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a b s t r a c t

Several abrupt climate events during the Holocene, including the widely documented oscillation at 8.2
thousand years before present (ka), are attributed to changes in the North Atlantic thermohaline
circulation. Additional mechanisms, such as interactions between atmospheric circulation, ice-sheet
dynamics, and the influence of solar irradiance, also have been proposed to explain abrupt climatic
events, but evidence remains elusive. This study presents evidence from multi-proxy analyses on the
Holocene sediments of Eleanor Lake, interior British Columbia. Climatic inferences from our decadal-
resolution record of biogenic silica (BSi) abundance are supported by changes in diatom and pollen
assemblages from the same core and correlations with existing regional climate records. The BSi record
reveals abrupt and persistent climatic shifts at 10.2, 9.3, and 8.5 ka, the latter two of which are coeval
with major collapses of the Laurentide Ice Sheet. The record also reveals a short-term cooling at 8.2 ka
that is distinct from the 8.5 ka event and similar in magnitude to several other late-Holocene coolings.
BSi is correlated with solar-irradiance indices (r¼ 0.43e0.61), but the correlation is opposite in sign to
that expected from direct solar forcing and weakens after 8 ka. Possible mechanisms causing the abrupt
and persistent climate changes of the early Holocene include 1) sudden losses of ice and proglacial lake
extent, causing a shift in the meridional structure of atmospheric circulation, 2) a possible link between
solar minima and El Niño-like conditions that are correlated with warm spring temperature in interior
British Columbia, and 3) the influence of solar irradiance variability on the position of the polar jet,
possibly via effects on the strength of the glacial anticyclone.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding the mechanisms of abrupt climate change
requires identification of such events in high-resolution paleo-
climate records and associating themwith forcing factors that may
have pushed the climate system past a threshold (Alley et al., 2003;
Denton et al., 2010). Apart from the events attributable to
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thermohaline circulation shutdown in the North Atlantic during
deglaciation (e.g., Kleiven et al., 2008), evidence of abrupt and long-
lasting (>several centuries) climate change events during the
Holocene with plausible alternative mechanisms remains scarce in
many regions. However, several mechanisms have been proposed,
including abrupt shifts in the jet stream upstream of ice sheets
associated with rapid deglaciation (Wunsch, 2006) and solar vari-
ability as a modulator of centennial-scale climatic fluctuations
(Björck et al., 2001; Bond et al., 2001; Hu et al., 2003).

The scattered evidence of abrupt Holocene climate change no-
doubt reflects the paucity of high-resolution records of sensitive
climate proxies in regions that experienced abrupt events. Candi-
date regions for detecting abrupt Holocene climate events include
transitions between climatic regimes and air-mass dominance
(Kirby et al., 2002). One such region is eastern British Columbia in
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western Canada, where winter onshore flow collides with polar air
masses, producing abundant snowfall, and where summer
convective rainfall also is frequent. In this study, we analyzed
sediments from Eleanor Lake (Fig. 1; 52�70N, 119�180W; 677 m
above sea level) in east-central British Columbia to infer patterns
and drivers of Holocene climatic change.While the regional climate
may be sensitive to large-scale forcing, paleolimnological
approaches to climate reconstruction present challenges because
the year-round wet climate may result in little climatic sensitivity
of the biogeochemistry of lake water or of the assemblages and
productivity of the diatom flora (Battarbee, 2000). It is possible,
however, that the cool summer climate and variable ice-off dates
affect springtime water temperature, nutrient dynamics, diatom
species assemblages, and productivity (Smol and Douglas, 2007).
Here we infer Holocene climatic change in the Eleanor Lake area
from a variety of sediment measurements, with a focus on the
biogenic silica (BSi) content, diatom assemblages, and pollen
Fig. 1. Geographic setting of the study area. (A) The extent of the Laurentide Ice Sheet at t
indicates proglacial lakes at 8.6 ka, and blue indicates modern large lakes (Dyke et al., 2003).
also are shown. (B) July precipitation and locations of lake sites mentioned in the text. (C) Sh
site location within the 9.5 ha lake. (D) Monthly averages (1960e1999) of maximum and m
BC). (For interpretation of the references to colour in this figure legend, the reader is refer
assemblages. These inferences are compared with nearby inde-
pendent temperature-sensitive climate proxy records. Further-
more, we compared the Eleanor Lake climate record with
commonly used proxies of solar activity, as several recent studies
have shown that millennial-scale climate fluctuations throughout
the Holocene are correlated with ice-core and tree-ring proxies of
solar activity (e.g., Björck et al., 2001; Bond et al., 2001; Hu et al.,
2003; Marshall et al., 2007; Marchitto et al., 2010).

2. Geomorphic and hydrologic setting

Eleanor Lake is a 9.5-ha,19-m deep, kettle lake in the valley floor
of the North Thompson River in the town of Blue River, British
Columbia. The climate of the region is cool and moist, with an
average July temperature of 16.3 �C and an average annual
precipitation of 1002 mm, 30% of which falls as snow (Fig. 1). The
bedrock is classified in the Shuswap Assemblage, dominated by
hree times (8.4 and 8.6 ka shown in magenta, and 10.9 ka shown by a line). Turquoise
Comparison sites in Alaska, Greenland, and the North Atlantic (ice-rafted debris record)
aded-relief map of the mountainous landscape and bathymetric map showing the core
inimum temperature (blue lines) and precipitation (bars) for Eleanor Lake (Blue River,
red to the web version of this article.)
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metamorphic rocks of quartzofeldspathic gneiss and biotite-quartz
schist (Massey et al., 2005). The lake has no inflowing or outflowing
streams and has a catchment of <5 ha, though delimiting the
catchment is difficult due to its location on a low-relief glaciofluvial
terrace. Springs occur at ca 4 m depth on the west side of the lake,
suggesting that the lake exchanges water with the hyporheic flow
of Blue River, located 150 m to the north. Late-successional forests
in the region are composed of the mesophytic trees Tsuga hetero-
phylla and Thuja plicata. Extensive seral forests are composed of
Pinus contorta, Pseudotsuga menziesii and Betula papyrifera. Picea
engelmannii x glauca and Abies lasiocarpa are abundant above
900 m, but also occur rarely near the lake.

