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[1] The dinoflagellate cyst record from Ocean Drilling Program Hole 893A, Santa Barbara Basin, southern
California, is examined at millennial-scale resolution for the past �40 kyr. Changes in cyst abundance,
composition of cyst assemblages, and their diversity reflect major shifts in climate and ocean circulation in the
region over this time interval. Throughout the sequence, dinoflagellate cyst assemblages are dominated by
heterotrophic dinoflagellates. Brigantedinium spp. and other upwelling-related taxa such as Echinidinium and
Protoperidinium americanum are abundant, indicating the continued influence of coastal upwelling on the basin
during the late Quaternary. A significant increase in cyst accumulation rates is seen during the Holocene and, to
a lesser extent, during shorter warming events such as Bolling/Allerod and Dansgaard-Oeschger interstadials,
implying enhanced marine productivity during these periods. Cyst diversity is high during the Holocene. An
increase in abundance of cysts produced by autotrophic dinoflagellates in the late Holocene suggests enhanced
input of warm, nutrient-rich waters. In contrast, cyst assemblages from the Last Glacial Maximum exhibit a
relatively low diversity and an increase in the cysts of heterotrophic dinoflagellates, in particular Selenopemphix
nephroides. The presence of this taxon in association with Brigantedinium spp. implies substantial cooling of
surface waters in the Santa Barbara Basin at that time.

Citation: Pospelova, V., T. F. Pedersen, and A. de Vernal (2006), Dinoflagellate cysts as indicators of climatic and oceanographic
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1. Introduction

[2] Previously published paleoceanographic records from
ODP Hole 893, drilled in the Santa Barbara Basin (SBB) on
the southern Californian borderlands, have provided de-
tailed information on late Quaternary climate variability and
the intensity of the upwelling in the region. Extensive
geochemical and microfossil studies of Core 893A have
yielded several important findings. Behl and Kennett
[1996], for example, observed that the warm interstadial
Dansgaard-Oeschger (DO) events recorded in Greenland ice
cores and in North Atlantic sedimentary records are
imprinted in the SBB sediments as a sequence of laminated
layers deposited under anoxic conditions. The same events
were identified in down core planktonic and benthic fora-
miniferal census data [Hendy and Kennett, 1999, 2000;
Hendy et al., 2002], in foraminiferal oxygen isotope (d18O)
records for both surface and thermocline-dwelling taxa, and
in shifts in the composition of foraminiferal assemblages.
Such data have yielded insights on the regional response to
variations in the strength of the California Current, the

intensity of upwelling, local temperature fluctuations, and
changes in deepwater ventilation in the SBB.
[3] This work adds to the existing body of paleoceano-

graphic information by presenting a millennial-scale analy-
sis of the dinoflagellate cyst record in the SBB over the last
40 kyr. Dinoflagellates, one of the principal groups of
marine phytoplankton, have a life cycle that includes a cyst
stage. Contrary to live dinoflagellates, cysts have highly
resistant organic walls that are in general well preserved in
marine sediments. Although certain cyst taxa may be
affected by oxidization [Dale, 1976; Zonneveld et al.,
1997] the dinoflagellate cyst record provides important
information where other mineralized microfossil taxa, such
as foraminifera, diatoms, and radiolaria, are subject to
dissolution.
[4] The distribution of dinoflagellate cysts in surface

sediments have been shown to correlate with physical
characteristics of overlying surface water masses [Wall et
al., 1977; de Vernal et al., 1994; Dale, 1996; Rochon et al.,
1999], even on relatively fine spatial scales [Pospelova et
al., 2004, 2005]. Hence cysts can be used for reconstruc-
tions of paleoenvironmental conditions, including sea sur-
face temperature and productivity. Studies of dinoflagellate
cysts along the Pacific margin of North America are
relatively rare, and have primarily focused on modern/
recent sediments [Kumar and Patterson, 2002; Mudie et
al., 2002; Prauss, 2002; Radi and de Vernal, 2004]. The
only studies of dinoflagellate cysts in the North Pacific that
span glacial and interglacial periods were conducted in the
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Gulf of Alaska by de Vernal and Pedersen [1997] and
Marret et al. [2001] where a quantitative reconstruction
of the SST was performed using the modern analogue
techniques.
[5] Recent work by Radi and de Vernal [2004] explored

the spatial distribution of dinoflagellate cysts and environ-
mental conditions in the Gulf of Alaska and along the
British Columbia and Oregon coasts. Their results have
highlighted the importance of seasonal upwelling intensity
on cyst export to the underlying sediments. Cysts produced
by heterotrophic dinoflagellates, in particular by the genus
Protoperidinium, dominate cyst assemblages in these
productive regions and can be used as an indicator of
active upwelling. Such observations appear to be universal:
Reichart and Brinkhuis [2003] for example, found that
changes in the relative abundance and concentrations of
Protoperidinium cysts in the Arabian Sea correlate with
major climatic events in the late Quaternary and reflect
changes in paleoproductivity. A similar signal could be

anticipated in the sedimentary dinoflagellate cyst record
along the upwelling margin of southern California.
[6] We document here variations in dinoflagellate cyst

abundance and species composition at approximately mil-
lennial-scale intervals in the Santa Barbara Basin over the
last 40 kyr. Our objectives are as follows: (1) to explore the
utility of dinoflagellates cysts in mapping both low- and
high-frequency climatic changes in this oceanographic
setting; (2) to compare changes so defined with variations
observed in other paleoproxies; and (3) to shed additional
light on climatic and oceanographic history in the region.

