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ABSTRACT: As a result of repeated sampling of pelagic bird abundance over 3 x 10° km? of open ocean
4 times a year for 8 yr, we report that seabird abundance within the California Current system has
declined by 40% over the period 1987 to 1994. This decline has accompanied a concurrent, long-term
increase in sea surface temperature. The dechne in overall bird abundance is largely, but not entirely,
a consequence of the 90% decline of sooty shearwaters Puffinus griseus, the numerically dominant
species of the California Current. Seabirds of the offshore waters we sampled showed a different pat-
tern from seabirds of the shelf and slope waters. Leach’s storm-petrels Oceanodroma leucorhoa, the
comimonest species offshore, significantly increased during 1987 to 1994, while sooty shearwaters and
other inshore species declined. Thus the clearest pattern that emerges from our data is one of gradual
but persistent changes in abundance that transpire at time scales longer than 1 yr. Nevertheless, we did
find evidence of change at shorter time scales {weeks and months) that may relate to the El Nino
episode of 1992 to 1993: Pronounced positive anomalies of abundance of brown pelicans Pelecanus
occidentalis and Heerman's gulls Larus heermani in fall 1991, and black Oceanodroma melania and
least O. microsoma storm-petrels in late summer 1992, likely reflect northward dispersal following
reproductive failure in the Gulf of California.
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INTRODUCTION

Roemmich (1992) demonstrated a long-term increase
in ocean temperatures off southern California, USA,
during the period 1949 to 1990. This analysis was
based on data collected by CalCOFI (California Coop-
erative Oceanic Fisheries investigations; see Chelton
et al. 1982). Because biological productivity of the
ocean is closely linked to ocean temperature as an
index of the processes of advection and upwelling
(Chelton et al. 1982), it seems likely that the decadal
temperature change described by Roemmich (1992)
would indicate other changes which would have some
influence upon the biological populations of the Cali-
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fornia Current. If such an influence is evident, then it
should be evident among upper trophic level con-
sumers such as pelagic birds.

Ainley et al. (1994, 1996) have demonstrated cou-
pling between seabird reproductive variables at the
Farallon Islands (off San Francisco, USA) and ocean
temperature. Seabirds at the Farallons responded to
variation in sea temperatures at an annual time scale,
especially following El Nino Southern Oscillation
(ENSO) events. Reproductive variables such as egg-
laying dates and number of chicks fledged change for
the worse during warm water years, then return to
more nearly average values the following year.

The combined analyses of Roemmich (1992) and
Chelton et al. (1982), however, suggest that consider-
able variability of biological processes in the California
Current exists at time scales greater than a year. We
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examine whether the longer-term variability of physi-
cal and biological processes within the California Cur-
rent described by Chelton et al. (1982) and Roemmich
(1992) are tracked by upper level consumers. Thus, we
seek to detect changes in abundance of pelagic birds
that take place over periods of longer than 1 yr

We began measuring the abundance of pelagic birds
within the California Current as part of CalCOFI in
May 1987. Since that time, we have collected data on
birds on 29 CalCOFI cruises, 4 per year between 1987
and 1994. One of our main objectives has been to
determine whether bird abundance 1s responsive to
the longer-term variability of the sort described by
Chelton et al. (1982}, and specifically whether varia-
tion in bird abundance reflects changes in sea temper-
ature and zooplankton abundance (Roemmich &
McGowan 1995). It is well known that seabird abun-
dance fluctuates seasonally In accord with the breed-
ing and migratory schedules of the component species
(Ainley 1976, Briggs et al. 1987). However, it has
not been possible to quantify long-term variability of
pelagic populations of birds in the past due to the lack
of repeated, quantified sampling of birds at sea. The
CalCOFI cruises have provided a unique opportunity
to fill this gap.

