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Published contemporary dinoﬂagellate distributional data from the NE Paciﬁc margin and estuarine
environments (n ¼ 136) were re-analyzed using Canonical Correspondence Analysis (CCA) and partial
Canonical Correspondence Analysis (pCCA). These analyses illustrated the dominant controls of winter
temperature and productivity on the distribution of dinoﬂagellate cysts in this region. Dinoﬂagellate
cyst-based predictive models for winter temperature and productivity were developed from the
contemporary distributional data using the modern analogue technique and applied to subfossil data
from two mid to late Holocene (w5500 calendar years before presentepresent) cores; TUL99B03 and
TUL99B11, collected from Efﬁngham Inlet, a 15 km long anoxic fjord located on the southwest coast of
Vancouver Island that directly opens to the Paciﬁc Ocean through Barkley Sound. Sedimentation within
these basins largely comprises annually deposited laminated couplets, each made up of a winter
deposited terrigenous layer and spring to fall deposited diatomaceous layer. The Efﬁngham Inlet dinoﬂagellate cyst record provides evidence of a mid-Holocene gradual decline in winter SST, ending with the
initiation of neoglacial advances in the region by w3500 cal BP. A reconstructed Late Holocene increase in
winter SST was initiated by a weakening of the California Current, which would have resulted in
a warmer central gyre and more El Niño-like conditions.
Ó 2010 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction
The climate along the west coast of Vancouver Island, British
Columbia, is strongly inﬂuenced by seasonal changes in the relative
strength of the North Paciﬁc High (NPH) and Aleutian Low (AL),
which results in predominantly upwelling conditions prevailing
during the spring through to fall and downwelling conditions
during the winter months (Ware and Thomson, 2000). At subdecadal and longer time scales upwelling and climate variability are
further modulated by solar inﬂuenced changes, which inﬂuence the
track of the jet stream (Christoforou and Hameed, 1997), as well
periodic occurrences of the equatorial El Niño/La Niña cycles
(Schwing et al. 2002). Superimposed on this climate variability is
the decadal-scale Paciﬁc Decadal Oscillation (Chavez et al., 2003;
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Patterson, et al., 2004; Ivanochko et al., 2008), which is in turn
inﬂuenced by the Gleissberg solar cycle (Patterson et al., 2004;
Shen et al., 2006) as well as several poorly understood, regionally
inﬂuenced, decadal and centennial-scale cycles and trends that
arise from global-scale teleconnections (Bond et al., 2001;
Patterson et al., 2004, 2005; Bridgman et al., 2006). As the instrumental record for this region spans only the last century, the
identiﬁcation and understanding of decadal to centennial-scale
climate trends and cycles can only be achieved through analysis of
proxies preserved in the geologic record. Dinoﬂagellate cysts
provide such a proxy as they preserve well and are important
primary producers, responding to a variety of oceanographic variables including paleo-currents, winter and summer sea-surface
temperatures (SST), upwelling and productivity (e.g. de Vernal
et al., 2001; Kumar and Patterson, 2002; Radi and de Vernal,
2004; Radi et al., 2007; Marret et al., 2008; Pospelova et al.,
2008; Radi and de Vernal, 2008). Dinoﬂagellate relative abundance varies according to the season, and they are particularly
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prevalent/common in areas of upwelling due to the increased
availability of nutrients (Tappan, 1980; Pospelova et al., 2008).
Recent research on dinoﬂagellate cyst assemblages from the NE
Paciﬁc region has resulted in the development of predictive models
that have provided important data on temporal variation for several
parameters, principally primary productivity, SST and salinity (de
Vernal et al., 2005; Radi et al., 2007; Pospelova et al., 2008).
This paper details an analysis of dinoﬂagellate cyst protists from
two piston cores collected from Efﬁngham Inlet, a fjord on the
southwest coast of Vancouver Island (Fig. 1). There is a direct
response of the resident waters within Efﬁngham Inlet to the eastern
North Paciﬁc as it is contiguous with the open ocean (Thomson,
1981). The anoxic and dysoxic conditions that prevail at depth
within this fjord thus provide ideal conditions for the preservation of
annually deposited laminated sediments and their contained dinoﬂagellate cysts, which archive a continuous record of seasonal-scale
climate change spanning much of the Holocene (Patterson et al.,
2000, 2004, 2005). Utilizing existing dinoﬂagellate cyst distributional data for the NE Paciﬁc region (Radi and de Vernal, 2004; Radi

et al., 2007), which encompass the environmental gradients in this
region a modern analogue-based model will be developed to carry
out a paleoceanographic reconstruction of conditions within
Efﬁngham Inlet through the Late Holocene.
2. Background
2.1. Setting
Efﬁngham Inlet, on the southwest coast of Vancouver Island, is
a 15 km long fjord, directly linked with the NE Paciﬁc Ocean
through Barkley Sound (Fig. 1). The area around the inlet is steep
and rocky and surrounded by coniferous forest covered high
mountains (700e1200 m) comprised of Mesozoic volcanic rocks.
The slopes of Efﬁngham Inlet below the water line are also steep
with little sediment drape (Patterson et al., 2000). Isostatic and
eustatic sea-level changes in response to deglaciation have inﬂuenced circulation patterns in coastal British Columbia (Patterson,
1993; Guilbault et al., 1997; Patterson and Kumar, 2002). By the
late Holocene, the interval spanned in this study, the coastline had
reached it’s present outline, greatly reducing the impact of sealevel as a variable in core interpretation in Efﬁngham Inlet
(Dallimore et al., 2008; Manounos et al., 2009)
The inlet is divided into two sub-basins, a 120 m deep inner
basin and a 210 m deep outer basin, which are separated by a 40 m
deep ‘inner’ sill located within a narrow channel (Fig. 1). A second
65 m deep ‘outer’ sill separates the outer basin from Barkley Sound
and the open ocean (Fig. 1). The waters below the sill depths in the
inlet are infrequently mixed resulting in deep water circulation
becoming progressively restricted toward the head of the inlet. The
deep water beneath the sill level in the outer basin is dysoxic while
the waters in the inner basin beneath the sill depth are anoxic,
receiving only infrequent infusions of oxygen (Patterson et al. 2000,
2004). Efﬁngham River with a drainage basin of about 79 km2 ﬂows
into the head of the inlet, and a small stream ﬂows into the outer
basin. During the winter rainy season several additional ephemeral
smaller creeks contribute a signiﬁcant ﬂow of water into the inlet
(Chang et al., 2003).
2.2. Climate-oceanographic conditions

Fig. 1. (A) Location map of southern British Columbia showing geographic features
discussed in this paper and location of Efﬁngham Inlet on SW coast of Vancouver
Island. (B) Details of Efﬁngham Inlet showing location of piston cores TUL99B03 and
TUL99B11.