3. Materials and methods

3.1. Core collection and chronology

Two parallel cores were obtained from the deepest location of
the lake using a modified square-rod Livingstone piston corer from
an anchored platform. Cores were extruded and wrapped in the
field and split lengthwise in the laboratory. The upper-most 57-cm
of sediment was obtained using a clear polycarbonate tube fitted
with a piston. The surface-sediment core was sectioned into plastic
bags at 1-cm intervals in the field. The chronology of the sediments
is based on nine 14C ages on plant macrofossils, three volcanic-
tephra ages, and 210Pb ages on the upper 27 cm of sediment. Cali-
bration of 14C ages to the calendar age scale was made using CALIB
5.0 (Stuiver and Reimer, 1993; Reimer et al., 2004). An ageedepth
model was constructed using a monotonic cubic spline. Before
curve fitting, depths were adjusted to account for the thicknesses of
tephras.

3.2. Sediment chemical analyses

The organic content of the lake sediment was measured using
loss-on-ignition (at 550 �C) on 85 samples, and organic C and
organic N were measured using a UIC CHN analyzer on an addi-
tional 55 samples. The relative proportions of the major identified
minerals were determined on 29 samples by x-ray diffraction with
a Scintag e diffractometer following conventional procedures
(Moore and Reynolds, 1997).

We measured BSi on 495 samples spaced at 1 to 2-cm intervals.
BSi was extracted from ca 60 mg of freeze-dried sediment with 10%
Na2CO3, dyed with molybdate blue, and measured with a spectro-
photometer previously calibrated on a silica standard solution
(modified fromMortlockandFroelich,1989). BSiwas thencalculated
as the percent biogenic SiO2 of the total dry weight. The 95% confi-
dence interval of the BSi measurements, determined from 29
replicate samples, was �4.6% and this error did not vary with the
absolute value of BSi or with the depth in the core.

In order to compare the Eleanor Lake BSi record to proxies of
solar activity, we used the smoothed and detrended records of 10Be
flux from the GRIP and GISP2 Greenland ice cores and the
production rate of 14C computed from D14C of the tree-ring cali-
bration curve (Bond et al., 2001; Reimer et al., 2004; Marchitto
et al., 2010). These proxies were detrended to remove the poten-
tial effect of long-term fluctuations in the geomagnetic field on
cosmogenic nuclide production (Marchitto et al., 2010). We
smoothed and detrended the BSi record in the same manner to
make it comparable to the solar proxies of Marchitto et al. (2010).
Specifically, we used a running mean in a ca 100-year window on
the raw observations, a linear detrend, interpolation to 50-year
intervals, and then a high-pass filter at 1/1800 year�1. Testing the
significance of the correlation between the BSi and solar proxies
required a method that accounted for a temporal autocorrelation,
as such autocorrelation violates an assumption of parametric
significance tests. We used a block bootstrap in which each boot-
strap sample involved resampling (with replacement) the BSi time
series in blocks of 150 years (i.e., three consecutive points of the 50-
year resampled time series). The bootstrap distribution of the
correlation coefficient was calculated using 999 bootstrap samples
of the time series. A two-tailed significance test was assessed using
the bootstrap distribution.

3.3. Diatom and pollen analyses

Diatom samples (n¼ 117) were treated with 10% hydrochloric
acid and cold 35% hydrogen peroxide to remove carbonates and
organic matter, respectively (Battarbee et al., 2001). Diatom samples
were mounted on glass slides with Zrax and examined at 1000�
magnification. A minimum of 300 valves was identified per sample.
Taxonomic identifications were made with reference to several
sources (Patrick and Reimer, 1975; Krammer and Lange-Bertalot,
1991; Cumming et al., 1995). A tally of undifferentiated chryso-
phyte cysts encountered during the diatom count also was made.

Pollen samples (n¼ 69) of 0.5e1 cm3were chemically processed
using standard base, acid, and acetolysis treatments (Faegri and
Iversen, 1992). Pollen samples were mounted on slides using Si
oil and examined at 400� and 1000�magnification. A minimum of
350 terrestrial pollen grains was identified per sample. Taxonomic
identifications were made using a reference collection and taxo-
nomic keys (e.g., Faegri and Iversen, 1992).

4. Results

4.1. Sediment chronology and characteristics

The 682-cm sediment core is characterized as brown gyttja with
microlaminations and black banding, three volcanic tephras, and in
the basal 35 cm, alternating clay and organic sediment overlying
coarse sand and gravel. The basal calibrated 14C age of the core is
10.85 ka, and the sequence of 14C dates shows no age reversals.
However, one date from a marginal quantity of unidentifiable plant
material fell out of line with neighboring dates and had a large
standard deviation (Table 1). This date is not included in the
ageedepth model (Fig. 2). The 210Pb concentrations fluctuate
greatly in the upper 10 cm of sediment, consistent with a known
history of recent anthropogenic pollution causing algal blooms
followed by restoration efforts that would have reduced sedimen-
tation rates (Table 2).

