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INTRODUCTION

Euphausiid crustaceans are important components
of zooplankton communities in the north Pacific
Ocean. Euphausia pacifica is typically the most abun-
dant euphausiid within a zooplankton assemblage
throughout its range, which extends from the Califor-
nia Current to Japan (Mauchline & Fisher 1969,
Brinton 1976). In some regions (Japan: Odate 1979;
British Columbia: Fulton & LeBrasseur 1984), E. paci-
fica is harvested by commercial fisheries. Thysanoessa

spinifera is found in the northeast Pacific from the Gulf
of Alaska south to Baja California (Brinton 1976, Sum-
mers 1993). 

In the California Current System (CCS), Euphausia
pacifica and Thysanoessa spinifera are the most
abundant euphausiids of the outer continental shelf-
slope region (Brinton 1976, Tanasichuk 1998a,b, Mari-
novic et al. 2002, Feinberg & Peterson 2003, Dorman et
al. 2005). E. pacifica is considered the more ‘oceanic’
species, whereas T. spinifera is distributed on the shelf
(Brinton 1976, Brinton & Townsend 2003, Feinberg &
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Peterson 2003, Lu et al. 2003, Dorman 2005). In regions
of distributional overlap, E. pacifica is approximately
100 times more abundant than T. spinifera (Brinton &
Townsend 2003, Feinberg & Peterson 2003), but there
is spatial (latitudinal) and temporal (inter-annual) vari-
ability in the relative abundance of these species (Brin-
ton 1962, Feinberg & Peterson 2003). Previous studies
have documented distributional contractions and
expansions in response to El Niño/La Niña Southern
Oscillation (ENSO) events (Brinton 1981, Marinovic
et al. 2002). At longer time scales, E. pacifica was
inversely related to inter-decadal ocean warming of
the Pacific Decadal Oscillation (PDO) (Brinton &
Townsend 2003), but no relationships were established
for T. spinifera. 

Although some euphausiid life-history, population,
and reproductive characteristics have been related to
within-season ocean climate conditions (e.g. the tim-
ing and duration of upwelling), many euphausiid-
oceanographic relationships remain unclear (e.g.
Tanasichuk 1998a,b). For example, off British Colum-
bia, Canada, despite spatial associations with up-
welling cells in the region, Mackas et al. (2001)
found that euphausiid abundance was lower under
strong upwelling conditions. Off California and Ore-
gon, Euphausia pacifica reproduction was linked to
the seasonal onset of upwelling (Brinton 1976, Fein-
berg & Peterson 2003). Some authors have cited that
peak reproduction may actually occur during periods
of relaxation that often follow strong upwelling
events, whereas others have reported year-round
spawning (Lindley 1978, Smith & Adams 1988, Dor-
man et al. 2005). While the population biology and
reproductive ecology of E. pacifica has been rela-
tively well-studied in the CCS, these life-cycle para-
meters of Thysanoessa spinifera are less well known
(but see Youngbluth 1976, Smith & Adams 1988,
Marinovic et al. 2002). In addition, rarely have
within-season variations in euphausiid abundance
and reproductive dynamics been examined in rela-
tion to upwelling and other oceanographic processes. 

The Gulf of the Farallones (GOF), off central Califor-
nia, is a variable, highly productive region of the
central CCS. Upwelling from the Point Arena to Point
Reyes region is a dominant physical process here
(Schwing et al. 2000). The timing, strength, and dura-
tion of upwelling between years is variable. Within
each year, the ‘upwelling season’ is often, but not
always, marked by a significant decline in sea surface
temperature (SST). In our study, we addressed the
hypothesis that the timing and intensity of upwelling
and corresponding changes in SST influences the
availability of euphausiids to Cassin’s auklet in the
GOF. We predicted that if upwelling is weak or the
initiation of upwelling late, euphausiid production and

hence contribution to auklet diet may be reduced or
delayed. Furthermore, we hypothesized that there are
species-specific prey responses to variable upwelling
and SST conditions owing to the different habitats that
these species inhabit in the region. 

To sample euphausiids over a period of months
within each year, we used a biological sampling
device. The Cassin’s auklet Ptychorhamphus aleuticus
is a zooplanktivorous marine bird endemic to the CCS
and Gulf of Alaska (Manuwal & Thorensen 1993). In
the central CCS, auklets forage mostly on euphausiids
(Abraham & Sydeman 2004), whereas in the northern
CCS/transition zone they consume mostly large
calanoid copepods (Bertram et al. 2001, Hedd et al.
2002). During breeding, auklets in the GOF make long
foraging trips (often ~60 km from the colony) (PRBO
unpubl. data). They forage via wing-propelled pursuit
diving to depths of up to 50 m (Burger & Powell 1990).
In the GOF, auklet timing of breeding is initiated
earlier with increased ingestion of Euphausia pacifica,
whereas offspring production is positively correlated
with the ingestion of Thysanoessa spinifera (Abraham
& Sydeman 2004). Herein, we extend previous ana-
lyses of auklet diet as an indicator of E. pacifica and
T. spinifera availability, by examining patterns of
within-season variability in diet composition. Specifi-
cally, we tested the hypothesis that seasonal patterns
of prey use (diet composition, age structure, and
body mass) by auklets correspond to within-season
variation in the timing and magnitude of upwelling
and resultant SST.