The impact of El Niflo events upon seabird popula-
tions has been known for years (Murphy 1936}, and
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variations in pelagic bird populations off California
have been attributed to short-term changes in ocean
temperatures (Ainley 1976). What is novel about our
approach is the opportunity to sample the same section
of ocean repeatedly over an 8 yr period and to relate
data on bird abundance to data on physical oceanogra-
phy collected simultaneously. In this paper, we focus
specifically on the relation between ocean temperature
and bird abundance. We address the question: '‘Does
the recently documented increase in sea temperature
off southern California affect the abundance of birds in
that area, and if so, which species are most affected,
and over what temporal scale is their numerical
response most evident?’

METHODS

The CalCOFI sampling grid consists of 65 oceano-
graphic stations distributed along 6 transect lines that
are oriented northeast-southwest, and span the width
of the California Current System (Fig 1). The north-
ernmost line is based at Avila Beach, San Luis Obispo
County, California, USA, and is 470 km long, while the
southernmost line is based at La Jolla, San Diego
County, CA, USA, and is 700 km long The offshore
stations are situated 40 nautical miles (76 km) apart,
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and the spacing of the inshore stations is variable, from
5to 38 km. We collected data on birds only during day-
light hours while the ship was underway between sta-
tions, and so surveyed an average of 1600 km of tran-
sect per cruise. We make frequent use of the unit
‘nautical mile’ (NM) because of convenience, but pre-
sent metric equivalents throughout the text for compa-
rability to other studies.

We sampled bird abundance using strip transects.
We counted all birds within a 300 m wide strip extend-
ing to one side of the ship’s trackline. We watched con-
tinuously while the ship was underway rather than
taking intermittent samples. Birds judged to be ship
followers were counted when first observed and ig-
nored thereafter. (Few birds follow the ship on Cal-
COFI cruises; those that do are mainly black-footed
albatrosses Diomedea nigripes.) Our basic unit of mea-
surement of bird abundance is number of birds
recorded per NM of transect (= birds per 0.555 km?, the
area of a rectangle with sides 1 NM, or 1.851 km, and
300 m). Our data base consists of birds counted on 29
consecutive cruises, 4 per year, from May 1987 to April
1994. On these 29 cruises, we surveyed 43000 km of
ocean and tallied 116000 birds.

To search for long-term trends in the time series of
bird abundance, we wanted to minimize the variability
due to seasonal fluctuations. Most of the birds that
occur within the California Current System reside
there for only 1 or 2 seasons of the year (Ainley 1976,
Briggs et al. 1987). We wanted to reduce variability
resulting from seasonality within the time series so as
to emphasize longer-term changes. To do this, we cal-
culated 'seasonal anomalies’, as follows: From our time
series of 29 data points, we calculated seasonal means,
by, for example, summing the birds counted on all 8
spring cruises then dividing by 8. Then we subtracted
the seasonal mean values from each of the original 29
data points. For example, we subtracted the spring
mean value from the May 1987 value to produce the
May 1987 value for seasonal anomaly. This procedure
was performed for each of 4 seasons. The seasons were
defined as follows: winter: January-February; spring-
March-May; summer- July—-September; fall: October-
November.

To provide an index of sea temperatures within the
oceanic region sampled by CalCOFI, we calculated the
mean of the temperatures measured at 10 m beneath
the surface on all 15 stations along CalCOFI Line 90,
which reaches the coast at Dana Point, Orange County,
CA, USA. To calculate temperature anomalies, we
used the same computational procedure described for
the bird data. That is, we calculated seasonal means,
based on 7 or 8 cruises for each season, then subtracted
these seasonal means from the values measured on
each cruise. Thus a temperature anomaly of zero on a

fall cruise would mean that the mean value of 10 m
temperatures from Line 90 was equal to the fall mean.

