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Abstract
This study analyzes interannual variability in springtime carbon biomass of pelagic tunicates (salps, doliolids,
pyrosomes, and appendicularians) over the period 1951–2002 from CalCOFI zooplankton samples taken in the
southern sector of the California Current System. The results provide evidence for ecosystem changes between 1976 and
1977 and perhaps between 1998 and 1999. A cool-phase group of salps (Salpa maxima, Pegea socia, Cyclosalpa bakeri,
and Cyclosalpa affinis) that was present between 1951 and 1976 was nearly undetectable in Southern California waters
during the warm phase of the California Current (1977–98). C. bakeri and C. affinis then re-appeared in 2001. A
persistent group of salps (Salpa aspera, Salpa fusiformis, Thalia democratica, Ritteriella picteti, Iasis zonaria) was
observed throughout the study period. The cool-phase species tend to be distributed in mid-latitudes, while the
distributions of the persistent species extend to equatorial waters. The cool-phase species have been reported to show
little evidence of diel vertical migration, while most of the persistent species are reported to be diel migrants. No distinct
multi-decadal patterns were observed in the dominant doliolid Dolioletta gegenbauri, but the rarer subtropical doliolid
Doliolum denticulatum was present predominantly during the warm phase of the California Current. The recurrence
patterns and biogeographic distributions of both salps and doliolids suggest that the warm phase of the California
Current was accompanied by at least some intervals of anomalous transport ‘‘seeding’’ organisms from the south.
Variations in total pyrosome and total appendicularian carbon biomass are not clearly related to long-term trends in
the water column, although the highest pyrosome biomass occurred in earlier decades and appendicularian biomass has
increased since 1999. Long-term changes in the biomass of pelagic tunicates appear to be chieﬂy responsible for the
previously documented long-term decline in California Current total zooplankton biomass. The pattern of decline
appeared to reverse in 1999, with a shift to cooler temperatures, somewhat reduced thermal stratiﬁcation, and an
increase in biomass of total zooplankton and of pelagic tunicates.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction
*Corresponding author. Fax: +1-858-822-0562.
E-mail addresses: berlav@cicese.mx (B.E. Lavaniegos),
mohman@ucsd.edu (M.D. Ohman).

Relationships between variations in climate and
marine ecosystems of the Northeast Paciﬁc have
been recognized at least since the pioneering
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studies of El Niño (see Sette and Issacs 1960). In
recent years, attention has increasingly focused on
longer-term variability of the ecosystems of the
North Paciﬁc (Venrick et al., 1987; Ebbesmeyer
et al., 1991; Latif and Barnett, 1994; Roemmich
and McGowan, 1995a, b; Beamish et al., 1997;
Hare and Mantua, 2000; Moser et al., 2001;
Rebstock, 2002) and North Atlantic (Fromentin
and Planque, 1996; Beaugrand et al., 2002; Reid
and Beaugrand, 2002). There is growing interest in
the possibility that marine populations and ocean
climate may persist in alternative states for
protracted periods of 2–3 decades or more,
followed by relatively rapid transitions to a new
ecosystem state. Such alternative ecosystem states
or ‘regimes’ (sensu Issacs, 1976) and associated
‘regime shifts’ have been identiﬁed in the North
Paciﬁc. The best evidence for such ecosystem state
changes comes from concerted changes in meteorological, oceanographic, and biological variables
during the winter of 1976–77 (Ebbesmeyer et al.,
1991; Trenberth and Hurrell, 1994; Anderson and
Piatt, 1999; but see Rudnick and Davis, 2003).
These studies opened the question of whether
ecosystem shifts also occurred around other nodal
points in the 20th century. Mantua et al. (1997)
found evidence of reversals in the Paciﬁc Decadal
Oscillation (PDO) index in 1925, 1947, and 1977.
Hare and Mantua (2000; see also Rebstock, 2002)
suggested that another change may have occurred
in 1989–90. It has been proposed that the
continued persistence of cool conditions in the
NE Paciﬁc after 1998 may represent another
transition to a new ecosystem state (Schwing and
Moore, 2000; Schwing et al., 2002a).
Mantua et al. (1997) called attention to the
apparent out-of-phase oscillations of Alaska salmon catches and those farther south off Washington and Oregon. Regional catches off Alaska and
Washington/Oregon are correlated with the PDO
index, but with opposite signs (see also Batchelder
et al., 2002). Chelton and Davis (1982) had
proposed that ocean circulation into the subpolar
gyre and the California Current ﬂuctuate out-ofphase, and Hollowed and Wooster (1992) extended this idea to suggest that there are two main
states of atmospheric circulation in the northern
North Paciﬁc that depend on the position and

intensity of the Alaska low pressure system.
Intensiﬁcation of the Aleutian low increases winds
and intensity of ocean circulation into the Gulf of
Alaska and weakens circulation into the California
Current (Graham, 1994; Miller et al., 1994;
Trenberth and Hurrell, 1994). Brodeur et al.
(1996) suggested that out-of-phase circulation in
the Alaskan gyre and California Current generates
long-term trends in zooplankton biomass of
opposite sign, with biomass increases in the Gulf
of Alaska in the 1980s concurrently with biomass
decreases in the California Current (Roemmich
and McGowan, 1995a, b).
Such analyses of long-term changes in Northeast Paciﬁc zooplankton have been based primarily on measures of composite zooplankton biomass
(Roemmich and McGowan, 1995a, b; Brodeur
et al., 1996; Lavaniegos et al., 1998; but see
Mackas et al., 1998; Lavaniegos and Ohman, 1999;
Rebstock, 2001, 2002; Brodeur et al., 2002). Bulk
zooplankton biomass is comprised of organisms
representing as many as four trophic levels as well
as widely different morphologies, body sizes, ratios
of carbon:wet biomass, life histories, growth rates,
and biogeographic distributions. Such diverse
organisms are unlikely to respond in a uniform
manner to environmental forcing, and thus the
aggregated biomass of such disparate taxa is
unlikely to be a sensitive indicator of environmental change. It has been hypothesized that
speciﬁc zooplankton taxa may promote strong
links between variations in physical processes and
ﬁsh populations, while other zooplankton species
may ﬁlter the environmental variability and
translate little of it into variability in growth of
ﬁsh populations (Runge, 1988). Hence, analysis of
the speciﬁc members of zooplankton assemblages
is also important from the perspective of the
linkages between zooplankton and the recruitment
of planktivorous ﬁshes.
Pelagic tunicates can be conspicuous members
of zooplankton assemblages. When abundant,
their relatively large size and high water content
make them signiﬁcant contributors to total
wet biomass. Moreover, individuals have high
ﬁltration rates and remove small planktonic
microorganisms with relatively high efﬁciency
(Alldredge and Madin, 1982; Kremer and Madin,
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1992; Drits et al., 1992; Madin and Deibel, 1998).
Grazing by pelagic tunicates and vertical transfer
of organic matter through production of appendicularian houses (Gorsky and Fenaux, 1998) or
unusually rapidly sinking fecal pellets (Bruland
and Silver, 1981) can play a signiﬁcant role in
biogeochemical ﬂuxes (Michaels and Silver, 1988;
Drits et al., 1992; Andersen, 1998). High population growth rates of salps (Madin and Deibel,
1998), doliolids (Deibel, 1982; Gibson and
.
Paffenhofer,
2000), and appendicularians (Hopcroft
and Roff, 1995) can lead to high abundances over
large areas. Swarms of salps, in particular, can be
of enormous geographic extent. In the California
Current, a swarm of Thalia democratica extended
over 9000 km2 (Berner, 1967). Extensive regions of
high salp abundances also have been reported in
the northern North Atlantic (Fraser, 1961), the
Agulhas Bank region (De Decker, 1973), and
elsewhere. Silver (1975) suggested that relatively
subtle biological differences in microhabitats may
exist for California Current salps that occur in the
same geographic area.
In the present study, we analyze long-term
changes in pelagic tunicates (salps, doliolids,
pyrosomes, and appendicularians) in the California Current system (CCS) based on CalCOFI
springtime zooplankton samples collected between
1951 and 2002 in Southern California waters. Our
analysis is based on annual analysis of populations
that may have considerable intra-annual variability. We examine lower frequency variations in
pelagic tunicates in the context of long-term
changes in physical properties of the water
column. We also analyze temporal variations of
hyperiid amphipods, which are crustacean parasitoids that frequently use tunicates as host
organisms (Harbison, 1998; Laval, 1980; Lavaniegos and Ohman, 1999). We test the hypothesis of
no signiﬁcant long-term variability in tunicate
assemblages of the CCS.

