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Yolk carotenoids and stable isotopes reveal links among
environment, foraging behavior and seabird breeding success
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Abstract Nutrients that are limited in availability, such
as carotenoids, are potentially involved in trade-offs
between homeostasis and reproduction. Despite their
importance, factors that affect the capacity of female birds
to meet their carotenoid requirements are poorly under-
stood. We used d*°N stable isotope analysis to relate for-
aging behavior to yolk carotenoid deposition in two
seabirds, Cassin’s auklet (Ptychoramphus aleuticus) and
rhinoceros auklet (Cerorhinca monocerata), during each of
five years. As expected from their narrower trophic range,
Cassin’s auklets produced yolks with fewer carotenoid
types than did rhinoceros auklets (one vs. three). Cassin’s
auklets also fed on a lower trophic level diet richer in
carotenoids, yet had lower total yolk carotenoid levels,
which suggests a role for species-specific adaptations for
carotenoid uptake and utilization. Within both species,
lower trophic-level feeding was linked to higher yolk
carotenoid levels, but through different mechanisms. In
Cassin’s auklets, it was due to a population-wide response
to environmental variation: in warm-water years, all

females fed at a low trophic level and produced carotenoid-
rich yolks. In rhinoceros auklets, it was due to individual
differences similarly expressed in all years: females fed
across a wide trophic range, and those that fed at a low
trophic level produced carotenoid-rich yolks. Rhinoceros
auklets bred more successfully in years when their yolks
were rich in carotenoids, probably due to a correlated
response to stronger marine primary production. Our
results are novel because they link avian yolk carotenoid
deposition to behavioral and environmental variations.
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Introduction

Proximate modulators of life-history variation are of con-
siderable interest to evolutionary ecologists (Monaghan
et al. 2008; Ricklefs and Wikelski 2002; Zera et al. 2007).
For example, environmentally limited nutrients are poten-
tially involved in trade-offs between homeostasis and
reproduction (Stearns 1992). Carotenoids, lipid-soluble
pigments synthesized de novo only by primary producers,
constitute a promising group of candidate nutrients for
fitness trade-offs because consumers obtain them exclu-
sively from dietary sources (Volker 1938), and because
they play important roles as antioxidants and in immune
system function, vision, and coloration (Blount et al. 2000).






(2002-2004) or stored with shells intact in 70% ethanol
(2005-2006).

We obtained fresh-frozen whole specimens of two
crustacean species preyed on by Cassin’s auklets during the
study period (Hipfner 2009): the copepod Neocalanus
cristatus and the euphausiid Thysanoessa spinifera. All
specimens were collected by shipboard plankton tows
along the continental shelf margin near Triangle Island
(Mackas et al. 2007). We trapped rhinoceros auklets at
night using long-handled nets before they could scramble
into burrows to feed their chicks. In this way, we obtained a
typical array of whole prey items from the birds’ bills
(Thayer et al. 2008): unspecified squid, Pacific saury
Cololabis saira, Pacific herring Clupea harengus, young-
of-year (07?) rockfish Sebastes sp., and adult (1?) and
young-of-year (07?) Pacific sandlance Ammodytes hexapterus.
These items were weighed and measured, and then placed
in a freezer at —10 C (2002-2004) or stored whole in
70% ethanol (2005-2006).

Breeding success

We inspected 50-80 breeding burrows per species on
control plots, adjacent to the plot where we collected eggs,
at five-day intervals during all five years. When an egg was
found, the burrow was revisited 35 days (Cassin’s auklet)
or 40 days (rhinoceros auklet) later to allow the birds to
complete incubation undisturbed, then checked again at
five-day intervals until a hatchling was found. When first
found, we estimated each chick’s hatching date (age 0)
using a calibration of wing length against age for known-



We extracted carotenoids from homogenized, whole
prey items in hexane:TBME (1:1, v/v) using a mixer mill
(sensu McGraw and Klasing 2006). As is typical of
carotenoids from crustaceans and fish (Hudon et al. 2003),
prey pigments were esterified, so we only could gauge the
general elution of pigment types and did not quantify
amounts of these poorly resolved peaks (instead we
approximated relative concentrations by visually inspect-
ing the solution’s color). Our intent was simply to deter-
mine what types of carotenoids were available in the
different prey types for comparison with those detected in
the egg yolks, and to assess their concentrations in a gen-
eral way. More detailed quantitative assessments of
carotenoid profiles in marine prey types are available
elsewhere (Matsuno 2001; Olson 2006).

Statistical analyses

For analyses of stable isotope values and carotenoid con-
centrations, residuals were first tested to confirm that they
were normally distributed. Initially, we ran multivariate
GLMs (with year, d*°N and d**C as independent variables)
with two-way interaction terms included, but as none were



range was 1.36-3.44% in rhinoceros auklets but only
0.52-1.03% in Cassin’s auklets (Table 1). Similarly, d*3C
values in yolks were higher (least square mean = —17.41
vs. —18.49%,









were carotenoid-poor when they formed eggs well ahead of
the zooplankton biomass peak (and ate fewer crustaceans
as a result).

For rhinoceros auklets, yearly variation in the concen-
trations of all three yolk carotenoids mirrored yearly vari-
ation in chlorophyll a concentrations in surface waters
within a 100 km radius around Triangle Island, which were
lower in 2003 and 2005 than in 2002 and 2004 (Wolf et al.
2009). Thus, we propose that the strength of primary pro-
duction was key for rhinoceros auklets: yolks were carot-
enoid-rich in years in which the marine ecosystem was
more productive. We emphasize that these ideas are based
on a relatively short time series. Clearly, a longer time
series and studies elsewhere are needed to confirm or refute
them. If found to hold, then we suggest that carotenoid
profiles could be a useful tool for monitoring interannual
variation in marine environmental conditions and its
influence on marine consumers including birds (Piatt et al.
2007).

Relationship to breeding success

In Cassin’s auklets, there was no link between yolk
carotenoid concentrations and breeding success at the
individual or population levels. In a species that consumes
large quantities of carotenoid-rich prey, and that lays a
relatively small (Hipfner et al. 2004), single egg (Biard
et al. 2006), females may have little difficulty in meeting
their physiological requirements for carotenoids. This
might be especially true of early-laying females, whose
diets can be especially rich in crustaceans (Sorenson et al.
2009), and at our study site, which lies within an extremely
productive marine system (Ware and Thomson 2005).
Further, a threshold might exist beyond which increased
levels of yolk carotenoids cease to affect embryonic sur-
vival (Tyndale et al. 2008). Nonetheless, good feeding
conditions, i.e., a strong match between the timing of the
spring bloom of late-stage N. cristatus copepodites and the
timing of the chick-provisioning period, are key to suc-
cessful breeding in Cassin’s auklets at Triangle Island
(Hipfner 2008). Because the phenological match between
predator and prey is better for early-laying females, there is
a fitness premium on early breeding onset in this popula-
tion (Sorenson et al. 2009).

In rhinoceros auklets, there was no link between yolk
carotenoid concentrations and an individual female’s
breeding successfully with the replacement egg. Again, this
might indicate that females have little difficulty meeting
their physiological requirements for carotenoids in any
year, even though rhinoceros auklets lay larger eggs rela-
tive to body mass (Hipfner et al. 2004). In contrast to
Cassin’s auklets, however, we did find the predicted posi-
tive relationship between the mean total yolk carotenoid

concentration and the proportion of females in the popu-
lation that raised their single offspring to fledging in a
given year, especially among the relaying females them-
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