Holocene productivity changes in Efﬁngham Inlet can be
directly correlated to the relative thickness of seasonally deposited
diatomaceous ooze and terrigenous material, which in turn relate
to the marked seasonal variability in NE Paciﬁc atmosphere and
ocean circulation patterns (Fig. 2). The darker colored terrigenous
layers are deposited during the rainier winter months when marine
productivity is low, and are principally comprised of detrital grains
that are washed into the inlet via Efﬁngham River and the small
creeks along the margins of the steep shoreline (Chang et al., 2003).
These darker layers alternate with lighter colored laminations that
are deposited between May and August, which are composed
primarily of the skeletal remains of diatoms and other phytoplankton such as dinoﬂagellates.
The darker winter deposited laminations are produced when
the AL pressure system with its associated counter-clockwise wind
pattern dominates the region (Fig. 2). These winds promote
downwelling and result in the development of the northeast Paciﬁc
Coastal Current, which ﬂows northwestward off the coast
(Thomson, 1981; Thomson and Gower, 1998).
The light-colored summer laminations are produced when the
counter-clockwise NPH winds generate strong Ekman transport (up
to 20e40 m3 s1/km (NOAA)), which pushes surface water away
from the Vancouver Island continental margin resulting in
upwelling and the establishment of the southward ﬂowing Shelf-
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Fig. 2. Maps showing main oceaneatmosphere circulation features for the NE Paciﬁc region in winter (A,C) and summer (B,D) months. In summer northerly North Paciﬁc High
(NPH) winds generate the southward Shelf-Break Current at the surface, and a consequent offshore Ekman transport inducing upwelling, thus bringing high-salinity deep water
closer to the surface. During winter southerly Aleutian Low (AL) winds generate a northward drift producing the NE Paciﬁc Coastal Current and a consequent onshore Ekman
transport. This causes an accumulation of low density less saline water on the surface, thus restricting the upwelling of deep water. The Vancouver Island Coastal Current (VICC) and
Coastal Under Current are permanent features although they vary in strength seasonally.

Break Current (Fig. 2). This upwelling along the shelf break advects
nutrient-rich but poorly oxygenated deep water on to the continental shelf, where it is carried landward through a series of
submarine canyons (Thomson and Ware, 1996; Ware and Thomson,
2005). The Coastal Under Current, which ﬂows north along the
continental margin at a depth of about 300 m also contributes
poorly oxygenated and nutrient-rich water to the southwest coast
of Vancouver Island. Estuarine inﬂow through Juan de Fuca Canyon
transports the nutrient-rich water originating from both windinduced upwelling and under current advection into Juan de Fuca
Strait (Fig. 1). These nutrient-rich waters undergo strong vertical
mixing within the strait before eventually becoming entrained in
a nutrient-rich surface outﬂow toward the open ocean (Crawford
and Dewey, 1989). This nutrient-rich water, with additional
contributions from upwelled continental shelf water and the
Coastal Under Current then ﬂow northward over the inner shelf as
a component of the Vancouver Island Coastal Current. It is this
water that subsequently enters Efﬁngham Inlet and contributes
nutrients essential to phytoplankton growth (Thomson, 1981;
Mantua et al., 1997; Thomson and Gower, 1998; Chang et al., 2003).
Through time changing climatic conditions result in shifts in
the relative inﬂuence of the NPH and AL causing shifts in surface
wind stress, mixed layer depth and ocean stratiﬁcation. These
changes in turn inﬂuence the temperature, nutrient content and
salinity of surface waters where phytoplankton growth is

concentrated (Brodeur and Ware, 1992). These water property
variations are the principle drivers of changes in primary
production, inﬂuencing assemblage composition as well as the
intensity and timing of phytoplankton blooms (Ware and
Thomson, 1991; Radi et al., 2007).
Although diatoms are the principal phytoplankton in the
region, dinoﬂagellates contribute signiﬁcant populations. Dinoﬂagellate cyst abundance provides a direct reﬂection of local marine
productivity, while changes in the relative abundance of speciﬁc
taxa are linked to differences in SST, nutrient supply change and
salinity (Kumar and Patterson, 2002; Patterson et al., 2005; Radi
et al., 2007).
3. Methods
3.1. Sample collection and laboratory treatment
The two cores analyzed were collected from Efﬁngham Inlet,
one each from the inner and outer basins, using the research
vessel CCG J.P. Tully in October 1999. Prior to coring a seismic
survey of the inlet was carried out using a 3.5 kHz air gun to
identify suitable coring sites away from the basin slopes and to
recognize areas where the top few meters of sediment were
relatively gas free. Piston core TUL99B03 (49 4.275, 125 09.359),
collected from 120 m water depth in the inner basin, was 1130 cm
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Fig. 3. Generalized stratigraphic column of core TUL99B03 showing generalized sedimentological variability (after Dallimore, 2001; Chang et al., 2003) and INTCAL04-calibrated
radiocarbon ages (only bolded twigs/wood 14C ages are used in reconstruction) correlated to the Winter Sea-Surface Temperature reconstruction. Root mean squared errors (RMSE)
were 0.91  C and 38.37 g C m2 for winter temperature and productivity respectively. Error bars are derived from 1000 bootstrap cycles. Comparison is also made between climate
stages and glacier advances (‘Tiedemann’, ‘Peyto’, ‘Robson’) on Canadian Paciﬁc Coastline (after Pellat and Mathewes, 1997) and major global cooling events as also indicated by
dashed horizontal lines (Bond et al., 2001).