Multiple visual tie-points between two parallel cores permitted
continuous sampling down-core at 1-cm intervals. Although the
record is continuous, there is a distinct 46-cm core segment
immediately following the airfall Mazama tephra that is heavily
contaminated with redeposited tephra representing a 310-year
period (estimated with our 14C chronology; Fig. 2). This core
segment was removed from subsequent analyses because the
redeposited tephra greatly reduced % BSi. Overall, the robust
chronology, along with the high deposition rate and minimal
sediment mixing as evidenced by microlaminations, permitted the
detection and dating of abrupt climatic events.

The sediments of Eleanor Lake are composed primarily of BSi
and organic matter (Fig. 2). Diatom preservation was good to
excellent throughout the core, suggesting little dissolution effects
on the BSi record. Mineral content, comprised mainly of pyrite
(40e60% of the major identified minerals), exceeds 25% of the
sediment dry weight only at the core base and at depths of tephras.
The occurrence of pyrite throughout the core suggests that the lake
has been continuously deep and that the bottom water has
remained anoxic.



Table 1
14C dates and tephras from the Eleanor Lake sediment record. Terrestrial macrofossils were dated by accelerator mass spectrometry (AMS) at the Center for Accelerator Mass
Spectrometry at Lawrence Livermore National Laboratory.

Lab Code (CAMS#) or tephra Depth from sediment surface (cm)a Dated material or reference for tephra 14C age Calibrated age (median and 2s range)

108931 73 (73) Picea needle 785� 70 710 (670e760)
114114 117 (117) Betula cone scale 1590� 70 1470 (1400e1550)
Bridge River tephra 156.5e157.5 (156.5) Clague et al., 1995 2400
St. Helens Yn tephra 202e203 (201) Foit et al., 2004 3640
108932 224 (222) Picea needle 3945� 70 4400 (4260e4520)
108933 256 (254) Picea needle 4750� 70 5510 (5329e5586)
114115 300 (298) Leaf petiole 6385� 70 7320 (7260e7418)
Mazama tephra 347e355 (345) Zdanowicz et al., 1999 7627
114116 401 (391) Leaf (Betula or Alnus) 7760� 90 8530 (8430e8600)
114117 467 (457) Leaf (Betula or Alnus) 8360� 70 9390 (9300e9470)
114118b 536 (526) Fibrous plant material 8530� 180 9520 (9300e9700)
114119 598 (588) Leaf (Betula or Alnus) 9020� 70 10,210 (10,170e10,240)
108934 672 (662) Pinus needle 9520� 90 10,850 (10,660e11,090)

a Values in parentheses are depths corrected for tephra thicknesses.
b Date rejected for chronology development.
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4.2. BSi, diatom, and pollen stratigraphy

From 10.6 to 10.2 ka, BSi (expressed as a percentage of dry
weight) increased rapidly from ca 5% to nearly 50% (Fig. 3). BSi then
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Fig. 2. (A) Ageedepth relationship of the 6.8-m sediment core from Eleanor Lake.
Crosses show the median of 10 calibrated AMS 14C dates on macrofossils, the known
ages of three tephras (O, BR, Yn), and 210Pb age model of surface sediments. The 2s
errors of 14C dates are shown by horizontal bars. Gray vertical bars indicate sediments
containing tephra, including a 310-year period of redeposited Mazama (O) tephra. (B)
Stacked percentages of biogenic silica (BSi) and percent loss-on-ignition at 550 �C
(LOI550). LOI was analyzed at coarser intervals than BSi. (C) Stacked percentage graph of
the major identified minerals determined by X-ray diffraction.
decreased slowly until 9.9 ka, then dropped to 32% and at 9.3 ka
peaked again near 45%. After 9.3 ka, BSi decreased abruptly to 30%,
and then decreasedmore slowly to 25% by 8.5 ka, when it increased
abruptly to ca 50%. After 8.5 ka, BSi decreased briefly at 8.2 ka and
then gradually to 35% until ca 6 ka. From 6 to 4.2 ka, BSi steadily
decreased to 15%. After 4.2 ka BSi fluctuated between 10% and 30%
with several distinct decadal-scale peaks and troughs.

In general, diatom assemblages (Fig. 3) fluctuated greatly with
changing BSi. The initial increase in BSi was marked by a transition
from a diverse benthic assemblage to a diverse planktonic assem-
blage dominated briefly by Stephanodiscus minutulus, which then
transitioned to Fragilaria crotonensis. The 9.3 ka BSi peak was
similar to the 10.2 ka peak with dominance by S. minutulus tran-
sitioning to dominance by Fragilaria spp. The 8.5 ka BSi peak was
comprised mainly of S. minutulus and Cyclotella bodanica aff.
lemanica. After 8.5 ka, a period of decreasing BSi was dominated by
C. bodanica and also showed an increase in the chrysophyte cyst to
diatom ratio. After 4.2 ka diatom assemblages were dominated by
tychoplanktonic Fragilaria capucina except for a peak of Cyclotella
spp. coincident with a BSi peak and a peak of benthic diatoms
(Pinnularia mesolepta) during the last millennium.

The pollen assemblages are dominated by Pinus, representing
locally and regionally dispersed P. contorta pollen (Fig. 4). Before
10.4 ka, during the period of rapidly increasing organic content,
macrofossils indicate that P. contorta first colonized the area and
Pinus pollen dominated (ca 97%) with minor amounts of Alnus.
Pinus percentages declined until 9.3 ka while Abies cf. lasiocarpa
Table 2
210Pb determinations and age estimates from the surface sediments of Eleanor Lake.
Values in bold were averaged to calculate background activities used in the age
model. Estimated ages were determined by a constant-rate-of-supply (CRS) model.

