table 2).

Foraging success in relation to fisheries

The mean fisheries catch for all days during the
study was significantly more variable in 2004 (F; 33 =
5.565, p = 0.024). Mean (+SE) daily catch rate was also
significantly higher during the period when SST
effects were not apparent in 2004 (Regime 1: 2453.20 +
721.48 kg d!, Regime 2: 583.36 + 152.56 kg d"!; Mann-
Whitney Z =-2.322, p = 0.019, n = 16), but not during
2005 (Regime 1: 387.29 + 126.92 kg d™!, Regime 2:
918.75 + 282.96 kg d°!; Mann-Whitney Z = —-0.767, p =
0.482,n=19).

During foraging Regime 1, when SST did not influ-
ence foraging success, mean daily ETBF catch rates
were a weak, but significant, positive predictor of the
total and age-adjusted amount of food that came into
the colony. For example, during Foraging Regime 1 for
both years combined, meal daily catch rate was a sig-
nificant positive predictor of both meal index (F; o =
9.136, adjusted r? = 0.425, p = 0.013) and age-adjusted
meal index (F; 1o = 9.755, adjusted r* = 0.443, p = 0.011,
Fig. 6), but not feeding frequency (F;;, = 1.086,
adjusted r? = 0.008, p = 0.322) or age-adjusted feeding
frequency (Fy 1o = 1.707, adjusted r? = 0.060, p = 0.221).
In contrast, when SST effects were apparent in both
years (Foraging Regime 2), there were no significant
relationships between ETBF catch rates and any of the
foraging variables (meal index: F; 19 = 0.081, adjusted
r? = -0.048, p = 0.779; age-adjusted meal index: Fi 9=
0.111, adjusted > = —0.047, p = 0.743; feeding fre-
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-1000 O
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Fig. 6. Sterna fuscata. Significant relationship between East-
ern Tuna and Billfish Fisheries (ETBF) daily mean catch (kg)
and age-adjusted meal index during Foraging Regime 1 (®) of
both years combined and the non-relationship between the 2
parameters in Foraging Regime 2 (0) of both years combined
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Table 2. Sterna fuscata. Regression analysis results describing relationships between SST at Michaelmas Cay (SSTyc) and sooty
tern chick meal composition (percent squid and fish) at Michaelmas Cay during contrasting regimes and during both regimes
combined (entire) in 2004 and 2005 breeding cycles (SSTg;0aq: SST data from Arlington and Moore Reefs). Bold: significant

Dependent variable SSTproaq (2004) SSTyic (2005)
Regime F Adjusted > p Regime F Adjustedr?  p
Percent squid observed 1st F; 3=0.000 -0.333 0.998 1st F;7=0.545 -0.060 0.484
2nd F;4=0.218 -0.085 0.652 2nd F10=2.037 0.086 0.184
Entire F; 14, =0.644 -0.024 0.436 Entire F; 19=6.101 0.203 0.023
Percent fish observed 1st F; 3=0.005 -0.331 0.951 1st F,;=0.031 -0.138 0.866
2nd F) 4=0.256 -0.080 0.625 2nd F;10=1968 -0.081 0.191
Entire F; 14, =0.002 -0.071 0.963 Entire F,19=10.247 0.316 0.005

quency: Fj 19 = 0.261, adjusted r* = -0.038, p = 0.615;
age-adjusted feeding frequency: F; 19 = 0.096, adjusted
r? = -0.047, p = 0.761; Fig. 6). There were also no sig-
nificant effects of SSTyic/Broaq O mean daily ETBF
catch rates in either year (2004: F; ;, = 1.499, adjusted
r? = 0.032, p = 0.241; 2005: F; 17 = 0.020, adjusted r?
—-0.058, p = 0.888) or in both years combined (F; 33
0.086, adjusted r? = —-0.028, p = 0.771).

DISCUSSION

During the second two-thirds of each sooty tern
Sterna fuscata breeding cycle in 2004 and 2005, signif-
icant negative relationships were observed between
increasing SST and both the amount of food delivered
to chicks and the rate of delivery. These results were
consistent for feeding frequency across years, but were
uniformly significant for meal index only when meal
sizes from 2004 were adjusted for chick age/energy
requirements.

During 2004, total meal size suggests that food was
generally less abundant. At this time our foraging data
suggest that sooty tern adults returned to the colony
with relatively constant absolute food loads (i.e. possi-
bly the minimum obtained during a successful forag-
ing dive), but that both the time taken to obtain this
load and its size relative to chick needs decreased as
SST increased. By comparison, during 2005, both
absolute and relative food loads decreased with in-
creasing SST as did the time taken to obtain each meal.

Both age-adjusted feeding frequency and age-
adjusted meal size responded to changes in SST in a
similar manner among years. However, during 2004,
both variables were consistently lower for the same
SST. In 2004, SST generally increased as chick age
increased. Conversely, in 2005, SST generally de-
creased as chick age increased. Therefore, in 2004,
meal index and feeding frequency may have been
more sensitive to changing SST, not only because food
was generally less abundant that year, but also

because both SSTs and chick age/requirements were
increasing simultaneously. Consistency in the rate of
change between years suggests that despite inferred
differences in food availability and chick development
stage, short-term variation in SST impacts sooty tern
provisioning similarly across breeding seasons and
across temperature ranges of ~23 to 26°C.