2. Environmental Setting

[7] The Santa Barbara Basin is a �600-m-deep semi-
enclosed basin located at the northern end of Southern
California Bight on the Northeast Pacific margin (Figure 1).
It is separated from the Southern California Bight by
several Channel Islands to the south and by a �230 m sill
to the east [Emery, 1960]. An approximately 475 m deep
sill restricts water circulation between the SBB and the
open ocean to the west. Below sill depth, the basin contains
oxygen-depleted waters that foster preservation of laminated
sediments.
[8] The hydrology of the Santa Barbara Basin is domi-

nated by the California Current System, which comprises
the California Current (CC), the Davidson Current and the
California Undercurrent [Hickey, 1998]. The California
Current transports relatively cold subarctic waters high in
dissolved oxygen and nutrients southward along the Pacific
coast of the United States up to 1000 km offshore, from the
Washington-Oregon border to southern California. South of
Point Conception, a portion of the CC turns southeastward,
then shoreward and northward to become the Southern
California Countercurrent or Southern California Eddy.
Point Conception generally separates the colder waters of
the California Current from the warmer waters circulating in
the Santa Barbara Channel.
[9] The California Undercurrent is a relatively narrow

countercurrent that flows over the continental slope north-
ward from Baja. The flow originates in the eastern equatorial
Pacific and carries warmer, more saline and nutrient-rich but
oxygen poor water to the north. The Davidson Current is a
seasonal surface flow that runs northward over the shelf zone
from Point Conception to Vancouver Island during the fall
and winter. It has been suggested that this current is a result
of the California Undercurrent surfacing in the fall when the
CC weakens [Pavlova, 1966; Huyer and Smith, 1974].
[10] Upwelling peaks in the summer, when northerly

winds are at a seasonal maximum [Lynn and Simpson,
1987]. The winds intensify the south-flowing California
Current, enhancing input of less saline, cold upwelling
waters from north of Point Conception to the Santa Barbara
Basin. In winter, when northerly winds weaken, the inten-
sified California Undercurrent enhances input of warm,
saline, oxygen poor and nutrient rich waters from the south.

Figure 2. Relative abundance of dinoflagellate cyst taxa that contribute more than 1% to the cyst assemblages. Solid dots
indicate rare occurrences (1.5% or less). Diagram shows position of the sample used in this study and total cyst counts on
the right, as well as dinoflagellate cyst zones and PCA values on the left.

Figure 1. Map showing the location of ODP Hole 893A in
the Santa Barbara Basin, bathymetry (meters) and surface
ocean currents on the southern California continental
margin.
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In addition, episodic ‘‘flushing events’’ replace deep waters
of the Santa Barbara Basin with cool, nutrient-rich, oxygen-
depleted waters derived from North Pacific Intermediate
Water to the west.

3. Material and Methods

[11] Ocean Drilling Program (ODP) Leg 146 Hole 893A
(Latitude: 34�17.250N; Longitude: 120�2.20W) was drilled
in 1992 at 576.5 m water depth, in the deepest part of the
central Santa Barbara Basin (Figure 1). The 196.5 m section
recovered spans the late Quaternary from 160 kyr to the
present. The sedimentary sequence consists of olive-gray
clay and silt with a few sand layers and is characterized by
repeated intercalations of bioturbated and laminated strata
[Behl, 1995].
[12] The chronology used in this study was developed by

Behl and Kennett [1996] and is based on varve counting for
the top 10 kyr and AMS 14C ages of planktonic foraminifera
for the remaining section of the core (the last 40 kyr).
[13] Samples were selected from the upper 59 m of the

core, sections 1H to 7H of ODP Hole 893A. Forty-nine
sediment samples were subsampled at �1 m intervals for
dinoflagellate cyst analyses (Figure 2). Sampling intervals
between the samples correspond to 0.08–1.8 kyr of depo-
sition, with an average of 0.8 kyr.
[14] Dinoflagellate cysts, foraminiferal organic linings