Depth in sediment (cm) Bulk density (g/cm3) Activity (DPM/g) Estimated age

0e1 0.0127 105.436 2002
2e3 0.0191 155.162 1998
4e5 0.0244 75.033 1994
6e7 0.0282 280.571 1973
8e9 0.0345 67.358 1947
10e11 0.0305 42.786 1916
12e13 0.0030 26.696 1880
13e14 0.0714 21.335 1855
14e15 0.0393 24.773
16e17 0.0377 15.885
18e19 0.0426 14.764
20e21 0.0444 12.176
22e23 0.0365 18.145
24e25 0.0478 16.536
25e26 0.0525 12.945
26e27 0.0331 10.194



Fig. 3. The BSi and diatom record from Eleanor Lake. The vertical dashed lines indicate
the three largest abrupt changes in the BSi record.
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pollen increased to 10%, followed by Betula and Picea. Betula pollen,
most likely B. papyrifera based on occasional seeds, decreased
abruptly after 8.5 ka, when Pinus increased again followed by Picea
(and the first appearance of P. engelmannii macrofossils) and
Pseudotsuga. After the deposition of Mazama tephra at 7.6 ka, Pinus,
Picea and Abies percentages remained steady while Betula and
Alnus pollen declined into the late Holocene. T. heterophylla pollen
became consistently present (>2%) at 4.5 ka and a T. heterophylla
needle was found at 3.9 ka. Cupressaceae pollen, representing
T. plicata, was consistently represented after ca 3 ka.

5. Paleoclimatic interpretation of biogenic silica

5.1. Multi-proxy evidence from Eleanor Lake

BSi and organic matter (estimated by loss-on-ignition) together
compriseonaverage75%of the sedimentdryweight (Fig. 2), and their
fractions are negatively correlated. Specifically, BSi has a strong
negative correlation with % organic nitrogen (% ON) and % organic
carbon (% OC) (r¼�0.86 and �0.88, respectively; Fig 5). While fluc-
tuations in one component (e.g., OC) affect the percent of the other
component (e.g., BSi), we note that if computing % BSi and % OC
relative to non-BSi mineral matter only (thus removing codepen-
denceofBSi andOC), thesecorrelationsare roughlyhalvedbut remain
negative, despite the fact that a portion of the OC in the sediment is
diatom-bound organic matter. Therefore, variable partitioning of
aquatic productivity between siliceous and non-siliceous organisms
must be invoked to explain thefluctuations in% BSi. This is supported
byanaverageOC/ON ratio of 12.8 indicating amostly aquatic origin of
the organic matter (Meyers and Lallier-Vergas, 1999).

Expressing BSi and organic matter as accumulation rates (i.e.,
mg cm�2 yr�1) may potentially overcome the issue of interdepen-
dence of percentage measures. However, BSi and organic matter
accumulation rates parallel the total sedimentation rate over the
Holocene to such a degree that any productivity signal in accu-
mulation rates is likely overshadowed by basin-controlled sedi-
ment focusing. We suggest that the bathymetry of Eleanor Lake
would have been more conical in shape during the early Holocene,
thereby favoring sediment focusing and the observed high sedi-
mentation rate at that time (Hilton, 1985). Thus, while BSi accu-
mulation rates are a result of an unknown mixture of sediment
focusing and BSi productivity, BSi expressed as a percent of dry
weight is more simply a trade-off of BSi versus organic matter
production. Several other factors, discussed below, support
a climatic interpretation of % BSi.

BSi percentages are positively correlated with the percent of
planktonic diatoms (r¼ 0.73; Fig 5D), indicating BSi is a proxy for
the conditions suitable for spring planktonic diatom blooms. Such
conditions occur following ice-out and prior to thermal stratifica-
tion when physical mixing results in the upward transfer of nutri-
ents from the hypolimnion. Periods of extended spring mixing,
such as after an early ice-out due to winters with low snow cover
and rapid spring warm-up (Bradbury, 1988; Interlandi et al., 1999)
are likely to enhance planktonic diatom productivity. Eleanor Lake
currently experiences heavy snowfall (423 cm annually) and cool
summers (July mean temperature¼ 16.3 �C), both of which would
limit planktonic diatom productivity via late ice-off and low
growing-season temperature. Consistent with this interpretation is
that chrysophyte cysts, known to be abundant in cool and oligo-
trophic conditions (Lotter et al., 1997), are negatively correlated
with % BSi despite the fact that chrysophyte cysts also contribute to
BSi (Fig. 5E).

The major peaks in BSi during the early Holocene are marked by
a succession from S. minutulus to F. crotonensis and Asterionella for-
mosa. S. minutulus blooms rapidly following ice out (Interlandi et al.,



Fig. 4. (A) The pollen record from Eleanor Lake of the eight most common pollen types. Macrofossils (leaves and seeds) are shown by ‘þ’ symbols. Note that Pinus and Abies are
plotted on the same axis. Gray lines for Tsuga and Cupressaceae indicate 10� exaggeration. (B) The climatic space occupied by Tsuga heterophylla and Betula papyrifera. Thin and
thick lines indicate the central 80% and 50% of the distribution of climate values in the current ranges of these species (Thompson et al., 1999).
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1999) and requires high phosphorous (P) concentrations suggesting
these periods were marked by especially strong mixing (Bradbury,
1988; Kilham et al., 1996). In contrast, F. crotonensis and A. formosa
also are typical of the spring mixing period (Reynolds, 1983;
Bradbury, 1988; Kilham et al., 1996) but F. crotonensis has also been
reported during summer thermal stratification and can tolerate
lower nitrogen (N) and P concentrations than S. minutulus (Kilham
et al., 1996; Interlandi et al., 1999; Saros et al., 2005). Further shifts
in the planktonic diatom assemblage after 8.5 ka indicates further
increases in thermal stratification. The Cyclotella spp., and especially
C. bodanica aff. lemanica, are characteristic of lower P and N
concentrations and dominate during late season stratification. This
suggests warm waters and probably low precipitation and cloudi-
ness persisting until ca 5.5 ka (Kilham et al., 1996; Interlandi et al.,
1999). Periods of low BSi during the early Holocene, including the
pioneer diatom assemblage, are marked by increased relative
abundance of small benthic taxa belonging to the genera Staurosira
and Staurosirella. These taxa tend to dominate in cold, nutrient-poor
lakes where the growing season is short and/or light is limiting
(Laing and Smol, 2000; Lotter and Bigler, 2000; Schmidt et al., 2004).

