
about CH
5
þ from its high-resolution spectra

and accompanying rotational structure. Indeed,

this is where subtle but revealing effects of the

end-over-end tumbling, nuclear spin statistics,

and tunneling splittings will be addressed that

can not be accurately treated in the present vi-

brational framework (29, 30). The detailed in-

terpretation of the high-resolution spectrum of

CH
5
þ and its isotopomers will clearly provide

interesting opportunities for further theoretical

and experimental challenges in this elusively

fluxional species. Extensions of the present

work to include deuterated analogs of CH
5
þ

(31) and to probe the effects of rotations are

currently under way.
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Planktonic Foraminifera
of the California Current
Reflect 20th-Century Warming
David B. Field,1*† Timothy R. Baumgartner,2 Christopher D. Charles,1

Vicente Ferreira-Bartrina,2 Mark D. Ohman1

It is currently unclear whether observed pelagic ecosystem responses to ocean warming, such as
a mid-1970s change in the eastern North Pacific, depart from typical ocean variability. We report
variations in planktonic foraminifera from varved sediments off southern California spanning the
past 1400 years. Increasing abundances of tropical/subtropical species throughout the 20th century
reflect a warming trend superimposed on decadal-scale fluctuations. Decreasing abundances of
temperate/subpolar species in the late 20th century indicate a deep, penetrative warming not
observed in previous centuries. These results imply that 20th-century warming, apparently
anthropogenic, has already affected lower trophic levels of the California Current.

R
ecords of various marine populations

reveal that large declines in some ma-

rine algae, zooplankton, fish, and sea-

birds in the California Current in the late 20th

century were linked to widespread ecosystem

changes throughout the North Pacific in the

mid-1970s (1–8). The associated change in en-

vironmental conditions resembled a sustained El

NiDo–like state, whereby greater cyclonic activ-
ity of the atmospheric Aleutian Low Pressure

System was accompanied by warming in the

eastern North Pacific (1–14). The origin of this

ecosystem Bregime shift[ (15, 16) has been a

source of debate since its detection. On one

hand, changes in marine populations are often

attributed to decadal-scale fluctuations in ocean-

atmosphere conditions that are characterized

by the Pacific Decadal Oscillation (PDO) (1).

On the other hand, the ecosystem shift could

reflect penetration of a greenhouse gas–induced

warming in the global ocean (17–19) that ex-

ceeded a threshold of natural variability. A

major difficulty with attribution of cause is

the short length of most time series of cli-

mate and ecosystem variability. The debate is

further complicated by the fact that variations

in many marine populations could result di-

rectly from other anthropogenic influences

(such as habitat disturbance or fishing) and/or

indirectly by trophic cascades. It is therefore

difficult to distinguish threshold effects of a

warming trend on marine populations from

decadal-scale variability or other anthropogenic

influences.

We present paleoceanographic evidence to

show that populations of planktonic foraminifera

in the California Current were strongly affected

by a 20th-century warming trend. Planktonic

foraminifera have been used extensively in

paleoceanographic studies. They function at a

low trophic level and their species-specific

sensitivities to preferred hydrographic condi-

tions link their temporal variations to changes in
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climate and primary productivity, with little

evidence for controls of these assemblages by

higher trophic levels (20–29). Our analysis

builds on previous studies of variations in fo-

raminiferal abundances in Santa Barbara Basin

(SBB) sediments across El NiDo and stadial/

interstadial events (20–22) as well as studies of

species-specific preferred habitats near the SBB

(22–28). Although the SBB lies within an up-

welling environment, regional- and basin-scale

processes are considered more influential than

high-frequency, local processes (3, 4, 12–14).

The major interannual, decadal, and secular vari-

ations observed in sea surface temperature (SST)

and zooplankton abundance at or near the SBB

clearly follow the same patterns of variability

observed coherently throughout the California

Current (3, 4, 12–14, 30). Thus, foraminifera pre-

served in SBB sediments provide a rare opportu-

nity to compare 20th-century marine ecosystem

conditions with those from previous centuries.