Southern California Bight and region offshore to
station 70, inclusive (Fig. 1). The zooplankton
samples used in this study were from CalCOFI
springtime cruises for the period 1951–2002.
Although samples were taken at other times of
year, springtime samples were selected in order to
obtain the best interannual coverage and longest
record. Sampling methods are described in detail
in Ohman and Smith (1995). Brieﬂy, a 1-m
diameter ring net with 0.55 mm mesh was towed
to a depth of 140 m from 1951 to 1968, a 1-m ring
net with 0.505 mm mesh to 210 m from 1969 to
1977, and a 0.71-m diameter bongo net with
0.505 mm mesh was towed to 210 m from December 1977 to present. All plankton tows were double
oblique with calibrated ﬂow meters mounted in the
net mouth.
Samples within a cruise were pooled for
purposes of enumeration, except for 14 cruises
where samples were analyzed individually by
station in order to assess spatial variability and
its stability over time. For each cruise, only
samples collected at night (1 h after sunset until
1 hr before sunrise) within the study region (Fig. 1)
were analyzed. Stations shallower than 140 m
(1951–68) or 210 m (1969–2002) were omitted
from pooled samples. A total of 577 samples was
selected (8–19 per cruise).

2. Methods

Fig. 1. Station locations and sampling effort for springtime
CalCOFI cruises, 1951–2002. Symbol sizes are proportional to
the number of times a station was sampled at night and
included in this analysis. CalCOFI stations are numbered at the
offshore end of each line (line.station number) considered in
this study.

Our analysis is based on macrozooplankton
samples collected by the California Cooperative
Oceanic Fisheries Investigations (CalCOFI), in the
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Large tunicates (>25 mm total length) were
counted and identiﬁed to species from the complete sample. These and other large organisms
were removed from the samples prior to pooling.
A volume of each sample corresponding to 50 m3
of seawater ﬁltered was removed and combined
into a pooled sample for each cruise (Rebstock,
2001). One quarter of each pooled sample was
counted. In nonpooled samples, 1/8 was analyzed.
Pelagic tunicates (salps, doliolids, pyrosomes, and
appendicularians) were enumerated and measured
to the nearest mm. Salps and doliolids were
identiﬁed to species, with reference to Fraser
(1947, 1981); Yount (1954); Foxton (1961), and
Godeaux (1998). Appendicularians and pyrosomes
were enumerated only by size class. Hyperiid
amphipods also were counted and identiﬁed to
species (following Brusca, 1981 and Vinogradov
et al., 1996). The same pooled samples were used,
but the entire sample was enumerated. As pooling
samples affects abundance estimates of rare organisms (Ohman and Lavaniegos, 2002), only the ﬁve
most abundant hyperiid species were selected to
investigate associations with tunicate hosts.
Counts were standardized to individuals m2 of
sea surface because such values are less subject to
bias than volumetric values (individuals m3)
when there are differences in maximum sampling
depth. A one-tailed Mann–Whitney U test tested
for increased biomass after 1968 as a consequence
of the increase in sampling depth from 140 to
210 m. No increase in biomass in the later period
was detected for any taxa except the hyperiid
amphipods Eupronoe minuta (Po0:001) and
Primno brevidens (Po0:05), total appendicularians
(Po0:05), and Doliolum denticulatum (Po0:05),
although only E. minuta would be considered
signiﬁcant if corrected for multiple testing. The
increased biomass of the two hyperiid amphipods
began in 1969 and was sustained for most of the
subsequent period; hence this change probably is
an artifact of increased sampling depth. Increased
biomass of appendicularians appears to be inﬂuenced mainly by sharp changes beginning in 1999,
rather than at an earlier date. D. denticulatum
was not detectable after 1998; hence true longterm changes appear not to be inﬂuenced by
sampling depth.

Abundances of salps prior to 1978 were multiplied by a net factor of 2.68, as salps are collected
better by the bongo net (Ohman and Lavaniegos,
2002). The abundance of tunicates was converted
to carbon biomass by applying length-carbon
regressions by species (Table 1). In applying these
regression relationships derived from live lengths
(Madin and Deibel 1998), we have not attempted
to correct for shrinkage of specimens in preservative (Madin et al., 1981). Hence, our estimated C
biomass may be somewhat low, but consistently
so across the time series. In our counts, zooids
from both solitary and aggregate generations are
mixed, therefore we used the most suitable
regression covering the appropriate size range
for each species. For hyperiids the relation Y ¼
10:91ðX Þ1:54 was used, where Y ¼ mg C and
X =body length (mm). This function was derived
from the dry mass to size relation for Themisto
japonica (Ikeda, 1990) and percentage of organic
carbon proposed by Ikeda and Shiga (1999). All
carbon biomass data were log (x þ 1) transformed
and then the mean and 95% conﬁdence interval
calculated for the 14 cruises where samples were
analyzed individually.
Two measurements of composite zooplankton
biomass were used, total displacement volume and
small displacement volume. The ﬁrst is determined
by measuring the displacement volume of all
material in plankton sample and the latter after
removal of specimens of individual biovolume
larger than 5 ml (Smith and Richardson, 1977).
Displacement volume measurements prior to 1978
were corrected by the net factor of 1.366 arrived at
by Ohman and Smith (1995) to correct for the
reduced collection of biomass by the ring net.
The relationship between tunicate or total
zooplankton biomass and environmental variables
was investigated using a general linear model
(SYSTAT v. 10.2) ﬁtted using a stepwise forward
procedure with alpha-to-enter and alpha-to-remove=0.05. Three large-scale and nine local
variables were used as independent variables
(Table 2). The Paciﬁc Decadal Oscillation Index
(annual mean) is based on the ﬁrst empirical
orthogonal function of sea-surface temperature in
the North Paciﬁc north of 20 N (Mantua et al.,
1997). The Aleutian Low Pressure Index (Beamish
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Table 1
Regressions used to estimate carbon content of pelagic tunicates
Species