In the middle Holocene the transition to dominance by
F. capucina aff. gracilis occurs during a decrease in BSi. This tycho-
planktonic species is associated with near-shore areas where the
ice first melts and weak stratification in the summer, which would
occur under a cooler climate with longer ice cover and generally
lower productivity (Smol and Cumming, 2000; Schmidt et al.,
2004), and with wetter conditions that would increase ground-
water delivery of Si to the lake (Voigt et al., 2008). F. capucina
transitions to benthic taxa during the last millennium. Taken
together these shifts in the diatom assemblage suggest the
importance of the controls of ice-out dates, period of mixing, and
the date of the onset of thermal stratification.

The pollen record also supports a climatic interpretation of the
BSi record. Major changes in BSi are paralleled by changes in Betula
(likely produced by the tree B. papyrifera) and T. heterophylla pollen.
These two tree species overlap little in geographic and climatic
space: B. papyrifera is a deciduous tree common in continental and
boreal forests with a continental climate featuring warm moist
summers, whereas T. heterophylla is a dominant species of cool wet
maritime climates (Thompson et al., 1999; Fig. 4). The period of
relatively low BSi from 9.3 to 8.5 ka coincides with a decrease in
Pinus and high levels of Betula pollen. This is consistent with
a period of increased summer moisture, though temperatures must
have remained sufficiently high to maintain diatoms indicative of
thermal stratification. At 8.5 ka, the rapid increase in BSi is paral-
leled by a decrease in Betula and increase in Pinus, which is



Fig. 5. Correlation of % BSi and A) organic nitrogen, B) % organic carbon, C) the ratio of organic carbon to nitrogen, D) the percentages of planktonic diatoms, and E) the ratio of
chrysophyte cysts to diatoms. In panel E, removal of three outlier samples (circled) results in the stronger correlation shown in parentheses. F) % BSi over the past 1200 years plotted
against mean July temperature reconstruction from the Canadian Rocky Mountains (Luckman and Wilson, 2005). Data from Luckman and Wilson (2005) were smoothed with a 20-
year lowpass filter (thin line) and further smoothed by a 49-year moving average (thick line). Glacial advance periods are depicted as horizontal bars and summarized from Edwards
et al. (2008), Luckman (1993) and Luckman andWilson (2005), upper, and Menounos et al. (2009), lower. Data from Luckman andWilsonwere obtained from theWorld Data Center
for Paleoclimatology (www.ncdc.noaa.gov/paleo/paleo.html).
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consistent with an onset of warm and dry conditions that would
favor Pinus over Betula as an early seral species after fires (Simard,
1996). Later, over the middle to late Holocene, the progressive loss
of Betula and increase in Tsuga suggests decreasing continentality
and increasing winter moisture, which would result in later ice-off
dates and reduced planktonic diatom blooms. Based on the sum of
the above evidence, a common feature of the potential climatic
controls on BSi is a combination of early-season temperature and
ice-out timing effects on planktonic diatom productivity.

5.2. Regional comparisons

The paleoclimate record from Eleanor Lake is in strong agree-
ment with existing paleoclimate records from western Canada.
Over the past millennium, a dendroclimatic reconstruction of
maximum summer temperatures (Luckman and Wilson, 2005)
compares well with % BSi (Fig. 5F), although there are discrepancies
that occur within the error of the chronology (ca 100 years) in this
interval and during the last century of land-use impacts on the
sediment record. Over the entire Holocene, BSi follows the overall
trend in summer insolation (Fig. 6). Furthermore, summer
temperature inferred by compositing chironomid-based recon-
structions from four sites 400 km to the south (Palmer et al., 2002;
Rosenberg et al., 2004; Chase et al., 2008) follows both the
millennial-scale trends and many of the early-Holocene abrupt
changes in BSi (Fig. 6).
A synthesis of glacial advances from the Canadian Rocky
Mountains (Menounos et al., 2009) reveal periods when climate
was sufficiently cool and moist to sustain alpine glacier growth
(Figs. 5F, 6). Late-Holocene glacial advances are much better
documented than those during the early Holocene. At 4.3 ka,
a minimum in BSi and the increase of wet-adapted T. heterophylla
co-occurs with a regional glacial advance and some of the lowest
chironomid-inferred temperatures of the Holocene (Figs. 4 and 6).
Minima of BSi during the late Holocene at 2.4, 1.4, and 0.8 ka occur
close in time to regional glacial advances, the most recent being
coeval with the most significant neoglacial (Little Ice Age) advance
(Luckman, 1993).