MATERIALS AND METHODS

Study area. This study took place at Southeast
Farallon Island (SEFI), California, over 11 yr from
1994 to 2004. SEFI, located 42 km west of San
Francisco, is the largest multi-species seabird colony
in the USA (excluding Alaska). Primary terrestrial
nesting habitat includes an extensive marine terrace,
with the remainder of the island consisting of cliffs
and rock faces. This granitic island (~44 ha) provides
suitable breeding habitat for 12 species of ground,
cliff, and cavity-nesting seabirds (Ainley & Boekel-
heide 1990, Sydeman et al. 2001). SEFI is situated on
the continental shelf, approximately 8 km from the
shelf break (200 m isobath). During the breeding
season, Farallon auklets forage mostly to the north-
west of SEFI and as far as Cordell Bank, a shallow
seamount located ~60 km to the north (Yen et al.
2004). 

Oceanographic measurements. We obtained SST at
SEFI each day for the duration of the study (for details
see Abraham & Sydeman 2004). We obtained daily
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indices of upwelling (Bakun’s Upwelling Index) from
NOAA Pacific Fisheries Environmental Laboratory
(www.pfeg.noaa.gov/products/PFEL/modeled/indices
/PFELindices.html) (Bakun 1973, Schwing et al. 1996).
We computed the mean daily upwelling index (UI)
(using the average of daily UI values at 36°N and
39°N) for analyses; the Farallones are located at
37°42’N, 123°00’W (approximately half way between
36°N and 39°N), and therefore, UI at these latitudes
encompass the foraging ambit of the auklets (Yen et
al. 2004). 

Seasonal patterns of euphausiids in auklet diet. The
availability of euphausiids in the GOF was indexed by
examining the prey brought to the colony by adult
auklets provisioning dependent offspring (Ainley et al.
1996, Sydeman et al. 1997, 2001, Abraham & Sydeman
2004). Cassin’s auklets forage in the upper ~50 m of the
water column (Burger & Powell 1990) and likely forage
for their nestlings late in the day before returning to
the nest site after dark. Undigested prey are brought
back to the colony by parent auklets in a ‘gular pouch’
(Speich & Manuwal 1974). Each adult makes at most
1 nightly visit to the nest site; therefore, each bolus of
food delivered represents the total amount of food
delivered by that parent d–1. The contents of each
pouch regurgitation was considered a sample. We
attempted to obtain 10 regurgitations wk–1 throughout
the chick-rearing period (around mid-May to mid-
August), but the sampling period varied each year
depending on the timing and duration of auklet repro-
duction (Table 1). Laboratory analysis (species iden-
tification, enumeration, mass measurements and age
classifications) for all years was performed by M. Gal-

braith at the Institute of Ocean Sciences (Sidney,
British Columbia). 

As an index of relative abundance, we used the
proportional prey composition (by number) of juve-
niles and adults for each species, averaged by date of
collection. Although percent diet composition by mass
is commonly used to report trophic relationships, the
percent diet composition of Euphausia pacifica and
Thysanoessa spinifera by mass and by number are
highly correlated (Abraham & Sydeman 2004), indi-
cating that measurements for prey contribution by
mass and number would be similar for the entire
data set. Only dates with ≥ 3 samples collected were
analyzed. Annually, the euphausiids E. pacifica and
T. spinifera comprise about 77% (by number, range
62 to 90%) of the diet (Abraham & Sydeman 2004).
Although they do consume juveniles (e.g. Adams et al.
2004), SEFI auklets primarily take adults. For analysis
of individual adult prey mass, we used the average
mass ind.–1 (mass of given prey species in sample / no.
of ind. of that species in sample); this was also aver-
aged by date of diet collection. Diet composition data
were available for 11 yr, 1994 to 2004, and individual
adult mass data were available for 10 yr, 1994 to 2003. 

Statistical analysis. To investigate seasonal variation
in euphausiid availability, mass, and reproduction (as
provided by auklet dietary indices) relative to ocean
climate (UI and SST), we calculated average UI and
SST for periods of 30 and 90 d prior to each diet collec-
tion date; 30 d averages were intended to represent
‘short-term’ ocean climate conditions, whereas 90 d
averages were intended to represent ‘longer-term’
ocean climate conditions. Euphausia pacifica and
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Table 1. Start and end dates (Day-of-year in parentheses), total period of diet collection, number of days of diet collection, num-
ber of diet samples analyzed, and mean (±SE) sea surface temperature (SST) of Southeast Farallon Island during March for each
year of the study. Only collection days with ≥ 3 diet samples collected were analyzed for composition; only days with ≥ 3 diet 

samples containing either adult Euphausia pacifica or Thysanoessa spinifera were analyzed for mean adult mass