(thin inner organic layer of some foraminifera that resist
acidic dissolution), pollen grains and spores were recovered
using the following procedure. Samples of known volume
were oven-dried at 40�C, rinsed twice with distilled water,
and sieved through 125 mm and retained on 10-mm mesh to
eliminate coarse and fine material. Additions of 40% hydro-
fluoric acid (HF) for up to 3 days and 10% HCl for 30 min
removed siliceous phases and carbonates. The residue was
then rinsed twice with distilled water, sonicated for between
0.5 and 2.0 min and finally collected on a 10-mm mesh
sieve, having been centrifuged between each step. Oxidiz-
ing reagents were avoided in order to prevent the loss
of more fragile and delicate dinoflagellate cysts [Dale,
1976; Marret, 1993]. Marker-grains of Lycopodium spores
[Stockmarr, 1977] were added prior to sample treatment in
order to calculate cyst concentrations based on the dry
weight of sediments. Aliquots of residue were mounted
between a slide and coverslide in glycerin jelly, and paly-
nomorphs were studied under a light microscope at 1000x
of magnification. All microscope slides and residues are
stored in the Paleoenvironmental Laboratory, University of
Victoria, Canada.
[15] From 258 to 460 dinoflagellate cysts were counted in

each sample (Figure 2), averaging �360 cysts. Identifica-
tion was made on the basis of published descriptions in
accordance with taxonomy given in Lentin and Williams
[1993]. The cyst nomenclature conforms to Head [1996],

Zonneveld [1997], Head et al. [2001], and Pospelova and
Head [2002] and is provided in Table 1.
[16] Changes in cyst assemblages over time were analyzed

by determining the proportions of cysts of heterotrophic and
autotrophic dinoflagellates, species richness, Fisher alpha
diversity index, the total cyst concentrations as well as the
total cyst fluxes (or cyst accumulation rate). Total dinofla-
gellate cyst flux (cysts cm�2 yr�1), is the product of the
total cyst concentration (cysts g�1), the sedimentation rate
(cm yr�1), and the dry bulk density (g cm�3).

Table 1. Taxonomic Citation of Dinoflagellate Cysts Used in This

Studya

Cyst Species
(Paleontological Name)

Dinoflagellate Thecate
Name or Affinity (Biological Name)

Alexandrium tamarense
Brigantedinium cariacoense Protoperidinium avellanum
Brigantedinium simplex Protoperidinium conicoides
Brigantedinium spp. ? Protoperidinium spp.
Dubridinium spp. Diplopsalid group
Echinidinium aculeatum Diplopsalid or Protoperidinoid group
Echinidinium granulatum Diplopsalid or Protoperidinoid group
Echinidinium spp. Diplopsalid or Protoperidinoid group

Gymnodinium spp.
Impagidinium aculeatum Gonyaulax sp. indet.
Impagidinium pallidum Gonyaulax sp. indet.
Impagidinium paradoxum Gonyaulax sp. indet.
Islandinium brevispinosum Protoperidinium sp. indet.
Islandinium minutum Protoperidinium sp. indet.
Islandinium? cezare Protoperidinium sp. indet.
Lejeunecysta oliva Protoperidinium sp. indet.
Lingulodinium machaerophorum Lingulodinium polyedrum
Nematosphaeropsis labyrinthus Gonyaulax spinifera complex
Operculodinium centrocarpum
sensu [Wall and Dale, 1966]

Protoceratium reticulatum

Pentapharsodinium dalei
Polykrikos kofoidii
Polykrikos schwartzii
Protoperidinium americanum

Pyxidinopsis reticulata Gonyaulacaceae undif.
Protoperidinium type Protoperidinium group
Quinquecuspis concreta Protoperidinium leonis
Selenopemphix nephroides Protoperidinium subinerme
Selenopemphix quanta Protoperidinium conicum; P. nudum
Spiniferites bulloideus Gonyaulax scrippsae,

G. spinifera complex
Spiniferites membranaceus Gonyaulax spinifera complex
Spiniferites mirabilis Gonyaulax spinifera complex
Spiniferites ramosus Gonyaulax scrippsae,

G. spinifera complex
Spiniferites spp. Gonyaulax spinifera complex
Tectatodinium pellitum Gonyaulax spinifera complex
Trinovantedinium applanatum Protoperidinium pentagonum
Trinovantedinium variabile Protoperidinium divaricatum
Votadinium calvum Protoperidinium oblongum
Votadinium spinosun Protoperidinium claudicans
Spiny brown ?Protoperidinium group
Cyst type A ?Protoperidinium group

aThe cal equivalents are taken from Head [1996], Zonneveld [1997],
Head et al. [2001], and Pospelova and Head [2002].

