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Abstract

Increases in ‘red tides’ and other harmful algal blooms (HABs) during the past 50 yr on both the Atlantic and
Pacific coasts of Canada suggest that global-scale factors, such as climate change and increased international shipping
trade, are the driving forces. Because the historical record is too short to understand the long-term dynamics of HABs,
the Holocene history of harmful phytoplankton species was examined using ultra-high resolution studies {(annual to
decadal scale) of dinoflagellate cysts as a proxy for ‘red tide’ production. Paleoecological transfer functions were then
applied to the cyst assemblage data to determine correlations with changes in sea surface temperature and salinity.

Pacific records were obtained from varved marine sediments in Saanich Inlet, British Columbia, and in the Santa
Barbara Basin off California. Comparison of annual cyst production and historical plankton data provides cyst:theca
ratios from which the magnitude of past bloom size can be evaluated. The 10 500-yr Pacific record clearly shows that
the largest blooms correspond to cysts of Protoceratium reticulatum and Gonvaulax spinifera during the early
Holocene. Sporadic blooms of potentially toxic Alexandrium spp., Lingulodinium polyedrum and Gymnodinium spp.
also occurred from ca. 7000 to 3000 yr BP and more frequently from ca. 2000 to 3000 yr BP. Individual Holocene
blooms were up to 10 times larger than in the historical record but they almost always occurred sequentially, without
overlap of ‘red tide’ species. In pre-historical times, the bloom cycles started and stopped abruptly in 10 yr or less, and
they persisted for about 100-1000 yr. In contrast, the variability and near-concurrence of species blooms in the
modern (past 60 yr) record is unmatched in the past, and suggests disequilibrium of the natural ecosystem structure.

Atlantic records from La Have and Emerald basins on the Scotian Shelf are less precise because bioturbation limits time
resolution to ca. 25 yr. However, cyst abundances of ¢f. Alexandrium, Protoceratium reticulatum, Gonyaulax spinifera and
Lingulodinizm polyedrum were also an order of magnitude larger in the early Holocene, where they correspond to a summer
sea surface warming of 2-5°C. Lesser peaks also appear during the past 2000 yr where they apparently correspond to a
slight increase in winter temperature. There is no evidence of much lower salinity that would support stronger stratification.

The similarity of pre-industrial age cyst records of ‘red tide’ histories in the oceanographically different Pacific and
Atlantic regions of Canada indicates that climate change (including surface temperature and storminess) is the main driving
force stimulating blooms. This implies that HABs will reoccur regardless of efforts to limit spreading. However, reduced
pollution may decrease the HAB diversity, thereby stabilizing the population dynamics and increasing the predictability of
bloom occurrences. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

‘Red tides” is the name commonly used for oc-
currences or blooms of harmful algae (HABs)
that result from local or regional accumulations
of a single phytoplankton species which have a
negative affect on the environment {Anderson,
1994; Smayda, 1997). During a classical ‘red
tide’ outbreak, the plankion cells divide faster
than they are consumed or die and they accumu-
late near the surface so that the water takes on the

Table 1

color of the algal pigments. The actual color of a
so-called ‘red tide’ therefore depends on the pig-
ment composition of the algal species causing the
bloom. The colors range from the classical blood
red color of biblical times (Anonymous, in Exo-
dus 7:20-21) produced by the dinophycin pigment
of thecate dinoflagellates, e.g. Alexandrium tama-
rense and Pyrodinium bahamense, through reddish
brown, green and yellow colors produced by athe-
cate dinoflagellates, e.g. Karenia mikimotoi Dau-
berg et al. (2000), and chain-forming diatoms, e.g.

Species fisted as producing red tides or HABs, showing corresponding theca- and cyst-stage names and the associated toxic effect

Motile name Cyst name

Type of toxicity

Akashivo sanguinea No cyst
Gonvaulax digitale
Gonyaulax spinifera group

Gymnodinium nolleri

Bitectatodinium tepikiense
Spiniferites elongatus, S. membranaceus, |
Gymmnodinium nolleri cyst

Non toxic
Non-toxic
. mirabilis, S, ramosus Non-toxic
Non-toxic

Gymmnodinium veneficim No cyst Non-toxic
Gambierdiscus toxicus No cyst CFP
Dinophysis foriii No cyst DSP
Prorocentrum concavum No cyst DSp
Prorocentrum hoffmanianum No cyst DSPp
Provocentrum lima Possibly DSp
Prorocentrum maculosum No cyst DSP
Provocentrum micans Possibly DSp
Prorocentrum minipmim Mo cyst DSp
Provocentrum mininum var. mariaele- No cyst DSP
houriae
Provocentrim mexicaniom No cyst DSp
Amphidinium carterae No cyst Ichthyotoxic
Amphidinium klebsii No cyst Ichthyotoxic
Gonyaidax monilata No cyst Ichthyotoxic
Karenia mikimotoi No cyst Ichthyotoxic
Noctiluca scintillans No cyst Ichthyotoxic
Ostreopsis ovata No cyst Ichthyotoxic
Peridintum polonicum No cyst Ichthyotoxic
Pfiesteria piscicida Pfiesteria piscicida resting cyst Ichthyotoxic
Gymnodinum breve No cyst Neurotoxic shellfish
poisoning
Ostreopsis siamensis No cyst Palytoxin poisoning
Alexandrivm catenellu Alexandrium taumarense-type cyst PSP
Alexandrivum excavatum Alexandrium tamuarense-type cyst PSP
Alexandrium fundyense Alexandrium tamarense-type cyst PSP
Alexandrium ostenfeldii Alexandrium tamarense-type cyst PSP
Alexandrivm ramarense Alexandrium tamarense-type cyst pSp
Gymnodinium brevisulcatum No cyst PSP
Gymnodinium catenaium Gymunodinium catenatum cyst PSP
Pyrodinium bahamense (var. compressay  Polvsphaeridium zoharii PSP
Pyrodinium phoneus No cyst PSP
Protocerativm reticulatum Operculodinium centrocarpum Yessotoxin
Lingulodinium polyedrum Lingulodinium machaerophorum Uncertain
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Chaetoceros convolutus, to the milky-white color
of coccoliths, e.g. Emiliania huxleyi. Some ‘red
tide’ outbreaks are not actually visible as discol-
ored water but are nonetheless manifest as shell-
fish poisoning or other harmful events.

Most ‘red tides’ are harmful because oxygen is
removed from the water at night and during de-
cay of the plankton, and because the blooms are
unsightly and/or odorous (e.g. Hallegraeff, 1993).
The most widespread and important ‘red tides’
(Table 1), however, are the result of toxic dino-
flagellates which cause illness in humans by para-
lytic shellfish poisoning (PSP), diarrhetic shellfish
poisoning (DSP), and ciguatera fish poisoning
(CFP). There is no known cure for PSP and con-
sumption of large amounts in shellfish or lobster
is fatal to humans. PSP-causing dinoflagellates
and other toxic species may disrupt food webs
by harming zooplankton, larval fish and their
predators such as fish, marine birds and mammals
(Turner et al., 1998). Plankton species that can
avoid the toxins may be harmed by starvation
and induction of copious mucilage production
may lead to asphyxia in fish (Smayda, 1997;
Turner et al., 1998).

Dinoflagellates that cause ‘red tides’, human ill-
ness and loss of marine life are a major concern to
shellfish and fish farming industries throughout
the world (e.g. Dale et al., 1978; Steidinger and
Baden, 1984: Hallegraeff, 1993; Burkholder,
1998). In the Phillipines (Abuso et al. (1999),
blooms of Pyrodinium bahamense var. compressum
result in up to 21 human deaths per year (115
from 1983 to 1993) and CFP from Gambierdiscus
blooms has caused illness in over 1000 people per
vear, including 24 deaths (Wu, 1999). On a global
basis, there are about 2000 reported cases of shell-
fish or fish poisoning and 300 deaths per year,
with losses to Asian aquaculture industries being
as high as USS$0.5 billion per year (HallegraefT,
1993). In Canada alone, PSP ‘red tides’ caused
losses of about CANS4 million per outbreak for
coastal fish and shellfish industries during the
1970s, early 1980s and 1990s (e.g. Taylor, 1993;
Forbes, 1994), and this number is likely to in-
crease with the rapid expansion of shellfish and
fish farming following the collapse of the tradi-
tional cod and salmon fisheries. Furthermore,

there is an apparent increase in the number of
HABs that are of economic and/or societal impor-
tance: for example, the raphidophyte Heterosigma
akashiwo first appeared in fish pens of British
Columbia in 1976 (Taylor, 1993), with intense
blooms beginning in 1986; by 1996, financial
losses were estimated at CANS$10-20 million
(Whyte, 1998) or USS$1.5-8 million per event
(Horner, 1998). The Canadian government there-
fore presently spends ~$4 million per year on
monitoring programs to prevent public consump-
tion of shellfish contaminated by PSP and to stop
discharge of ballast water that may spread HABs
to new areas.

