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Visible derivative spectroscopy (VDS) analysis of sediment from Cleland Lake, Southeastern British Columbia
provides a reconstruction of paleolimnological productivity and hydrologic change during the past 14,000 cali-
brated 14C years before present (cal yr BP). The first five principal components (PC) of the VDS data explain
97% of the variance in the VDSdata set. Four PCs correlatewith standard reflectance derivative spectra for diatom,
dinoflagellate algae, and cyanophyte pigments that record ecological change, while two PCs are paleohydrologic
indicators. Dinoflagellate algae are predominant from 11,600 to 8600 cal yr BP then decrease to low levels after
~8500 cal yr BP. PCs 3–5 represent variations in cyanophyte abundance and exhibit peaks from 14,000 to 11,600,
14,000 to 9500, and 6100 to 5400 cal yr BP, respectively. Conditions shifted toward favoring diatoms around 9400
and lasted until 170 cal yr BP. Higher dinoflagellate-related pigment concentrations suggest a lower lake level
from 11,600 to 8600 cal yr BP, followed by higherwater levels andwetter conditions after 8500 cal yr BP.Wepro-
pose that drier conditions transitioning from the late glacial into the Holocene were caused by summer
insolation-driven, non-linear feedbacks between the northern hemisphere subtropical high-pressure systems,
vegetation, and soil moisture.

© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Holocene climate was once thought to have been relatively stable in
comparison to the dramatic changes that occurred during the late gla-
cial period (Mayewski et al., 2004; Overpeck and Cole, 2006). However,
it is now generally accepted that substantial climate variability occurred
during the Holocene over years to decades, time scales important to
humans (e.g. Alley et al., 2003). Such abrupt events cannot be resolved
using the relatively short instrumental climate records. Therefore it is
imperative to study longer, highly resolved climate proxies such as
those attainable from lake sediment.

In western North America large droughts similar to those of the
2002–2004 were a common occurrence during the 20th century
(Cook et al., 2004). Studies of paleoclimate proxy data have revealed
that more intense droughts of longer duration occurred in the desert
Southwest during the Medieval Warm Period (~900 to 1300 AD)
(Cook et al., 2004, 2010). Multi-decadal drought variability in western
North America is largely attributable to Pacific ocean–atmosphere
dynamics involving the El Niño southern Oscillation (ENSO) and the
sooriya).

y Elsevier Inc. All rights reserved.
Pacific Decadal Oscillation (PDO) (Mann et al., 2005; McCabe et al.,
2004; Nelson et al., 2011; Steinman et al., 2012), as well as the
teleconnected influence of the Atlantic Multidecadal Oscillation
(AMO) and the North Atlantic Oscillation (NAO) (Cook et al., 2004;
McCabe et al., 2004). Although drought variability during recent centu-
ries is relatively well understood (Cook et al., 2004;McCabe et al., 2004;
Steinman et al., 2014), the frequency, duration, and forcingmechanisms
of hydroclimate variations on centennial to millennial time scales are
poorly defined, particularly during the Pleistocene–Holocene transition
(Galloway et al., 2011).

In semi-arid regions, small, closed-basin lakes are sensitive to chang-
es in regional precipitation/evaporation (P/E) balance resulting from
climate change. In these lakes, variability in P/E balance produces hy-
drologic instability, inducing changes in water level that can be record-
ed in the physical, biological, and chemical composition of sediment
accumulating in the basin (Talbot, 1990; Battarbee, 2000; Leng and
Marshall, 2004: Steinman et al., 2010a,b; Pompeani et al., 2012).
Large-magnitude water-level variations resulting from non-linear
responses to climate system feedbacks can give rise to changes in sedi-
ment characteristics (Fritz, 2008). Previouswork has demonstrated that
spectral reflectance, particularly visible derivative spectroscopy (VDS),
is an efficient and non-destructive method of quantitatively analyzing
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organic matter content (including plant pigments), clays, carbonates,
and iron oxides in sediment to reconstruct paleoclimate (Ortiz et al.,
1999, 2009, 2012).