Generation

Size range (mm)

Regression

Cyclosalpa affinis
Cyclosalpa bakeri
Iasis zonaria
Pegea socia
Ritteriella retractaa
Salpa aspera
Salpa fusiformis
Salpa maxima
Thalia democratica
Dolioletta
gegenbauri
Pyrosoma atlanticum

Sol
Both
Agg
Agg
Sol
Sol
Sol
Agg
Both
Two

9–153
10–100
11–50
29–91
30–73
15–75
10–55
3–93
0.5–12
2.5–8.5

mg
mg
mg
mg
mg
mg
mg
mg
mg
mg

C=10.91 (mm)1.54
C=5.10 (mm)1.75
C=1.00 (mm)2.26
C=0.47 (mm)2.22
C=0.20 (mm)2.60
C=3.00 (mm)1.81
C=1.40 (mm)2.05
C=1.01 (mm)2.06
C=1.62 (mm)1.93
C=0.51 (mm)2.28

Madin et al. (1981)
Madin and Purcell (1992)
Madin and Deibel (1998)
Madin et al. (1981)
Madin and Deibel (1998)
Madin and Deibel (1998)
Madin and Deibel (1998)
Madin et al. (1981)
Heron et al. (1988)
D.M. Gibson (pers. comm.)b

Not speciﬁed

mg C=12.54 (mm)1.90

1–11

mg C=0.49 (mg DW)1.12

Andersen and Sardou (1994)
(modiﬁed)c
Gorsky et al. (1988)

Oikopleura dioicad

Source

Sol is the solitary generation and Agg the aggregate generation.
a
Applied to Ritteriella picteti in the present study.
b
.
Based in part on results in Gibson and Paffenhofer
(2000). Also used for Doliolum denticulatum in the present study.
c
The relationship between length and dry mass from Andersen and Sardou, (1994) was mg DW=0.111 (mm)1.90, which was
converted to carbon assuming 11.3% of dry mass from Gorsky et al. (1988).
d
Used for all appendicularians in the present study. Additional functions for Oikopleura longicauda (Fenaux and Gorsky, 1983) were
required to estimate dry mass [DW=0.111 (TL)1.90] and trunk length [TA=3.77 (TL)0.846], where DW=dry mass (mg), TL=trunk
length (mm), and TA=tail length (mm).

Table 2
Environmental variables used in multiple regression analysis
Variable

Source

Paciﬁc Decadal Oscillation Index (annual mean)
Aleutian Low Pressure Index
Southern Oscillation Index (winter mean)
San Diego Sea Level, winter anomalies (secular trend removed)
Upwelling Index (33 N, 119 W), spring anomalies
Alongshore transport, line 90, winter anomalies
derived from CalCOFI data
10 m temperature anomalies
10 m salinity anomalies
150 m temperature anomalies
150 m salinity anomalies
Thermal stratiﬁcation anomalies (10–150 m)
Salinity stratiﬁcation anomalies (10–150 m)

Mantua et al. (1997)a
Beamish et al. (1997)b
NOAA Climate Prediction Centerc
University of Hawaii Sea Level Centerd
NOAA Paciﬁc Fisheries Environmental Laboratorye
D. Roemmich (pers. comm.)

a

CalCOFIf
CalCOFIf
CalCOFIf
CalCOFIf
CalCOFIf
CalCOFIf

www.atmos.washington.edu/Bmantua/abst.PDO.html.
www.pac.dfo-mpo.gc.ca/sci/sa-mfpd/climate/clm indx alpi.htm.
c
www.cpc.ncep.noaa.gov/data/indices/.
d
www.nodc.noaa.gov/woce v2/disk09/fast del.
e
www.pfeg.noaa.gov/products/PFEL/modeled/indices/upwelling/upwelling.html.
f
www.calcoﬁ.org/data/data.html.
b
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et al., 1997) measures the relative intensity of the
Aleutian low pressure system of the North Paciﬁc
(Dec.–Mar). The Southern Oscillation Index is
based upon atmospheric pressure differences
between Tahiti and Darwin, and here we use a
winter mean (Dec.–Feb.) as a proxy for El Niño in
the tropics. For an indicator of El Niño in our
mid-latitude region, we used San Diego sea-level
winter anomalies (Dec.–Feb.), calculated after
removal of the seasonal cycle and the secular
trend.
Upwelling index anomalies were calculated for
the Mar.–May time period (see (www.pfeg.noaa.
gov/products/PFEL/modeled/indices/upwelling/
upwelling.html). North–south transport between 0
and 200 m was calculated from CalCOFI hydrographic sections along CalCOFI line 90 from shore
out to station 80 (D. Roemmich, pers. comm.).
Winter anomalies (Jan.–Mar.) were then computed from these data. We computed indices of
thermal and salinity stratiﬁcation between 10 and
150 m depth from vertical proﬁles at all CalCOFI
and related cruises within our sampling domain
for springtime. Station-speciﬁc anomalies of temperature and salinity values were computed from
the long-term means at each individual station
within our sampling domain, and then the
anomalies at each station averaged by cruise.
Sea-surface temperature (SST) at the Scripps Pier
(32.7 N, 117.2 W), was used to illustrate temperature variability in the region, but was not used in
the multiple regression analysis. The average
seasonal cycle from 1951 to 2002 was subtracted
from each monthly mean temperature, the longterm secular trend removed using linear regression,
and a 13-month running mean calculated.

3. Results
3.1. Climate conditions
Anomalies of sea-surface temperature (SST) at
Scripps Pier reveal appreciable, sustained warming
associated with the major El Niños of 1958–59,
1982–83, 1992–93, and 1997–98 (Fig. 2a). In
addition, a rapid warming event occurred between
1976 and 1977 and a precipitous, deep cooling