The sediments of neighboring Mud Lake (Fig. 1C) have been
studied to reconstruct glacial activity in its watershed (Hodder
et al., 2006, 2007). The Mud Lake record shows several features
in agreementwith Eleanor Lake. Hodder et al. (2007) found a strong
negative correlation between varve thickness and spring temper-
ature, though the mechanism behind this correlation is not clear.
The overall low sedimentation at Mud Lake during the early
Holocene (0.3 mm/yr) compared to the late Holocene (2.1 mm/yr)
is consistent with the broad trends in BSi at Eleanor Lake. The slow
sedimentation rate at Mud Lake, however, precludes detecting the
early-Holocene abrupt changes observed at Eleanor Lake. Organic
matter (LOI) in the Mud Lake sediment core also may reflect gla-
ciofluvial erosional rates. The overall trend in LOI matches Eleanor
Lake BSi, and during the late Holocene pulses of low LOI, likely

http://www.ncdc.noaa.gov/paleo/paleo.html


Fig. 6. Comparison of summer insolation at 50�N, the NGRIP d18O record (NGRIP members, 2004), the Eleanor Lake BSi record and four additional paleoclimate records from British
Columbia. Vertical dashed lines indicate abrupt changes in the BSi time series; other events on the BSi record at 2.6 ka and 8.2 ka also are highlighted. Glacial-advance periods are
from Menounos et al. (2009). The composite record of July temperature anomalies based on chironomid assemblages from four sites with well-constrained chronologies (Fig. 1):
Frozen Lake (Rosenberg et al., 2004), North Crater Lake and Lake-of-the-Woods (Palmer et al., 2002), and Windy Lake (Chase et al., 2008). Thin and thick lines are loess-smoothed
temperature anomalies (based on a 0e2 ka base period) in 300-yr and 750-yr windows, respectively (Cleveland, 1979). Mud Lake LOI is from Hodder et al. (2006). Relative effective
moisture at Big Lake was inferred from multiple proxies, including diatom assemblages and pollen (Bennett et al., 2001).
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resulting from glacier advances upstream of Mud Lake, occur close
in time to minima in BSi at Eleanor Lake (Fig. 6).

Last, multi-proxy records of relative moisture from Big Lake
located 156 km to the southwest (Bennett et al., 2001) and from
Felker Lake located 186 km to the west (Galloway et al., 2011) are in
good agreement with our BSi record. These records show a warm-
ing and drying at ca 8.5 ka, in agreement with increases in BSi and
in subsequent increases in C. bodanica aff. lemanica (indicating
stratification). During the middle Holocene, however, Big Lake
shows the onset of cool/wet conditions several millennia earlier
than suggested by BSi and pollen at Eleanor Lake, and Felker Lake
shows great variability in diatom-inferred salinity.

In summary, the chironomid records, the glacial advance
records, the sedimentation study at Mud Lake, and the nearby
multi-proxy paleolimnological records support the general trends
and many specific features found at Eleanor Lake. Our BSi record is
unmatched at other sites in its temporal resolution, yet there is no
evidence that clearly contradicts specific aspects of the BSi record.
Thus, the striking abrupt and persistent changes in BSi during the
early Holocene deserve special attention.

5.3. Correlation with proxies of solar activity

Variation in our BSi record is similar to that in cosmogenic
nuclide indices of solar irradiance. In particular, between 11 and
8 ka detrended BSi is strongly correlated with 10Be flux (r¼ 0.70;
P< 0.001) and the production rate of 14C (r¼ 0.55; P< 0.001)
(Fig. 7). Introducing lags does not further increase the correlations
between these independently dated series. Because the production
rates of cosmogenic nuclides increase with decreased solar irradi-
ance when solar winds are weak and the geomagnetic field is
strong, these correlations are opposite in sign to that expected from
direct solar forcing. After the gap in the BSi record at 7.2e7.5 ka, BSi
remains correlated with the production rate of 14C (maximum
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correlation¼ 0.24 with a 50-year lag; P¼ 0.02), but not with 10Be
flux (r¼�0.03; P> 0.5). Steinhilber et al. (2009) recently computed
a 9300 record of total solar irradiance (TSI) using the 10Be flux
record to reconstruct the interplanetary magnetic field, which is
strongly correlated with TSI. We found that the TSI record of
Steinhilber et al. (2009), after detrending and smoothing, is
strongly correlated (r¼�0.68) with the 10Be flux record of
Marchitto et al. (2010) used in this study. This is not surprising
considering that TSI was computed from a portion of the raw 10Be
flux data used in Marchitto et al. (2010), who composited the 10Be
records from the GISP2 and GRIP cores spanning the entire Holo-
cene. For the period 0e9.3 ka, BSi is weakly correlated with TSI
(r¼�0.16), as expected based on the low BSie10Be flux correlation
over this period. Therefore, use of the TSI record does not affect our
conclusions with the exception that it is limited to the period after
9.3 ka.

6. Discussion

6.1. Abrupt climate shifts

Several abrupt climate changes have been detected during the
early Holocene throughout the northern hemisphere and have
been related to the dynamics of the Laurentide Ice Sheet (Alley
et al., 2003). The BSi record from Eleanor Lake also displays many
early Holocene abrupt changes, which are supported by diatom and
pollen data from the same core. For many of these events, however,
the direction of the climate change, the timing of the events, and
the persistence following the abrupt change differ from the abrupt
changes reconstructed elsewhere in the northern hemisphere. Here
we discuss these abrupt changes with respect to evidence else-
where and potential linkages to large-scale climatic forcings.
Fig. 7. A) The Eleanor Lake biogenic silica (BSi) record compared to proxies of solar activity. B
data are smoothed (ca 100 year running mean) and detrended (high-pass filter at 1/1800 ye
BSi record. B) The last 1200 years of the raw BSi record and the total solar irradiance record (d
glacial advance periods as in Fig. 5.
The abrupt BSi increase at 8.5 ka, which occurred within 2-cm of
sediment (ca 30 years), is dated directly by an AMS 14C age of leaf
material (2s calibrated age range¼ 8.43e8.60 ka). This places it
coeval with the proposed age of a catastrophic ice sheet collapse
and drainage of glacial lakes Agassiz and Ojibway (peaking at ca
8.47 ka with smaller events through 8.35 ka; Hillaire-Marcel et al.,
2007). This finding contributes to growing evidence from the
North Atlantic region that cold events were initiated ca 200 yr prior
to the 8.2 ka event detected in the Greenland ice cores, and that
there may be multiple climatic perturbations between 8.5 and 8 ka
(Hu et al., 1999; Axford et al., 2009; Daley et al., 2009). The 8.5 ka
event at Eleanor Lake is distinct from the North Atlantic records,
however, in that the abrupt shift was not a decadal or centennial-
scale excursion, but rather a change to a new state that persisted for
millennia.