Year Start date End date Period of No. d No. samples March SST 
collection analysed for diet (°C)

(d) composition

1994 May 17 (137) Aug 25 (237) 100 10 82 13.2 ± 0.08
1995 June 16 (167) July 22 (203) 36 6 78 13.6 ± 0.10
1996 June 6 (158) July 19 (201) 43 8 108 12.9 ± 0.15
1997 May 15 (135) June 27 (178) 43 7 80 10.5 ± 0.13
1998 July 14 (195) Aug 11 (223) 28 9 81 13.2 ± 0.10
1999 May 6 (126) Aug 16 (228) 102 9 107 10.9 ± 0.06
2000 May 22 (143) June 29 (181) 38 8 89 11.1 ± 0.18
2001 May 15 (135) Aug 23 (235) 100 14 113 11.8 ± 0.06
2002 April 23 (113) Aug 25 (237) 124 19 141 11.2 ± 0.14
2003 May 23 (143) Aug 8 (220) 77 14 110 12.1 ± 0.11
2004 May 23 (144) July 30 (212) 68 10 85 11.9 ± 0.05

Mean May 25 (146) Aug 2 (214) 69 10 98 a11.8 (± 0.03)
Total 114 1074
aLong-term (1926 to 2004) mean March SST
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Thysanoessa spinifera may reach adulthood within
3 to 4 mo after spawning (~11 mm in length) (Brinton
1976, Tanasichuk 1998a,b). Therefore, the lags cho-
sen fall within this developmental period, and re-
present oceanographic conditions ‘early’ and ‘late’ in
euphausiid development. 

We used multiple linear regression to examine the
effect of UI or SST on abundance in diet (availability)
and mass, for each euphausiid species and
age class (juvenile or adult). We con-
trolled for the linear effect of sampling
date and the categorical effect of year in
all analyses by entering these variables in
all regression models. Statistical analyses
were performed using STATA (version
7.0), and significance was assumed when
p < 0.05. Results of significant ocean
climate effects on euphausiids in linear
regression models were illustrated using
‘added variable plots’, where values were
adjusted for date and year effects. Non-
linear relationships have been hypothe-
sized for small fish in relation to upwelling
(e.g. Cury & Roy 1989). Therefore, we also
tested for curvilinear relationships sepa-
rately by including a quadratic term for UI
or SST in each model. All models included
a weighting variable (square root of n,
where n are the number of diet samples
per date). Because these analyses are
largely exploratory in nature, we did not
account for the potential problem of
simultaneous multiple tests (e.g. Botsford
& Lawrence 2002, Abraham & Sydeman
2004). 

All proportional values were trans-
formed prior to analyses using the fol-
lowing ‘logit’ equation: p’ = ln[p / (1 – p)],
where p’ is the transformed proportion
and p is the original proportion (STATA:
release 8, StataCorp). Prior to transforma-
tion, proportional values of 0 (e.g. where a
sample contained 0% of a species) were
replaced with values representing half the
difference between 0 and the next highest
value. Proportional values of 1 (e.g. where
a sample contained 100% of a species)
were replaced with values representing
half the difference between 1 and the next
lowest value (the logit transformation de-
scribed above is undefined when p equals
0 or 1). Calculated replacement values
used are therefore reflective of the mini-
mums and maximums (>0 or <1) of ob-
served proportional data.

RESULTS

Seasonal variation in UI and SST

Generally, SST and UI follow relatively predictable
seasonal patterns: with the onset of upwelling in the
spring, SST decreases (Fig. 1). However, the timing of
upwelling and its amplitude and duration (and corre-
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sponding changes in SST) were variable
within and between years. For example,
1997 began as a typical year, with up-
welling increasing (and SST decreasing)
from January through to approximately
mid-March. Upwelling then declined
steadily and remained relatively low until
approximately the end of May, after which
it increased again. This decline in up-
welling in 1997 corresponded to the
beginning of the 1997 to 1998 El Niño
(ENSO) event in the region. In the El Niño
year of 1998, upwelling was very low in
winter and did not reach intense summer-
time peaks as observed in other years,
such as during La Niña in 1999. Due to this
variability and the interaction between
timing and amplitude, it was difficult to
categorize years that were not obvious
deviations from average conditions.

March is typically the month when
auklets initiate reproductive efforts
(mean date of egg-laying of first clutches
is 13 April: PRBO unpubl. data; auklet
egg formation requires ~2 wk: Roudy-
bush et al. 1979). Timing of breeding also
determined when collection of diet sam-
ples began each year. With the exception
of March 1997 (which began cooler than
average, but shortly preceded the strong
1997 to 98 El Niño event), March SST
was generally warmer between 1994 and
1998 than the long-term (1926 to 2004)
average, and was generally cooler than
or close to the long-term average be-
tween 1999 and 2004 (Table 1). This
pattern corresponded with the presumed
phase shift of the PDO from warm to cold
conditions in 1999 (Peterson & Schwing
2003). 