In North America, historical records show in-
creases of HABs during the past 50 yr on both the
Atlantic and Pacific coasts (e.g. White, 1987;
Martin and Richard, 1996; Taylor, 1993). This
widespread pattern suggests that global-scale fac-
tors, such as climate change and/or increased in-
ternational shipping trade, are the driving factors
in addition to increased use of the coastal zone.
Laboratory and field observations over the past
20 yr indicate that blooms of some of the most
common PSP dinoflagellates (Alexandrium and
Gonyaulax spp.) are triggered by warm sea surface
temperature (SST), high runoff and storm resus-
pension of their resting cysts (hypnozygotes).
However, results of laboratory experiments are
variable (cf. Cembella, 1998), and there are very
few long-term (more than 10-50 yr) records for
any single location (Hallegraeff, 1993).

The hypnozygotes of some ‘red tide” dinoflagel-
lates (Table 1) have sporopollenin-like cell walls
that are resistant to decay and can therefore be
used to trace the history of red tides from their
distribution on a geological time scale (e.g. Mu-
die, 1992; Emslie et al., 1996). Detailed Holocene
histories were described for Gymmnodinium catena-
tum-like cysts (Fjellsa and Norberg, 1996:; Thor-
sen and Dale, 1998) and cof. Alexandrium rama-
rense cysts (Miller et al., 1982). Thorsen and
Dale (1998) showed that peaks of G. catenatum-
like cysts correspond to intervals of climate warm-
ing during the past 2000 yr, but the resolution of
most records is too low (100 yr or more) to be
useful for comparison with the past 50 yr of cli-
mate change and increased HAB occurrences.
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Furthermore, it has recently been shown that
these G. catenaium-like cysts are cysts of Gymino-
dinium nolleri, a non-toxic species that does not
always cause ‘red tides’ (Ellegard and Moestrup,
1999). More studies of high resolution (annual to
decadal scale) records from pre-industrial age
sediments are therefore needed to understand
the long-term dynamics of ‘red tide’-producing
species and changes in their geographic distribu-
tion.

The primary purpose of this paper is to docu-
ment the Holocene history of HABs in high sed-
imentation rate cores from Pacific and Atlantic
regions of Canada as determined from ultra-
high resolution studies (annual to decadal scale)
of dinoflagellate cysts associated with ‘red tide’
production. First, however, resting cyst abundan-
ces in varved sediments are compared with plank-
ton sample data for corresponding years to pro-
vide a means of estimating the magnitude of ‘red
tide” plankton populations from the cyst proxy-
data. Where possible, paleoecological transfer
functions (Guiot, 1990; Rochon et al. 1999)
were then applied to the dinoflagellate cyst (=di-
nocyst) assemblage data to determine the relation-
ship between proxy-red tide occurrences and var-
iations in SST and/or salinity. Comparison of the
geological records from different oceans then pro-
vides a means of evaluating the relative impor-
tance of regional oceanographic regimes and glob-
al climate conditions on cyst production of ‘red
tide’ dinoflagellates. Finally, the magnitude and
frequency of ‘red tide’-producing dinoflagellates
in the pre-historic records from each region is
compared with the modern records to evaluate
the seriousness of the recent increase in HABs.

2. Methods

In 1977, 1987 and 1994, cores of organic-rich
(ca. 1% total organic carbon (TOC)), fine-grained
mud were taken from Emerald (cores 77-030-20;
87-003-004) and La Have basins {core 95-030-24)
on the Scotian Shelf, Atlantic Canada (Fig. 1, site
3), using Benthos-type piston corers {Scott et al.,
1984; Gipp and Piper. 1989: Levac, 2001). In
1994, the core site was chosen using high resolu-

tion seismic reflection profiles to select areas of
maximum Holocene sediment thickness and ab-
sence of gravity flow deposits; seismostratigraphic
correlation with lines across the 1977 site also
shows that this area is free from turbidites
(Gipp and Piper, 1989). All the cores were stored
at 4°C and were subsampled (5 em® volume) for
palynological studies within 1-12 yr after ship-
board recovery. The age of the cores was deter-
mined by radiocarbon ages on shells or benthic
foraminifera. Subsequently, comparison of the di-
nocyst assemblages in the time-equivalent 3000-
7000-yr BP sections of the 1977 and 1987 cores
from Emerald Basin showed no differential loss of
mid-Holocene cysts during storage over a 17-yr
period, although rapid loss of cyst viability has
been found in modern sediments stored for 13 yr
(Lewis et al., 1999).

The Scotian Shelf cores were processed for
palynology using standard methods for extraction
of marine palynomorphs (Rochon et al., 1999). In
brief, the method uses wet sieving with screen
meshes of 125 and 10 microns to remove sands,
fine silt (9-4 microns) and clays, followed by di-
gestion of inorganic material by 10% cold hydro-
chloric acid and 52% hot hydrofluoric acid ap-
plied in sequence. This method was selected
after tests using two other methods: acetolysis
(Faegri and Iverson, 1975) and the Schulze meth-
od . (Barss.and Williams, 1973), both of which re-
sulted in larger losses of dinoflagellate cysts. Mar-
ret (1993) also reported large losses of thin-walled
cysts from acetolysis in pelagic sediments. A
known number of exotic spores were added to
each sample in order to estimate the concentra-
tions of cysts per cm’ of wet sediment.

Cores from the Pacific region (Fig. 1, sites |
and 2) were taken from anoxic basins in Saanich
Inlet (cores 93-10,-11; ODP leg 169S, Hole
1034B) and off Santa Barbara (Core SB-262), re-
spectively. In these basins, organic-rich marine
varves have been deposited almost continuously
during the past 6000-8000 yr (Nederbragt and
Thurow, 2001; Hendy and Kennett, 2000). Dating
of cores by Pb-210, Cs-137 and C-14 methods
shows that in both study areas, each well-defined
laminated couplet represents 1 yr of deposition,
including a light-colored layer of biogenic materi-
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Fig. 1. Map of North America showing the change in number and distribution of reported toxic red tides since 1972. Rectangles
delineate the study areas in this report. Data sources are: Quayle, 1969; Prakash et al., 1971; White and White, 1985; Mlot,

1998.

al in spring-early summer and a dark-colored
mixed biogenic and clastic sediment in late
summer—winter (see Dean et al., 2001 for details).
The Saanich varves, however, are much thicker
(5-10 mm) than in Santa Barbara Basin (ca.
3 mm). Box cores (75-150 cm length) from both
study areas were used to calibrate modern cyst,
plankton and climate records for the past century.
The Saanich box cores were taken in 1993, using a
‘frozen finger’ box corer filled with dry ice (e.g.
O’Connell and Tunnicliffe, 2001). The Santa Bar-
bara core was taken in 1972 with a Soutar box
corer (Soutar et al.,, 1977). The long Holocene
record, however, was only studied in Saanich In-
let, using samples from the hydraulic piston core
taken in 1996 on ODP Leg 169S at Site 1034B.
Most subsamples from the annual varves were
very small (1-3.5 cm’, 98% water) and the resi-

dues had to be used for both pollen—spore studies
and dinocysts. Sieving, HCl and HF digestion,
and marker spore procedures were the same as
for the Atlantic samples. However, acetolysis di-
gestion is the standard method for extraction of
pollen and this method had previously been used
for a pollen study in Saanich Inlet by Heusser
(1983) who also reported the presence of intervals
very rich in dinoflagellate cysts. Tests were there-
fore made on duplicate samples from eight lami-
nae in order to determine the effect of a 1-min
acetolysis treatment on the extremely organic-
rich (ca. 5% TOC) varved sediments. No differ-
ences in species composition were found among
the treated and standard assemblages which were
dominated by thin-walled protoperidinioid species
and included gymnodinioids and Polvkrikos (Ta-
ble 2; Fig. 2.4), although the latter is known as a
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cyst-type easily destroyed by acetolysis in pelagic
marine sediments (Marret, 1993). For the Saanich
samples, it was further noted that some cellulose-
walled rhizopods and thecate cells (Fig. 2.6, 2.5)
had survived the acetolysis treatment, and recov-
ery of exotic spores was much higher than in the
non-acetolysed samples. It was therefore con-
cluded that acetolysis treatment is acceptable for
these extremely organic-rich, well-preserved an-
oxic sediments: in fact, this additional treatment
makes identification and counting easier because
of greater removal of organic debris.