Figure 3. Stratigraphic distribution of concentrations (shaded area) and estimated fluxes (dashed lines) of pollen grains
and spores of pteridophytes, foraminiferal organic linings, dinoflagellate cysts, cysts of autotrophic and heterotrophic
dinoflagellates. On the left, the diagram illustrates downhole values of dinoflagellate cysts vs. pollen & spores, autotrophic
vs. heterotrophic taxa, cyst species richness (solid line) and the Fisher index (dashed line).
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[17] Species richness is used in this study as a measure of
dinoflagellate cyst diversity (see discussion in the work of
Pospelova et al. [2002, 2005]). In order to make a correction
for nonequal cyst counts in samples, the Fisher alpha index, a
diversity indicator, was defined for each sample via:

S ¼ a * ln 1þ n=að Þ;

where S is number of cyst taxa (or species richness), n is the
cyst count and a is the Fisher alpha.
[18] A principal component analysis (PCA) was per-

formed on logarithmic values of relative abundances of
dinoflagellate cyst taxa in the assemblages using CANOCO
for Windows software. Prior to statistical treatment, some
dinoflagellate cyst taxa were grouped together on the basis
of morphological similarities. In particular, Brigantedinium
spp. (B. cariacoense and B. simplex) were grouped together
because cyst folding or orientation sometimes obscured the
archeopyle characteristics, thus preventing identification to
the species level. Because of great morphological similarity
between species of the genus Echinidinium, all taxa but
E. aculeatum were grouped as Echinidinium spp.

4. Results

4.1. Palynomorph Concentrations, Fluxes, and Ratios

[19] Core 893A hosts a rich sedimentary record of dino-
flagellate cysts, foraminiferal organic linings, pollen grains
and spores. Across the sampled sequence, estimated total
dinoflagellate cyst concentrations vary by an order of
magnitude, from �1,000 to 20,700 cysts g�1, averaging
�5,700 cysts g�1 (Figure 3). During the Holocene the
total cyst concentrations increased to an average of
9,100 cysts g�1 compared with 4,100 cysts g�1 in older
sediments. This increase is especially pronounced over
the last 5 kyr when the total cyst concentrations doubled.
Total fluxes of dinoflagellate cysts are calculated to be in
�300–5,700 cysts cm�2 yr�1 range, with an average of
1,400 cysts cm�2 yr�1 (Figure 3). As for the total cyst
concentrations, a significant increase in the total cyst fluxes
occurs in the last 5 kyr.
[20] Throughout the sedimentary sequence cysts produced

by heterotrophic dinoflagellates are significantly more abun-
dant than those of autotrophic affinity (Figure 3), averaging
5,000 cysts g�1 compared with 200 cysts g�1 for autotrophs.
Higher total cyst concentrations during the Holocene are due
to the increased abundance of cysts produced by heterotro-
phic taxa. Although relatively low, concentrations of the
cysts of autotrophic dinoflagellates increase after the Last
Glacial Maximum (LGM), reaching maxima in the second
half of the Holocene. This trend is reflected in the hetero-
trophic to autotrophic cyst ratio (Figure 3), which shows a
steady decrease after the LGM.
[21] Total concentrations and fluxes of pollen and spores

observed in the core vary from �5,400 to 40,300 grains g�1

and from 1,600 to 9,000 grains cm�2 yr�1 (Figure 3). In
the pre-Holocene section, the average concentration of
pollen and spores is �21,000 grains g�1, decreasing to
�12,100 grains g�1 during the Holocene. This trend is
opposite to that of the total dinoflagellate cyst abundance.

[22] The abundance of foraminiferal organic linings
increases significantly during the Holocene and particularly
over the last 5 kyr (Figure 3). Concentrations change from
�30 to 1,400 linings g�1 between 40 and 12 kyr to �800 to
1,700 linings g�1 between 12 and 5 kyr, but average 7,500
linings g�1 during the second half of the Holocene.

4.2. Dinoflagellate Cyst Assemblages

[23] Forty cyst taxa were identified in the studied section
of the core (Tables 1 and 2). The number of species varies
from 9 to 22 (Figure 3), with an average of 13, while the
Fisher index changes from 1.6 to 5.0 (Figure 3). There is a
general increase in species richness after the LGM, which
reaches its maximum during the Holocene.
[24] Throughout the sequence, the dinoflagellate cyst

assemblages are dominated by the round brown Protoper-
idinium cysts, primarily Brigantedinium spp. that are ac-
companied by Dubridinium spp., Echinidinium spp.,
Quinquecuspis concreta, Selenopemphix nephroides, S.
quanta, and cysts of Protoperidinium americanum (Figure 2
and Figures S1, S2, and S3 in auxiliary material1). Cysts of
the Gonyaulacales, primarily Spiniferites ramosus, Spinifer-
ites spp., Lingulodinium machaerophorum, and Operculo-
dinium centrocarpum sensu Wall & Dale, 1966, rarely
contribute more than 2% of the assemblages. Cysts belong-
ing to the order Gymnodiniales, namely Polykrikos kofoidii,
are occasionally present at <2%.
[25] Principal component analysis (PCA), performed on