Effects of date and ocean climate on
euphausiids in auklet diet

Adult euphausiids in auklet diet

Of the Euphausia pacifica and Thysanoessa
spinifera taken by auklets over the 11 yr, an average
of 93 and 80%, respectively, were adults. In 5 out of
11 yr  (1994, 1999, and 2001 to 2003), the pattern of
prey use followed a consistent pattern, with adult E.
pacifica decreasing and T. spinifera increasing dur-
ing the progression of the chick-rearing period each
year (Fig. 2). The timing of this switch in prey use

was variable: regression lines crossed between Day-
of-year ~150 and 200 (corresponding to ~30 May and
19 July), depending on year. The pattern of switch-
ing from adult E. pacifica to T. spinifera is also illus-
trated for all years combined (Fig. 2l), demonstrating
the generality of this pattern. 

The ingestion of Euphausia pacifica decreased over
the chick-rearing period (Table 2). At the 30 d lag
E. pacifica showed a significant increase with increas-
ing UI and a significant decrease with increasing
SST (Table 2, Fig. 3a,b). There were no significant
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relationships with SST or UI at the
90 d lag. Significant curvature was
detected for E. pacifica at the 90 d
lag of UI (Table 3); E. pacifica
initially increased with upwelling,
but then decreased as upwelling
became vigorous. The peak of the
curve occurred at a UI value of
146 m3 s–1 100 m of coastline–1,
indicating that this magnitude of
upwelling may represent an upper
threshold of tolerance of E. pacifica
to strong upwelling conditions. The
ingestion of Thysanoessa spinifera
increased over the chick-rearing
period (Table 2), but there were
no significant relationships with UI
or SST (Table 2).

There was no effect of date on the mass of individual
adult Euphausia pacifica taken by auklets (all t < 1.2,
p > 0.1) (Fig. 4). The average mass of E. pacifica
increased slightly with UI within the 30 d (β = 0.0002,
t = 1.70, p = 0.096) and 90 d (β = 0.0004, t = 1.81, p =
0.077) lags. The mass of E. pacifica decreased sig-
nificantly with increasing SST at the 30 d lag (β =
–0.015, t = –2.00, p = 0.051) (Fig. 3c). There was no cur-
vature detected for the relationship between mass of
individual adult E. pacifica and UI or SST (all t < 0.3,
p > 0.1). There was no effect of date on Thysanoessa
spinifera mass (all t < 0.8, p > 0.1) (Fig. 4). Mass of T.
spinifera decreased slightly with increasing SST at the
90 d lag period (β = –0.0154, t = –1.83, p = 0.072). Mod-
erate curvature was detected for mass of T. spinifera
only for the relationship with the 30 d SST average
(β1 = 0.15, t = 1.76, p = 0.083; β2 = –0.007, t = –1.80,
p = 0.076); T. spinifera mass initially increased with
SST, but then decreased as SST continued to increase
throughout the chick-rearing period. The peak of the
curve occurred at the SST value of 11.4°C.

Juvenile euphausiids in auklet diet

In contrast to adults, there was no consistent pattern
in the take of juveniles of either species in auklet diet.
Euphausia pacifica juveniles comprised a very small
proportion of auklet diet (<2%), whereas ingestion of
juvenile Thysanoessa spinifera was more substantial
(~10%) (Fig. 5). There were no relationships with date
or ocean climate variable for juvenile E. pacifica (all
t < 0.6, p > 0.1). In contrast, the ingestion of juvenile T.
spinifera increased with UI at the 30 d lag (β = 0.0238,
t = 2.97, p = 0.004) and with date (β = 0.02, t = 2.09,
p = 0.039) (Fig. 6). Curvature was not detected for
juveniles of either species in relation to UI or SST (all
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Table 2. Linear relationships between proportion of adult Euphausia pacifica and
Thysanoessa spinifera in auklet diet and ocean climate, within seasons. Time period
represents no. of days over which upwelling index or sea surface temperature
was averaged prior to each date of diet collection. β: linear regression coefficient.

Text in bold: p ≤ 0.05

Time period Ocean climate Date Model R2

(d) β t p β t p

E. pacifica 
UI 0 to 30 0.0256 3.11 0.002 –0.079 –7.94 0.000 0.55

0 to 90 0.0277 1.59 0.115 –0.11 –6.57 0.000 0.52

SST 0 to 30 –1.25 –2.29 0.024 –0.06 –3.98 0.000 0.54
0 to 90 –0.539 –0.51 0.614 –0.086 –7.51 0.000 0.51

T. spinifera
UI 0 to 30 0.0107 1.58 0.117 0.053 6.40 0.000 0.39

0 to 90 0.0146 1.05 0.297 0.038 2.83 0.006 0.38

SST 0 to 30 –0.505 –1.14 0.257 0.060 4.82 0.000 0.38
0 to 90 –0.644 –0.76 0.449 0.052 5.78 0.000 0.38
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are 0 to 30 d lags



Abraham & Sydeman: Seasonal auklet diet and ocean climate

p > 0.1 for quadratic terms). In most years where
juvenile T. spinifera was present, any peak
observed in abundance typically followed the
peak in UI.