Fossil pigments are an important constituent of the organic matter
preserved in lake sediment and can be used as a proxy for primary
productivity and changes in phytoplankton community structure with-
in lakes (Bouchard et al., 2013;Das et al., 2005; Peteet et al., 2003;Wolfe
et al., 2006). Concentrations of sedimentary photosynthetic pigments
have long been used as a direct and accurate method for reconstructing
the response of lake phytoplankton to environmental changes (Nara
et al., 2005; Sanger, 1988; Sanger and Crowl, 1979; Sanger and
Gorham, 1972). Ecological succession, which occurs on a variety of
time scales, is a well known principle by which community structure
changes in an essentially orderly fashion in response to stochastic fac-
tors and external or internal stimuli (Connell and Slatyer, 1977; Peet
and Christensen, 1980; Pickett et al., 1987). In addition to the earliest
definition of succession, as the sequential changes in species, latter stud-
ies have described succession in terms of changes in characteristics such
as biomass, productivity, diversity, and niche breadth (Connell and
Slatyer, 1977; Wilson, 1994; Müller-Navarra et al., 1997). Phytoplank-
ton composition in temperate lakes tends to follow a succession pattern
similar to that of plants on the landscape and is strongly influenced by
water chemistry and lake level (Müller-Navarra et al., 1997). Biological
communities in drought-sensitive lakes are therefore a reflection of
water-balance changes, such that algal pigment analysis of sediment
from these lakes can be used to investigate past hydroclimate variability
and community succession. To this end we present the progression of
phytoplankton communities at Cleland Lake, an alkaline, surficial,
closed-basin lake in southeastern British Columbia, using VDS analysis
of lake sediment cores. A major objective of this paper is to validate
the use of VDS methods in paleolimnological and paleoclimatic
Figure 1. Cleland lake location map. A. Map of British Columbia showing the location of Cleland
2:Windy Lake, 3: Frozen Lake, 4: North Crater Lake, 5: Lake of theWoods. B. Topographical map
locations of core sites.
reconstructions. A secondary objective is to understand the timing and
magnitude of regional environmental change, particularly during the
late Pleistocene and early Holocene by reconstructing paleo-lake pro-
ductivity and hydrologic balance variations.

Study area

Cleland Lake (50.82° N, 116.38° W, 1158 m) is located in the north–
south trending Columbia Valley just west of the continental divide in
the Rocky Mountains of southeastern British Columbia (Fig. 1). The
lake has a surface area of 23.5 ha (0.235 km2), a maximum depth of
31.7 m and is typically covered with ice from November to May. The
surface inflow is limited to the relatively small, immediate catchment,
while water losses are restricted to evaporation and (presumably)
some groundwater seepage.

Present climate of Southeastern British Columbia

The climate of British Columbia is strongly influenced by sea surface
temperature (SST) and atmospheric circulation over the Pacific Ocean
(Moore et al., 2010). The north–south trending mountain ranges in
the region restrict the east–west flow of the seasonably variable winds
(Moore et al., 2010). The dominant modes of inter-annual to inter-
decadal atmosphere–ocean variability affecting British Columbia in-
clude: ENSO, PDO, the Pacific North American Pattern (PNA), and Arctic
Oscillation (AO) (Moore et al., 2010). El-Niñowinters in British Columbia
are warmer and drier than normal, while La-Niña winters are cooler and
wetter (Moore et al., 2010). The positive phase of the PNA is character-
ized by a strong Aleutian Low and a high pressure ridge over the Rocky
Mountains, resulting in warm, dry winters in British Columbia and vice
versa (Moore et al., 2010).
Lake (red dot) and selected sites referenced in the text (black triangles), 1: Eleanor Lake,
of watersheds in the Cleland Lake locale. C. Bathymetrymap of Cleland Lake, showing the
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Cleland Lake is locatedwithin theColumbiaMountains and southern
Rocky Mountains Physiographic region and the Interior Douglas-fir
Biogeoclimatic zone (Moore et al., 2010). This interior region has rela-
tively low precipitation during spring, but wet early summers (Moore
et al., 2010). Data from Meteorological Services of Canada's Brisco
weather station (ID 1171020, 10 km east of the lake, elevation 823 m)
documents a mean annual temperature of 11.2°C over the period from
1984 to 2003 AD (Fig. 2A). January mean temperature was −3.7°C
and the July mean temperature was 24.8°C. Mean annual precipitation
was 428 mm with 30% of that received as snowfall. The mean annual
rainfall during the period from 1924 to 2003 AD was 302 mm with
70% of the rainfall occurring during the summer months (May to
September).
Methods