To detect trends in the data, we used regression
analysis, and estimated statistical significance of the
regression slopes using randomization tests (Manly
1991, Schneider & Heinemann 1996). We also searched
for links between changing sea temperatures and bird
abundance with cross-correlation analysis, using the
following rationale:

It is unlikely that bird populations respond instanta-
neously to changes in sea temperature. What we
hypothesize to have happened is that reduced advec-
tion and upwelling would have led to both increased
sea temperatures and reduced supplies of nutrients,
which would have in turn resulted in smaller phyto-
plankton populations. The effects of reduced phyto-
plankton would eventually be translated to birds via
reduced zooplankton populations. Therefore, we
expected that changes in bird abundance would lag
behind changes in temperature by an undetermined
amount of time. To identify time lags in the response (if
any) by birds to changing temperature, we used cross-
correlation analysis. Using this procedure, a series of
Pearson correlation coefficients is calculated, each at a
different temporal lag For example, relating bird
abundance to temperature at a lag of -3, we would
match bird abundance in January 1993 with tempera-
ture measured 3 cruises (about 9 mo) earlier. The neg-
ative sign indicates the direction of the lag, in this case
temperature leading birds rather than birds leading
temperature. Our primary intent was to describe over
what temporal scales seabirds might respond to chang-
ing temperatures, rather than to test any one particular
hypothesis. Nevertheless, we wanted to evaluate the
possibility that our results arose due to chance. There-
fore, we used randomization tests to evaluate the sta-
tistical significance of correlation coefficients within
our cross-correlation analyses. We randomly re-
arranged bird values relative to temperature values
100 times, and counted the number of coefficients
obtained that were larger in absolute value than those
obtained with the original data. The randomization
tests were performed using an algorithm suggested by
Press et al. (1989). All other statistical calculations
were performed using SYSTAT (Wilkinson 1988).

RESULTS
Temperature anomalies and overall bird abundance
The pattern of temperature anomalies for the period
1987 to 1994 is one of sharp increase in the early years

followed by comparatively small fluctuations (Fig. 2A).
In the context of the entire 40 yr time series analyzed
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Fig. 2. (A) Time senes of subsurface sea temperature from 29
CalCOFI cruises. Data are seasonal anomalies, so that values
for each season represent deviations from that season’s means
(N = 7 or 8), not from the overall mean. Temperature mea-
surements are means for bottles at 10 m depth from all 13 sta-
tions along CalCOFI Line 90.0. (B) Anomalies of seabird
abundance (all species) for the same 29 cruises. The overall
mean (non-seasonally corrected) was 4.2 birds per nautical
mile. (C) Anomalies of sooty shearwater abundance for same
29 crulses. Statistical significance of regression slopes esti-
mated as p < 0.01 using randomization

by Roemmich (1992) and Roemmich & McGowan
(1995), 1987 and 1988 were anomalously warm. This
perspective emphasizes the long-term ecological
nature of temperature change within the California
Current. One especially large temperature anomaly in
October 1992 (Fig. 2) likely represents the 1992-1993
El Nino for southern California.

The (seasonally corrected) total number of seabirds
counted on CalCOFI cruises declined significantly (p <
0.01 estimated by randomization) over the period 1987
to 1994 ({Fig. 2B). The (non-seasonally corrected) mean
bird density over all 29 cruises that we recorded was

Table 1. Change in abundance illustrated by comparisons of

means during the years 1987-1988 and 1993-1994. Eight

cruises were included for each pair of years. Mean values are
means of anomalous abundance

Group or species Percent Mann-Whitney Signif.
change U

All seabirds -42 40 p < 0.007

Sooty shearwater -91 34 p=0.06

Leach's storm-petrel +162 4 p=0.015

4.2 birds per NM (7.6 birds per km?). To give an idea of
the magnitude of the changes in abundance that have
occurred, we calculated mean abundances for the first
8 cruises on which we collected data (May 1987 to
January 1989) and compared these to those from the
last 8 cruises (July 1992 to April 1994) (Table 1). Since
sooty shearwaters made up >50 % of all birds seen on
the cruises, their decline dominates the community
pattern.