Taxonomic names of dinocysts used in this pa-
per are those given by Williams et al. (1998) and
Rochon et al. (1999), except where noted. Names
of theca-stage dinoflagellates and other cyst-pro-
ducing HABs mentioned are those used by Mat-
suoka and Fukuyo (1995) except as noted. Light
photographs were taken with a Zeiss Ultraphot
microscope and interference contrast objectives;
scanning electron microscopy (SEM) 1mages
were obtained using an E3 Electroscan Environ-
mental Scanning Electron Microscope (ESEM) at
the Geological Survey of Canada-Atlantic.

Quantitative reconstruction of sea surface pa-
rameters was performed with the paleobioclimatic
analogs method (Guiot, 1990), based on calibra-
tion of modern dinoflagellate cyst assemblages
and sea surface parameters (Rochon et al,
1999). A reference database containing 646 sur-
face samples from the North Atlantic and adja-
cent basins, and from the North Pacific is used for
the reconstruction of sea surface parameters, in-
cluding the temperature and salinity of the coldest
(February) and warmest {August) months of the
year, and the seasonal duration of the sea ice
cover. Temperature and salimity data are from
the 1994 World Ocean Atlas; ice data are from
the National Sea Ice Data Center. For 55T and
salinity, the average of all measurements within a
30 nautical mile radius of each reference surface
sample was used. For the sea ice, we used the
average value of all available measurements with-
i a 1°x1° grid. To obtain the transfer function,
core-top taxa were first clustered to minimize the
amount of data by grouping species with close
associations and similar ecological requirements.
The modern reference database was then searched

Table 2
List of dinoflagellate cysts recorded from ODP Leg 169S,
Core 1035B in Saanich Inlet

Gonyaunlacoids: cf.  Alexandrium tamarense-type cyst
(rare—-abundant)
Ataxiodiniun choane (rare)
Lingulodinium machaerophorum
(occasional-common)
Operculodinium centrocarpum sensu Wall
and Dale, 1966 {common-abundant)
Operculodinium centrocarpum f. truncatum
sensu Mudie, 1992 (occasional)
Impagidinium pallidum (rare)
Nematosphaeropsis labyrinthus (rare)
Spiniferites spp. {occasional)
Spiniferites bentorii (rare)
Spiniferites belerius {occasional)
Spiniferites bulloideus (common)
Spiniferites delicatus (occasional)
Spiniferites dentatus (common)
Spiniferites elongarus {rare)
Spiniferites frigidus (rare)
Spiniferites lazus (occasional)
Spiniferites membranaceus (rare)
Spiniferites ramosus {common-—abundant)
Pyxidinopsis reticulata {occasional)
Pentapharsodinium dalei {rare)

Gymnodinioids:  Gymmodinium calenatum (rare-commorn)
Phaeopolyvkrikos hartmanii {occasional)
Polykrikos kofoidii {common)
Polykrikos sp. {occasional)

Diplopsaloids: Dubridinium caperatum {occasional)

Zygabikodinium lenticulatum {common)
Protoperidinioids:  Algidasphaeridium? minutwm var. minutum
(occasional)
Algidasphaeridium? minutum var. cezare
{rare}
Brigantedinium spp. {common-abundant)
Brigantedinium auranieum {common)
Brigantedinium cariacoense {common)
Brigantedinium grande (common)
Brigantedinium simplex (common-
abundant)
Lejeunecysia oliva {occasional)
Lejeunecyst sabrina (occasional)
Protoperidinium americamon (common)
Protoperidinium nuduwm (common)
Protoperidinium stellatiom (rare)
Quinguecuspis concrefa {comumon—
abundant)
Selenopemphix nephroides (common)
Selenopemphix gquanta (common)
Trinovaintedinium applanatum (occasional)
Xandarodinium xanthum (occasional)
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Fig. 2. Thin-walled dinoflagellate cysts and cellulose-walled phytoplankton from Saanich varved sediments, showing excellent
preservation despite use of acetolysis (scale bar=10 microns). 1-4 are ESEM images. 5-7 are from an interference light micro-
scope. (1-3) Quinguecuspls concretn. ODP Hole 1034B, section 11-5, 20 em. (1) Left lateral view showing intercalary archeopyle,
paraplate sutures and wall ornamentation; (2) right side of a different specimen showing paraplate sutures on the epicyst; (3)
dorsal view of a different specimen showing intercalary archeopyle and wall ornamentation. (4) Polvkrikos kofoidii, orientation
unknown. ODP Hole 1034B, section 11-3, 20 cm. {5-7) ODP Hole 1034B, section 9-5, 20 cm; 80 m sub-bottom. (5) Protoperidi-
nium sp. theca with cellulose walls and cell content; optical section. (6 and 7) Fresh water rhizopod with cellulose walls. (6) High
focus showing surface details; (7) optical section of the same specimen.

for the 10 best analogs clustered on log-trans- logs, the analyzed spectrum is compared to those
formed data, using equal weighting of taxa. in the reference database, using a similarity index.

The logarithmic transformation diminishes the The output is expressed as a ‘distance’ between 0
representation of ubiquitous taxa, and enhances and 999 that is calculated for each analog based

that of secondary taxa. During the search for ana- on its similarity with the analyzed spectrum. This
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‘distance’ also allows identification of no-analog
situations. The reconstruction of sea surface pa-
rameters is based on the 10 best analogs found in
the reference database. The weighted average of
the environmental parameters is then calculated,
taking into account the respective distances be-
tween the analyzed spectrum and the 10 modern
analogs. This weighted average 1s considered as
the most probable true value and it is included
within a confidence interval that corresponds to
minimum and maximum values possible accord-
ing to the set of analogs. The precision of the
reconstructions varies from R=0.915 for sea ice
cover duration to R=0.964 for February temper-
atures (cf. Rochon et al., 1999). Reconstruction of
temperatures in February and August is accurate
to £1.18°C and % 1.57°C, respectively, the salin-
ities in February and August are accurate to
£0.66 and +1.00 psu, respectively, and the sea
ice reconstructions are accurate to T 1.1 months/
VI

3. Environmental background

3.1. Pacific region

Saanich Inlet (ca. 48.75°N, 123.5°W) and Santa
Barbara Basin (ca. 34.25°N, 120°W) are located in

55°N

7/
=

T ]

Canada

50°N+

45°N -

135°W
Fig. 3. Location map of Saanich Inlet (large black dot) in
the NE North Pacific (area | in Fig. 1), showing the major
offshore summer surface currents (bold arrows) flowing north
{Alaska Current) and south (California Current). Thin ar-
rows are variable coastal currents. After Thompson (1981).
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Fig. 4. Location map of Santa Barbara Basin (area 2 in Fig.
1), showing bathymetry in meters, California Current (bold
arrow) and coastal counter currents. After Hendy and Ken-
nett (2000).

the eastern North Pacific Ocean, near the north-
ern and southern ends of the California Current,
respectively (Figs. 3 and 4). The California Cur-
rent is a southward-flowing eastern boundary cur-
rent formed by mixing of waters from the temper-
ate, saline North Pacific Drift and the colder,
fresher subpolar Aleutian Current. The surface
water of the California Current (0-150 m) is
underfain by a northward-flowing undercurrent
that normally wells up, bringing cold, nutrient-
rich water 1o the surface in winter-spring in the
south and in summer in the north. During most
El Nifio conditions, however, the surface water
becomes unusually warm and strongly stratified,
so that upwelling is suppressed (Mysak, 1986).
Sediments in both Saanich Inlet and Santa Bar-
bara Basin are varved (Dean et al., 2001; O'Con-
nell and Tunnicliffe, 2001), reflecting the presence
of anoxic bottom water in these nutrient-rich,
high sedimentation basins. Each annual layer con-
sists of alternating light and dark laminae that
represent diatom-rich spring-early summer opa-
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2-Scotian shelf:

bioturbated mud

Accumulation rate:

6-12 cm per century
(0.6-1.2 mm per year)

1-Saanich varves:
no mixing

Accumulation rate:

0.5-1 em per vear

Fig. 5. Block diagrams illustrating the differences between sedimentation rates and appearance in (1) varved Pacific cores and (2)

bioturbated Atlantic basins.

line deposits and clay-rich late summer—winter de-
posits, respectively (Fig. 5.1). Saanich Inlet, on
the southeast coast of Vancouver Island, is a nar-
row coastal fjord about 26 km long and 8 km
wide, with a maximum water depth of 236 m
(Fig. 3). It is separated by a 70-m-deep bedrock
sill from the waters of the southern Strait of
Georgia between the Island and mainland British
Columbia. Annual SST and salinity are ca. 13°C
and 30 psu at the Saanich core site, with a season-
al range from 5 to 22°C and 21 to 32 psu. The
history of PSP ‘red tides’ for this area dates back
to 1793 when Captain George Vancouver re-
ported the death of a sailor alter eating mussels
(Quayle, 1969). Before 1985, ‘red tides’ occurred
at roughly 7-8-yr intervals (Gaines and Taylor,
1985), but subsequently, there has been a large
increase of HABs in the fjords of Vancouver Is-
land and the adjacent mainland, and there is con-
cern that increased aquaculture, urban expansion
and associated pollution may be causing excessive
nutrient enrichment as well as introducing new
HAB species (e.g. Heterosigma akashiwo) in bal-
last water from foreign ships or with imported
shellfish varieties (see papers in Forbes, 1994).