DISCUSSION

Seasonal ocean climate–euphausiid
relationships: the prey’s perspective

In the CCS in general, Euphausia pacifica is
typically characterized as ‘oceanic’, and is most
often associated with the outer continental shelf
and shelf break, while Thysanoessa spinifera is
characterized as ‘neritic’, and is most associated
with on-shelf and near-shore environments
(Brinton 1976, Feinberg & Peterson 2003, Lu et
al. 2003, Dorman et al. 2005). However, it is clear
that there is spatial and temporal variability in
these general characteristics that results in con-
siderable overlap in the cross-shelf distribution
of these species. 

In the GOF, Cassin’s auklets forage mostly
over the outer continental shelf and shelf
break/slope waters (Yen et al. 2004) where they
take both species in varying amounts. Indeed,
our results indicated consistent within-season
variation in the relative abundance of these
adult euphausiids in auklet diet, with Euphausia
pacifica decreasing and Thysanoessa spinifera
increasing over the chick-rearing period. This
temporal effect was more pronounced than the
ocean climate effect for both euphausiid species
(Table 2). Notably, the seasonal ‘crossing
pattern’ shown was most evident in certain years
(e.g. 1994, 1999, and 2001 to 2003; see Fig. 2);
these years were generally characterized by
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Table 3. Curvilinear relationships between proportion of adult Euphausia pacifica and Thysanoessa spinifera in auklet diet and
ocean climate, within seasons. β: linear and quadratic regression coefficients (β). Text in bold: (p ≤ 0.05)

Time period Ocean climate Date Model R2

(d) Linear Quadratic
β t p β t p β t p

E. pacifica 
UI 0 to 30 0.090 2.23 0.028 –0.0002 –1.63 0.106 –0.081 –8.10 0.000 0.57

0 to 90 0.204 2.81 0.006 –0.0007 –2.50 0.014 –0.106 –6.48 0.000 0.55

SST 0 to 30 1.73 0.18 0.858 –0.129 –0.31 0.758 –0.060 –3.86 0.000 0.54
0 to 90 12.617 0.55 0.583 –0.579 –0.57 0.567 –0.086 –7.49 0.000 0.51

T. spinifera
UI 0 to 30 0.046, 1.38 0.171 –0.0001 –1.08 0.282 0.052 6.31 0.000 0.40

0 to 90 –0.020 –0.33 0.743 0.00014 0.59 0.556 0.037 2.75 0.007 0.39

SST 0 to 30 –2.54 –0.32 0.747 0.088 0.26 0.796 0.059 4.69 0.000 0.38
0 to 90 –2.462 –0.13 0.893 0.080 0.10 0.921 0.0525 5.71 0.000 0.38

Fig. 4. Euphausia pacifica (�) and Thysanoessa spinifera (S). Mean
mass (g) per individual adult in auklet Ptychoramphus aleuticus

diet on each day of sampling, 1994 to 2003
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colder ocean temperatures, early onset of the auklet
breeding season, and high reproductive success (PRBO
unpubl. data). In the years when prey-switching was
less evident (1995 to 1998, 2000, and 2004), the propor-
tional take of E. pacifica was lower and sampling
(dependent on the onset of the auklet breeding season)
was conducted later within each season. While we
were not able to detect such obvious crossing patterns
during these years, we suspect that this may have been
more likely due to the effect of late sampling (which
reflected the timing of auklet breeding) rather than to
a natural phenomena in euphausiid availability. How-
ever, it probably also partly reflected reduced avail-
ability of E. pacifica during these years (Abraham &
Sydeman 2004). 

Similar seasonal shifts in the pattern of
prey use by Cassin’s auklet have been
reported elsewhere in the CCS. On
Triangle Island, British Columbia, Bertram
et al. (2001) reported within-season shifts
from calanoid copepods to euphausiids
and/or fish. Off southern California, where
Euphausia pacifica and Thysanoessa
spinifera are also the most abundant prey
species in auklet diet, Adams et al. (2004)
reported a seasonal shift from E. pacifica
to T. spinifera in some years, but not others. 

The switch in prey ingestion from Eu-
phausia pacifica to Thysanoessa spinifera
occurs between the beginning of June and
end of July (between Day-of-year ~150 and
200, depending on year) (Fig. 2). For all
years, upwelling during this period de-
clined with date (β = –0.812 ± 0.27, t =
–2.99, p = 0.003) and increasing SST (β =
0.029 ± 0.003, t = 9.11, p < 0.001). There-
fore, the switch in prey may be attributed to
the decrease in adult E. pacifica in the
auklet’s foraging range associated with a
decline in seasonal upwelling (Table 2).