Anomalies of bird abundance were significantly cor-
related with temperatures recorded on cruises 9 mo
previously (Fig. 3). The shape of this cross-correlation
function, with a strong peak atalagof -3 (r=-0.57, p <
0.01 by randomization) and no indication of positive
correlation at any lag, clearly indicates that bird num-
bers declined in response to marine conditions typical
of the preceding months. The peak in the cross-corre-
lation plot at a lag of -3 (9 mo, or 3 cruises, previously)
suggests the possibility that birds decided whether to
return to the California Current System based on their
estimation of availability of food there the previous
year.

Bird and Temperature Anomalies
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Fig. 3. Time lag of response by birds to changing tempera-
tures. Data points represent values of correlation coefficients,
calculated for differing temporal lags, between anomalies of
temperature and bird abundance. Statistical significance is
indicated by the horizontal dashed lines. Thus, correlation at
a time lag of -3 was statistically significant, meaning that bird
abundance was most closely related to temperature values
recorded approximately 9 mo (3 cruises) previously
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We used the pattern illustrated in Fig. 3 to select
species out of those we sampled whose abundance
seemed particularly closely related to changing sea
temperature. Then we isolated the 15 most numerous
species recorded during the 8 yr period. To do this, we
calculated cross-correlation functions between anom-
alies of bird abundance and temperature for the 29
cruises. Among this grouping we could expect to find
about 1 correlation significant at the 0.01 level due to
chance. We found 6 such species (including sooty
shearwater and Leach's storm-petrel), 3 of which were
negative. These negative correlations indicated de-
clining abundance in response to increasing tempera-
ture. There were 2 additional species (aside from the 6
whose change in abundance was linked to changing
temperature), black and least storm-petrels, that were
positively correlated with sea surface temperature, but
at a positive lag. That is, warm sea temperatures
followed periods of increased abundance of these
species.
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Negative response to temperature

The overall trend in bird abundance in 1987 to 1994
was negative, and this trend was mirrored in the
decline of the most numerous species that we
recorded, the sooty shearwater (Fig. 4A). Sooty shear-
waters declined from 2.6 to 0.2 birds per NM (4.7 to
0.4 birds per km?), or by more than 90%. The decline
was not uniform over the 8 yr period, but instead
resembled the inverse of the pattern of increasing tem-
perature: sooty shearwater abundance was very high
during 1987 and 1988, then declined to low levels for
the remainder of the period.

The 2 species, aside from sooty shearwater, that
were negatively related to temperature anomaly were
rhinoceros Cerorhinca monocerata and Cassin's Pty-
choramphus aleuticus auklets (Fig. 4A). The statistical
significance of each correlation coefficient plotted in
Fig. 4 was checked by randomization. Since we calcu-
lated multiple coefficients for each set of data, we fur-
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Fig. 4. (A) Time series of abundance of 3 species negatively correlated with temperature anomaly; these species have decreased

with increasing temperatures. The cross-correlations between bird and temperature anomaly are graphed on the right. (B) Three

species positively correlated with temperature anomaly; these species have increased with increasing temperatures. Cross-

correlations graphed on the right. Lags were computed in only 1 direction, temperature change preceding bird change, so
negative signs have been left out
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ther evaluated the significance of the bird-temperature
relationships by asking the following question using
randomization tests: 'Out of 100 random rearrange-
ments of the data, how many yielded coefficients,
within a lag of 3 or less (1 yr}, that were larger than
those obtained using the real data?' This procedure is
analogous to using the Bonferroni correction for multi-
ple tests. The estimated significance levels were p =
0.12 for sooty shearwater and p < 0.01 for the 2 auklets.
These 3 species, all characteristic of inshore waters
and high latitudes, typically seek cold waters for forag-
ing (Briggs et al. 1987) Like sooty shearwaters, both
rhinoceros and Cassin's auklets have declined
unevenly since 1987. With the exception of a large
count of Cassin's auklets in spring 1990, both alcids
were abundant in 1987 and then declined to low levels
where they remained through 1994. Thus, despite the
correlation with temperature at lags of 3 to 6 mo, there
was no significant trend in abundance for either of the
2 alcids.