Santa Barbara Basin is located on the continen-
tal shelf north of the Santa Barbara Islands
(Fig. 4). It has a maximum depth of 590 m, but
it is separated from the main shelf area by a sill of
440-480 m depth which results in the anoxic bot-
tom water layer (Sholkovitz and Soutar, 1975).
Annual SST and salinity are slightly warmer (ca.
15°C) and much more saline (35 psu) than in
Saanich Inlet. Outbreaks of ‘red tides’ (mostly
Prorocentrum micans, Noctiluca scintillans and
Lingulodinium polyedrum) in this area occurred
every few years between at least 1901 and 1979
(Sweeney, 1975, 1979) but there has been no clear
trend towards increasing recent occurrences (Kah-
ru and Mitchell, 1998).

3.2. Atlantic region

Emerald Basin (ca. 44°N, 63°W) and La Have
Basin {ca. 44°N, 64°W) are located on the Scotian
Shelf in the northwestern North Atlantic Ocean,
near the confluence of the subtropical Gulf
Stream and the subpolar Labrador Current
(Fig. 6). The Gulf Stream is a northward-flowing
western boundary current formed by outflow of
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warm, saline water from the tropics, while the
Labrador Slope Current is a southward-flowing
western boundary current formed by overflow of
cold, low salinity water from the Arctic. These
two western boundary currents interact to form
warm core eddies that periodically cross the Sco-
tian Shelf, transporting unusually warm water to
the inner shelf in the vicinity of Emerald Basin
(Smith and Schwing, 1991). On the shelf, the sur-
face Scotian Shelf Current is formed by the out-
flow of low salinity water from the Gulf of St.
Lawrence. This cool, low salinity water mostly
flows southwest along the coast, but branches
near Halifax, with the southern branch skirting
the northern edge of Emerald Basin and crossing
La Have Basin (Loder et al., 1997). The Scotian
Shelf circulation and variability are primarily
driven by surface wind stress and buoyancy
fluxes. Minor coastal upwelling occasionally oc-
curs along the south coast when strong southwest-
erly winds prevail (Petrie et al.,, 1987). More fre-
quent topographically induced upwelling and
downwelling occur off western Nova Scotia (Tee
and Smith, 1993), but does not extend to the
study areas on the central shelf where strong
stratification or downwelling during winter cool-
ing normally prevail. Large dinoflagellate ‘red

tide’ outbreaks in summer and fall are more likely
to be associated with storm-induced resuspension
of hypnozygotes into a strongly stratified surface
layer made buoyant by high runcf.

Sediments in both Emerald and La Have basins
are organic-rich, bioturbated olive-gray to black,
methane-rich silty clays (Fig. 5.2), reflecting the
presence of low oxygen bottom waters and high
input of both marine and terrigenous organic
matter (Pocklington et al., 1991). Bioturbation
to depths of 7 cm means that temporal resolution
of events is limited to about 25 yr (J.N. Smith,
personal communication, April 2000). Both Emer-
ald and La Have basins are about 75 km long and
50 km wide, with maximum depths of ca. 260-290
m, and separated from the Scotian Slope by rela-
tively shallow (75 m depth) sills. Annual SST and
salinity are ca. 13°C and 32.5 psu, with a very
large range between winter and summer SST
(1.8°C and 17°C, respectively). The recorded his-
tory of ‘red tides’ dates back to 1880 AD and
shows that recurring blooms of Alexandrium ta-
marense appear to be endemic to the Gulf of St.
Lawrence and Bay of Fundy regions of Nova
Scotia (Martin and Richard, 1996). However,
there were no ‘red tides’ on the Scotian Shelf
and Newfoundland before ca. 1986 when out-
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Fig. 6. Location map of Scotian Shelf sites (area 3 in Fig. 1), showing the 200-m and 1000-m bathymetric contours and the main
surface currents dominating the shelf, including the westward-flowing Nova Scotia Current, the eastward-flowing Gulf Stream

(bold arrows), and the Labrador Slope Water (thin arrows).
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breaks of toxic blooms appeared in shellfish farm-
ing areas. Most recently, 4. ramarense and Pro-
rocentrum lima have appeared on Georges Bank,
forcing periodic closure of the scallop-dredging
industry at a cost of CANS7 million per year.

4. Results of Pacific varved sediment studies
4.1. Box cores

Abundances of ‘red tide’-producing cysts were
counted in consecutive annual laminae of the box
cores to provide geological proxy-records that
could be correlated to the motile-stage cell abun-
dances reported for each year during the past
half-century of historical records. In Saanich Inlet
(Fig. 7), resting cysts of four HAB species were
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found in Box cores 10 and 11: Alexandrium cyst-
type (presumed to be a cyst of Alexandrium cate-
nella; see Fig. 8.1), Lingulodinium polyedrum, Go-
nyvaulax spinifera and Heterosigma cyst-type (see
Fig. 8.3, 8.4) which corresponds closely to the
motile-stage occurrences of HABS reported for
the region. A few thecate cells of Akashiwo san-
guinea were also found i varves for 1957 and
1989. The only ‘red tide’ dinoflagellates not rep-
resented in Saanich sediments are Prorocentrum
micans and Dinophysis spp. In Santa Barbara Ba-
sin Core 262 (Fig. 7), L. polyedrum is the only red
tide-producing species with a continuous record;
the other HAB species (4. sanguinea, Cochlodi-
nium Spp., P. micans and Noctiluca scintillans)
are not known to produce fossilizable resting cysts
and no thecate cells were found in this core.
Comparison of the proxy-data cyst records with
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Saanich Core 11: graphs of annual red tide cyst deposition (cysts/em’/yr) from 1935 to 1993, and concentrations of dlex-

andrium catenella and Akashiwo sanguineum motile cells (cells/mi) reported for the study area from 1942 to 1993.
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o

Fig. 8. Interference light microscope photographs of selected HAB species (scale bar =10 microns). 1, 2 and 5 show oval cysts of
cf. Alexandrium tamarense with a simple wall structure: 5 also shows the Alexandrium excavatum cyst-type of Simard and de Ver-
nal (1998). (1) Sannich Inlet Core 11, 10.1-104 cm. (2) Perch Pond sample provided by Don Anderson. (5) Cysts from Core 77-
002-20, Emerald Basin, 1050 cm. 3 and 4 are Hererosigma-type cysts from varves corresponding to blooms of Heterosigma aka-
shiwo in Saanich Inlet. (6 and 7) Cysts of ¢f. Gymmnodinium nolleri from Saanich Inlet, ODP Core 1034B, 4H-1, 9--10 cm. (6) high
focus on archeopyle margin: (7) low focus on reticulate ornament. (8-10) Cysts of ¢f. Gymnodinium catenatum from Saanich In-
let, ODP Core 1034B, 4H-1, 910 cm. (8) High focus on finely reticulate surface; (9 and 10) low and high focus on a germinated

cyst.

graphs of the motile cell abundances, as shown
for Alexandrium and Lingulodinium polyedrum in
Figs. 7 and 9, indicates that most red tide events
(cell abundances > 1000 cells/ml) correspond
closely (£2-3 yr) to the presence of peaks of ca.

200-500 cysts/cm?/yr. However, few of these cyst—
theca peaks are concurrent, i.e. appearing in ex-
actly the same year. This apparently anomalous
finding is consistent with the calculation of Lewis
et al. (1985) which shows that relatively few cysts
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Fig. 9. Santa Barbara Core 262 annual deposition of Lingu-
lodinium polvedrum cysts from 1925 to 1970 and recorded
SST dewviations for corresponding years.

(10/cm?®) are needed to initiate a bloom when
growth conditions are favorable. However, these
earlier studies were based on short-term (1-2 yr)
plankton sample programs and mixed surface
sediment cyst populations. Our varved records
show that most of the dinocyst peaks precede
the motile blooms by 1 or 2 yr. This pattern is
in accordance with studies (Franks and Anderson,
19923 that describe the importance of storm resus-
pension of cysts for ‘seeding’” of very extensive red
tide events: obviously, the larger the viable cyst
population, the more likely that blooms will be
initiated over a large area. The varve records
therefore indicate that the conditions controlling
the production of abundant cysts are as important
as the cell division-stage conditions for generating
red tide outbreaks.