occurred between 1998 and 1999. Note that a
linear long-term warming trend has been removed
from the data in order to more readily detect other
sources of variability in SST. Anomalous springtime thermal stratiﬁcation in our sampling region
(deﬁned in Fig. 1) was consistent with the SST
values, showing a period of somewhat lower
average thermal stratiﬁcation from 1951 to 1976,
somewhat higher vertical stratiﬁcation from 1977
until 1998, and then lower stratiﬁcation again from
1999 to 2002 (Fig. 2b). The strong El Niño of
1958–59 also resulted in increased stratiﬁcation.
The large-scale temperature ﬁeld in the North
Paciﬁc is illustrated by the Paciﬁc Decadal
Oscillation index (PDO, Fig. 2c). The predominately cooler phase of the PDO from 1951 to 1976,
followed by a warmer phase from 1977 to 1998,
then a cooler phase again beginning in 1999,
mirrors the patterns in local SST and regional
thermal stratiﬁcation. Again, the 1958–59 El Niño
resulted in large-scale warming, during a coolphase of the PDO.
Anomalous sea level at San Diego showed
similar trends to SIO pier SST anomalies, increasing during major El Niños (Fig. 2d). However, sealevel anomalies were sometimes better indications
than temperature of the mid-latitude inﬂuence of
lesser magnitude El Niños (e.g., 1972–73 and
perhaps 1977–78). Alongshore transport along
CalCOFI line 90 during the El Niños of 1958–59,
1982–83, 1997–98, and to a lesser extent late 1991,
became anomalously poleward for varying periods
of time (Figs. 2e, D. Roemmich, pers. comm.).
However, intervals of anomalously poleward
transport occurred in non-El Niño years as well.
Beginning in late 1998, transports were mostly
anomalously southward. Note that the 3-year
intervals between cruises in the 1970s makes it
impossible to determine whether transports changed along with the temperature ﬁeld between 1976
and 1977, as observed in Figs. 2a–c.
Springtime zooplankton biomass, as displacement volume, showed pronounced but reversible
declines during the major El Niños of 1958–59,
1982–83, 1992–93, and 1997–98 (Fig. 3). On longer
time scales, the decline in displacement volume
that was recorded by Roemmich and McGowan
(1995a, b) continued to a 50-year minimum in the
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Fig. 2. Environmental conditions through the study period. (a) Sea-surface temperature (SST) anomalies at Scripps pier (32.7 N,
117.2 W) obtained from a 13-month running mean, after removal of the seasonal cycle and the secular trend. Continuous lines indicate
means for 1950–76, 1977–98, and 1999–2002. (b) Thermal stratiﬁcation anomalies (median795% nonparametric CI), measured as the
difference between temperature at 10 and 150 m at each station occupied in the study region during spring CalCOFI cruises.
Continuous lines indicate means for 1950–76, 1977–98, and 1999–2002. (c) Monthly values of the Paciﬁc Decadal Oscillation index
(Mantua et al., 1997). (d) San Diego sea level anomalies obtained from a 4-month running mean, after removal of the seasonal cycle
and the secular trend. Dashed lines indicate71 standard deviation. (e) Alongshore volume transport anomalies (Sverdrups) along
CalCOFI line 90 from the coast to station 80, between 0 and 200 m, for winter months (Jan–Mar; D. Roemmich, pers. comm.). Positive
indicates anomalously northward transport.
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Fig. 3. Zooplankton biomass, measured as displacement volume, from springtime CalCOFI cruises. Only nighttime samples are
considered. Total volume indicates displacement volume of all organisms in the sample, while small volume excludes animals of
individual volume>5 ml. (a) Displacement volume per m2 of sea surface, (b) anomalies from the long-term mean of displacement
volume per m2, (c) displacement volume per 1000 m3 of sea water ﬁltered, and (d) anomalies from the long-term mean of displacement
volume per 1000 m3 of sea water ﬁltered. Mean795% conﬁdence intervals; overlapping symbols offset slightly for clarity. Dashed lines
illustrate hypothesized years of NE Paciﬁc ecosystem shifts, in this and subsequent ﬁgures. Arrows indicate major El Niños in
California waters.

spring of 1998, when El Niño was superimposed
on a longer-term trend. However, this decline in
biomass subsequently reversed to anomalously
positive zooplankton biomass in springs of 1999–
2002. Note that the same trends are apparent,
whether we consider total zooplankton displacement volume (including organisms>5 ml) or only
small displacement volume (excluding those organisms) (Fig. 3). There is no evidence suggesting a
change in zooplankton biomass at or near the
years 1976–77, when ocean temperature changed
on several spatial scales in the NE Paciﬁc (Fig. 2).
Zooplankton biomass is illustrated in alternative units in Fig. 3, as biomass per m2 of sea
surface (Figs. 3a and b) and as biomass per
1000 m3 of water ﬁltered (Figs. 3c and d). The
expression of biomass per m2 is preferred because
of the change in sampling depth in 1969. When
biomass density decreases sharply as a function of

depth, as it generally does in the CCS (Mullin,
1986), the deepening of the sampling from 140 to
210 m will cause an apparent decline in biomass.
For example, if we consider the nighttime vertical
distribution of biomass measured by Mullin (1986)
in the Southern California Bight, increasing the
sampling depth from 140 to 210 m will generate an
apparent 19.4% decline in biomass per unit
volume, but a lesser change in biomass when
expressed per unit area of sea surface. The small
negative anomalies in Fig. 3d in 1999–2002 are a
consequence of expressing data per unit volume
and become positive anomalies (Fig. 3b) when
instead expressed per m2.
3.2. Pelagic tunicates
We identiﬁed 10 species of salps in the study
area (Table 3), although others are also known to
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Table 3
Species of pelagic tunicates from the Southern California Bight and region immediately offshore
Taxon
Class Thaliacea
Order Salpida
Salpa fusiformis Cuvier, 1804
Salpa aspera Chamisso, 1819
Salpa maxima Forsk(al, 1775
Thalia democratica (Forsk(al, 1775)
Cyclosalpa bakeri Ritter, 1905
Pegea socia (Bosc, 1802)
Iasis zonaria (Pallas, 1774)
Ritteriella picteti (Apstein, 1904)
Cyclosalpa affinis (Chamisso, 1819)
Thetys vagina Tilesius, 1802
Order Doliolida
Dolioletta gegenbauri Uljanin, 1884
Doliolum denticulatum Garstang, 1933
Order Pyrosomida
Pyrosoma spp.
Class Appendicularia

No. of cruises

Mean biomass (mg C m2)
mean795%

24
25
5
25
7
7
23
10
5
2

2.01570.597
1.86270.606
0.25170.279
0.23070.115
0.20770.170
0.19970.192
0.16770.096
0.13570.108
0.10270.116
0.06770.098

47
14

2.77770.412
0.06170.060

21
47

0.36470.220
3.49470.325

Number of cruises in which they were present (total=47) and mean biomass for the period 1951–2002.

occur (Berner, 1967). The most frequently occurring and also generally the most abundant were
Salpa fusiformis, Salpa aspera, T. democratica, and
Iasis zonaria. These four species were observed in
50–60% of the springtime cruises, while the rest of
the species were found in fewer than 25%. Due to
the condition of preserved specimens, about 5%
could not be identiﬁed. However, half of these
came from only one sample from spring 1966 and
were small individuals (1 mm) with low contribution to biomass.
There was no clear pattern with respect to El
Niño, as both total salp biomass (Fig. 4) and that
of individual species (Figs. 5 and 6) decreased in
some El Niño years and increased in others. Yearto-year variability in biomass of individual species
of salps was pronounced through the 52-year
period (Figs. 5 and 6). Even for the most abundant
and frequently occurring species, biomass could
vary by 2–3 orders of magnitude in consecutive
springs.
On longer time scales, however, some salp
species recurred (if intermittently) throughout the
record, while others were not detected in the
sampling region during the warm interval from
1977–98. Among the species observed in the region