A continuous high-resolution record from

SBB sediments results from high sedimentation

rates and the regular occurrence of anoxic bot-

tom waters, which inhibit bioturbation. Thus,

seasonal alternations in the deposition of lith-

ogenic and biogenic particles result in well-

defined annual laminae that can be counted

visually to develop a reliable chronology (31).

A principal components analysis (PCA) of

the temporal variations in foraminiferal abun-

dance from SBB sediments collected with a

Soutar box corer in 2001 captures two main

patterns of variability in the most abundant

species over nearly 300 years (Fig. 1). The first

principal component (PC1) involves a substan-

tial 20th-century increase in the abundance of

species of primarily tropical and subtropical

affinities, along with a decrease in the abun-

dance of Neogloboquadrina pachyderma (sin.),

a species with subpolar to polar affinity. The

second pattern (PC2) involves species with

known temperate to polar affinities. The am-

plitudes of these two PCs covary on multi-

annual to decadal time scales (P G 0.001) until

about 1959, when they begin to diverge (32).

Postdepositional dissolution of tests cannot ex-

plain these patterns because species with both

high and low resistance to dissolution have op-

posite loadings on the PCs (Fig. 2). Further-

more, comparing the amplitudes of the PCs

with the averaged abundance of the same spe-

cies constituting these PCs from separate SBB

box cores taken in different years shows that

the main temporal patterns are found in all

cores and are detectable by different analyt-

ical approaches (Fig. 3) (32).

The temporal variability of PC1 reflects the

principal multiannual to secular changes in SST

over the past century (Fig. 3). This connection

is not surprising because many of the tropical

and subtropical species have symbiotic algae

and favor environments with different combi-

nations of higher SSTs, deeper thermoclines,

and accompanying higher light levels (22–27).

Therefore, anomalous near-surface warming

and stratification, particularly in summer and

fall, would expand the duration and extent of

these species_ preferred habitats and, conse-

quently, their fluxes to the sediment (22–27).

The association of Globigerina bulloides with

PC1 is unexpected because it is typically as-

sociated with upwelling and/or conditions of

high productivity. However, for G. bulloides,

a threshold of unfavorable productivity can

be reached during strong springtime upwelling

in the nearby San Pedro Basin (23). In the SBB,

the greatest fluxes of G. bulloides occur in spring

of an anomalously warm year (e.g., 1997) and,

more typically, in summer (22, 25). Thus, the

Fig. 2. Species loadings on PC1 and PC2, together
with biogeographic affinities and dissolution sus-
ceptibility. Note that both species with high re-
sistance to dissolution (þ) and species with greater
susceptibility to dissolution (*) have a range of
opposing loadings on the two PCs.

Fig. 1. Fluxes of planktonic foraminifera in Santa Barbara Basin (SBB) sediments from box core BC3001.
(A to E) Taxa illustrating a significant trend (P G 0.0001 for each species) toward increasing abundances
in the 20th century: (A) G. bulloides, (B) N. dutertrei, (C) Globigerinoides ruber, (D) O. universa, and (E)
other subtropical species. (G to J) Species showing no temporal trend: (G) N. pachyderma (dex.), (H) T.
quinqueloba, (I) N. pachyderma (sin.), and (J) Globorotalia scitula. (F) Temporal amplitudes of the first
two principal components of the log-normalized time series of these species’ abundances. PC1 and PC2
explain 40% and 21% of the total variance, respectively. Species loadings on PC1 and PC2 are
shown in Fig. 2. ‘‘Other subtropical species’’ comprises the combined abundances of Globigerinella calida,
Globoturborotalita rubescens, Globigerinita glutinata, Globigerinella siphonifera, and Globigerinella
digitata, each of which occurred too infrequently to include individuality.

REPORTS

6 JANUARY 2006 VOL 311 SCIENCE www.sciencemag.org64



association of G. bulloides with PC1 apparently

reflects a preference for enhanced near-surface

stratification during conditions of shoaling of

isotherms (perhaps because prey would be more

concentrated under these conditions than with a

strictly isothermal water column). Accordingly,

we interpret PC1 as the foraminiferal response

to anomalous near-surface temperatures that

modify stratification across the annual cycle

of shoaling and deepening of isotherms.