long (Fig. 3), while the 1016 cm long piston core TUL99B11
(49 2.632, 125 09.230) was collected from 205 m water depth in
the outer basin (Fig. 4). Upon return to shore the cores were stored
as 1.5 m long sections, split, slabbed and X-rayed using conventional mammography X-ray ﬁlm and medical X-ray equipment
(Dallimore, 2001). The cores were subsequently logged and subsampled to carry out a variety of sedimentological, geochemical,
micropaleontological and palynological studies. Subsamples
utilized for dinoﬂagellate cyst research (Patterson et al., 2005)
were collected at the same depth intervals as sediment samples
used for diatom analysis (Hay et al., 2007) and ﬁsh scale counts
(Wright et al., 2005; Patterson et al., 2005).
A total of 97 subsamples were taken for dinoﬂagellate cyst
analysis; 48 from core TUL99B03, and 49 from core TUL99B11. The
sampling interval was nearly equidistant in both cores, w24 cm.
The 4 cc subsamples were macerated and processed using standard
palynological preparation techniques (see Patterson et al., 2005).
The processed residues were mounted between a slide and glycerin
gel with two slides being prepared for each sample. Each slide was
analyzed under light microscopy for dinoﬂagellate cysts using an
Olympus BX51 microscope, generally at 400. Species identiﬁcation was primarily based on Rochon et al. (1999) with additional
taxa identiﬁed based on Zonneveld (1997; e.g. Echinidium) and

Chatton (1914; e.g. Polykrikos kofoidii). The abundance of various
dinoﬂagellate cyst taxa was determined as well as the ratio of
marine to terrestrial palynomorphs and the ratio of gonyaulacoid to
peridinioid (G:P ratio) dinoﬂagellate cysts (see appendices in
Patterson et al., 2005).
3.2. Stratigraphy and chronology
3.2.1. Radiocarbon dating
Radiocarbon dates presented are reported in calibrated radiocarbon years before present (cal BP; Table 1; Figs. 3 and 4). Radiocarbon dates for shell and wood material were provided by IsoTrace
Radiocarbon Laboratory using the 14C calibration program (Stuiver
and Reimer, 1993; Stuiver et al., 1998a,b) and calibrated using the
INTCAL04 dendrochronological database for terrestrial material,
and the MARINE04 database for marine material (Reimer et al.,
2004; Stuiver et al., 2005). The calibrated marine shell dates were
not used in the determination of the sedimentation rate as the
marine reservoir effect has not been deﬁnitively established for
restricted fjords such as Efﬁngham Inlet on the west coast of Vancouver Island (R. Beukens, personal communication, 2002; Reimer
et al., 2004; Marine Reservoir Correction Database e http://intcal.
qub.ac.uk/marine/). Additional calibration difﬁculties arise with
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3.2.2. Inner basin core TUL99B03
Most of core TUL99B03 was comprised of laminated sediments
and was deposited under primarily anoxic conditions (Fig. 3). It was
independently determined that these laminations were deposited
annually based on 14C and detailed diatom analysis (Chang et al.,
2003). Core recovery was nearly complete (w97%) with the sediments being predominantly made up of a mixture of diatom ooze
and unconsolidated brown mud. Approximately 80% of the core
was composed of laminated sediment couplets as described above,
with w18% comprising massive units. An additional w2% of the
core was composed of distorted laminae and graded beds. The
majority of the laminated couplets were found between w145 cm
and w920 cm, ranging in thickness from 0.15 to 0.8 cm. The intervals above w145 cm and below w920 cm were characterized by
thick sequences (>20 cm) without laminations. Particularly notable
was a signiﬁcant debris ﬂow near the base of the core. Overall
though there were relatively few instantaneous debris ﬂow units,
which had to be subsequently subtracted out to develop an accurate age model (Dallimore, 2001; Prokoph and Patterson, 2004;
Patterson et al., 2004). The X-ray images of the core were scanned at 256 grey-scale resolution to generate a 130,787 pixel long
and three pixels wide line-scan of the core (116 pixels ¼ 1 cm).
Approximately 12% of the image data had to be linearly interpolated due to intervals of poor quality imagery and lost core
segments. A complete and detailed description of the methodology
used for extracting the grey-scale values and lamination thickness
data from TUL99B03 is found in Patterson et al. (2004) and Prokoph
and Patterson (2004).
The age model developed for TUL99B03 is in part based on three
accurate radiocarbon wood dates, each of which was independently
correlated to each other by computer analysis of laminae counts
and unit thickness data derived from X-ray interpretation
(Patterson et al., 2004; Prokoph and Patterson, 2004; Fig. 5).
Detailed analysis of a large number of wood-based radiocarbon
dates from a 40.9 m (Calypso) piston core (MD02-2494) collected
from nearby in the inner basin indicates that plant material
provides a reliable indication of sediment age in Efﬁngham Inlet
(Dallimore et al., 2008).
Thickness measurements of the laminae couplets compared
against the accurate wood/twig 14C dates indicate that the sedimentation rate was consistent at w0.25 cm/year through the lower
w9.5 m of the core and decreased to w0.15e0.20 cm/year through
the upper 1.8 m of core. Superimposed on the overall thickness
trend were variations in lamination thickness of between 0.15 cm
and 0.8 cm over intervals of <5 cm, indicating that short-term
ﬂuctuations in sedimentary rate could vary by up to a factor of 5
(Prokoph and Patterson, 2004; Patterson et al., 2004). With
a sample spacing of w24 cm the dinoﬂagellate cyst temporal
resolution obtained for TUL99B03 was w96 years.
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Fig. 4. Generalized stratigraphic column of core TUL99B11 showing generalized
sedimentological variability (after Dallimore, 2001; Hay et al., 2007) and INTCAL04calibrated radiocarbon ages (only bolded twigs/wood 14C ages are used in reconstruction) correlated to the Winter Sea-Surface Temperature reconstruction. Root
mean squared errors (RMSE) were 0.91  C and 38.37 g C m2 for winter temperature
and productivity respectively. Error bars are derived from 1000 bootstrap cycles.
Comparison is also made between climate stages and glacier advances (‘Tiedemann’,
‘Peyto’, ‘Robson’) on Canadian Paciﬁc Coastline (after Pellat and Mathewes, 1997) and
major global cooling events as also indicated by dashed horizontal lines (Bond et al.,
2001).