throughout the record, S. fusiformis and S. aspera
were the dominants. Blooms of these species were
particularly high in some years. The largest
observed for S. aspera was in spring 1985 with a
log-mean of 2.69 (492 mg C m2), while
S. fusiformis proliferated in 1983 (158 mg C m2).
These two species were responsible for 21 of the
26 salp blooms exceeding 10 mg C m2 during the
study period. Although it persisted through time,
S. aspera had lower average biomass in the period
1977–98 (log-mean=0.2) than in the preceding
interval 1951–76 (log-mean=0.7, Po0:05; Mann–
Whitney U test). S. fusiformis maintained more
similar biomass between these two periods
(P > 0:50). In 1999 relatively high biomass was
observed for both species, and even higher for
S. aspera in 2000. T. democratica and I. zonaria
also persisted through the complete period, though
their biomass represented around 1% of that of
S. aspera or S. fusiformis (Fig. 5). Ritteriella picteti
was scarce after 1975, except for the pulse of this
species observed in spring 1982 (Fig. 5).
The remaining four salp species were present
in this area in appreciable numbers only in the
ﬁrst portion of the study period (Fig. 6). Some of
them (Salpa maxima, Pegea socia, and Cyclosalpa
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Fig. 4. Biomass, as organic carbon, through the study period
of: (a) all pelagic tunicates combined, (b) salps, (c) doliolids, (d)
pyrosomes, and (e) appendicularians separately.

bakeri) even reached biomass exceeding 10 mg
C m2 during 1951–76 (Fig. 6). These species and
C. affinis essentially disappeared to undetectable
levels after 1976. However, specimens of an
unidentiﬁable species of Cyclosalpa were present
in 1988. C. bakeri and C. affinis both reappeared in
the region in 2001 (Fig. 6). Thetys vagina is not
illustrated, as only two specimens were found (in
spring of 1955 and 1964).
When salp biomass is divided into: (a) those
species that were dominant in the cool-phase from

1951 to 1976, but essentially disappeared from the
region from 1977 to 1998 (and may have subsequently returned after 1998), and (b) those species
that persisted through the transitions into and out
of cool and warm phases, the pattern is striking
(Fig. 7). The cool-phase species dropped precipitously to essentially zero biomass in 1977. In
contrast, the persistent species showed no change
in total biomass in 1977, but declined in biomass
after 1991 and increased again markedly in 1999.
There was signiﬁcant heterogeneity among the
three time periods (1951–76, 1977–98, and 1999–
2002) for the cool-phase species (Po0:001;
Kruskal–Wallis ANOVA) and weak heterogeneity
for the persistent species (P ¼ 0:03).
The doliolids present in our springtime samples
were either Dolioletta gegenbauri or D. denticulatum, although other, rarer species are also known
to occur in the region (Berner, 1967). D. gegenbauri was present in all the cruises analyzed and
was consistently the more abundant of the two
species, apart from 1981 (Fig. 8a). The contribution of D. gegenbauri to total carbon biomass
is considerable; although they are generally
smaller than salps, they can be quite abundant.
As with other tunicates, interannual variability of
D. gegenbauri was pronounced, with a range from
0.1 to 164 mg C m2 (in 1984 and 1975, respectively). Low biomass of this species was associated
with the major El Niños of 1958–59, 1982–83,
1992–93, and 1997–98. There were no persistent
changes in D. gegenbauri biomass associated with
either the years 1977 or 1999. 1976 was a low
biomass year.
D. denticulatum was considerably less abundant,
less frequently observed, and showed a markedly
different long-term pattern than D. gegenbauri. In
the ﬁrst 26 years, D. denticulatum was detected in
only one spring cruise (1972) at a few stations.
However, between 1977 and 1998 it occurred in
several years (Fig. 8b). It has been nearly
undetectable in springtime cruises in our region
since the cooling of the California Current in
1998–99. There was signiﬁcant heterogeneity
among the three time periods (1951–76, 1977–98,
and 1999–2002) for D. denticulatum (Po0:05;
Kruskal–Wallis) but not for D. gegenbauri
(P > 0:50).
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Fig. 5. Biomass, as organic carbon, of salp species observed during both cool and warm phases of the California Current. Anomalies
illustrate departures from the mean from 1951 to 2002.

Pyrosomes (Pyrosoma spp., including P. atlanticum and P. aherniosum) were found in 21 of the 47
springtime cruises analyzed (Table 3). The few

blooms higher than 5 mg C m2 were found only in
the cool-phase, prior to 1977 (Fig. 8c). Although
present intermittently in the warm phase from
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Fig. 6. Biomass, as organic carbon, of salp species that were essentially undetectable during the warm phase of the California Current.
Anomalies illustrate departures from the mean from 1951 to 2002. Triangles indicate biomass of individuals of Cyclosalpa that could
not be identiﬁed to species.

1977 to 1998, their biomass was lower during this
interval (Po0:05) than the previous time period.
In spring 2000, average biomass again increased,
as seen prior to 1977.
Total appendicularian biomass also showed
great variation from year-to-year (Fig. 8d). Species
were not differentiated in our analysis. Biomass
did vary among the three time intervals (Po0:01;
Kruskal–Wallis). Appendicularian biomass in-

creased markedly after 1998 and has remained
elevated since.
Changes in tunicate biomass were attributable
not only to variable abundance but also to changes
in body size. Signiﬁcant changes among the three
time periods (1951–76, 1977–98, and 1999–2002)
were detected in average size of salp zooids
(Fig. 9a, Po0:05; Kruskal–Wallis), with smaller
average sizes in the warm phase of the CCS
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Fig. 7. Summed biomass, as organic carbon of: (a) salp species that were present primarily during the cooler phases of the California
Current, and (b) salp species that were present through both cool and warm phases of the California Current. Note that the scale is
logarithmic, hence the height of each shaded region is not linearly proportional to that species’ relative biomass.

because the smaller body-sized species then predominated. Much of the size difference in salps is
attributable to smaller zooid lengths during the
early 1990s. A tendency to somewhat smaller
doliolids in the warm phase was not signiﬁcant
(Fig. 9b, P > 0:10). Pyrosome colony length varied
signiﬁcantly among time periods (Fig. 9c,
Po0:05). The mean colony size in the earlier,
cool-phase of the CCS was 3 times that of the
warm period between 1977 and 1998, although no
subsequent increase was detected in the samples
from spring 2000. Appendicularian trunk length
varied signiﬁcantly among the three time periods
(Fig. 9d, Po0:05), with body length increasing
somewhat in successive time periods.
Due to the relatively large body sizes of
tunicates, especially the thaliaceans, their contribution to total zooplankton biomass is likely to be
signiﬁcant. We found a relatively high correlation
between carbon biomass of all 4 taxa of tunicates
combined and total zooplankton displacement

volume (Spearman’s rank=0.50, Po0:0001). Considering the biomass of salps alone, variations in
salp C biomass are correlated with total zooplankton displacement volume (r ¼ 0:43; Po0:01).
3.3. Tunicates as hosts of hyperiid amphipods
The most abundant hyperiid amphipods during
this time period were, in descending order, Primno
brevidens, Vibilia armata, Paraphronima gracilis,
Eupronoe minuta, and Themisto pacifica (Fig. 10a).
The rank order by C biomass was somewhat
different (Fig. 10b), reﬂecting interspeciﬁc difference in body sizes. Temporal variability differed
among the numerically dominant species (Fig. 11),
but was generally of lower magnitude than
temporal variability of tunicates. After 1998, the
biomass of all species except T. pacifica became
anomalously positive for varying periods of time.
The summed C biomass of all hyperiids showed
strong positive anomalies in 1999, 2000, and 2002
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Fig. 8. Biomass, as organic carbon, of the doliolids: (a) D. gegenbauri and (b) D. denticulatum, (c) total pyrosomes, and (d) total
appendicularians. Anomalies illustrate departures from the mean from 1951 to 2002.