The historical varve records also show that
some cyst peaks actually follow the plankton

peaks, possibly reflecting the occasional influx of

fine sediment as turbidity currents (cf. Sholkovitz
and Soutar, 1975) or by offshore transport in den-
sity plumes. Furthermore, although some cyst
peaks correspond to El Nifio events, most lag
the events by 1-3 yr, notably even in the years
1942 and 1972-1973 which correspond to very
strong El Nifios (Mysak, 1986). This irregularity

in the varve record is in accordance with previous
work of Gaines and Taylor, 1985) who found that
periodic (7-8-yr intervals) large red tide outbreaks
in summer and fall may be associated with some
but not all El Nifio events.

The lack of consistent direct correspondence
between annual motile cell and cyst production
is not mmportant for low resolution time-series
studies because bioturbation results in the mixing
of sediment layers deposited over several years
{e.g. Anderson et al., 1982). For varved sediment
records, however, it must be noted that sampling
at multi-annual intervals will allow detection of
time intervals when ‘red tide’ cyst production is
very large, with numerous closely spaced peaks,
but mmnimum ‘runs’ of 5 consecutive yr are neces-
sary for meaningful statistical time-series analysis
of recurrence intervals.

4.2. ODP Hole 1043B, Saanich Inlet

At Site 1034B, about 80 m of varved marine
sediments was recovered (Fig. 10), representing
annual deposition of light diatom-rich laminae
i spring—early summer and dark, muddier lami-
nae in late summer-winter (McQuoid and Hob-
son, 1997; Dean et al.. 2001). Eight accelerator
(AMS) radiocarbon ages on shells and wood par-
ticles provide calibration for the varve-count age
scale (Nederbragt and Thurow, 2001) and indicate
there is an almost uninterrupted sequence of an-
nual layers covering the past 10650 yr BP (uncor-
rected radiocarbon ages).

For this study, the annual layers were sampled
every 10-20-cm intervals, where each sample rep-
resents the net deposition of cysts in late summer
to late winter of 1 yr. Unfortunately, the laminae
at the top of the ODP hydraulic piston core were
badly disturbed during the coring operation. Con-
sequently, varves for the past ca. 1000 yr could
not be sampled in Core 1034B. For comparison of
decadal-scale trends for the youngest Holocene,
therefore, the decadal-scale record for the past
150 yr in Box Core 11 has been spliced to the
top of the ODP record.

Most of the Holocene dinocyst assemblages in
Saanich Inlet are dominated by cysts of hetero-
trophic protoperidinioid species that are non-toxic
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Fig. 10. Geological record from Saanich Inlet at ODP Site 169S, Site 1034B, showing variations in cyst influx (cysts/em’/yr) for
total gonyaulacoids and for cyst-forming red tide species compared to changes in climate according to the pollen record of Pellatt
et al. (2001) and % deviations in orbital insolation for summer (S) and winter (W).

and do not produce ‘red tides’ (see Table 2 for full
species list). Here, it is mostly the autotrophic
gonyaulacoids that produce ‘red tides’, although
the gymnodinioids Gymmodinium catenatum and
sometimes the non-toxic Gymnodinium nolleri are
exceptions to this generalization, and in warmer
regions, some Peridinium species may produce red
tides. Although the protoperidinioids in Saanich
Inlet probably do not contribute directly to our
understanding of ‘red tide” history, the presence at
the base of the core of very delicate species such
as Trinovantedinium applanatum and Polykrikos
kofoidii, and a few thecate cells with cellulosic

walls (Fig. 2.5-2.7) 1s important in eliminating
the possibility that downcore trends are not sim-
ply a function of better preservation of the more
resistant gonyaulacoid species. Excellent preserva-
tion of cellulose and delicate cysts in the anaero-
bic sediments probably also accounts for the un-
usual preservation of Heterosigma raphidophyte
resting spores in the subsurface sediments (see
6.1. *Assumptions about bloom sizes’ for further
taxonomic details).

On a large scale, the Holocene record of ‘red
tide” production in Saanich Inlet shows the fol-
lowing main features:
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(1) All the modern red tide-producing dinofla-
gellates and Heterosigma spores are intermittently
represented in the records at least as far back as
8000 yr BP.

(2) During the cool late glacial-earliest Holo-
cene climate interval {ca. 10600-10000 yr BP),
annual gonyaulacoid cyst deposits were as large
or larger (by almost an order of magnitude) than
the modern cyst deposits that accompany ‘red
tide’ blooms {ca. 10000 cysts/em>/yr).

(3) In the warm middle Holocene interval, very
large annual cyst deposits (i.e. greater than 500
cysts/em?/yr) are scattered and rarely exceed 600
cysts although scattered large blooms of Alexan-
drium-type cysts occur during the hypsithermal
maximum from 7000 to 5000 yr BP.

(4) Larger annual deposits (1500-3000 cysts/
cm?/yr) are common both at the top of the hyp-
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sithermal maximum and during the cooling event
about 4000-1000 yr BP.

(5) The very large modern deposits (5000-
10000 cyst/em?/yr) associated with recent global
warming differ from earlier large blooms in the
simultaneous occurrences of two or more HAB
species. There 1s no precise correlation with the
pollen climate record for ODP Core 1034B (Pel-
latt et al., 2001), but the largest blooms occur at
the time of greater summer insolation in the early
Holocene summer and milder winters in the late
Holocene (Fig. 10).

On a detailed scale (Fig. 11), the dinocyst re-
cords indicate that there were successive cycles of
‘red tide” cyst species dominance, beginning with
huge bi-decadal or more frequent occurrences of
cysts produced by the yessotoxin-containing spe-
cies Protoceratium reticulatum. At about 10200 yr
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Fig. 11. Expanded late glacial-early Holocene records for Saanich Inlet at ODP Site 1698,

cyst deposits (cysts/em?’/yr) for ‘red tide’ species.

Site 1034B, showing the succession of
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BP. a series of alternating smaller (ca. 500 cyst/
cm?/yr) peaks of the non-toxic ‘red tide’ cyst-pro-
ducing species Gonyaulax spinifera begin and
gradually replace the P. reticulatwm cyst peaks
until about 9500 yr BP. From 9.5 to 9 ka, there
is a notable absence of large HAB cyst occur-
rences, although ellipsoidal cysts of the toxic
Alexandrium-type make their first appearance
and the ichthytoxic species Heterosigma appears
in large numbers (relative to the modern data)
just after 9 ka. Within 25 yr or less, this Hetero-
sigma event is followed by the beginning of a
succession of Gymmnodinium (PSP) Gymmnodinium
nolleri (non-toxic) blooms occasionally alternating
with small blooms of the red tide species Lingulo-
dinium polyedrum, after which there is an interval
of alternating small Alexandrium and Gymnodi-
nium blooms until ca. 5 ka. From ca. 5 to 2 ka,
there is a dominance of non-toxic G. spinifera
blooms alternating with occasional small blooms
of either Gymmnodinium or Alexandrium, and with
large peaks of Heterosigma-type spores. From ca.
2 to 1 ka, Gymnodinium dominates, interspersed
with a few peaks of Lingulodinium or, rarely, Pro-
toceratium.

The modern section (past 150 yr) differs from
the older record in showing concurrent major
blooms of Gonvaulux spinifera, Lingulodinium
polvedrim and Alexandrium tamarense, or at the
top {dated 1993), G. spinifera, A. tamarense and
Heterosigma. The only other times where blooms
overlap, e.g. 3500 yr BP, correspond to sedimen-
tological evidence of major earthquakes (Blais-
Stevens et al., 1997) which generated major turbi-
dites and may have seeded short-lived multiple
blooms.

On a decadal scale, the ultra-high resolution
data from the Saanich varves also show the rates
at which sustained bloom cycles start and stop. It
is clear that species cycles start very abruptly — in
10 yr or less — and that most persist at intermit-
tent intervals for about 100-1000 yr before return-
ing to background population sizes.

5. Results of NW Atlantic shelf studies

The cores from the Scotian Shelf basins are

bioturbated muds with rare silty or fine sand lam-
inae that mark intervals of more frequent storms
(Hall and Reed, 1996 Calvin Campbell, personal
communication, April 2000). The resolution of
these cores is therefore limited to tri-decadal (La
Have Basin) or longer time intervals (Levac,
2001).