Sediment core collection

Four sediment cores (B-09, C-09, E-09, and F-09) were collected
from Cleland Lake in May and July 2009. Cores E-09 and F-09 were
collected at water depths of 7.0 m and 12.8 m, respectively, while
cores B-09 and C-09 were collected at water depths of 20.2 m and
24.0 m (Fig. 1A). The uppermost sediment depth of cores B-09, E-09,
and F-09 is 30 cm below the sediment water interface. Cores E-09 and
F-09 were collected using a square rod-driven, Livingston piston corer.
Core B-09 (deep water) is 2.5 m long and was collected with a rod-
driven, polycarbonate piston corer. Core C-09 was recovered from a
water depth of 24musing a freeze corer filledwith amixture of ethanol
and dry ice. The shallow water core E-09 consists of four overlapping
drives extending to a sediment depth of 2.6 m. The intermediate
water core F-09 consists of six overlapping drives that extend 3.3 m
below the sediment–water interface. Core drive overlaps were identi-
fied by visual examination of sedimentological features. Individual
Livingston core drives were wrapped in clear polyvinyl plastic and
sealed in PVC casing in the field. All cores were transported to the
Department of Geology and Planetary Science at the University of
Pittsburgh. The Livingston and polycarbonate cores were stored at 4°C,
while the freeze corewas stored at−10°C prior to sampling and analysis.
Water temperature, pH, dissolved oxygen, conductivity, and alkalinity
Figure 2.A.Annual cycle of temperature andprecipitation inBrisco, BC (10 km fromCleland Lake
temperature (black triangles) is the average fromAD1984 to 2003. B. Limnologicalmeasuremen
specific conductivity (SC), and pH.
were measured using a Hach® Hydrolab water quality sonde and
Hach® Digital Titrator.

Geochronology

Bulk sediment samples were digested in 7% H2O2 for ~12 h and
sieved at 63 μm. Terrestrial macrofossils (N63 μm) were picked using
a small brush under a binocular lightmicroscope for radiocarbon dating.
Samples were treated with an acid–base-acid wash and rinsed with de-
ionized water to neutral pH prior to being analyzed at the W.M. Keck
Carbon Cycle Accelerator Mass Spectrometry Laboratory at the Univer-
sity of California, Irvine (UCI) as described in Abbott and Stafford
(1996). The F-09 core chronology is based on four AMS 14C dates on
terrestrial macrofossils and two tephra layers of known age (Table 1).
A linear point-to-point age model was generated using the CLAM 1.0.2
software with the IntCal09 calibration curve (Blaauw, 2010; Reimer
et al., 2009). The basal age was extrapolated following the trend
established by the two oldest age model control points (Fig. 3,
Table 1). The “best” age estimates for theCLAMagemodel are generated
byMonte Carlo simulation of themulti-modal 14C calibration age distri-
butions using a non-normalized, two standard deviation calibration
range as opposed to a simple, Gaussian distribution (Blaauw, 2010).
The CLAM calibration software then produces an agemodel by calculat-
ing the age estimates and 95% confidence intervals for each depth in-
between individual dated depths (Blaauw, 2010). However, comparison
of the age model estimates from CLAM 1.0.2 calibration with CALIB 6.0
calibrationmethods indicates that, there were no significant differences
between the two methods that we generated for comparison for this
data set (Supplementary Table 1).