utilizing shell dates obtained from cores recovered from deep water
restricted circulation basins such as those characterizing Efﬁngham
Inlet. This is because the marine model ages utilized in the marine
calibration dataset are only valid for the surface mixed layer, which
generally excludes samples from waters deeper than 75 m
(P.J. Reimer, personal communication, 2008). Sedimentation rates
in the inner and outer basins of Efﬁngham Inlet varied considerably.
The development of the age model for the two cores analyzed is
thus discussed separately below.
Table 1
Radiocarbon ages obtained for cores TUL99B03 and TUL99B11.
Core

Laboratory
number

Description

TO-8671
TO-8672
TO-8673
TO-8674
TO-8675
TO-8676
TO-8683
TO-8684
TO-8685
TO-8686

Wood
Shell frag.
Twig
Twig
Shell frag.
Wood
Shell frag.
Shell frag.
Wood
Shell frag.

Depth (cm)

Adjusted depth (cm)

14

C age

Calibrated age ranges (yr BP)
IntCal04

MARINE04

DR ¼ 330  40
TUL99B03
TUL99B03
TUL99B03
TUL99B03
TUL99B03
TUL99B03
TUL99B11
TUL99B11
TUL99B11
TUL99B11

97
169
286
553
822
937
531
898
939
969

97
161
278
529
757
842
476
797
837
867

160  40
1770  60
2050  70
2830  60
3890  90
4190  80
2460  90
2830  60
2570  100
1820  60

145  85
990  90
2010  150
2930  150
3450  100
4695  180
1740  260
2325  345
2600  240
1060  160
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Fig. 5. Ageedepth model (linear regression as bold straight line) of cores (A) TUL99B03 and (B) TUL99B11. Age modes are based on 14C ages from twigs/wood (shaded squares) and
biostratigraphic markers (circles; see Hay et al., 2007). Other ages (see Table 1) are passively plotted (unﬁlled and black squares). 95% conﬁdence interval of regression line is based
on error in 14C ages (dotted lines). Fine solid line. Reﬁnement of ageedepth model based on counts and thickness of varves determined from X-ray images (for detail, see text).

In an analysis of diatoms from this core Hay et al. (2007) discarded the lowermost radiocarbon wood date (TO-8676; Table 1)
suggesting that the sample had been reworked. However,
comparison of this datum with lamination counts using the other
two wood-based radiocarbon dates as tie-points indicates that TO8676 falls well within the 95% conﬁdence interval of the independently generated regression curve, indicating that this radiocarbon
date is indeed reliable (Prokoph and Patterson, 2004; Fig. 5). Hay
et al. (2007) also proposed that over-penetration of core
TUL99B03 below the sediment/water interface was less than
previously supposed based on a single occurrence of the diatom
Minidiscus chilensis Rivera 1984 near the top of the core, which was
used as a biostratigraphic marker (Hay, 2005). Hay placed this
datum at AD 1860 based on comparison with results from other
cores in the inlet where the species is often quite abundant. We
accept the integration of M. chilensis as a biostratigraphic marker in
core TUL99B03. We also accept the proposed use of the diatom
Thalassionema nitzschioides Grunow ex. Mereschkowsky 1902 as
a biomarker in core TUL99BO3 (found above 87 cm, ﬁrst appearance AD 1550) as this well-known and large species appears at
many horizons in the core (Hay, 2005).
It was hoped that independent conﬁrmation of the age model
could be established by direct comparison with the age model
developed for nearby Core MD02-2494. Comparison of TUL99B03
with various age models developed for MD02-2494 (e.g. Dallimore
et al., 2008; Ivanochko et al., 2008) has proven to be problematic as
the MD02-2494 core was unfortunately obtained from an area of
the inner basin that was subject to a large number of slumping
events through the late Holocene, which has thus far made correlation with the higher quality laminated record of TUL99B03 nearly
impossible (A. Chang, personal communication, 2009).
3.2.3. Outer basin core TUL99B11
Although core TUL99B11 contained several extended intervals
of laminated sediments, the core was also punctuated by numerous
massive intervals as well as several units deposited as instantaneous debris ﬂows (Dallimore, 2001; Fig. 4). The potential to
develop a high-resolution stratigraphy based on this core is thus
inferior to the record contained within TUL99B03. In order to
develop a continuous ageedepth record, sedimentary units

conﬁrmed to be the result of instantaneous gravity ﬂow events
were subtracted from the total core length prior to development of
the age model (Hay et al., 2007). There was unfortunately only
a single wood radiocarbon date (TO-8685 dated at 2600  240
calibrated years before present (cal BP) from adjusted core depth
867 cm) available to utilize in the age model (Fig. 5). This problem
was partially offset as Hay et al. (2007) proposed that three diatom
biomarkers identiﬁed from near the top of the core might be used
to develop a reasonable age model for the core (Fig. 5). These
biomarkers were chronologically constrained based on previous
analyses of freeze and kasten cores from Efﬁngham Inlet and
included Rhizosolenia setigera Brightwell 1858, which appeared ca
AD 1940 (34 cm core depth), M. chilensis Rivera 1984, which
appeared ca AD 1840 (106 cm core depth) and a morphotype of T.
nitzschioides Grunow ex. Mereschkowsky 1902, which appeared ca
AD 1550 (208 cm core depth; Hay, 2005). Based on linear regression
results of the adjusted core length the average sedimentation rate
for this core was w0.32 cm/year. As the average sample spacing in
this core is w24 cm the dinoﬂagellate cyst temporal resolution
obtained for TUL99B03 was w72 years.
3.3. Statistical analysis
Contemporary dinoﬂagellate and environmental datasets from
the NE Paciﬁc margin (n ¼ 76; Radi and de Vernal 2004) and
estuarine environments (n ¼ 60; Radi et al., 2007) were combined
to produce a training set comprised of several parameters encompassing wide environmental gradients across the region (n ¼ 136).
We acknowledge that this data has been analyzed previously using
principal components analysis (Radi et al., 2007), but decided that
a re-analysis of the data following the suggestions of Telford (2006)
was beneﬁcial. Canonical Correspondence Analysis (CCA) was
therefore used to explore the relationships between dinoﬂagellate
cyst taxa and environmental variables using CANOCO version 4.5
and graphed using CANODRAW version 4.0 (ter Braak, 1987, 2002;