5.1. La Have Basin

The 10-m-long piston core from La Have Basin
has a maximum age of ca. 10.5 ka BP. As in
Saanich Inlet, the dinoflagellate cyst record (Fig.
10y is dominated by cysts of heterotrophic proto-
peridinioid dinoflagellates (Levac, 2001). Before
10 ka BP, however, cyst concentrations reach
their maximum and there are major peaks of
Alexandrium excavatum cyst-type of Simard and
de Vernal (1998). including minor amounts of
smooth-walled oval Alexandrium tamarense-type
cysts {see Fig. 8) and Protoceratium reticulatum.
Minor peaks of Gonyaulax spinifera-group species
(including Gonyaulax digitale, as Bitectatodinium
tepikiense) are also present. Most peaks appear to
be synchronous but this is probably an artifact of
mixing by bioturbation.

From ca. 10 to 7 ka, total cyst influxes decrease
by about 50% and cysts of Protoceratium reticu-
latum (Operculodinium centrocarpum sensu Wall
and Dale, 1966) and Gonyaulax digitale become
the dominant ‘red tide’-producing taxa. Alexan-
drium-type cysts (mostly the Alexandrium excava-
fum cyst-type) are only sporadically present in
very small proportions but cysts of the non-toxic
species Gonyaulax spinifera are still abundant
(Spiniferites elongatus, Spiniferites ramosus, Spini-

Serites bulloideusy. The decline in cyst abundance

and increase in cold water taxa, e.g. Algida-
sphaeridium? minutum, suggests that conditions
were initially favorable to blooms but gradually
deteriorated as a result of a decrease in SST.
From 7.2 to 2.5 ka, influxes of all cysts are
almost an order of magnitude lower than in the
early Holocene, and there are no large peaks of
‘red tide’ species. The dinocyst assemblages are
similar to those at the top of the sequences, except
for the warm water oceanic species [mpagidinium
aculeatum between 7.5 and 5.5 ka. These assem-
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blages suggest that sea surface conditions were
fairly similar to the present day, and possibly
slightly warmer in the mid-Holocene.

From 2.5 ka to the top of the core (probably
ca. 1850 AD: Levac, 2001), cyst concentrations
show a slight increase and there are large peaks
of the red tide species Protocerativm reticulatum,
suggesting a recurrence of blooms but not to lev-
els comparable with the early Holocene. Cysts of
Gonyaulax spinifera are consistently present but in
small numbers.

Paleobioclimatic transfer functions were used to
reconstruct quantitative sea surface conditions for
the La Have Basin record (Fig. 13). The results
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show that SST was ca. 5°C higher than present in
both summer and winter between the base of the
core and 8.5 ka BP. This is consistent with an
early Holocene summer insolation maximum pre-
dicted by the Milankovich theory. Since 8000 vyr
BP, August temperature generally remained
around today’s value, except around 6 ka BP
where it appears to have been slightly cooler.
Summer SST also decreased in the last 500 yr.
Temperature in February is more variable. In
general, it has been warmer than present since
7000 yr BP, with recurrent slightly colder epi-
sodes. Sea ice cover has been insignificant
throughout the Holocene.
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Fig. 12. Geological record for Core 95-030-24 from La Have Basin, showing variations in cyst deposits (cysts/cm*/yr) for total di-

noflagellates and for cyst-forming red tide species.
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Fig. 13. Reconstruction of seasonal
Basin {after Levac, 2001).

Throughout the sequence, both summer and
winter salinity show similar trends to February
temperature. Sea surface salinities were higher be-
fore 8500 yr BP. Between 8.5 and 6.5 ka, they
were below today’s values. After 6500 yr BP, the
February temperature and salinity remained
shightly above today’s value, except for short epi-
sodes with a recurrence interval of about 1000 vr.
There 1s a slight increase in cyst influxes during
the past 2000 yr, but there is no indication in the
La Have Basin record of major sea surface cool-
ing during the Neoglacial.

5.2. Emerald Basin

The proxy-‘red tide’ records for this basin (Fig.
12; Fig. 14} were compiled by splicing together

changes in SST (°C), salinity {psu) and duration of sea ice for Core 95-030-24 from La Have

data from cores 77-002-20 and 94-003-004 to pro-
vide an expanded sequence with better dating
control than provided by a single core. Total di-
noflagellate cyst assemblages (Scott et al., 1984) in
most of the sequence are dominated by protoper-
wdinioids similar to La Have Basin. Likewise, total
dinocyst influx and large peaks of both Alexan-
drivm tamarense-type and Protocerativm reticula-
fum cysts are also present in the late glacial inter-
val (10.5-14 ka), along with minor peaks of
Gonyaulax digitale (Bitectatodinium  tepikiense)
and Gonyaulax spinifera. However, relatively large
peaks of Lingulodinium polvedrum and Pyrodinium
bahamense succeed these around 10.5 ka, indicat-
ing that there were major incursions of Guif
Stream water into this basin at this time, similar
to warm water events that periodically cross the
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central Scotian Shelf at present. Migration of
these warm boundary current eddies is known to
transport dinoflagellate red tide patches from the
continental slope into the Sargasso Sea (Balch,
1979) and may possibly account for these excur-
sions into Emerald Basin during late glacial inter-
vals of weaker Labrador Current flow.

As in La Have Basin, there is also a rapid re-
duction in abundance of red tide-producing cysts
during most of the middle Holocene. The Emer-
ald Basin record also shows a recurrence of inter-
mittent ‘red tide’ cyst production during the past
2000 yr, particularly at the surface (past ca. 300 yr)
where there is a peak of Lingulodinium polye-
drum.

6. Discussion
6.1. Assumptions about bloom sizes

Quantitative reconstruction of the history of
dinoflagellate ‘red tide’ blooms from fossil records
requires a good understanding about the relation-
ship between the magnitude of a motile dinofla-
gellate bloom population and the abundance of
fossilizable resting cysts produced by that popu-
lation. Despite the common use of dinoflagellate
cysts to reconstruct phytoplankton productivity
(Devilliers and de Vernal, 2000), few studies
have investigated the quantitative relationship be-
tween the size of motile dinoflagellate blooms and
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the abundance of resting cysts. In comparing
plankton tow data with surface grab samples
from Trondheimsfjord, Dale (1976} found that
some cysts appeared over- or under-represented
relative to motile cell numbers and he cited earlier
work at Woods Hole which showed that motile
populations of the gonyaulacoid species Proto-
ceratium reticulatum produce relatively large num-
bers of cysts (1:2 cyst:theca ratio) while Gonyvau-
lax digitale and protoperidinioid species are much
less prolific cyst producers (1:500 and 1:120, re-
spectively). However, the short plankton record
(2 yr) and bioturbated (mixed age) sediments im-
ited the certainty of this interpretation. Similar
limits pertain to plankton tow and cyst data
from mixed sediments (Lewis, 1988 Anderson
and Keafer, 1985) which suggest that Lingulodi-
nium polyedrum and Alexandrium tamarense pro-
duce relatively few cysts (ca. 4:1000). Nonethe-
less, Keafer et al. (1993) were still able to show
that even in bioturbated sediments, ‘red tide’
bloom years can usually still be discerned as peaks
of cysts marking the base of the mixed nterval. In
contrast, non-bloom years have much lower cyst
abundances.

QOur ultra-high resolution data from the 50-yr
record of annual laminae in Saanich Inlet provide
a measure of the number of cysts deposited/cm’
during a given year which can be compared to the
size of the corresponding dinoflagellate or Hetero-
sigma species bloom (in cells/ml) recorded for the
same year. Our varve record generally confirms
these earlier results about cyst:theca ratios and
allows us to state that peaks of Alexandrium
and Gonyaulax spinifera comprising at least 500
cysts/ml of wet sediment correspond to recorded
‘red tide’ events with bloom abundances of > 10600
cells/ml. For the PSP species Alexandrium tama-
rense, 500 cysts/ml would also be equivalent to
toxicity levels of about 80 mouse units which is
the minimum recommended level at which shell-
fish harvests must be closed (Quayle, 1969). Like-
wise, smaller amounts of cysts of Lingulodinium
polvedrum (250/mly and Heterosigma (200 cysts/
ml) correspond to the occurrence of harmful
blooms.

In our interpretation of the Saanich Inlet re-
sults and their significance to society, we shall

assume that these cyst:theca ratios have persisted
during the past 103500 yr, and we also assume that
the species have retained the same toxicity during
this time. For example, at present we have no
precise way of discerning between toxic and
non-toxic strains of Alexandrium tamarense (see
Cembella, 1998). The apparent monospecificity
of the proxy-bloom data, however, seems to sup-
port our assumption of toxic populations that
poisoned or starved their predators, giving the
HAB species an advantage over other phyto-
plankton competitors. Our interpretation of the
Atlantic shelf records will also assume monospe-
cificity of the ‘red tide” blooms and persistent tox-
icity.