Positive response to temperature

Three species increased in response to increasing
temperatures. These were Leach's storm-petrel, black-
vented shearwater and Xantus' murrelet Synthlibo-
ramphus hypoleuca (Fig. 4B). The significance levels,
estimated by randomization and allowing for muitiple
tests, were p = 0.02 for Leach's storm-petrel, p = 0.05
for black-vented shearwater and p < 0.01 for Xantus'
murrelet. Leach's storm-petrel is the dominant species
of offshore waters within the region surveyed by Cal-
COFI, black-vented shearwater is found close to shore,

Black Storm-Petrel

and Xantus' murrelet tends to be most numerous along
the offshore slopes of the channel islands. Leach's
storm-petrels increased from 0.13 to 0.33 birds per NM
(0.23 to 0.59 birds per km?), or by 160 % Leach's storm-
petrel was unique in its pattern of tracking of tempera-
ture; correlation of storm-petrel abundance anomaly
with temperature anomaly was highest at a lag of zero
(Fig. 4B). Leach's storm-petrels increased in abun-
dance until the winter of 1992 and then declined. Xan-
tus’ Murrelet also increased to peak abundance in late
1991/early 1992, but correlation between murrelet and
temperature anomaly was highest at a lag of 9 mo.
Black-vented shearwaters showed 2 'spikes’ of abun-
dance, in fall 1990 and winter 1993, and were most
highly correlated with temperature anomaly at a lag of
3 mo.

Short term response to El Nino

Two species, brown pelican and Heerman's gull,
invaded the CalCOFI region in the fall of 1991 (Fig. 5).
This pattern suggest a response to the 1992-1993 El
Nino (Hayward 1993), yet the abundance of these spe-
cies in the CalCOFI area was not correlated with tem-
perature anomaly. We speculate that large numbers of
these species dispersed northwards following repro-
ductive failure within the Gulf of California during
summer 1991. That is, effects of the El Nino may have
been felt earlier in the Gulf of California than they
were off southern California. Black and least storm-
petrels appeared in peak abundance during the late
summer 1992, or just before the October peak of the El
Nino off southern California.

Brown Pelican
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Heerman’s Gull

Fig. 5. Short-term (<1 yr) response
by brown pelicans, Heerman's gulls
and black and least storm-petrels to
El Nino-like conditions in 1992-
1993. The pulses for the pelican and

N gull species were both recorded
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DISCUSSION

We cannot ascribe the changes in bird abundance
that we have quantified directly to population dynam-
ics, for 2 reasons. First, the foraging ranges of the spe-
cies concerned are very large, some (e.g. sooty shear-
water) encompassing the entire Pacific Ocean.
Therefore, changes in abundance recorded locally,
even over as large an area as is covered by the Cal-
COFI pattern, could just as easily be due to distribu-
tional shifts as changes in overall population sizes. Sec-
ond, the life spans and generation times are so long for
seabirds (tens of years) that impacts of environmental
episodes such as El Nino are unlikely to be felt as
changes in overall abundance during the 8 yr that we
collected data. Nevertheless, the changes in abun-
dance that we have documented are substantial and
persistent, and must reflect considerable biological
change taking place within the California Current
System.

We had the best chance of recording changes in
overall population size for those species that are resi-
dent within the area surveyed by CalCOFI, and which
occur in substantial numbers on our surveys. Species
that best meet these criteria include Brandt's (Pha-
Jacrocorax penicillatus) and pelagic (P. pelagicus) cor-
morants, western gull and Xantus' murrelet. Of these 4
species, none showed a significant decline in abun-
dance and 1, Xantus' murrelet, significantly increased.
Cassin's and rhinoceros auklets are resident within the
California Current System, yet breed mainly to the
north of the CalCOFI region and occur there primarily
in winter Both species declined significantly within
the area sampled by CalCOFI since 1987 Carter et al.
(1992) showed that Cassin's auklet declined substan-
tially as a breeder in California since the early 1970s.
In contrast, Ainley et al. (1994) showed that rhinoceros
auklets have dramatically increased throughout their
northeast Pacific range beginning in the mid 1970s.
Thus, for both these species of alcids, the decline we
have recorded off southern California seems particular
to their winter distributions rather than reflective of
overall population size.