Smilauer,
1992; ter Braak and Smilauer,
2002). The chi-square
measure used in CCA has been criticised as it can give rare species
a large inﬂuence on the analysis (Faith et al., 1987; Legendre and
Legendre, 1998). However, CCA was used in this case as the
species dataset contained many null abundances and the chi-
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square distance should provide a good approximation for species
with unimodal distributions along an environmental gradient (ter
Braak, 1985; Legendre and Gallagher, 2001). The downweighting
of rare species caused negligible changes to the output of the CCA,
suggesting that this was not a major problem in this case.
Pearson correlation analysis was used to determine the intercorrelations between environmental variables and a series of
partial Canonical Correspondence Analyses (pCCA) (Borcard et al.,
1992) were used to assess which variable(s) have a signiﬁcant
independent effect on assemblage composition (cf Telford, 2006).
Monte-Carlo permutation tests (499 random permutations) were
used to determine the statistical signiﬁcance of these analyses, (e.g.
Dale and Dale, 2002).
Predictive models were developed using the modern analogue
technique (MAT), following the procedures described in de Vernal
et al. (2005) using the C2 software package (Juggins, 2003). MAT
has been shown to be one of the most reliable methods for paleoenvironmental reconstruction and allows the reconstruction of
several parameters (Guiot and de Vernal, 2007; McKay et al., 2008).
Hydrographic estimates were calculated from a series of 5 modern
analogues selected from the reference database after logarithmic
transformation of the relative abundances of taxa (de Vernal et al.,
2005). Reconstructions of winter temperature ( C) and productivity
(g C m2) were carried out on the dinoﬂagellate cyst data from
Efﬁngham Inlet core TUL99B03 from the inner basin and from core
TUL99B03 from the outer basin.
4. Results
4.1. Dinoﬂagellate cyst down-core distribution
The overall dinoﬂagellate cyst assemblage composition was
similar both within and between cores TUL99B03 and TUL99B11.
Observed cyst assemblages were characterized by moderately high
species diversity with most samples containing between 14 and 18
taxa although a few samples yielded as few as 10 taxa and others as
many as 21 species.
All samples quantiﬁed contained a usually well preserved and
a diverse assemblage of dinoﬂagellate cysts. Due to problems with
preservation in some samples it was not always possible to assign
specimens to known dinoﬂagellate cyst genera or species. These
specimens could therefore not be included in subsequent statistical
analysis. In addition to dinoﬂagellate cysts, other groups of palynomorphs observed included terrestrially-derived pollen and
spores and fungal remains along with various types of organic
debris. A large number of foraminifera, thecamoebians, tintinnids
and copepod eggs were also observed (Patterson et al., 2005).
The terrestrial to marine palynomorph ratio (T/M ratio) ranged
from a low of 0.35 (TUL99B11, 40e41 cm) to a high of 1.96
(TUL99B03, 992e993 cm). In most samples this ratio was <1.
Peridinioid cysts comprised a signiﬁcant proportion of the
assemblage, primarily due to the abundance of Brigantedinium spp.
and round brown cysts (RBC). For example, the ratio between
gonyaulacoid and peridinioid dinoﬂagellate cysts generally ranged
from a low of 0.007 (TUL99B03, 300e301 cm) to a high of 0.84
(TUL99B03, 758e759 cm). In an anomalous sample from TUL99B11,
40e41 cm, where the gonyaulacoid dinoﬂagellate cyst Operculodinium spp. formed w75% of the sample assemblage the ratio
was 2.89.
Among the gonyaulacoid dinoﬂagellate cysts, Operculodinium
centrocarpum and related morphotypes were quite abundant,
generally ranging between w2% and w20% of the assemblage, and
comprising as much as w45% of the dinoﬂagellates in TUL99B03,
758e759 cm and up to w75% in TUL99B11, 40e41 cm. Among the
observed peridinioid dinoﬂagellate cysts the relative abundance of
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several taxa, particularly Brigantedinium spp., Islandinium minutum/
spiny round brown cysts and round brown cysts were important. I.
minutum/spiny round brown cysts varied between w2 and w17% in
most samples and occasionally reached abundances as high as w36%
in TUL99B11, 184e185 cm, and w50% in TUL99B03, 300e301 cm.
Brigantedinium spp. are another group of protoperidinioid cysts
related to RBC. All such forms showing an opening were grouped
together as Brigantedinium spp. because the exact structure of
archaeopyle could not be observed in all specimens. That said most
specimens could probably be attributed to Brigantedinium simplex
Wall, 1965 ex Lentin and Williams, 1993 as they were characterized
by a 2P hexagonal, equidimensional archaeopyle, as well as Brigantedinium cariacoense (Wall, 1967) Lentin and Williams, 1993 for
a number of specimens having a 2P hexagonal, and broader than
high archaeopyle.
All spherical brown protoperidinioid cysts without any visible
opening were classiﬁed as generic round brown cysts (RBC). They
are a heterogeneous group of inaperturate, spherical, brown forms
of various sizes having a psilate, verrucate to ﬁnely granulate
autophragm, which have variously been assigned to dinocysts as
well as a variety of unknown/undifferentiated palynomorphs (Radi,
pers comm. 2009). In addition Zonneveld (1997) assigned many of
these forms to the dinoﬂagellate genus Echinidinum. The RBC were
excluded from inclusion in the paleoenvironmental reconstruction
as they probably represent multiple taxa with different tolerance
gradients, which would negatively impact the reliability of the
predictive model.
Other peridinioid cysts including Lejeunecysta spp., Quinquecuspis concreta, Selenopemphix nephroides, Selenopemphix quanta,
Votadinium calvum, and Votadinium spinosum usually occurred as
minor constituents of the dinoﬂagellate cyst assemblages. They
generally comprised <5% of the assemblage, but in few samples
they formed/represented as much as w10%. Cysts of the gymnodinioid dinoﬂagellate Polykrikos spp. also consistently occurred as
minor assemblage constituents, generally making up <5% of the
assemblage.
There were several pentagonal cysts observed with a peridinioid
morphology. Unfortunately, due to poor preservation, insufﬁcient
morphological details were present to place them in known taxa.
All such morphotypes are thus referred to as ‘protoperidinioids’.
These undifferentiated protoperidinioids were also excluded from
the paleoenvironmental reconstruction using the same criteria as
applied to the RBC.
4.2. Analysis of the modern training set
CCA axis one explains 15.9% of the species data variance and
56.0% of the specieseenvironment relationship variance and axes
one and two together explain 21.9% of the species data variance and
77.0% of the specieseenvironment relation variance (Table 2). As
a whole the measured environmental variables together explain
28.5% of the variation in the dinoﬂagellate data. Monte-Carlo
permutation tests illustrate the signiﬁcance of axis one and all
canonical axes (p < 0.002). All of the environmental variables were
correlated with axis one and several with axis two at the p < 0.01
level (Fig. 6; Table 3). The dinoﬂagellate taxa are spread along
several of the environmental gradients and the samples from the
NE Paciﬁc margin and estuarine environments form two distinct
groups in the ordination, reﬂecting differences in salinity, temperature and productivity (Fig. 6). However, the environmental variables are highly intercorrelated at the p < 0.01 level (Table 4), which
is a problem as it leads to a signiﬁcant degree of redundancy in the
dataset (Birks, 1995).
A series of pCCAs revealed that the environmental variables
explain the following proportions of variance: winter temperature
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Table 2
Canonical Correspondence Analysis (CCA) results table.
Axes