Likewise, we acknowledge that our interpreta-
tions are limited by uncertainty regarding the
taxonomy of some cysts. In particular, there 1s
presently some confusion regarding the morphol-
ogy of cysts produced by the Alexandrium (Go-
nyaulax) excavatum species complex (including
Alexandrium  tamarense, Alexandrium  fundyense,
Alexandrium ostenfeldii and possibly Alexandrium
catenella). Based on study of cysts from laborato-
ry cultures of A. excavatum and field samples,
Simard and de Vernal (1998) included morpho-
types with a loosely attached prominent outer
wall and no obvious archeopyle in their taxon
A. excavatum cyst-type. Other workers {e.g. Cem-
bella, personal communication, June 2001) have
also noted the difference in morphology of cysts
from laboratory cultures and fleld samples. In our
cores from Bedford and Emerald basins, counts
of oval cysts with almost smooth hyaline walls
and simple chasmic apical archeopyles (e.g. Fig.
8.2, cf. A. ramarense cyst) were listed separately
from the 4. excavatum cyst-type with a loose out-
er wall (Fig. 8.5). This 1s the only morphotype
that was found in the coastal Bedford Basin and
Saanich Inlet cores. It was subsequently noted
that in the Scotian Shelf cores, the two morpho-
types almost invariably occurred in the same as-
semblage, and they are probably conspecific, with
the 4. excavatum cyst-form of Simard and de
Vernal (1998) being the dominant morphotype
m the early Holocene.

It should also be noted that after acid treat-
ment, calcareous cysts of Scrippsiella lachrymosa
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(Lewis, 1991) could possibly be reduced to an
oval cyst resembling our cf. Alexandrium tama-
rense cysts. However, the smooth-walled cyst lin-
ings of Scrippsiella spp. would differ in having a
zig-zagged opening because the theropylic arche-
opyle includes paraplates 2'-4’ in addition to 1-
3a. Furthermore, we have not found any oval
calcareous cysts of Scrippsiella in any of our un-
treated core samples despite the fact that S. tro-
choidea 15 sometimes present in Saanich Inlet
(Hobson and McQuoid, 2001). There are only
two records of this taxon from continuous plank-
ton records (CPR) off Nova Scotia and the genus
is not listed in the CPR for the United States
(Doug Sameoto, personal communication, June
2001).

Finally, it must be said that there is presently
much uncertainty regarding the recognition of
Heterosigma cysts in the geological record. Our
identification in Saanich Inlet is based on the ob-
servation that in this extraordinary depositional
environment, the small round cysts that accom-
pany modern plankton blooms of Heterosigma
akashiwvo always retain reddish pigment bodies
and some of them are enveloped in a coarsely
reticulate outer wall (see Fig. 8.4, 8.5). These cri-
teria were used to identify the presence of Hei-
erosigma-type cysts in the ODP Core 1034B sam-
ples.

6.2. Regional similarities and differences

Despite the differences in the oceanographic re-
gimes of the eastern Pacific upwelling margin and
the Atlantic western boundary current margin,
there are several outstanding similarities between
these two regions.

In both regions, all the cyst-producing modern
‘red tide’ species listed in the local historical re-
cords have been intermittently present for the past
10000 yr or more, and, judging from the cyst
proxy-record, have attained bloom sizes at vari-
ous times in the past. This has important implica-
tions regarding the idea that some species, e.g.
Heterosigma and Gyvmmodinium catenatum, are re-
cent introductions in ballast water, although dis-
charge from ballast water may be an important
factor accounting for the apparently abnormal

multi-species blooms in the modern record for
Saanich Inlet. It 1s also notable that there are
no occurrences of G. catenatum-type cysts in the
western Atlantic although this species may be
present with Gymnodinium nolleri in a long record
from the eastern North Atlantic coast (e.g. Elle-
gaard et al, 1993). In the western Atlantic, G.
catenatum and G. nolleri are also absent from
the Gulf of St. Lawrence and western Newfound-
land fjords (Levac, unpublished data) which may
indicate that this species is not able to survive in
the Atlantic Canada region even if introduced
with ballast discharge.

Both regions show very large late glacial-early
Holocene cyst influx peaks, presumably reflecting
‘red tide” blooms, with Protoceratium reticulatum
dominating. At this time, the sizes of the basin
and sill depths (ca. 30 m cf. the modern 70-m
depth) were probably similar. Possible environ-
mental factors that may account for these extra-
ordinarily large blooms are discussed below.

6.2.1. Seasonal insolation

Large abundances of late glacial and early Ho-
locene dinoflagellate cysts have been observed in
records from many regions, and Dale and Fjellsa
(1994) and Simard and de Vernal (1998) have
suggested a climatic cause related to sea surface
warming. In particular, the prevalence of Alexan-
drium-type cysts on the Atlantic margin supports
this interpretation: the modern distribution of the
Alexandrium excavatum cyst-type suggests that
this species prefers warmer waters in summer
(15°C) and absence or very short duration of win-
ter sea ice cover (Simard and de Vernal, 1998).
The coincidence of the largest ‘red tides’ with
the summer insolation maximum of the late gla-
cial-early Holocene (Fig. 13) suggests that the
peaks of cyst production were favored by warmer
SST conditions than today. The higher salinity on
the Atlantic shelf and the presence of temperate
red tide-producing species may also reflect more
frequent seeding of blooms by cross-shelf trans-
port of warm water eddies from the Gulf Stream.
Conversely, on the Scotian Shelf, the generally
lower salinity and lower summer temperature of
the middle Holocene correspond to a decrease in
red tide-producing dinoflagellates. The slight in-
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crease of cyst peak size and frequencies in the late
Holocene can again be correlated with intervals of
higher salinity and winter SST.

6.2.2. Nutrients, eutrophication and competition

The late glacial dinoflagellate assemblages in La
Have Basin include a strong representation of sev-
eral species that have been linked (Devilliers and
de Vernal, 2000) with high nutrient concentra-
tions and productivity, including Selenopemphix
quanta, Ataxiodinium choane and Pentapharsodi-
nium dalei. While this may account for the higher
total cyst influxes, Goodman et al. (1984) have
shown that although upwelling and nutrients are
the main trigger for spring diatom blooms, the
summer dinoflagellate red tide blooms are not as-
sociated with either upwelling or with increased
nitrogen and phosphate. Likewise, Dale et al
(1999) and Matsuoka (1999) also noted that
strong eutrophication tends to increase heterotro-
phic dinoflagellates over the gonyaulacoid species
while mild eutrophication may increase the occur-
rence of Lingulodinium polyedrum but not Proto-
ceratium reticulatum, the major late glacial species
in both Pacific and Atlantic regions. It is possible
that shifts in nutrient availability account for
some of the species successions, e.g. the change
from dominance of P. reticulatum to L. polye-
drum. In Saanich Inlet, however, diatoms and sil-
icoflagellate assemblages show very little change
in abundance or species composition throughout
most of the Holocene (McQuoid and Hobson,
2001), apart from a possible slight abundance n-
crease in the early mid-Holocene. The succession
of ‘red tide’ species for Saanich Inlet therefore
does not clearly indicate a response to either
changes in macronuirients or competition at a
community level. By implication, the similar re-
cords from the Scotian Shelf must also be attrib-
uted to other factors.

6.2.3. Stratification

Although there are numerous contradictions
concerning the specific cause of dinoflagellate
red tides, it 1s generally agreed that blooms pro-
duced by gonyaulacoids dominate in regions of
low turbulence and high nutrients (Hallegraef,
1998; Cullen and Mclntyre, 1998). Therefore,

although some turbulence or transport in frontal
zones is necessary to convey resting cysts from the
sediments to the photic zone, stability of the sur-
face water is necessary for the subsequent rapid
development of dinoflagellate blooms (e.g. Carre-
to et al., 1986). Strongly stratified surface water
with a shallow pycnocline may also be important
in retaining available nutrients within the photic
zone. For example, Therriault and Levasseur
{1985) have shown that light i1s the most impor-
tant factor influencing the phytoplankton growth
in the St. Lawrence estuary. The depth of the
stable photic zone may also have an important
influence on the the dominant red tide species;
for example, the chain-forming species of Alexan-
drium and Gymmodinium have more buoyancy and
greater ability for vertical migration than small
compressed species such as Karenia aureolum
and Prorocentrum spp. which must aggregate in
a thin surface water layer (see Cullen and Mcln-
tyre, 1998).

