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Anomalously warm sea-surface temperatures (SSTs) are associated
with interannual and decadal variability as well as with long-term
climate changes indicative of global warming. Such oscillations
could precipitate changes in a variety of oceanic processes to affect
marine species worldwide. As global temperatures continue torise,
it will be critically important to be able to predict the effects of such
changes on species’ abundance, distribution, and ecological rela-
tionships so as to identify vulnerable populations. Off the coast of
British Columbia, warm SSTs have persisted through the last two
decades. Based on 16 years of reproductive data collected between
1975 and 2002, we show that the extreme variation in reproductive
performance exhibited by tufted puffins (Fratercula cirrhata) was
related to changes in SST both within and among seasons. Espe-
cially warm SSTs corresponded with drastically decreased growth
rates and fledging success of puffin nestlings. Puffins may partially
compensate for within-season changes associated with SST by
adjusting their breeding phenology, yet our data also suggest that
they are highly vulnerable to the effects of climate change at this
site and may serve as a valuable indicator of biological change in
the North Pacific. Further and prolonged increases in ocean tem-
perature could make Triangle Island, which contains the largest
tufted puffin colony in Canada, unsuitable as a breeding site for
this species.

cean climate varies considerably between years and over

decades along the Pacific coast of North America (1, 2).
Nutrient-poor, warm surface waters characterize both the El
Nifio southern oscillation, which occurs every 2-7 years, and the
positive phase of the Pacific decadal oscillation, which alternates
with the negative phase on a 20- to 30-year cycle (3). The
biological response to such large-scale fluctuations in ocean
climate are best known in the California current and in the Gulf
of Alaska, where studies have documented associated changes in
zooplankton biomass (4) and community composition (5, 6), fish
population declines (5), geographical range changes in fish and
invertebrate species (6, 7), poor reproductive success, range
expansions, and contractions, and population declines in a
number of breeding marine birds (8—10). Because of the sensi-
tivity of marine food webs to the physical changes associated with
these oscillations, predicted future changes in global climate (11)
are likely to have dramatic effects on marine ecosystems
throughout the Pacific.

Such a combined effect of climate and regime changes may
already be apparent off the coast of British Columbia, where the
northern edge of the up-welling California current meets the
southern edge of the down-welling Alaska current (12). In this
transitional region, the relative influence of these two domains
on local conditions fluctuates seasonally and from year to year,
as do oceanic patterns driven by the Aleutian low and North
Pacific high atmospheric pressure centers (6). The ecological
consequence of ocean climate variability is generally not well
understood in this region, but the breeding responses of seabirds
may serve as useful indicators of changes to other trophic levels
(13-16). For example, warm sea-surface temperatures (SSTs)

were associated with low masses of ancient murrelet (Synthlibo-
ramphus antiquus) chicks fledging in the Queen Charlotte Is-
lands (52.9°N, 131.5°W), presumably via effects on their plank-
tivorous and piscivorous prey (17). Farther south, on Triangle
Island (50°52’'N, 129°05'W), the world’s largest Cassin’s auklet
(Ptychoramphus aleuticus) population has exhibited poor repro-
ductive performance and a decline in breeding numbers as a
result of climate-driven changes in zooplankton availability
(18-20). With this article we show that local oceanographic
conditions are strongly associated with colony-wide reproductive
failures of tufted puffins on Triangle Island. Although these
failures afflict the largest tufted puffin breeding colony
(=50,000) in Canada (21) and they seem to be increasing in
frequency, their causes have been elusive (22-25). By investi-
gating the effects on puffins of short-term fluctuations in SSTs,
we also hope to identify target guilds for mechanistic work so as
to inform predictions about the ecosystem effects of future
changes in global climate.
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The tufted puffin is a long-lived, upper-trophic-level predator
that occurs only in the North Pacific, with the center of its
breeding distribution in the eastern Aleutians, Alaska. Although
they occur as far south as California, Triangle Island supports the
only large breeding colony south of Alaska (21).

SSTs. Data on SSTs were obtained from the Institute of Ocean
Sciences Lighthouse Data web site (www-sci.pac.dfo-mpo.gc.ca/
osap/data/SearchTools/Searchlighthouse_e.htm). For compar-
ison with tufted puffin reproductive data (below), we used SST
values reported from Pine Island (50°35'N, 127°26'W) during the
tufted puffin breeding season (average SST from April to
August). We used this station in preference to two others in the
vicinity because it is a site of deep tidal mixing (19, 26) where
SSTs are more likely to be reflective of ocean temperatures over
the range of conditions in which puffins forage. Because such
comparisons necessarily involve serial autocorrelation, we used
a conservative approach (by reducing the degrees of freedom in
significance testing) to identify the warming trend in the history
of these temperature data (1937-2002) (27). Thus, the total
number of observations was reduced from 66 to 18.7 (the
effective number of independent observations). We used this
same approach to determine the significance of the linear change
in SST during the nestling period within each year. Nestling
period was defined as the dates between the first-hatched egg

Abbreviation: SST, sea-surface temperature.
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cated that wing growth rate was lowest during seasons with the
highest water temperatures [F(1,7) = 7.50, P = 0.03, r> = 0.52].

Warm SSTs were associated with poor mass growth rates not
only among but also within seasons and are particularly well
illustrated with data from 1981 (Fig. 3B). In this year, SST
increased until late July, whereas nestling growth rates declined.
Late in this year, SST declined and growth grates increased.
Similar and significant seasonal declines in nestling mass growth
rate occurred in all five seasons (1977, 1998, 1999, 2000, and
2001; P < 0.01 in all comparisons) for which there was a
significant within-season linear increase in SST (Fig. 3C). No
seasonal change in growth rate (P > 0.10) was found in four of
the remaining years when SST either declined over the nestling
period (1980 and 1997) or did not change (1978 and 1996). The
general relationship for within-season increases in SST to be



declines in nestling growth rates followed increasing SST within
seasons more strongly implicates a prey-based mechanism for
this association. In particular, changes in SST must limit the
ability of the puffin to catch prey not only by effects on prey
abundance (19, 35, 36) but also, or perhaps mainly, via their
distribution (37, 38). Sand lance and other key prey species may
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these effects are more pronounced at higher temperatures than
at lower ones. At Triangle Island, both rhinoceros and Cassin’s
auklets have also exhibited poor performance in the warmest
years, suggesting that there are underlying climate-induced
trophic impacts for both piscivorous and planktivorous seabirds
(19, 46). However, only the tufted puffin exhibited near-zero
values for fledging success at these warm temperatures, which
suggests that they (or more likely their prey) are particularly
sensitive to high SSTs. If puffins depend disproportionately on
particular fish species such as sand lance and these species
change distribution and abundance rapidly with changes in SST,
the severity of these failures may support a previous suggestion
that tufted puffins lack the flexibility to switch to alternative prey
species when their primary prey disappear (25). This hypothesis
could be tested with better information about puffin diets and
prey species’ responses to SST and may recommend puffins as
valuable indicators of marine ecosystem in this relatively un-
known region of the Pacific.
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