cyst taxa percentages, yielded two first principal compo-
nents that represent, respectively, 31 and 17% of the total
variance (Figure 2). Ordination of each taxon based on the
two first principal component axes is shown in Figure 4. All
the autotrophic taxa are ordinated on the positive side of the
first principal component axis (PC1), whereas most hetero-
trophic taxa are scattered and form several groups (Figure 4).
The group of heterotrophic-related Polykrikos kofoidii,
Protoperidinium americanum, Echinidinium aculeatum,
Islandinium minutum, and spiny brown cysts have positive
PC1 values, whereas Brigantedinium spp. and Selenopem-
phix nephroides have negative values. From an ecological
perspective, taxa in the first group tend to indicate warmer
nutrient-rich waters, while the second group indicates cooler
nutrient-rich environments. This suggests that PC-1 reflects
the temperature gradients in nutrient-rich environments,
with higher values implying warmer waters. As seen in
Figure 5, PC-1 exhibits a clear trend over the temporal
scales of several kyr, having its maximal values during the
Holocene, steadily decreasing to the LGM, and having its
intermediate values during Marine Isotopic Stage 3 (MIS).
It remains to be seen whether smaller amplitude variations
of PC-1 on millennial to submillennial scales could be
interpreted as temperature fluctuations.
[26] Four dinoflagellate cyst zones (D1–D4) were recog-

nized, based primarily on the results of the PCA and the
relative abundance of individual dinoflagellate cyst taxa
(Figure 2).

1Auxiliary material is available at ftp://ftp.agu.org/apend/pa/
2005pa001251.
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4.2.1. Zone D1 (Samples From 40.08 to 26.83 kyr)
[27] The cyst assemblages in this zone are marked by the

highest number of Brigantedinium spp. (�84.7%), relatively
high abundance of Echinidinium spp. (�6.4%), and a
constant presence of Selenopemphix nephroides (�2.4%).
Cysts produced by autotrophic taxa contribute to less than
2.5% of the assemblages. This zone is characterized by
negative PC1 and the highest positive PC2 values and
approximately corresponds to the upper section of MIS 3.
4.2.2. Zone D2 (Samples From 25.69 to 11.18 kyr)
[28] Relative abundances of Selenopemphix nephroides

(�3.6%) and Quinquecuspis concreta (�2.6%) increase
noticeably in dinoflagellate cyst zone D2. S. nephroides
reaches its maximum (9.1%) during the LGM, whereas
Echinidinium spp. declines and exhibits the lowest values.
Brigantedinium spp. and Dubridinium spp. comprise �82.7
and 2.6% of the assemblages, respectively. Autotrophic-
related taxa contribute to less than 2.5% of the cyst
assemblages. Zone D2 is generally characterized by the
lowest negative PC1 and PC2 values. This zone can be
roughly matched to MIS 2, which includes the LGM.
4.2.3. Zone D3 (Samples From 10.70 to 5.35 kyr)
[29] The zone is marked by an increase of Dubridinium

spp. (�6.9%), appearance of cysts of Protoperidinium
americanum (�0.6%), relative rise in the abundance of
Echinidinium spp., and decrease of Selenopemphix neph-
roides (�1.1%) and Quinquecuspis concreta (�1.4%), as
well as a constant presence of Echinidinium aculeatum
(0.8%). Brigantedinium spp. dominates assemblages at
�79.2%. Cysts of autotrophic dinoflagellates comprise
�3% of the assemblages. Zone D3 is characterized by
positive PC1 and negative PC2 values, and approximately

corresponds to the first half of MIS 1 or the first part of the
Holocene.
4.2.4. Zone D4 (Samples From 4.32 to 0.01 kyr)
[30] An abrupt increase in Echinidinium spp. (up to 21%

or less) and cysts of Protoperidinium americanum (�6.4%)
characterize this zone. Dubridinium spp. gradually dimin-
ishes, averaging �1.8%. The zone is also marked by the
lowest abundance of Selenopemphix nephroides (�0.6%)
and Brigantedinium spp. (67.6%), whereas cysts of auto-
trophic dinoflagellates increase to �6%, primarily due to
Spiniferites and Lingulodinium machaerophorum in the top
samples. Zone D4 has the highest PC1 values and frequent
fluctuations of PC2. This zone corresponds to the second
half of MIS 1 or the most recent part of the Holocene.

4.3. Reconstructions of Sea-Surface Conditions With
the Best Analog Technique

[31] A reconstruction of the sea-surface conditions based
on the best analogue technique was attempted for this core.
Dinoflagellate cyst assemblages from the core samples were
matched to the existing reference database that includes
1054 sites from the North Atlantic and Northeastern Pacific
[de Vernal et al., 2001, 2005]. We followed the procedure
described by de Vernal et al. [2001]. The minimal mean
distance of the closest modern analog from the reference
assemblages and the core assemblages were very high
(>50), and beyond the threshold values for reliable recon-
struction. Significant number of dinoflagellate cyst assemb-
lages from Core 893A had no analogs in the existing
database. The absence of analogs and/or large dissimilarity
values can be partially explained by the low number of the
surface samples from this part of the Pacific, and upwelling
zones in particular.