With a higher UI (and lower SST), the
relative abundance of adult Euphausia
pacifica in auklet diet increased to a thresh-
old level, after which it began to decline.
The take of E. pacifica was related to ocean
climate  averaged over 30 and 90 d prior
to collection dates. Cury & Roy (1989) de-
scribed curvilinear relationships between
upwelling intensity and pelagic fish re-
cruitment, and termed this an ‘optimal
environmental window’. In other words,
there exists a range of upwelling conditions
that are favorable for these pelagic organ-
isms, bounded by those that are unfavor-
able. In relation to our study, as upwelling

increased in spring, resultant phytoplankton blooms
likely provided enhanced feeding conditions for
euphausiids; this may have facilitated reproductive be-
havior later in the season as adults grew and matured.
However, if the magnitude of upwelling continued to
increase to intense levels and/or if upwelling stabilized
at relatively high levels (persistent upwelling), phyto-
plankton concentrations may have dissipated due to
turbulence, resulting in deteriorating feeding condi-
tions and/or advection of euphausiids offshore where
they would become unavailable to auklets. 

Our results supported other studies that have
suggested that strong and persistent Ekman transport
contributes to the offshore displacement of euphausiid
larvae (e.g. Lu et al. 2003). Off the west coast of Van-
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couver Island, British Columbia, Lu et al. (2003) sug-
gested that anomalously strong upwelling conditions
resulted in partial recruitment failure of euphausiids.
In contrast, in Barkley Sound, British Columbia, Tana-
sichuk (1998a) reported both strong recruitment and
high productivity of Euphausia pacifica associated
with intense upwelling conditions. Brinton (1976) also
observed enhanced spawning of E. pacifica concurrent
with significant upwelling events. However, these
studies did not test for non-linear relationships. Other
studies have suggested that euphausiids take advan-
tage of relaxation periods (Lindley 1978, Smith &
Adams 1988, Dorman et al. 2005) when feeding ‘strata’
(phytoplankton aggregations) may develop, thereby
improving foraging opportunities. Relaxation events
and warmer surface waters may also be related to
gonadal development and ‘surface swarming’ behavior
(Smith & Adams 1988). 

Our finding that the mass of individual adult
Euphausia pacifica increased with increases in up-
welling (and reductions in SST) is difficult to interpret.
Mass may be influenced by somatic growth, varying
cohorts moving through the population, and/or by
accumulation of reproductive materials (eggs, sper-
matophores, etc.). It seems likely that increased up-
welling and the subsequent increase in nutrients in
the surface layer directly influences either growth or
sexual maturation of individual E. pacifica. It is not
surprising that we did not observe any relationships for
E. pacifica juveniles, as they comprised a very small
portion of the diet. 

The fact that we did not observe any relationships
between adult Thysanoessa spinifera in the diet or
mass and upwelling or SST is puzzling given the
strong seasonal increase in proportion of both adult
and juvenile T. spinifera over the chick-rearing period,
the relationships observed for Euphausia pacifica and
ocean climate, and the fact that T. spinifera is suppos-

edly the species most strongly associated with up-
welling (Ainley et al. 1996). Summers (1993) reported
that T. spinifera may reach adult length in less than
2 mo; therefore, the increase in juvenile T. spinifera
over the breeding season and with the 30 d lag in UI
suggests that T. spinifera reproductive behavior is
associated with upwelling. It is also possible that adult
T. spinifera are less responsive to fluctuating condi-
tions or respond more slowly to upwelling than adult E.
pacifica. The strong seasonal increase in T. spinifera in
the diet does not support the idea that T. spinifera is
available to auklets all year regardless of patterns
of ocean climate variability. It is also possible that
T. spinifera was responding to ocean climate variables
unrelated to those investigated in our study, but we
find that unlikely as SST as a proxy for ocean climate
integrates a variety of oceanographic processes. 

Seasonal ocean climate–euphausiid relationships:
the predator’s perspective

There are several additional explanations for the
seasonal shift in auklet prey ingestion that may be
explained by behavior of the birds. These interpreta-
tions are not mutually exclusive from those invoking
oceanographic processes. Related to behavior of the
auklets is the possibility is that there is active prey
selection of a preferred prey species. In the Antarctic,
Hill et al. (1996) compared euphausiids in the diet of
Macaroni Penguins Eudyptes chrysolophus to net sam-
ples and found that penguins were consuming larger
prey and more adult females than were collected in the
nets. This result was ascribed both to predator selec-
tion of large female krill along with more effective net
avoidance/escape capabilities of male krill. Croll et al.
(2005) found that blue whales Balaenoptera musculus
fed on a higher proportion of large euphausiids than
were available in Monterey Bay, and concluded that
blue whales targeted aggregations comprised mainly
of large adults. 