(Fig. 12), although there was no signiﬁcant
relation of hyperiid biomass variability to the
three temporal periods discussed above (P > 0:10;
Kruskal–Wallis).
The association of hyperiids with all of the
above potential tunicate hosts was tested using
Spearman’s rank correlation analysis. Positive
correlations (Po0:01) were observed between

Paraphronima gracilis and Themisto pacifica and
the host S. aspera, as well as between Primno
brevidens and Themisto pacifica and the host
D. gegenbauri. These correlations would not be
signiﬁcant if corrected for multiple comparisons by
the Bonferroni criterion. Total hyperiid C biomass
was not correlated with total C biomass of any of
the four major taxa of tunicates considered
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variance, but only a single independent variable
was selected. Anomalies from mean zooplankton
displacement volume were negatively related to
anomalies in temperature at 10 m (Po0:01;
corrected for serial correlation according to
Dutilleul, 1993). Temperature stratiﬁcation, the
upwelling index, and all other local and remote
variables in Table 2 made no signiﬁcant additional
contribution to explaining the variance in total
zooplankton displacement volume. Multiple regression equations for the other dependent variables (persistent salps, cool regime salps, doliolids,
pyrosomes, and appendicularians) all explained
little or none of the variance (r2 = 0.0, 0.0, 0.0,
0.07, and 0.207, respectively), and thus are not
discussed further here. Substitution of the Northern Oscillation Index (NOI, Schwing et al., 2002b)
for the Southern Oscillation Index made no
difference in the regression relationships.

4. Discussion

Fig. 9. Variations in body size of: (a) salps, (b) doliolids,
(c) pyrosomes, and (d) appendicularians (mean7standard
deviation). Continuous lines indicate mean values from
1951–76, 1977–98, and 1999–2002.

separately or with biomass of all tunicates
combined (P > 0:05).
3.4. Relationships with environmental variables
The usefulness of multiple regression in explaining the long-term variability of zooplankton
differed according to the taxon considered. Total
zooplankton displacement volume was reasonably
well described by a general linear regression
model, which accounted for 42.1% of the observed

Assemblages of California Current pelagic
tunicates, and particularly salps and doliolids,
show variability on a time scale of 20–25 years that
is coincident with low-frequency perturbations in
the physical environment. The most pronounced
pattern we observe is the rearrangement of species
of salps and doliolids at the time of the 1976–77
warming in the Northeast Paciﬁc. No such change
is apparent in total zooplankton biomass. The
subsequent abrupt cooling of the Northeast Paciﬁc
that began in late 1998 may have resulted in
reciprocal changes in the relative abundance of the
two dominant doliolid species and in some species
of salps. The composition of tunicate assemblages
after 1998 bears greater resemblance to the pre1977 cool conditions than to the intervening warm
period from 1977 to 1998, although a longer
record is clearly needed to ascertain the persistence
of this assemblage.
The observed warming of the water column
per se is not likely to have much inﬂuence on the
growth and survival of different zooplankton taxa.
If the average Q10 were 2.0, an increase in mean
temperature of 1 C (cf. Roemmich, 1992, also
Fig. 2 above) would be expected to lead to only a
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Fig. 10. Proportional contribution of the dominant hyperiid species by (a) abundance and (b) carbon biomass, averaged over 1951–
2002. Proportions are based on antilogged means.

10% change in physiological rate processes. Moreover, many zooplankton migrate vertically
through a thermocline on a daily basis and
therefore experience diel temperature changes that
greatly exceed the magnitude of long-term increase. Rather, it is the altered ocean circulation
and vertical stratiﬁcation associated with this
warming that is likely to have signiﬁcant consequences for the zooplankton fauna and for
pelagic food web structure.
We are not able to ascertain directly whether
volume transports changed signiﬁcantly at the
time of the 1976–77 ecosystem shift, because of
the 3-year interval between CalCOFI cruises in the
1970s. Discerning long-term trends in volume
transport is also difﬁcult because of considerable
cruise-to-cruise variability. Part of this variability
may be contributed by lateral meandering of the
core of the California Current to stations offshore
of station 80, where our calculations stopped (D.
Roemmich, pers. comm.). Nevertheless, we did
detect a change in alongshore volume transport
from anomalously northward during the 1997–98
El Niño to anomalously southward beginning in
late 1998. This transport change is consistent with
coincident cooler SIO pier temperatures, somewhat weaker vertical stratiﬁcation, and anomalously low sea-level height, all of which suggest
increased ﬂow of higher-latitude waters into our
sector of the California Current following El Niño.

The biogeographic distributions of the pelagic
tunicates are helpful in interpreting the long-term
changes we detected. The Southern California
Bight together with the ocean immediately offshore is a boundary region where the southern
limits of some northern/transition zone species
overlap with the northern limits of some southern
and subtropical zooplankton species. Hence, the
admixture of zooplankton observed at any one
time can sometimes provide a relatively sensitive
indicator of the source water ﬂowing into the
region.
The larger-scale biogeography of salps and
doliolids in the Paciﬁc has not been summarized
in detail outside the CalCOFI region (Berner,
1967). Van Soest (1998) makes only generalized
comments about geographic distributions. We
therefore compiled records from existing primary
literature (see Fig. 13 legend). We found that
California Current salps tend to show latitudinal
range limits that cluster into two groups (Fig. 13).
Of the ﬁrst ﬁve species (S. maxima, P. socia,
C. bakeri, C. affinis, and R. picteti), all or most
Northeast Paciﬁc records of occurrence are clustered in mid-latitudes (Fig. 13). A limited number
of records of P. socia (sometimes confounded with
P. confoederata) and C. bakeri exist for latitudes
south of 20 N. The remaining four species
(T. democratica, I. zonaria, S. fusiformis and
S. aspera; the latter two species were not differ-
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Fig. 11. Biomass, as organic carbon, of the ﬁve numerically dominant hyperiid amphipods. Anomalies illustrate departures from the
mean from 1951 to 2002.

entiated in the early literature) have much broader
latitudinal ranges and are known from the equator
to 40–60 N latitude in the NE Paciﬁc. These two

groups correspond nearly exactly with the two
groups of salps noted above (i.e., cool regime and
persistent species). The one exception is R. picteti,
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Fig. 12. Biomass, as organic carbon, of total hyperiid amphipods. Anomalies illustrate departures from the mean from 1951 to 2002.