5. Discussion

5.1. Major Changes in Climate and Paleoproductivity
in the Cyst Record

[32] Dinoflagellate cyst accumulation rates are considered
to reflect export production [Dale, 1996; Reichart and
Brinkhuis, 2003]. The rates observed in this work are
extremely high, being on average approximately two orders
of magnitude higher than fluxes reported from the Gulf of
Alaska [de Vernal and Pedersen, 1997], but similar to those
reported in Arabian Sea sediments [Zonneveld and Brummer,
2000; Reichart and Brinkhuis, 2003]. Such high accumula-
tion rates, on the order of 103 cysts cm�2 yr�1, are charac-
teristic of active upwelling regions.
[33] The temporal trends seen in both total cyst concen-

trations and fluxes in Core 893A, in particular the twofold
increase in both parameters during the Holocene (Figure 3),
coincide with higher concentrations of organic carbon seen
in previous work (Figure 5), supporting the notion that cyst
burial fluxes are a proxy for export production. We find a
significant linear correlation between the total dinoflagellate
cyst concentrations and %TOC shown in Figure 6, reflect-
ing covariant changes in these proxies of paleoproductivity.
[34] Another evidence for the variation in the paleopro-

ductivity over the last 40 kyr in the Santa Barbara Basin is
the change in the ratio of total cyst concentration to the total
concentration of pollen and spores. This ratio can be used as

Figure 4. Ordination of dinoflagellate cyst taxa based on
the results of the Principal Component Analysis. The first
PC axis represents 32% of the variance and the second 18%.
The black and gray squares identify cysts of heterotrophic
and autotrophic taxa, respectively.
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a proxy for comparison of marine and terrestrial productiv-
ities. The ratio of total cyst concentration to the total
concentration of pollen and spores shows a substantial
change in the Holocene (Figure 3), increasing from 0.2 in
the pre-Holocene to 0.8 during the Holocene, reflecting an
increase in marine production relative to terrestrial input
during this period. The increase in marine production during
the Holocene, and its second part in particular, is also
evident from the substantial increase in the concentrations
and fluxes of foraminiferal organic linings (Figure 3).
[35] High abundances of cysts produced by heterotrophic

dinoflagellates in upwelling regions have been previously
reported [Lewis et al., 1990]. Our results, showing the
dominance of Protoperidinium in the cyst assemblages,
and Brigantedinium spp. in particular, agree with such
observations, Since the cysts of Protoperidinium contribute
>60% of the dinoflagellate cyst populations throughout the
sequence, and given the association of this group of
organisms with upwelling zones, we conclude that coastal
upwelling continued to influence Santa Barbara Basin over
the late Quaternary, albeit with some degree of waxing and
waning.
[36] The distribution of heterotrophic dinoflagellates

reflects the availability of their preferable prey, diatoms
and small flagellates. Both are typically highly abundant in
upwelling regions [Taylor, 1987]. Hence it is logical to
expect a correlation between cyst abundance and diatoma-
ceous opal accumulation, and such a relationship is indeed
observed (Figure 5).
[37] The relatively low concentrations of cysts produced

by autotrophic dinoflagellates throughout MIS 3 and MIS 2
suggest that the contribution of dinoflagellates to primary
production was limited in these intervals, while the in-
creased concentrations and fluxes of such cysts in the
post-LGM deposits imply a more substantial contribution,
particularly in the late Holocene.
[38] The increase in the abundances of cysts produced by

autotrophic dinoflagellates, Spiniferites group and Lingulo-
dinium machaerophorum in particular, over the latest part of
the Holocene could signal the enhanced input of warm and
nutrient rich waters from the south. This conclusion is
instigated by the observation of a substantial increase of

relative abundance of cysts produced by autotrophic dino-
flagellates southward from Point Conception [Pospelova,
2005]. Other studies of dinoflagellate cysts records over the
last 200 yr in the SBB find that the proportion of Spinifer-
ites has a positive correlation with temperature [Prauss,
2002]. We believe that in Core 893A the ratio of hetero-
trophs to autotrophs can be used as a proxy for paleotem-
perature: the lower ratio would correspond to warmer
waters.
[39] Changes in the composition of dinoflagellate cyst