Active prey selection during the auklet breeding
season may occur due to changing energetic require-
ments and/or nutritional demands of either parents or
young. If prey selection is occurring, auklets may pre-
fer to take Euphausia pacifica (most abundant) for as
long as they are available in the environment, after
which they switch to the next most abundant prey
(Thysanoessa spinifera) by default. Alternatively, auk-
lets may prefer T. spinifera and forage for them as soon
as they become available in the season, irrespective of
the abundance of E. pacifica in the environment. Fol-
lowing this logic, the pattern of ingestion of E. pacifica
should be closely related to ocean climate in the first
scenario, with the same being true for T. spinifera in
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the second scenario. Our results lend support to the
first scenario, as the abundance of adult E. pacifica in
the diet was more closely related to ocean climate than
was T. spinifera. Moreover, body condition of long-
lived seabirds often declines between the early and
late portion of the chick-rearing season (Jones 1994,
Kitaysky et al. 1999, Moe et al. 2002, Lormee et al.
2003). This decrease has been attributed to an increase
in the nutritional demands of growing nestlings, and
a corresponding increase in parental foraging effort
required to meet those demands. 

Assuming that the diet of parents is similar to that of
nestlings, auklets may prefer to forage on the consider-
ably more abundant (~100-fold; Brinton & Townsend
2003) Euphausia pacifica earlier in the nestling season
to facilitate the accumulation of energy reserves for
chick-rearing. Active prey selection would depend on
auklets being capable of distinguishing between prey
species within or among aggregations, and to make
appropriate adjustments in foraging location or depth
as necessary. These adjustments would be made
within limits, however, as auklets are constrained in
terms of the maximum distance they can forage from
the colony (observed up to ~60 km from SEFI), the
maximum depth of dives (~50 m; Burger & Powell
1990) and the number of nightly visits to the nest site
(maximum of 1 per adult). Croll et al. (2005) found that
most spatially distinct patches of euphausiids sampled
in Monterey Bay were composed primarily of either
E. pacifica or Thysanoessa spinifera, and suggested
that single or dominant-species aggregations may be
relatively easy to identify by predators. However,
E. pacifica and T. spinifera are similar in energy
density (E. pacifica = 4800 cal g–1, T. spinifera = 4700 to
5200 cal g–1; Mooney 1999), suggesting that the
seasonal switch from E. pacifica to T. spinifera alone
would not result in a significant change in the value of
prey consumed by adults or meal loads delivered to
nestlings. 

Another possibility is passive prey-selection via
active selection of foraging location. In this case, it is
not the prey per se that are being targeted. Auklets
may prefer to forage along the shelf-break (and up to
Cordell Bank, ~60 km north of the colony), where the
more oceanic Euphausia pacifica are likely to be abun-
dant early in the season when nestling demands are
relatively low. Yen et al. (2004) reported that Cassin’s
auklets were found in relatively high densities close to
the shelf-break (200 m isobath) near both Cordell Bank
and the Farallones; their surveys were conducted
mainly in May when auklets forage primarily on E.
pacifica. Under ‘passive prey-selection’ (as explained
in this study), when auklets are faced with increasing
nutritional demands of nestlings, they may reduce
their foraging ambit and feed upon Thysanoessa

spinifera, the neritic species that may be located closer
to the colony. Auklets, like all seabirds, are central
place foragers during breeding (Orians & Pearson
1979): they may become even more tied to the colony
as the chick-rearing season progresses, and this may
lead to passive prey-switching relative to foraging
location. In other words, parents may become
constrained in terms of the distance they can travel to
foraging grounds when they have to work harder to
raise progressively larger chicks. Therefore, this strat-
egy may be the result of a tradeoff, with parents trying
to balance their own energetic and nutritional
demands against those of the offspring. In this case,
E. pacifica is (passively) the preferred prey species
and its use is closely related to ocean climate, but
T. spinifera is passively selected later in the season to
reduce costs of foraging for dependent offspring.

Euphausia pacifica adults were taken in larger
amounts early in the chick-rearing seasons of 1994,
1999, and 2001 to 2003 (Figs. 2 & 7a). These years were
generally characterized by cool March SST, early initi-
ation of auklet breeding, and a high occurrence of
‘double brooding’, or attempts to raise a second chick
after a successful first nesting attempt (PRBO unpubl.
data). Double-brooding is rare in seabirds (Hamer et
al. 2002) and has only been reported for Cassin’s auk-
lets that breed in relatively low latitudes in the CCS.
Only in years of double-brooding is auklet productivity
exceptionally high (PRBO unpubl. data). Other years
in our time series were generally characterized by
warmer March SST, delayed breeding (by an average
of ~3 wk), and a low incidence of double-brooding
(PRBO unpubl. data). Therefore, the period of chick-
rearing and diet collection was prolonged in the ‘cool’
years, providing enhanced sampling of the seasonal
switch in prey use, which demonstrates the importance
of E. pacifica to auklet reproductive output. In warm
years (Figs. 2 & 7), breeding was delayed and while
E. pacifica adults were also used early in the chick-
rearing season, this was to a lesser extent than in cool
years (~12% of the diet in warm/late years versus
~36% in cool/early years). Thysanoessa spinifera
adults were used in similar amounts in warm versus
cool years (~45% of the diet in warm years versus
~42% in cool years). Moreover, Ainley et al. (1996)
showed that adult auklet stomachs contained mostly
E. pacifica in the pre-breeding and early chick-rearing
season, and T. spinifera later in the chick-rearing
period; therefore the diet and pattern of prey con-
sumption by adults and chicks appears to be similar. If
E. pacifica availability in the pre-breeding period is
reduced in warmer years, there may be a delay in the
amount of time it takes adult auklets to reach breeding
condition, resulting in a delay in breeding and, ulti-
mately, poor reproductive performance. Indeed, Abra-
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ham & Sydeman (2004) demonstrated that earlier
breeding was associated with a higher proportion of
E. pacifica in auklet diet, and concluded that E. paci-
fica availability was an important factor influencing
the timing of breeding.