1

2

3

4

Total
inertia

Eigenvalues
0.296
0.111
0.076
0.037 1.858
Specieseenvironment correlations
0.798
0.744
0.699
0.449
Cumulative percentage variance
Of species data
15.9
21.9
26.0
28.0
Of specieseenvironment relation 56.0
77.0
91.3
98.3
Sum of all eigenvalues
1.858
Sum of all canonical eigenvalues
0.529

(12%, p < 0.002) summer temperature (8%, p < 0.004) winter salinity
(8%, p < 0.004) summer salinity (3%, p < 0.0940) and productivity
(10%, p < 0.002). The remaining 59% is due to intercorrelations
between the environmental variables (Fig. 7). Focus was subsequently on the development of MAT models for winter temperature
and productivity as pCCA showed them to be independent, signiﬁcant environmental controls on the assemblage composition (cf
Telford, 2006). The MAT models have root mean squared errors
(RMSE) of 0.91  C and 38.37 g C m2 for winter temperature and
productivity respectively. Reconstructions of winter temperature
and productivity by MAT are shown in Figs. 8 and 9.

Table 3
Pearson r correlation coefﬁcients between the environmental variables and CCA
axes one and two.
Variable

Axis 1

Axis 2

Winter T
Winter S
Summer T
Summer S
Productivity

0.533**
0.719**
0.432**
0.697**
0.624**

0.322**
0.283**
0.510**
0.269**
0.218*

**p < 0.01, *p < 0.05.

5. Discussion
5.1. Controls on dinoﬂagellate cyst distribution in NE Paciﬁc
The eastern margin of the NE Paciﬁc region is characterized by
temperate waters, except for a pocket of cold water in the Gulf of
Alaska. In this region winter SST ranges from 4 to 11.4  C along
a NeS gradient. Summer SST varies from 12 to 19  C along an EeW
gradient with the coldest waters being found along the coast where
NPH inﬂuenced coastal upwelling conditions prevail (Thomson,
1981). The analyses presented here show that winter temperature
and productivity are the most statistically signiﬁcant controls on
the distribution of dinoﬂagellate cyst assemblages in this region.
Telford (2006) suggested that winter SST is not an important
environmental control on dinoﬂagellates and that summer SST as
a control is more ecologically meaningful. However, Radi and de
Vernal (2004) found that there was no clear relationship between
summer SST and the dinoﬂagellate cyst assemblages in the NE
Paciﬁc as upwelling in summer is stronger in the southern coastal
region, resulting in only a very limited temperature gradient over
the study area.
Radi et al. (2007), using principal components analysis, suggested that productivity associated with seasonal upwelling
constituted the primary factor controlling the distribution pattern
of dinocyst assemblages and the distribution pattern followed
a latitudinal gradient reﬂecting the importance of winter SST in the
north-eastern Paciﬁc margin. However, no variance partitioning
analysis was carried out to quantify the proportion of variance
explained by each variable in this case. The results of pCCA on the
combined datasets presented here unequivocally shows that
winter temperature explains a higher proportion of variance
overall, with productivity a close second.
5.2. Late Holocene Winter SST trends
There has been considerable temporal variation in winter SST in
the NE Paciﬁc through the last w5500 years based on paleotemperature reconstructions derived from cores TUL99B03
(w5500e500 calibrated radiocarbon years before present (cal BP))
(Fig. 3) and TUL99B11 (w3000 cal BP-present) (Fig. 4). For cores
TUL99B03 and TUL99B11 the sampling resolution of w96 and w72
years respectively was too low to detect decadal-scale climate
cyclicity that might be correlated with the PDO or cyclic pulses in

Table 4
Pearson r correlation coefﬁcients between environmental variables.
Variable

Fig. 6. (A) CCA biplot showing taxa and environmental data (B) CCA biplot showing
the samples and environmental data ordination. Open diamonds are estuarine samples
(Radi et al., 2007), ﬁlled squares are samples from the NE Paciﬁc margin (Radi and de
Vernal, 2004). See Table 5 for deﬁnitions of dinoﬂagellate cyst taxon codes.