Themechanism driving an abrupt and persistent climate change
at 8.5 ka is not clear. One potential cause could be a rapid reorga-
nization of the meridional structure of atmospheric circulation as
a response to the early Holocene ice-sheet collapse. Similar expla-
nations have been proposed for lower-resolution records that show
similar early-Holocene climatic fluctuations but are located in
Alberta closer to the 8.5 ka ice sheet (MacDonald and Case, 2000).
A larger synthesis of paleoclimate records shows that the climatic
response to the ca 8.2 ka eventwasmore step-likewest of the Great
Lakes region, compared to the “pulsed” response in the north
Atlantic region (Shuman et al., 2002). Climatic simulations indicate
that with ice-sheet loss, therewas an increased onshore flow due to
a substantially reduced glacial anticyclone and an eastward shift of
the polar jet (Kutzbach et al., 1993; Pollard et al., 1998). This
interpretation is supported by a data synthesis of the timing of the
Holocene thermal maximum in the region north of Eleanor Lake
(CAPE, 2001).
Si is plotted with 14C production rate (top) and 10Be flux (bottom). Solar proxies and BSi
ar�1) similarly following Marchitto et al. (2010). Dashed lines are abrupt changes in the
TSI) of Steinhilber et al. (2009). Note the reversed axis of dTSI. Horizontal black bars are



Fig. 8. Surface air temperature composite anomalies for El Niño winter and spring conditions (top) and La Niña winter and spring conditions (bottom). Each anomaly map is the
three-month mean compared to a climatology for 1950e1999. The location of Eleanor Lake is shown by a star. Gridded temperature data are from the University of Delaware
(Legates and Willmott, 1990); data access and graphics were provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/.
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At the time of the North Atlantic 8.2 ka event, the BSi record
from Eleanor Lake shows a brief decadal-scale cooling embedded
within a century-scale cooling, a pattern similar to that in the
NGRIP isotope record and thought to be restricted to the North
Atlantic (Rohling and Pälike, 2005). An 8.2 ka event is evident in
several chironomid records in western Canada (Fig. 6; Chase et al.,
2008; Bunbury and Gajewski, 2009) and in a glacial-advance period
of 8.59e8.18 ka, of which the majority of evidence falls closer to
8.2 ka than to 8.5 ka (Menounos et al., 2009). At Eleanor Lake, the
8.2 ka event is distinct from the abrupt and persistent change at
8.5 ka, implying that the mechanisms driving this event are likely
distinct from those that produced the 8.5 ka event.

The abrupt BSi decrease at 9.3 ka presents a case similar to the
8.5 ka event. Our 14C dating of a leaf macrofossil of this event (2s
calibrated age range¼ 9.30e9.47 ka) occurs during the same period
as a recently proposed outburst flood from Lake Superior that may
have triggered the 9.3 ka cold period detected in the Greenland ice
cores (Yu et al., 2010). This event also has been identified in various
locations around the North Atlantic (Marshall et al., 2007;
Fleitmann et al., 2008; Axford et al., 2009). As with the 8.5 ka
event, the 9.3 ka event at Eleanor Lake was a persistent change
rather than a century-scale excursion. A coeval abrupt change in
chironomid-inferred temperatures occurred at other sites in the
same region (Fig. 6). However, the conflicting interpretation of the
direction of climate change at 9.3 ka inferred from the chironomids
(warming) and BSi (cooling) deserves further investigation and
may be explained by differences in the seasonal sensitivities of each
proxy (i.e., later summer season for chironomids than BSi), or by
changes in precipitation that may affect the BSi/temperature rela-
tionship. Regardless of the seasonal expression of climate change,

http://www.esrl.noaa.gov/psd/
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the abrupt and persistent character of the 9.3 ka event suggests
a similar mechanism to that responsible at 8.5 ka.

The initial, rapid, increaseof BSi from10.8 to10.2 ka likely reflects
both continued warming and establishing biogeochemical cycles at
Eleanor Lake. This co-occurs with a transition from benthic to
planktonic diatoms, probably resulting from increased nutrient
availability and earlier ice-out. The regional chironomid tempera-
ture reconstruction and the GRIP ice core also indicate continued
warmingduring thisperiod (Fig. 6). This increase inBSi is terminated
by an abrupt reversal beginning at 10.23 ka. Björck et al. (2001)
reported a hemispheric-wide brief cooling event at 10.3 ka, though
this event is notmanifest as a brief cooling at Eleanor Lake but rather
as a peak and reversal in the trend of BSi.

6.2. Antiphased response to solar forcing?

Solar-irradiance explanations of climate changes in the early
Holocene have been proposed by multiple studies, including at
times of specific events in the Eleanor Lake record (Björck et al.,
2001; Hu et al., 2003; Marshall et al., 2007; Plunkett and
Swindles, 2008). In contrast with these previous studies, our
study shows a strong negative correlation of regional climate with
solar irradiance during the early Holocene, and possibly extending
into the middle and late Holocene (Fig. 7). In addition, detrended
BSi before 8 ka is correlated with proxies from other regions where
possible solar-climate linkages have been reported, including the
ice-rafted debris record in the North Atlantic (r¼ 0.50; P¼ 0.01;
Bond et al., 2001), and the BSi record from Arolik Lake in southwest
Alaska (r¼�0.46; P¼ 0.02; Hu et al., 2003). Such a negative
correlation is consistent with the expectation that subtle variability
of solar irradiance on Holocene time scales requires an internal
feedbackmechanismwithin the climate system to produce regional
climate changes (Shindell et al., 2001).