Fig. 13. Reported latitudinal ranges in the northeast Paciﬁc (here deﬁned as extending from the equator to 60 N, from the
international dateline to the American continent) of the principal salp species in the present study. Distributional ranges were compiled
from examination of records at 737 stations reported by Berner (1967), Bruland and Silver (1981), Chamisso (1819), Herdman (1888),
Hubbard and Pearcy (1971), Madin (1974), Metcalf (1918), Miller et al. (1988), Parsons and Lalli (1988), Purcell and Madin (1991),
Ritter (1905), Ritter and Byxbee (1905), Ritter and Johnson (1911), Silver and Bruland (1981), Tokioka (1960) and Yount (1958). S.
fusiformis and S. aspera were not differentiated in the earlier literature, nor were P. socia and P. confoederata.

which we grouped with the persistent species,
although it was found in our region in only one
year (1982) after 1976. The biogeographic distributions imply that the cool regime species will
be introduced into our region primarily from
middle-higher latitude environments while the
persistent species may be seeded into our region
either from equatorial or subtropical latitudes or

from middle-high latitudes. Hence, persistence of
the latter group during the warm regime of 1977–
98 suggests enhanced transport from more southerly waters into our sampling region during that
period. Much of the interdecadal variability in salp
abundance that we observe may be affected by
interdecadal variability in alongshore transport,
although the calculated transports themselves may
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not be sufﬁciently well resolved temporally to test
this assertion, as noted above.
Another contrast between the two groups of
salps is that the persistent species are, for the most
part, thought to undergo diel vertical migration
(DVM) while the cool regime species are not
known to migrate vertically. Evidence on this
point is incomplete and derives primarily from
observations in the Atlantic, which may or may
not be representative of salp vertical distributions
in the Paciﬁc. However, our persistent species S.
aspera, S. fusiformis, I. zonaria, as well as
Ritteriella retracta (a congener of our R. picteti),
all have been reported to appear in surface waters
more frequently at night off Bermuda (Madin
et al., 1996) or off the US Atlantic coast (Wiebe
et al., 1979). Conversely, our cool regime species
C. affinis and P. socia appear not to migrate near
Bermuda (Madin et al., 1996), and C. bakeri shows
only shallow vertical migrations in the upper 60 m
in the subarctic Paciﬁc (Purcell and Madin, 1991).
The vertical distribution of S. maxima is not clear.
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The only clear exception to the association of longterm variability with DVM is T. democratica,
another of our persistent species, which is not
known to migrate vertically, at least in the Western
Mediterranean (Andersen et al., 1998) or on
Agulhas Bank (Gibbons, 1997). In general, salp
species that spend half the day below the surface
mixed layer may be less subject to horizontal
advection out of the region, if vertical currents are
strongly sheared. In addition, species that undergo
DVM may have inherently greater tolerances for
changing thermal and other conditions in the
surface mixed layer, permitting them to persist
through a range of different environmental circumstances.
Geographic distributions are an important
component of the temporal variability of the two
primary doliolids. D. gegenbauri is a cool water
California Current or subarctic species (Berner,
1960) that is introduced into this sector of the
California Current from the north (Fig. 14a,
reproduced from Berner, 1960). Conversely,

Fig. 14. Geographic distributions of the doliolids: (a) D. gegenbauri and (b) D. denticulatum (reproduced from Berner, 1960). Shading
indicates the percentage of net hauls in which each species was found in CalCOFI samples, between 1949 and 1952.
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D. denticulatum is a subtropical or central water
mass species that is introduced into the California
Current from more southerly or perhaps westerly
waters (Fig. 14b, also Berner and Reid, 1961;
Blackburn, 1979). The subtropical afﬁnity of
D. denticulatum, and its intermittent occurrence
during the warm regime between 1977 and 1998,
but rarely before or after, is consistent with
anomalous transport of subtropical water into
the region, as inferred from the salps. The
persistence of the more northerly D. gegenbauri
during 1977–98, when several cool-water afﬁliated
salps did not occur, suggests that this subassemblage of salps and D. gegenbauri have rather
different geographic microdistributions and environmental optima.
As we have not identiﬁed the appendicularians
or pyrosomes to species, and thus their biogeographic distributions are not resolved, we are not
able to infer circulation changes from these taxa.
However, the work of Brinton and Townsend
(2003) concerning long-term variations in California Current euphausiids suggests that the warm
regime from 1977 to 1998 was also a time of
anomalously high abundance of subtropical
euphausiids (notably Nyctiphanes simplex and
Euphausia eximia, and to some extent Euphausia
gibboides and E. recurva) in the Southern California domain. This pattern changed and the
abundances of all four warm-water euphausiid
species decreased after 1998.
Our working hypothesis to explain the longterm variability that we observe in salp and
doliolid abundances therefore begins with altered
transport that ‘‘seeds’’ organisms from different
source regions into the Southern California region
of the California Current. As we do not see
evidence of anomalous transport sustained for two
decades, we infer that the altered conditions in
the water column then become more favorable to
the organisms seeded into the region, such that
populations can become self-sustaining in situ and
do not require continued reintroduction of propagules to support population growth. A change to
warmer, more stratiﬁed ocean conditions may
favor the growth, development, and survival of
subtropical taxa if the food and/or predator
conditions become more appropriate. Increased