The abundances of the deeper dwelling spe-

cies that constitute PC2 generally increase with

shallower isotherms and a cooler water column

in this region of the California Current (22–28).

However, there is also evidence that a strongly

isothermal water column and very high pro-

ductivity can be unfavorable for several of

these species (22–24). Thus, their optimal en-

vironmental conditions would include some

stratification, but less than for G. bulloides or

other species associated with PC1. According-

ly, we interpret the time series of PC2 as pri-

marily reflecting subsurface thermal adjustments

to local and basin-wide wind fields and heat

flux.

The covariation of PC1 and PC2 for much

of the past few hundred years preceding the late

20th century indicates that some near-surface

warming in the eastern Pacific can result in

favorable environmental conditions for most

species. Fluxes of species associated with PC1

would increase during late summer and fall,

whereas species associated with PC2 (and G.

bulloides) would generally increase during

winter, spring, and summertime upwelling

events. In addition, there may also be an

increase in upwelling favorable winds during

warm periods, because this has been observed

during stadial events (20) and the late–20th-

century warming (12, 13, 33). Nonetheless, up-

per ocean heat content has strongly increased

in the late 20th century because the effect of

atmospheric warming overwhelms the potential

cooling effect of wind-induced shoaling of

isotherms (12–14). Fluxes of species associated

with PC2 decreased in the late 20th century as

the deep, penetrative warming passed a thresh-

old of optimum stratification, unlike prior warm-

ing events.

The obvious increases in abundance of

several taxa through the 20th century (Fig. 1)

can be placed into better perspective by com-

paring equivalent size fractions of G. bulloides,

Orbulina universa, and Neogloboquadrina

dutertrei from the box core records with those

from a longer Kasten core record over the past

1400 or 1000 years (Fig. 4). The elevated

abundance of G. bulloides in the 20th century

is unique in comparison with any prior point

over the past 1000 years. The sustained high

abundance of O. universa after the mid-1970s

is also particularly unusual. The 20th-century

increases in N. dutertrei are moderate, relative to

both previous centuries and the previous 1400

years. The unprecedented abundance maxima

in two of three species examined shows that

the foraminiferal fluxes in the late 20th century

are not simply an extreme form of common

decadal-scale variability.

The combination of persistently higher

fluxes of tropical/subtropical species and higher

maximum fluxes in the 20th century indicates

that background climatic conditions may serve

to amplify the effect of El NiDo variability, and

to diminish the effect of La NiDa variability, on
marine populations in the California Current.

Although there is no evidence for a permanent

shift in the duration, magnitude, or frequency of

the El NiDo–Southern Oscillation in the past

several centuries (34), the greatest peaks in

abundance of most species associated with PC1

coincide with the largest and most extended El

NiDo events observed in the California Current

with instrumental records (Figs. 1 and 3). Also,

the strong La NiDa event of 1999 marks one of

the coolest periods observed in many instru-

mental records within the past 55 years (6).

However, unlike cool periods of previous cen-

turies, the subpolar speciesN. pachyderma (sin.)

did not increase in abundance; this species has

been nearly absent for 70 years.

Visual inspection of PC1 indicates that the

secular trend began around 1925, a time that

matches the rise in regional and global SSTs

(Fig. 3) (35). In models, ocean warming occurs

in the early 20th century in response to the ac-

cumulation of greenhouse gases, but relatively

deep mixing in most regions diffuses the warm-

ing throughout the water column to a magni-

tude that is less than background variability

(19). The increase in PC2 along with PC1 in-

dicates that increasing SSTs in the early 20th

century were accompanied by relatively shal-

low isotherms, which would result in a stronger

thermal gradient. A more stratified water col-

umn would inhibit deep mixing and concentrate

the early expression of any greenhouse gas–

induced warming in the near-surface, which in

turn might explain the strong involvement of

Fig. 4. Comparison of abundances of (A) G. bulloides, (B) O. universa, and (C) N. dutertrei in the 300-
to 500-mm size fraction from 5-year sampling intervals in Kasten core sediments with abundances of
the same species and size fractions from 2-year sampling intervals of box core sediments. The record in
(A) is shorter because this species was not enumerated from the earliest strata.