Another explanation is that auklets switch to Thysa-
noessa spinifera later in the season due to increasing
seasonal competition for Euphausia pacifica by other
predators such as migrating Pacific hake Merluccious
productus. Pacific hake are the most abundant fish
species in the CCS. Ware & McFarlane (1995) reported
that migrating hake account for 61% of the pelagic
biomass. Adult hake undergo an extensive northward
migration along the outer shelf in late spring/early
summer, from southern and central California to Van-
couver Island, British Columbia (Bailey et al. 1982).
Results of diet analyses indicate that euphausiids
comprise a substantial proportion of Pacific Hake diet
(Tanasichuk et al. 1991, Buckley & Livingston 1997). If
hake target E. pacifica as they migrate northward
along the central California coast, competition and/or
prey depletion may force auklets to move to on-shelf
foraging areas where T. spinifera is more abundant. 

In summary, the seasonal shift in prey use by auklets
may be related to (1) spatial and temporal variation in
prey availability, influenced by variation in upwelling,
(2) a shift in preferred prey and/or foraging range,
influenced by energetic constraints faced by the
auklets, and (3) avoidance of competition and/or prey

depletion, influenced by Pacific hake and possibly
other highly migratory krill-eating predators (e.g.
baleanopterid whales). 

Implications for monitoring euphausiids in the CCS

The use of top marine predators to sample and proxy
forage fish and zooplankton (‘prey’) availability has been
advanced as a method to complement traditional net
sampling procedures for determining the distribution
and abundance of these mid-trophic level organisms that
are often difficult to study (e.g. Cairns 1987, Montevec-
chi 1993, Mills et al. 2006). This method has become a
featured part of a few marine ecosystem-monitoring
programs across the globe (e.g. Convention for the
Conservation of Antarctic Marine Living Resources; for
more details see www.ccamlr.org). So-called predator-
based sampling (PBS) may be especially important for
sampling mid-trophic level organisms that are not
caught representatively in nets in regions where there
are no standardized net-sampling programs (Mills et al.
2006). Moreover, PBS may complement temporally or
spatially restricted net-based sampling at great cost
effectiveness. In particular, if PBS is temporally expan-
sive (greater duration of sampling) relative to shipboard
net sampling efforts, it may reveal patterns of distri-
bution and abundance that are not apparent in shorter-
term studies. For example, using information on the
within-season diet of a piscivorous seabird Uria aalge,
Miller & Sydeman (2004) described patterns of rockfish
Sebastes spp. abundance in relation to ocean climate
that were not apparent at the inter-annual time scale.
Similarly, the use of zooplanktivorous seabirds, like
auklets, may provide new information on how oceano-
graphic processes affect the distribution, abundance,
or reproductive ecology of euphausiids. Because the
foraging behavior and diet of marine predators may be
restricted with respect to depth and/or range, the
investigation of such relationships would be improved
by examining a suite of planktivorous predators with
various foraging attributes. 

Predator-based indices are not without problems (re-
viewed by Mills et al. 2006). However, there are also
numerous benefits in examining the diet of predators
as indices of the abundance of prey in the environ-
ment. One important reason is that predators cue in on
maximum abundances (large aggregations) of prey. For
euphausiids, large swarms are patchy and ephemeral
in time and space, and thus extraordinarily difficult to
sample by station-specific, net-sampling methods.
High-density, patchy aggregations are characteristic of
euphausiids in the CCS (Smith & Adams 1988, Brinton
& Townsend 2003), and some of these aggregations
appear related to highly ephemeral hydrographic
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features (e.g. upwelling jets) (Huntley et al. 2000).
Therefore, annual or seasonal net-based estimates of
euphausiid abundance in the CCS may fail to capture
the overarching aggregative behavior of these species.
As predators dependent on finding and exploiting
ephemeral patches of euphausiids in the CCS, auklets
appear to provide an index for euphausiid distribution
and abundance that will strongly complement net
sampling efforts in the region.
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