Visible derivative spectroscopy

Visible derivative spectroscopy is a quantitative, non-destructive
method of sediment analysis. Diffuse spectral reflectancewasmeasured
at 0.5 cm intervals on thewet, split-core sediment surface of cores B-09,
E-09, and F-09 using a handheldMinolta CM-2600d spectrophotometer
(Konica-Minolta USA, Ramsey, NJ, USA). This instrument measures the
reflectance over the visible range of the electromagnetic spectrum
(380–700 nm) at 10 nm resolution. Sediment reflectance of the dried,
).Meanmonthly precipitation is the average fromAD1924 to 2003 and themeanmonthly
ts of the Cleland Lakewater column on July 2011: temperature (T), dissolved oxygen (DO),



Table 1
AMS radiocarbon and tephra dates for Cleland Lake core F-09.

UCAIMS No. Material Core depth (cm) 14C yr BP Median calibrated age
(cal yr BP)

2σ lower
(cal yr BP)

2σ upper
(cal yr BP)

84885 Charcoal 35.5 210 ± 80 200 −10 430
Mt. St. Helens tephra layer 66.5 480 470 490

84851 Charcoal 162.5 3660 ± 20 4000 3920 4100
Mazama tephra layer 204–208 6850 ± 100 7700 74,540 7920

84852 Charcoal 214 7435 ± 30 8100 8030 8280
99884 Charcoal 286 9800 ± 350 11,300 10,280 12,390

Extrapolated basal age 357.5 N/A 14,100 12,800 15,480
84886 Charcoal 287 780 ± 20⁎ 700 680 730

⁎ Outlier radiocarbon age omitted from the age model.
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freeze core samples from C-09 was measured using an ASD LabSpec
Pro FRUV/VIS/NIR spectrometer equippedwith a high-intensity contact
probe. This instrumentmeasures diffuse reflectance over the visible and
near infrared range of the electromagnetic spectrum (350–2500 nm) at
~4 nmresolution in the visible and 10nmresolution in the near infrared
(NIR). The resulting spectrum was band-averaged to 10 nm reflectance
for direct comparison with the Minolta data. We analyzed data in the
visible range (400–700 nm) to avoid noise in the ultraviolet (UV) and
differences in the reflectance and absorption processes in the NIR rela-
tive to the visible (Ortiz, 2011). The measured reflectance of the
powered sampleswas empirically adjusted for the increased reflectance
of dried relative to moist samples by multiplying each spectrum by a
constant scaling factor of 0.5. This conversion enables direct comparison
of the ASD measurements of the dried samples with the Minolta mea-
surements generated from moist sediment (Fig. 4).

Visible derivative spectroscopy (VDS) was used to define sediment
pigment content based on the shape of components extracted from
the center-weighted derivative of the diffuse spectral reflectance
(DSR) spectra measured at each depth. The center-weighted derivative
spectrum measures the rate of change of reflectance as a function
of wavelength and was calculated numerically as: ∂Ri/∂λi = (Ri + 1 −
Ri − 1)/(λi + 1 − λi − 1), where R is the reflectance for a given 10 nm
band in the spectrum, λ is the wavelength and i represents the index
of the appropriate element (Brenner, 2014; Ortiz, 2011).
Figure 3.Age vs. depthmodel of Cleland core F-09 (0 to 361.5 cm) based on four radiocar-
bon dates and two tephra layers. Red dotted lines represent the 95% confidence interval.
Principal component analysis