6.2.4. Sediment resuspension

Lower sea level may partly explain the long
interval of large blooms leading to the high cyst
influxes during the late glacial and early Holo-
cene. On the Scotian Shelf, relative sea level was
about 40 m lower than now at about 10 ka (Scott
and Collins, 1996) which means that the basin
entrances would be only about 30 m deep. The
high influxes of cf. Alexandrium tamarense-type
cysts and Bitectatodinium tepikiense are also indi-
cative of shallower sill depths: these species are
most abundant in silled bays along the present
coast of Nova Scotia and Maine {cf. Miller et
al., 1982). With a shallower sill depth, seeding
of surface waters by sediment resuspension during
storms may have triggered more frequent red
tides. Both stability and seeding of surface waters
seem to be necessary conditions for high produc-
tivity as shown by Therriault and Levasseur
(1985) in the St. Lawrence estuary. Higher fre-
quency of sandy laminae in Emerald Basin (Hall
and Reed, 1996) also show that more sediment
was swept into the basins from local sources
the early Holocene which suggests that storms
may have been more frequent than the present
storm-dominated Atlantic shelf, but the lower rel-
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ative sea level prevents quantification of this pa-
rameter.

On the other hand, Saanich Inlet lies in the
protected lee of Vancouver Island and is not di-
rectly subject to storm waves, yet it shows a sim-
ilar abundance of red tide blooms in the late gla-
cial-early Holocene. Unfortunately, the sea level
curve for this inlet is poorly constrained (see
Mosher and Moran, 2001}, and although 1t has
been suggested that the early Holocene sill depth
was as low as 25 m, there is no clear evidence
from either dinoflagellate or diatom data to sup-
port this interpretation. Likewise, there is no mi-
crofossil evidence to support the hypothesis that
Saanich Inlet was isolated from the Pacific Ocean
waters after ca. 11 ka. The only evidence for the
possible importance of sediment resuspension in
this Pacific region comes from initial results of a
spectral analysis of the high frequency signals in
the Saanich red tide cyst records. Most of the ‘red
tide” signals just record statistical noise, suggest-
ing that the sampling interval used in this study is
too low. However, the lower frequency Heterosig-
ma record shows significant peaks at 112-yr mter-
vals which i1s very close to the 116-yr cyclicity of
gravity flow events reported by Blais-Stevens et al.
(1997).

6.3. Species succession

Most of the Holocene cyst record for Saanich
Inlet indicates recurrent bloom cycles in which
‘red tide’-producing species seem to replace each
other throughout the Holocene, so that only one
species blooms at a time. The rare exceptions be-
fore ca. 1000 yr BP correspond to gravity flow
events as discussed above. In contrast to the Ho-
locene succession, the modern record shows si-
multaneous occurrences of two or more blooms.
This concurrence of blooms seems to be excep-
tional compared to normal phytoplankton popu-
lation dynamics and historical data on red tide
blooms (e.g. Sweeney, 1979 Prezelin and Swee-
ney, 1979; Smayda, 1997; Matsuoka, 1999). For
example, normal phytoplankton bloom responses
usually follow a sequence in which nutrient en-
richment triggers non-harmful spring diatom
blooms during which the water is turbulent and

saturated with silica, followed by a bloom of au-
totrophic dinoflagellates in the warm stratified
summer surface layer, and terminated by preda-
tion from blooms of heterotrophic dinoflagellates
such as Polykrikos and Noctiluca. In the Southern
California area, which has the best historical data
series on red tide bloom successions (Sweeney,
19753, a 61-yr record shows that spring-blooming
Prorocentrum micans formed the recurrent red
tides at ca. 10-yr intervals from 1920 to 1938,
then disappeared until 19611965, From 1938 to
1978, the summer-blooming Lingulodinium polye-
drum formed ‘red tides’ at ca. 4-yr recurrence in-
tervals from 1938 to 1945, then reappeared in
1961 and 1964, finally appearing again in almost
consecutive vears from 1970 to 1975. The only
year in which both species bloomed was 1961
which was an interval of prolonged severe El
Nifio conditions (see Fig. 4).

The Holocene succession of ‘red tide’-produc-
ing species in Saanich seems to conform with
these normal bloom dynamics on a longer time
scale, with monospecific successions prevailing
for centuries to a millenmium. The late glacial-
early Holocene interval of up to 5°C warmer
SST in summer was marked by sustained, large,
monospecific blooms of the non-chain-forming
species Protoceratium reticulatum, a cosmopolitan
opportunistic species that today only reaches
HAB proportions off the coast of Southern Africa
(Reinecke, 1966) and New Zealand, and appar-
ently does not have very high nutrient require-
ments as 1s shown by its lack of response to eu-
trophication (Dale et al., 1999 Matsuoka, 1999).
On the exposed Atlantic shelf where sediment re-
suspension was high, the P reticulatum peaks
were interspersed with peaks of the highly toxic,
chain-forming PSP species Alexandrium and the
non-toxic species Gonvaulax spinifera or Gonyau-
lax digitale which also have relatively low nutrient
requirements according to the statistical studies of
Devilliers and de Vernal (2000). Alexandrium is
highly sensitive to hght and stable stratification
(Thernault and Levasseur, 1985). In Saanich In-
let, the G. spinifera blooms precede the Alexan-
drium blooms which are notably short-lived in
this area, and do not commence until the onset
of continuously varved sediments after ca. 9000 yr
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BP, perhaps reflecting less stable summer stratifi-
cation in the very early Holocene. In Emerald
Basin, the non-toxic G. spinifera blooms are inter-
spersed with peaks of Lingulodinium polyedrum,
which has high nutrient requirements and is an
indicator of modern eutrophic conditions (Dale
et al., 1999; Matsuoka, 1999). This species does
not reach bloom size until about 8 ka in Saanich
Inlet, at which time diatom production also be-
gins to increase and the chain-forming PSP spe-
cies Gymmnodinium catenatum  first occurs. This
ends the early Holocene sequence in Saanich,
while the sustained occurrence of the subtropical
species Pyrodinium bahamense ends the succession
on the Scotian Shelf. Today, P. bahamense forms
red tides in low salinity bays of southern USA but
it is only toxic in tropical Pacific regions as the
chain-forming variety P. bahamense var. compres-
sum.

The factors that account for the species succes-
stons therefore probably include a combination of
summer SST, ‘seeding’ conditions, water column
stability, nutrients and depth of the photic zone,
but there is presently insufficient knowledge re-
garding individual species tolerances to distin-
guish among these factors with any certainty.
The periodic break-down of the succession in Saa-
nich Inlet, however, strongly suggests the intro-
duction of some new factor(s) — which started
well before the modern increase in fish farming
and tanker shipping traffic and possibly include
the beginning of eutrophication and chemical pol-
lution by logging and paper pulp industries
around 1850 (see O’'Connell and Tunnicliffe,
2001). Multiple bloom events are often recorded
in areas of macronutrient enrichment and may
partly account for the post-1980 events in Saanich
Inlet which correspond to increased urban devel-
opment of the western shore.

7. Conclusions

(1) The geological records show that through-
out the Holocene, cysts of all the modern red
tide-producing species known for the Pacific and
Atlantic study areas have been present in abun-
dances that suggest dinoflagellate or Heterosigma

bloom proportions). The ultra-high resolution Pa-
cific records show that natural red tide/HAB
mega-cycles occur every 100-1000 yr, and that
most cycles begin and end abruptly, in less than
20 yr.

(2) Pacific and Atlantic red tide histories show a
similar late glacial-early Holocene succession of
sustained high production of non-toxic and toxic
red tide blooms, with the only obvious common
denominator being the warmer (up to 5°C) SST in
summer. This finding strongly implicates the im-
portance of global warming for the historical
increase in frequency of ‘red tides’ and other
HABs.

(3) In some areas, sediment disturbance by
storms may be important for sustained ‘seeding’
of blooms, but the Saanich record shows that this
is not always a pre-requisite. The importance of
storms and earthquakes for resuspension and ini-
tiation of blooms, however, suggests that sedi-
ment disturbance by dredging or tanker turbines
should be carefully investigated as a possible con-
tributory cause of modern ‘red tide’ increases.

(4) Both Pacific and Atlantic study regions
show increased ‘red tide’ occurrences in the past
2000 yr, which is possibly related to the long-term
switch towards increased winter insolation as seen
in increased winter SST. However, only the near-
shore Pacific record shows a chaotic modern sig-
nal in which species succession seems to break-
down periodically. This unnatural chaotic signal
seems to indicate a disequilibrium in plankton
communities that may indicate a limit of tolerance
for nutrient enrichment and/or discharge of chem-
ical toxins in coastal fjords.

(5) In Pacific fjords, although efforts to clean
up pollution and to stop ballast discharge may
reduce the frequency of HABS, it is unlikely
that dinoflagellate red tides will be eliminated.
Continued studies of the varved geological record
on an annual scale, however, may allow refine-
ment of our ability to predict the timing and spe-
cies composition of ‘red tide” blooms following
the restoration of equilibrium conditions in the
phytoplankton communities.
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