Winter T
Winter S
Summer T
Summer S
Productivity

Winter T

Winter S
0.482**

0.482**
0.545**
0.509**
0.358**

**p < 0.01, *p < 0.05.

0.127
0.968**
**0.608

Summer T

Summer S

0.545**
0.127

0.509**
0.968**
0.15

0.15
**0.603

**0.572

Productivity
0.358**
**0.608
**0.603
**0.572
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Table 5
Dinoﬂagellate cyst taxon codes.
Code

Taxon

BSPP
AMIN
LEJO
OCEN
PKOF
QCON
SELE
SQUA
VCAL
VSPI
PERI
BTEP
EGRA
IACU
IPAT
IPAR
ISPH
ISTR
IPAL
AMIC
PAME
LSAB
NLAB
PDAL
PRET
SRAM
SELO
SMIR
SSPP
TVAR
SBEN
SBUL
ISSP
LSSP
TAPP
TRVA
DSPP
PSHW
EACU
EDEL
ESPP
CTYP

Brigantedinium spp.
Islandinium minutum
Lejeunecysta oliva
Operculodinium centrocarpum
Cyst of Polykrikos kofoidii
Quinquecuspis concreta
Selenopemphix nephroides
Selenopemphix quanta
Votadinium calvum
Votadinium spinosum
Undifferentiated Protoperidinioids
Bitectatodinium tepikiense
Echinidinium granulatum
Impagidinium aculeatum
Impagidinium patulum
Impagidinium paradoxum
Impagidinium sphaericum
Impagidinium strilatum
Impagidinium pallidum
Islandinium cezare
Cyst of Protoperidinium americanum
Lejeunecysta sabrina
Nematosphaeropsis labyrinthus
Cyst of Pentapharsodinium dalei
Pyxidinopsis reticulata
Spiniferites ramosus
Spiniferites elongatus
Spiniferites mirabilis
Spiniferites spp.
Trinovantedinium spp.
Spiniferites bentorii
Spiniferites bulloides
Impagidinium spp.
Lejeunecysta spp.
Trinovantedinium applanatum
Trinovantedinium variabile
Dubridinium spp.
Polykrikos schwartzii
Echinidinium aculeatum
Echinidinium delacatum
Echinidinium spp.
Cyst Type A

solar activity, both of which have been identiﬁed as strongly
inﬂuencing the climate system of the NE Paciﬁc (e.g. Christoforou
and Hameed, 1997; Mantua et al., 1997; Mantua and Hare, 2002;
Patterson et al., 2004, 2007; Chang and Patterson, 2005;
Vázquez-Riveiros and Patterson, 2009). This lack of sampling
resolution is unfortunate as it would have been useful to determine
if winter SST followed the decadal-scale climate cyclicity recognized in previous time series analysis of Efﬁngham Inlet records.
For example, Patterson et al. (2004) found evidence of both the

Winter
temperature
12%
Winter salinity
8%
Summer
temperature
8%
Intercorrelations
59%

Summer salinity
3%
Productivity
10%

Fig. 7. pCCA results for all environmental variables.
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15e25 and 50e70 year bands of the PDO as well as the w88 year
Gleissberg solar cycle in core TUL99B03, while Ivanochko et al.
(2008) detected evidence of PDO cyclicity in core MD02-2494.
General trends in late Holocene winter SST are identiﬁable in the
records from TUL99B03 and TUL99B11 though, which can be
correlated with other paleoclimatological/paleoceanographic
records in the region (e.g. Chang et al., 2003; Patterson et al., 2004,
2005; Hay et al., 2007; Ivanochko et al., 2008).
Sediments deposited in Efﬁngham Inlet core TUL99B03 from
w5500 to 3600 cal BP provide evidence that the climate was
warmer and drier, with the NE Paciﬁc weather pattern being
generally dominated by the NPH (Chang et al., 2003; Patterson
et al., 2004), in line with results from elsewhere in southern
British Columbia (Pellat et al., 2001; Galloway et al., 2007, 2009,
2010). These sediments are characterized by well-developed
laminae couplets deposited under primarily anoxic conditions, as
would be expected during a NPH dominated upwelling regime
(Fig. 3). Further evidence of upwelling is provided by the high
productivity indicator taxa characterizing the dinoﬂagellate cyst
populations and diatom ﬂoras, which would have required a high
upwelling generated nutrient supply (Chang et al., 2003; Chang and
Patterson, 2005; Patterson et al., 2005; Hay et al., 2007). The winter
SST reconstruction from the dinoﬂagellate cyst data from TUL99B03
indicate that conditions were not constant through this interval
though and provide evidence of distinct phases of gradual winter
SST cooling and warming (>1  C variability).
Modern atmospheric-oceanic conditions became established
along the Paciﬁc coast of North America between w4200 and
3000 cal BP (e.g. Nederbragt and Thurow, 2001; Chang et al., 2003;
Patterson et al., 2004; Anderson et al., 2005; Barron and Bukry,
2007; Kennett et al., 2007; Fisher et al., 2008; Barron, 2008). This
transition was characterized by a stronger AL with a center of action
positioned further eastward and a weaker NPH positioned further
to the south (Barron, 2008; Galloway et al., 2010). Determination of
when this change exactly occurred is difﬁcult to determine with
precision as the Holocene transition from one climate state to
another in this region lasted for up to 2000 years, with considerable
geographic variability (Mathewes and Heusser, 1981; Galloway
et al., 2010).
In Efﬁngham Inlet core TUL99B03 evidence of this transition to
cooler and wetter winter conditions began from the base of the
core at w5500 cal BP with temperature steadily dropping until
w3500 cal BP, which correlates locally with palynological and
physical evidence of neoglacial advances (Tiedmenann, Peyto,
Robson) along the southern British Columbia Paciﬁc coast (Pellat
and Mathewes, 1997; Pellat et al., 2001; Chang et al., 2003),
evidence of wetter winters in SE Alaska (Fisher et al., 2008), as well
as a series of global cooling events (Bond et al., 2001) (Fig. 3). The
increased AL inﬂuence directly impacted Efﬁngham Inlet as
increased precipitation resulted in greater stratiﬁcation of the
upper water layer. As a result nutrient-rich waters entered Efﬁngham Inlet and were carried to greater depths where they became
unavailable for phytoplankton utilization. In addition the change in
wind patterns resulted in more oxygenation events (Patterson
et al., 2004). The shift from NPH to AL dominance is manifested
sedimentologically in both cores TUL99B03 and TUL99B11 by an
increase in the number of non-laminated units, indicating
a departure from the predominantly anoxic bottom-water conditions that had previously characterized sedimentation (Figs. 3 and
4). Depressed winter SST conditions characterized Efﬁngham Inlet
during the onset of neoglacial conditions in the region, terminating
by w2800 cal BP. The generally warmer winter SST in Efﬁngham
Inlet after the termination of the neoglacial advances, most
noticeable in core TUL99B03 (Fig. 3), may have come about as
a result of increased seasonality of the California Current following
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Fig. 8. Fossil dinoﬂagellate record from core TUL99B03 with reconstructions of winter temperature and productivity by WMAT. Root mean squared errors (RMSE) were 0.91  C
and 38.37 g C m2 for winter temperature and productivity respectively.