One possible mechanism driving a solar irradiance connection
to climate may lie in the El Niño oscillation operating as a dynam-
ical response to solar fluctuations, with La Niña-like conditions
predominating during low solar activity and El Niño-like conditions
predominating during high solar activity (Mann et al., 2005).
Recently, Marchitto et al. (2010) have shown that sea-surface
temperatures, as measured by Mg/Ca ratios of a planktonic fora-
minifer in a sediment core from Soledad Basin in the eastern
tropical Pacific Ocean, are significantly related to the 10Be and 14C
solar proxies, with warm (El Niño-like) temperatures predom-
inating during low solar activity. The detrended Eleanor Lake BSi
record, in turn, is positively correlated with the early Holocene sea
surface temperatures at Soledad Basin (r¼ 0.41; P¼ 0.04). El Niño
variability is clearly expressed at the study site, despite its northerly
location in central British Columbia. Composite anomaly maps of
surface air temperature for the eight largest El Niño events since
1950 show winter temperatures in east-central British Columbia
2.5 �C warmer than average, and spring temperatures 1.5 �C
warmer than average (Legates andWillmott, 1990; Fig. 8). Likewise,
for the eight years with strong La Niña conditions, both winter and
spring conditions are 1 �C colder than average. Therefore, centen-
nial-scale trends in El Niño-like conditions, driven by solar activity
variations, may explain the anti-phased relationship between solar
activity and temperature at our study site. Weaker variations in
solar activity in the middle to late Holocene may have been insuf-
ficient to maintain these patterns (Marchitto et al., 2010).

Another mechanism driving a solar irradiance connection to
climatemay lie in the interaction of solar irradiance and atmospheric
circulation as influenced by the Laurentide ice sheet. In the presence
of an ice sheet, decreased irradiance would have enhanced the
ocean-land temperature contrast and strengthened the glacial anti-
cyclonic circulation,pullingwarmair northward to thewestof the ice
sheet and cold air southward to the east. Conversely, with higher
irradiance and a weaker anticyclone, moist Pacific air penetrated
further east, such as during the Betula period between 9.3 and 8.5 ka.

Two model simulations of the interaction of atmospheric
circulation and the Laurentide Ice Sheet provide support for this
scenario. First, the GENESIS v.2 GCM showed a region of climatic
warming west of the remnant Laurentide Ice Sheet at 10 ka that is
attributable to the glacial anticyclone (Pollard et al., 1998; CAPE,
2001). Second, a simple model of the effect of an ice sheet on the
atmospheric stationary wave suggests the effect of a large ice sheet
has hemispheric-scale impact on the location of the polar jet
stream (Roe and Lindzen, 2001). The steep gradient created by the
polar jet, which may shift position due to strength of the glacial
anticyclone downstream, may have large climatic effects at our site.
A similar effect of the position of the jet causing abrupt changes in
the winter and early-season climate in the eastern United States
was proposed by Kirby et al. (2002). After 8.5 ka, the ice sheet was
significantly reduced in extent and elevation, such that the glacial
anticyclone may not have directly affected the Eleanor Lake area,
1200 km to the west (Fig. 1).

Following the collapse of the Laurentide Ice Sheet, solar-climate
linkages are weak. A continued negative solar-climate correlation is
most evident during two periods. First, large fluctuations in BSi at
3 ka parallel the 14C production rate. A BSi peak at 2.6 ka may be
related to climatic cooling at ca 2.7 ka documented elsewhere and
attributed to the irradiance minima at this time (Fig. 7A; Plunkett
and Swindles, 2008). Second, BSi reaches a local minimum during
moderate solar activity at ca 0.8 ka (Fig. 7B; Steinhilber et al., 2009),
the time immediately preceding a regional glacial advance in the
Canadian Rocky Mountains (Luckman, 1993). However, other
studies from the Canadian Rocky Mountains report that solar
minima are correlated with glacial advances (Luckman andWilson,
2005; Koch et al., 2007) and high lake levels (Hallett et al., 2003)
over the past millennium. More high-resolution paleoclimate
records spanning the past 1500 years are needed to explore
potential linkages with solar variability in this region.

6.3. Conclusions

The multi-proxy climate record from Eleanor Lake reveals
a complex Holocene history with an early Holocene marked by
abrupt and persistent climate changes and a late Holocene marked
by punctuated cool periods. The two largest such abrupt shifts
occurred at 8.5 ka and 9.3 ka, coeval with Lake Agassiz outburst
floods and rapid reduction of ice sheet and proglacial lake extent
downstream of the study site. These events constitute major
boundary-condition shifts that may have propagated upstream
through shifting meridional structure of atmospheric circulation.
A potential link of solar activity with El-Niño-like patterns may
explain additional abrupt shifts, especially during the relatively
large solar activity fluctuations during the early Holocene. Another
mechanism may lie in the changing strength of the glacial anticy-
clone and its effects on the location of the polar jet. These mech-
anisms also explain the antiphase correlatation between climate
and solar forcing and why correlations are strongest before 8 ka.
Overall our high-resolution sediment record from Eleanor Lake
reveals intriguing new features of Holocene climate change in
western Canada. Additional paleoclimate reconstructions and
model simulations are needed to verify these findings and to
evaluate the mechanistic explanations discussed here.
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