assemblages indicate SST variability in the Santa Barbara
Basin reflected in the change of PCA1 values. Dinoflagel-
late cyst assemblages (zone D2) from MIS 2, and particu-
larly the LGM, have the lowest score for PCA1 and are
characterized by the increase of cysts of heterotrophic
dinoflagellates, in particularly Selenopemphix nephroides.
Present day distribution of Selenopemphix nephroides along
the Pacific coast of North America shows that similar
abundances (5–10%) are found in surface sediments off
the coast of Oregon (40–45�N), decreasing southward
[Radi and de Vernal, 2004; Pospelova, 2005]. Selenopem-
phix nephroides is commonly found in the association with
Brigantedinium spp. in this region, but the latter exhibits
apparently a much wider latitudinal distribution and likely
has a larger temperature tolerance range. Therefore we
suggest that the increase in the ratio of abundances of
Selenopemphix nephroides and Brigantedinium spp. in the
SBB core may be used as a qualitative signal of cooling
episodes in the SBB. The ratio (Figure 5) peaks at the LGM
indicating the decrease in SST. This suggests a substantial
cooling of sea-surface waters in the Santa Barbara Basin
during the LGM possibly caused by migration of cold
subarctic waters to the region. A rough estimate for the
SST during the LGM can be drawn from the comparison of
present-day SST off the coast of Oregon with that in the
SBB. An average August SST [Radi and de Vernal, 2004;
Pospelova, 2005] off the coast of Oregon is �11–12�C,
which is 5–6�C lower than the present-day SST in the Santa
Barbara Basin. This suggests a similar, 5–6�C, difference in
the SST between the LGM and the present. These values
agree with the change in SST inferred from the foraminif-
eral assemblages [Hendy and Kennett, 2000] and are some-

Figure 6. Correlation of total dinoflagellate cyst concentrations with bioturbation index and %TOC.
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what larger than 2–3�C temperature difference between the
LGM and the present-day values suggested by the alkenon
paleotemperature analysis [Herbert et al., 1995].
[40] We summarized the average values for the main

parameters of the dinoflagellate cyst assemblages for the
following intervals: MIS 3, MIS 2 (including the LGM), the
LGM, and MIS 1 in Table 3. Changes of paleotemperatures
are reflected in values of PC1, the ratio of heterotrophs to
autotrophs, and the ratio of Selenopemphix nephroides to
Brigantedinium spp., whereas the dinoflagellate cyst pro-
duction is signaled by the fluxes of heterotrophic dinofla-
gellate cysts. Indeed, MIS 1 (the Holocene) and the LGM
are set apart by all parameters. Comparing characteristics of
dinoflagellate cyst records during MIS 3 with those of the
LGM and the Holocene, we find that most of the parameters
in MIS 3 have intermediate values, suggesting that on
average the SST during MIS 3 were lower than those in
the Holocene but higher than during the LGM. At the same
time, there is no evidence that the marine productivity
during MIS 3 was higher than in the LGM.

5.2. Climatic Events During MIS 2 and 3

[41] The �1 kyr sampling frequency in MIS 2 and MIS 3,
and �500 yr sampling in the interval from 15 to 10 kyr
allows identification of a number of climatic events in the
dinoflagellate cyst record.
[42] Prior to the Holocene the paleoproductivity, estimated

using the total concentrations and fluxes of dinoflagellate
cysts, remains relatively stable throughout the sequence.
However, during the studied upper section of MIS 3 the
total cyst fluxes experience significant modulation, showing
a factor of 7–10 contrast between the minima and maxima
(Figures 3 and 5). This modulation can be distinctly seen in
the fluxes of cysts of heterotrophic, autotrophic dinoflagel-
lates and foraminiferal organic linings (Figure 7). Maxima
in cyst fluxes coincide, within our accuracy, with warm
events in MIS 3 (Figure 7). In particular, warm Dansgaard-
Oeschger events 8, 7, 6, and 5 are associated with increased
total cyst and foraminiferal organic lining accumulation
rates (Figure 7). Both imply higher export production during
the events. A more detailed sampling would be needed in
order to establish a more precise correspondence between
the increases in the dinoflagellate production and the D-O
events. This might also help in detecting eventual SST
changes, notably the interstadial events 2, 3 and 4 that are
characterized by a short duration.
[43] More detailed sampling of the 10–15 kyr interval

defines decreased cyst accumulation (thus implied produc-
tion) during the Younger Dryas episode, and increased

accumulation (thus high export productivity) during warm
Bolling-Allerod (Figure 7). A drop in the productivity is
also seen during an episode associated with the Older
Dryas. The Bolling is also marked by a large increase in
fluxes of cysts of autotrophic dinoflagellates, and an in-
crease in the relative abundance of Spiniferites spp. which is
associated with warmer conditions. During the LGM, an
increase in marine productivity can be seen at 19–17 kyr
(Figure 7).
[44] Quantitative reconstruction of the paleotemperature