Fig. 3. Comparison of PC1 (bold solid line) with the SST record from the updated Kaplan reconstruction
for the 5- � 5- grid centered at 122.5-W, 32.5-N (vertical bars) in the California Current near the SBB.
PC1 is correlated with variations in SST from comparable 2-year averages of SSTs (r2 0 0.33; P G 0.001).
Arrows indicate strong El Niño events in the California Current. Also shown is the agreement of
foraminiferal variations from PC1 (core BC3001) with those from two other cores in the SBB. Thin
dashed line illustrates variations in averaged abundance of the same species loaded on PC1 from a core
taken in 1992 and analyzed in this study. Thin solid line illustrates average of the principal species
loaded on PC1 (G. bulloides, N. dutertrei, G. ruber, O. universa, and the combination of G. calida and
G. siphonifera) from a core taken in 1969 and analyzed by A. Soutar and W. Berger.
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the California Current region with the average

warming trend in the global ocean (35, 36). Our

findings point to the possibility that anthropo-

genic warming has affected marine populations

since the early 20th century, although only the

ocean warming of the late 20th century has

been confidently attributed to the accumulation

of greenhouse gases (17–19).

Probably the most distinctive change in the

foraminiferal record is the divergence in the

time series of PC2 from the trend in PC1 that

begins around 1960 and denotes a deeper pene-

tration of the near-surface warming. This diver-

gence reaches a maximum after the mid-1970s,

coinciding with the well-documented change in

climate and ecosystem throughout the North

Pacific (1–14). The changes in foraminifera

parallel decreases in the abundance of many

taxa of algae, zooplankton, fish, and seabirds

associated with temperate environments togeth-

er with increases in many other tropical and

subtropical taxa in the California Current (1–7).

A recent study indicates that nonlinear biolog-

ical responses to linear fluctuations in the

physical environment play an important role

in the ecosystem Bregime shift[ of the mid-

1970s (16). Although it might be true that the

foraminiferal response to SST and hydrography

is also nonlinear (e.g., the response to different

combinations of SST and thermocline struc-

ture), the divergence of the PCs in recent dec-

ades indicates that the trend in ocean heat

content can also play an important role in the

variations of some pelagic organisms.

The long-term warming trend described

here helps to clarify how the mid-1970s regime

shift in the North Pacific may be associated

with atmospherically driven warming. It is well

known that ocean changes since the mid-1970s

are linked to an intensification of the atmo-

spheric Aleutian Low Pressure System, which

was partially driven by tropical SSTs (9–11).

Atmospheric indices and tree ring–based recon-

structions of the PDO indicate that the

intensified Aleutian Low since the mid-1970s

is the most persistent on record (1, 9, 37, 38).

More important, coral records indicate that the

elevated tropical SSTs that drive cyclonic activ-

ity exceed prior decadal variability and were

likely forced by greenhouse gases (11, 34, 39).

Thus, although variations in the Aleutian Low

are a component of natural variability, the late

20th century experienced unusual tropical forc-

ing as well as increased atmosphere-driven heat

flux to the ocean.

Foraminifera provide one of the clearest ex-

amples of a direct influence of an ocean

warming trend on marine ecosystems because

(i) their variability is more clearly related to

hydrographic conditions than to trophic cas-

cades resulting from anthropogenic activities

occurring in the 20th century, (ii) a consistent

time series of observations can be extended

back hundreds of years, and (iii) the California

Current region is strongly related to the average

warming trend in the global ocean (35). Our

results indicate that the variability of forami-

nifera in the California Current in the 20th

century is linked to variations in SST and is

atypical of the preceding millennium. Given

that the trend in global SSTs has been at-

tributed to increases in greenhouse gases in the

atmosphere (17–19), it follows that the best

explanation for this ecosystem aberration is

anthropogenic warming that has passed a

threshold of natural variability. As the warm-

ing of the ocean and atmosphere is likely to

continue into the foreseeable future, the atypical

state of the ocean over the period of most

scientific observations must also be borne in

mind for effective monitoring and management

of living marine resources.
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