the mid to late Holocene transition (Barron et al., 2003, 2004). This
change to the California Current would have resulted in stronger
spring upwelling in a narrower zone near the coast. A weakening of
upwelling in the early fall would have allowed warmer waters of
the Central Gyre to move shoreward through the region in
September. These overall changes to the California Current would
result in warmer winter SST by causing an earlier onset of the Under
Current (Barron et al., 2003, 2004, Pers. Comm. 2009).
Winter SST warms at w2300e2200 cal BP in both cores (Figs. 8
and 9), may represent an intensiﬁcation of the AL and more modern
conditions. Barron et al. (2004) argue that an increase in the warm
water diatom Pseudoeunotia doliolus (now Fragilariopsis doliola)
that was reported at w3400 cal BP at offshore NE Paciﬁc ODP site

1019 began to appear inshore off Eureka, California by
w2300 cal BP in core TN02 0550 (Barron et al., 2004). This inshore
migration of F. doliola suggests that there was a further narrowing
of the California Current in the fall, permitting warmer waters of
the Central Gyre to penetrate further shoreward.
Barron (2008) has suggested that the warmer SST of the late
Holocene, also recognized in the Efﬁngham Inlet records (Figs. 3
and 4) was also characterized by an enhanced expression of El
Niño/Southern Oscillation throughout the region. As compared
with the mid-Holocene the late Holocene seems to be generally
more El Niño-like or in a positive PDO state. The post w2300 cal BP
inshore movement of warm waters from the Central Gyre and
increased expression of warm ENSO/PDO cycles may thus be

Fig. 9. Fossil dinoﬂagellate record from core TUL99B11 with reconstructions of winter temperature and productivity by WMAT. Root mean squared errors (RMSE) were 0.91  C and
38.37 g C m2 for winter temperature and productivity respectively.
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related (Barron, 2009, Pers. Comm.). In Efﬁngham Inlet particularly
warm winter SST conditions prevailed during the w1100 cal BP (AD
900)ew700 cal BP (AD 1300) interval (Figs. 3 and 4), particularly in
core TUL99B11. This period roughly corresponds with the so-called
Medieval Warm Period (MWP), an interval characterized by a prolonged and pronounced megadrought throughout western North
America (Cook et al., 2004; MacDonald and Case, 2005). Modulation of teleconnected marine inﬂuences such as El Niño and the
PDO controls the amount of moisture transported to the western
part of the North American continent, which was greatly reduced
during the MWP (Cook et al., 2004). This interval seems to have also
corresponded to higher rates of NPH inﬂuenced upwelling resulting
in cooler summer NE Paciﬁc SSTs, and an associated increase in
marine productivity in Efﬁngham Inlet and elsewhere in the region
(e.g. Ingram, 1998; Finney et al., 2002; Kim et al., 2004).
Winter SSTs subsequently progressively declined in the Efﬁngham Inlet records, an interval corresponding to generally positive
PDO conditions in the NE Paciﬁc region and a return to less arid
conditions throughout western North America (Cook et al., 2004;
MacDonald and Case, 2005).
6. Conclusions
Canonical Correspondence Analysis (CCA) and partial Canonical
Correspondence Analysis (pCCA) were used to re-analyze
contemporary dinoﬂagellate distributional data from the NE Paciﬁc
margin and estuarine environments and highlighted that winter
temperature and productivity are the most important controls on
the distribution of dinoﬂagellate cysts in this region. Dinoﬂagellate
cyst MAT models for winter temperature and productivity were
developed from the contemporary distributional data and applied
to subfossil data from two mid to late Holocene (w5500 cal BPpresent) cores from Efﬁngham Inlet.
The late Holocene MAT-based winter SST productivity reconstructions derived from cores TUL99B03 and TUL99B11 in
Efﬁngham Inlet produced results consistent with known paleoceanographic conditions in the NE Paciﬁc. Particularly noteworthy
in the Efﬁngham Inlet records is the decline in winter SST after
w5500 cal BP that is associated with a decrease in the inﬂuence of
the NPH through the Holocene. This drop in winter SST culminated
in the initiation of neoglacial advances in the NE Paciﬁc by
w3500 cal BP. Following the termination of glacial conditions in
coastal areas there was a general increase in winter SST through the
Late Holocene linked to a weakening of the California Current,
which would have resulted in a greater inﬂuence of the warm
central gyre and overall more El Niño-like conditions. Winter SST
temperature spikes coeval with megadrought conditions recorded
in continental records are found in both core TUL99B03 and
TUL99B11.
This research conﬁrms that upwelling derived productivity and
winter SST are the main parameters inﬂuencing dinocyst distribution in the North-eastern Paciﬁc. Thus, dinoﬂagellate derived
reconstructions of productivity and winter SST primary are robust
and constitutes a step forward in using dinocysts as paleoenvironmental tracers. Future research utilizing higher resolution dinoﬂagellate cyst datasets should provide a valuable contribution to
better understanding the relationship between oceaneatmosphere
circulation and climate change in the region.
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