oscillations between stadials and interstadials during the
MIS 3 were attempted in the work of Hendy and Kennett
[1999] with the use of the foraminiferal record. Reconstruc-
tion of SST based on stable isotopic analysis suggested
rather large, �5 to 6�C, amplitude of variation in the SST
between stadial and interstadial episodes of the MIS 3.
Methods based on species composition of foraminiferal
assemblages, the transfer function and modern analogue
techniques, suggested similar amplitude of the SST modu-
lation, yet displaying a systematic shift of few degrees to
lower temperatures [Hendy and Kennett, 2000]. Noticeably,
this conclusion differs from the alkenone determinations of
the paleotemperature in the SBB [Herbert et al., 1995;
Doose et al., 1997], which suggest a reduced range of the
SST change between stadials and interstadials of 1 to 2�C.
Dinoflagellate cyst record provides some indirect support to
the interpretation of a reduced SST variation between
stadials and interstadials during the MIS 3. Although these
events are easily seen in the total cyst fluxes and concen-
trations, the composition of cyst taxa does not show
substantial millennial-scale variations, which implies either
the absence of strong changes in the SST or a reduced
response of dinoflagellates to the high-frequency climate
variations. The latter option seems to be unlikely given the
1–2� sensitivity of the dinoflagellate cyst assemblages to
the changes of the SST seen in the modern records.

5.3. Cyst Preservation

[45] The variations in dinoflagellate cyst fluxes observed
between stadials and interstadials raises the issue as to
whether this is a genuine signal of changing export produc-
tion or an artifact of poor cyst preservation resulting from
well-oxidized conditions in the surface sediments during the
stadials. Three lines of evidence argue against the latter
possibility. First, we did not detect any visual cyst degra-
dation during stadials relative to interstadials, and the
preservation of cysts of all taxa was very good throughout
the entire sedimentary sequence. Second, if postdepositional
oxidation had caused cyst degradation in the core, one could

Table 3. Summary of Average Values for Main Parameters of Dinoflagellate Cyst Record in Hole 893A

Marine Isotope Stage MIS3 MIS2 LGM (22–16 kyr) MIS1

Dinoflagellate cyst zone D1 D2 D2 D3 and D4
PC1 �0.23 �0.4 �0.58 0.59
Flux of heterotrophic dinoflagellate cysts (cysts cm�2 yr�1) 912 958 1,039 1,932
Flux of autotrophic dinoflagellate cysts (cysts cm�2 yr�1) 19 22 16 114
Ratio of heterotrophs to autotrophs 55 63 79 31
Ratio of Selenopemphix nephroides to Brigantedinium spp. 0.03 0.05 0.06 0.01
Species richness/Fisher index 11/2.2 12/2.5 11/2.1 17/3.6
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expect a significant negative correlation to exist down core
between the bioturbation index and the total cyst fluxes and/
or concentrations. No such correlation is seen (Figure 6).
Third, if oxidation had modulated cyst burial fluxes during
MIS 3 to the degree observed (i.e. suppressing the apparent
cyst fluxes by a factor of 7–10 during stadials), the same
suppression should have applied to the LGM, when bottom
sediments were also well oxidized. This would lead to a
dramatic conclusion that the actual productivity during the
LGM had been almost an order of magnitude higher
that indicated by the supposed ‘‘oxidized’’ assemblage.
Such a conclusion is not corroborated by any other proxy
of productivity [see, e.g., Ivanochko and Pedersen, 2004].
Therefore we conclude that the influence of oxidation on
cyst preservation in the SBB during the late Quaternary was
minimal.

6. Conclusions

[46] This work presents the first investigation of the late
Quaternary history of dinoflagellate cyst accumulation in

the Santa Barbara Basin. Dinoflagellate cysts are abundant
throughout the studied section of Core 893A, which spans
some 40,000 years, and accumulated at rates comparable to
those observed in other upwelling regions around the world.
Assemblages are dominated by Brigantedinium spp., im-
plying that upwelling was continuously present in the
region during the last 40 kyr. The Holocene and the Last
Glacial Maximum are clearly identifiable on the basis of
cyst abundance, composition of assemblages and diversity.
Minor climatic events, such as the Younger Dryas, Bolling/
Allerod and Dansgaard-Oeschger events are defined quite
clearly by variations in cyst accumulation rate.
[47] This work has demonstrated that the sedimentary

dinoflagellate cyst record does reflect climatic changes in
the late Quaternary on the California Margin, and it opens
the door for more detailed, high-resolution studies at ap-
propriate sites elsewhere. Such work should strive to
produce quantitative reconstructions of sea-surface temper-
ature and other important paleoenvironmental parameters.
But so doing will require significant enhancement of the
modern surface-sediment calibration data set for dinoflagel-

Figure 7. Flux estimates of foraminiferal organic linings and cysts of heterotrophic and autotrophic
dinoflagellates for 40–10 kyr. Gray bands represent warm climatic events (interstadials and the
Holocene).
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late cyst assemblages, and its extension to the temperate
zone along the Pacific coast of North America. This stands
as a priority for future work.
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