Sooty shearwaters breed on small and remote
islands off the coasts of New Zealand and southern
South America (Warham & Wilson 1982), and there is
no information available on possible changes in the
size of the major colony at the Snares Islands, New
Zealand (J. Warham pers. comm.) or elsewhere within
their large breeding range. For this reason, we cannot
determine whether the dramatic decline of sooty
shearwaters off southern California represents a distri-
butional shift or a population decline. However, we
have been able to examine whether the decline that
we have recorded off southern California might be the

result of a distributional shift to northern California or
Washington, USA, and it seems not to have been. D. G.
Ainley (pers. comm.) and his colleagues have been sur-
veying birds at sea off San Francisco each spring since
1986, and have recorded a substantial decline that is
closely correlated in time (peak abundance in 1988,
declining steeply thereafter) with our southern Califor-
nia data. T R. Wahl (pers. comm.) has been surveying
seabirds off Westport, Washington, annually since
1972 and has noted a persistent decline since 1988, or
the same pattern that we have witnessed off southern
California.

Whatever the cause, though, there can be no doubt
that a 90% decrease in the number of sooty shearwa-
ters feeding off southern California reflects a dramatic
change in biological conditions, and could substan-
tially affect at the very least those species upon which
sooty shearwaters feed. Chu (1984} estimated that 2 to
4 million sooty shearwaters visited the California Cur-
rent System each year, and that they consumed 200 to
300 g each of fish, squid and euphausiids per day while
accumulating fat for the migratory flight back to the
breeding grounds.

It is possible that the decline of sooty shearwaters
that we have documented off southern California
could be partly the result of gill-net mortality in the
North Pacific. Johnson et al. (1991) estimated that
235000 sooty shearwaters were killed in the North
Pacific squid fishery in 1990; an estimate extrapolated
from an actual count of 20000 sooty shearwater car-
casses made by observers on fishing boats.

The important message we wish to emphasize is the
>1 yr time scale over which the changes we have
reported have taken place. In particular, our findings
of long-term response of bird abundance to changes in
ocean temperature contrast with the short-term
response of reproductive parameters described by Ain-
ley et al. {1996). This contrast suggests that survivor-
ship after fledging may contribute to overall popula-
tion size more strongly than does fledging success as
measured at the colony. Despite the uncertainty about
whether our data on abundance reflects movement
behavior more than population dynamics, our analyses
at the very least point to the importance of contrasting
and integrating pelagic surveys with reproductive data
collected at the breeding colony in evaluating the sta-
tus of populations of seabirds. Furthermore, if bird
abundance fluctuates in response to environmental
change as indexed by sea surface temperature, as we
have shown, and if sea temperature fluctuates with the
decadal time scale shown by Roemmich (1992) and
Chelton et al. (1982), then the time scale at which this
variability transpires needs to be taken into account by
modellers interested in predicting effects of global cli-
mate change upon animal populations. The CalCOFI
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time series show strong autocorrelation; warm and
cold periods alternate but each lasts on average more
than 1 yr. From a seabird's perspective, this means that
a ‘poor’ year is likely to be followed by additional poor
years and vice versa. Sooty shearwaters off California
seem to have experienced 6 poor years in a row. We
suggest that important questions for modellers to
address are: (1) How does such autocorrelation of envi-
ronmental quality affect simulated population trajecto-
ries? (2) How do long-lived marine animals respond to
such environmental predictability?
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