vertical stratiﬁcation of temperature (and density),
such as we observed during 1977–98, is thought
to result in reduced vertical supply of inorganic nutrients limiting phytoplankton growth
(Roemmich and McGowan, 1995a). If a shift in
primary producers from microplankton to picoplankton followed such a change in nutrient
supply, such ﬂoristic changes might then enable
some microphagous subtropical tunicates to grow,
survive, and predominate. Reciprocal changes
would be expected at transitions to cooler, less
stratiﬁed conditions. Pelagic tunicates that routinely undergo large amplitude vertical migrations
may be less inﬂuenced by such alterations to the
mixed layer environment.
We do not have a sufﬁciently long record of
phytoplankton biomass or compositional changes
in phytoplankton assemblages to directly test their
relations to the observed changes in pelagic
tunicates. Regular chlorophyll measurements on
CalCOFI cruises began in 1984 and systematic
phytoplankton ﬂoristic studies started more recently (Venrick, 2002). However, we note that the
abrupt increase in total zooplankton biomass
observed in 1999 was associated with increases in
primary production rates and chlorophyll standing
stocks (Chavez et al., 1999; Hayward et al., 1999;
Bograd et al., 2000).
The importance of southward transport in the
CCS in controlling interannual variations in overall zooplankton biomass was emphasized by
Chelton et al. (1982). Roesler and Chelton (1987)
subsequently analyzed regional variations within
the CCS and found that zooplankton displacement
volume variations were more strongly associated
with advection in the northern sector of the CCS
and less strongly so in the Southern California
domain. The results of our multiple regression
analysis conﬁrm that springtime zooplankton
biomass variability is related to variations in
10 m temperature, but not to changes in upwelling
and other indices. Several authors, dating back to
Reid et al. (1958), have found an inverse relationship between zooplankton displacement and temperature on various spatial scales in the California
Current, although the causal mechanisms invoked
differ. The relatively high fraction of variability
explained in total zooplankton biomass contrasts
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with the poor explanatory power of our multiple
linear regressions for interannual variability in
salps, doliolids, pyrosomes, and appendicularians.
Part of the inadequacy of multiple regression for
individual tunicate taxa stems from the mismatch
between the rapid population response capability
of the tunicates and our temporally/spatially
averaged measures of the environment. Moreover,
population growth of these organisms is likely to
be a nonlinear function of environmental properties, while we employed a linear technique. Finally,
the highly patchy dispersion pattern of many
pelagic tunicates, especially salps, introduces considerable uncertainty into the biomass measures
that were used in the regression equations.
The possible impact of predators on tunicates
was restricted in the present study to hyperiid
amphipods, but there is evidence of other pelagic
organisms preying on tunicates (Harbison, 1998).
The association of hyperiids with gelatinous
plankton is well known (Laval, 1980). Lavaniegos
and Ohman (1999) found correlations between
some hyperiid species and different groups of
gelatinous hosts in the Southern California region,
based on data from 12 CalCOFI cruises during the
period 1951–97. In the present study treating 47
spring cruises (1951–2002) it must be noted that
the modest correlations between hyperiid amphipods and tunicates is due in part to the loss of
spatial information on host-parasitoid associations
by pooling samples within a cruise. Moreover,
some hyperiids are associated with more than one
type of host (Lavaniegos and Ohman, 1999),
suggesting the possibility of switching according
to host availability.
The correlation of summed tunicate C biomass
with total zooplankton displacement volume
suggests that much of the 70% decline in
zooplankton displacement volume between 1951–
57 and 1987–93 reported by Roemmich and
McGowan (1995b) is attributable to changes in
the biomass of pelagic tunicates. Indeed, the
change in tunicate C biomass between these same
time periods is an average decline of 75% (based
on antilogged values), which could account for the
previously documented change in total biomass.
Neither the biomass of copepods (calculations
from data in Rebstock, 2002) nor that of
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euphausiids (Brinton and Townsend, 2003) exhibits such a trend. This result underscores the
importance of resolving changes in different taxa
within the zooplankton, as it is quite clear that cooccurring organisms can show markedly different
responses to the same environmental forcing. In
studies associated with higher trophic levels,
temporal variations in particular taxa with strong
links (sensu Runge, 1988) to ﬁsh populations and
other consumers will be a more useful focus of
research than aggregated zooplankton biomass
alone. Similarly, understanding the processes
structuring pelagic assemblages requires attention
to the differences among taxa with a spectrum of
life history traits and different biogeographic
afﬁnities.
Studies of CalCOFI copepods have revealed
that calanoid copepod species composition shows
transient disruptions at the time of El Niños, but
the proportional composition of species remains
relatively stable on a time scale of 50 years
(Rebstock, 2001). Absolute abundances of copepods, however, can change in response to lowfrequency changes in the California Current
(Rebstock, 2002). Brinton and Townsend (2003)
show that abundances of subtropical euphausiids
shifted in both 1976–77 and 1998–99. The nitrogen
stable isotope content of copepods and chaetognaths off Central California suggest that there
were large (and reversible) changes in zooplankton
15
N in response to El Niño events, but relatively
small multi-decadal changes in zooplankton 15N
content (Rau et al., 2003).
Increasingly, the importance of pelagic tunicates
in marine food webs is being recognized (Andersen, 1998). The capacity of these large microphages to swarm can permit them to control
phytoplankton blooms (Fortier et al., 1994) and to
increase the transfer of biogenic carbon to the
bottom through their fast-sinking, resistant, fecal
pellets. Wiebe et al. (1979) estimated that mortality
and fecal pellet production of S. aspera in the
northwest Atlantic could contribute substantially
to the carbon requirements of the deep-sea benthic
fauna. Smith and Kaufmann (1999), also Smith
et al. (2001), documented a trend between 1989
and 1996 toward a decreased ﬂux of particulate
organic carbon to the deep-sea benthos underlying
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the California Current. As that interval was a time
period of generally declining biomass of salps and
doliolids, variations in these tunicates could have
contributed signiﬁcantly to a long-term change in
particulate ﬂux extending to the deep sea.
There are few truly long-term records of
abundance of pelagic tunicates from any sector
of the ocean. In the Western Mediterranean,
temporal ﬂuctuations of salps were documented
by Me! nard et al. (1994) for the period 1967–90.
They sampled one station weekly and focused on
seasonal changes, attributing the occurrence of
salp blooms to breakdown of water column
thermal stratiﬁcation by winds. Fraser (1949)
reported on salp and doliolid ﬂuctuations in
Scottish waters between 1920 and 1939 and
suggested that interannual variations in abundance were related to the inﬂux of relatively warm
North Atlantic water into the North Sea. Longterm studies of plankton variations in the North
Atlantic have generally focused on smaller organisms such as copepods (Beaugrand et al., 2002)
rather than tunicates other than appendicularians,
because the 1.27 cm2 mouth opening of the
Continuous Plankton Recorder is not appropriate
for quantitative sampling of larger organisms
(Clark et al., 2001; but see Roskell, 1983). In the
Southern Ocean, interannual variations in salp
abundance have been related inversely to variations in both sea ice cover and krill recruitment
(Loeb et al., 1997, Nicol et al., 2000).
Our analyses address interannual and longerterm variations in springtime abundance, but do
not resolve seasonal or higher-frequency variability, or spatial patterns. Pelagic tunicates, and
especially salps, doliolids, and appendicularians,
can have very short generation times under
optimal conditions for growth (Alldredge and
Madin 1982; Madin and Deibel, 1998), hence it
is certain that we have aliased changes in population size and population structure on time scales
shorter than the annual. It is also possible that an
apparent absence or reduction in abundance in
springtime is not indicative of abundance patterns
at other times of year. Mackas et al. (1998) have
documented that seasonal timing of ascent of
zooplankton into subarctic Paciﬁc surface waters
can shift by 2 months over a period of 212 decades.

Our work in progress may resolve the issue of
shifts in seasonal timing in this region. Futhermore, an absence of animals in our samples does
not imply that the animals were not present in the
ocean, but only that they were not detectable in ca.
15 plankton tows over a deﬁned geographic area.
Irrespective of these caveats, the consistent CalCOFI sampling at multiple stations over a sizable
sector of the California Current enables us to
analyze lower frequency changes in a way that is
possible in few other regions of the world ocean.
Documentation of interannual and interdecadal
changes in springtime patterns, even if conﬁned to
this time of year, reﬂect signiﬁcant perturbations
to epipelagic food webs.
Detecting low-frequency variability in the ocean
is impossible in the absence of sustained, long-term
measurements. The CalCOFI program is a singular biological oceanographic measurement program in the Northeast Paciﬁc that permits the
reliable detection of such multi-decadal ecological
shifts. In light of the implications of longterm ecosystem shifts for resource management
(Scheffer et al., 2001), it is of pivotal importance to
sustain observational programs of pelagic assemblages and to begin to build our knowledge gained
into prognostic models of marine ecosystems.
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