While correlations do not necessarily imply direct
causation, our findings combined with existing data on
SST effects in other seabird species, strongly suggest
that changes in prey availability associated with
increasing SST reduced the ability of sooty tern adults
to provision young. These effects were observed for up
to 3 wk during the mid- to late chick-rearing period in
both 2004 and 2005. Our results also suggest that feed-
ing frequency is more sensitive to changes in SST than
meal size. These findings are consistent with the
results obtained for wedge-tailed shearwaters Puffinus
pacificus breeding in the southern GBR, where feeding
frequency was also found to be more significantly
affected by within-season fluctuations in SST (Peck et
al. 2004).

In general, seabirds are not always able to compen-
sate for changes in the distribution or abundance of for-
age-fish by increasing food loads or foraging rates
(Gjerdrum et al. 2003). Our results suggest that sooty
terns, like wedge-tailed shearwaters (Peck et al. 2004),
are not always able to increase foraging rates enough
when prey are scarce during periods of enhanced SSTs.

Data from this study were used to determine that
each 1°C SST increase results in approximately 8%
decrease in the meal index brought to chicks. Thus,
there is clear potential for detrimental impacts of short-
term temperature variation of just a few degrees. Small
increases in temperature for sustained periods of sev-
eral days or weeks may lead to decreased growth and
survival. For example, 2 wk of low food availability
caused virtually all tropical roseate tern Sterna dougal-
lii chicks to die of starvation in 1997, while, in the sub-
sequent season, chicks recovered after only 6 d of low
food availability (Ramos 2000).
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No relationship between SST and foraging success
was apparent during the first one-third of the study
period in either year (6 to 13 September 2004/6 May to
19 May 2005) when prey availability was ~10 to 15
times greater. During both breeding seasons this
period coincided with earlier stages of chick-rearing.
Adult sooty terns have been shown to forage in differ-
ent areas when brooding (290 km foraging radius) and
when feeding older chicks (522 km foraging radius)
(Flint 1991). Sooty terns may also feed young chicks a
greater number of small meals compared to older
chicks (Dinsmore 1972, Feare 1976); however, our
observations of provisioning of young chicks over
intervals of ~1 to 4 h suggest this phenomenon did not
impact our results.

Alternatively, the rapid change in prey availability
that occurred over a very short 2 to 3 d period in both
years highlights that other potential short-term,
within-season mechanisms must also significantly
influence prey accessibility and foraging potential.
One possibility is the distribution of subsurface preda-
tors. Intra-annual variation in sooty tern foraging suc-
cess has already been shown to be highly influenced
by the distribution of underwater predators, especially
tuna (Le Corre & Jaquemet 2005). A significant posi-
tive relationship between the provisioning rates and
ETBF sub-surface predator catch rates is evidence of
the potential influence of this phenomenon on our
data. In both seasons, the presence of sub-surface
predators either mitigated the impact of SST variability
on sooty tern foraging success or predator numbers
also declined in response to a rapid decrease in forage-
fish availability. Unfortunately, it is not possible to dis-
tinguish between these 2 alternatives with the current
dataset. The 2005 data also suggest that at some times
of year a relationship may exist between the availabil-
ity of specific prey types and SST. Regardless of the
mechanisms involved, our results imply that it is not
just large seasonal-scale phenomena that impact
reproductive success, but also short-term within-sea-
son changes in both SST and other factors. How these
other potential factors interact with oceanography and
whether they are also influenced by climate change is
currently unknown and requires further clarification.

Results from this study show that prey availability
can track SST for periods of up to 1 mo and that feed-
ing frequency is a more sensitive indicator of how SST
impacts sooty tern foraging success. These findings
when combined with those of Peck et al. (2004) suggest
that SST variation may impact the foraging success of
multiple tropical seabird species at a reef-wide scale.
Such results further support a potentially significant
negative effect of forecasted climatic changes on
seabird reproduction on the GBR. As global climate
change continues to increase average SSTs on the GBR

at a rate of 1 to 2°C per century (Hoegh-Guldberg
1999), our findings have significant conservation and
management implications.

These results further support earlier findings that,
while longer-term impacts of climate fluctuations such
as ENSO are important to tropical systems (Schreiber
& Schreiber 1984), even during non-ENSO years the
potential effect of short-term climate variation on
seabird reproductive output cannot be ignored.
Indeed, short-term declines in food availability for
periods of days and weeks have resulted in reduced
reproductive success (Ramos 2000, Peck et al. 2004)
and seasonal declines in nestling growth rates (Gjer-
drum et al. 2003), although the severity of these
impacts appears to be related to the number of days of
reduced provisioning (Ramos 2000).

The relative importance of within-season, climate-
related variation in foraging success in the broader
context of interannual, decadal-scale, climate-related
variation is unclear and complex. For example, the
number of wedge-tailed shearwater burrows exca-
vated each season is most related to the cumulative
impact of oceanographic conditions from previous
breeding seasons (Dunlop et al. 2002), while the per-
centage of burrows in which eggs were laid is corre-
lated with prevailing feeding conditions during the
pre-laying season, and the final breeding outcome is
related to short-term environmental conditions during
the chick-rearing period (Peck et al. 2004). While inter-
seasonal ENSO-associated variation in environmental
parameters such as SST may influence the timing and
result of a breeding attempt, intra-seasonal variation in
SST may be as important for the actual breeding out-
come.

Information about the mechanistic links between cli-
mate, oceanography and seabird reproduction is vital
if the predicted changes in climate are to be success-
fully managed in the future. Our results highlight
pelagic foraging seabirds with single egg clutches,
such as sooty terns and wedge-tailed shearwaters, as
useful for identifying broader scale trophic changes
that may be occurring and as indicators of how climate
change may be impacting other less abundant species
within the GBR ecosystem.
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