Varimax-rotated, principal component analysis (VPCA) of the corre-
lation matrix derived from the center-weighted derivative of the DSR
data extracts orthogonal components that can be related to sediment
composition (Ortiz, 2011; Ortiz et al., 2009; Yurco et al., 2010). The de-
rivative transformation minimizes scattering effects, which influence
the raw reflectance spectral shape. VPCA was conducted in SPSS™
14.0 using the full data set (1751 reflectance measurements) based on
all four cores to allow comparison of results between cores. The compo-
nents were identified by comparing the principal component (PC) load-
ing spectra for each of the PCs with center-weighted reflectance
derivative spectra for previously published pigments or knownmineral
standards in the USGS spectroscopic library or minerals measured in
Ortiz' lab at Kent State University (Clark et al., 2007; Gantt, 1975;
Graham and Wilcox, 2000; Ortiz, 2011; Ortiz et al., 2009; Robertson
et al., 1999; Schagerl and Donabaum, 2003; Schagerl et al., 2003;
Figure 4.Adjusting reflectance of powdered samples. A. Comparison of the reflectance of a
representative dry sediment sample from the core C-09 (black diamonds) with the reflec-
tance of wet sediment sample from the deep core B-09 (gray squares). B. Adjusted reflec-
tance of the dry sediments from the core C-09 by dividing by a factor of two.



Figure 5. Bulk sediment properties of the core F-09. A. percent mineral matter content by
weight, B. percent organic matter by weight, and C. percent CaCO3 by weight obtained
from loss on ignition. D. Ca concentrations (counts per second) obtained fromXRF analysis
of the intermediate depth core (F-09) E. Si:Ti ratios, plotted on a log scale to enhance the
visualization of the data.
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Toepel et al., 2005; Yurco et al., 2010).We quantified the relative impor-
tance of each pigment ormineral in the PC byfitting aweighted-average
of the empirically selected standards to each principal-component load-
ing pattern. The quality of the fit was determined by linear correlation.
This process is identical to the approach previously applied to marine
cores (Bouchard et al., 2013; Ortiz, 2011; Ortiz et al., 2009) and similar
to spectral matching methods used in X-ray Diffractometry (Eberl,
2003, 2004).

Bulk physical properties by loss on ignition and X-ray fluorescence

Organic carbon, carbonate content, and mineral matter were mea-
sured by loss on ignition (LOI) at the University of Pittsburgh, following
Heiri et al. (2001). The Cleland Lake sediments were measured at 2 cm
intervals for LOI. The bulk elemental composition of the lake cores was
measured using the ITRAX X-ray Fluorescence (XRF) core scanner at
the University of Minnesota, Duluth. The scanner has the potential to
scan cores at 0.2 mm resolution and employs a Molybdenum X-ray
source. The Cleland F-09 core was scanned at 5 mm resolution at
30 mA and 45 kV using a scan time of 60 s to increase the signal to
noise ratio. Biogenic silica in lake sediment primarily derive from dia-
toms and can be related to millennial scale climatic changes (Brown,
2011; Johnson et al., 2011; Williams, 1995). Independent studies have
found a strong correspondence between biogenic silica abundance
derived from conventional methods and XRF derived Si:Ti ratios
(Brown, 2011; Brown et al., 2007; Johnson et al., 2011). Hence Si:Ti
ratios can be used as a proxy for biogenic silica abundance (Brown
et al., 2007; Johnson et al., 2011).

Results

Lake limnological properties

Cleland Lake is stratified during the summer with an epilimnion
depth of 5 m (Fig. 2). In August 2011 the epilimnion had mean values
of 19.7°C for temperature, 9.2 mg/l for dissolved oxygen, and 9.75 for
pH. The metalimnion spanned the depth range from 5 to 12 m, while
the hypolimnion, which extended from 12 to 29 m depth, had a mean
temperature of 5.8°C, mean dissolved oxygen concentration of 1.6 mg/l,
and a mean pH of 9.5. The lake water is alkaline, with a dissolved bicar-
bonate and carbonate concentration of ~530 mg/l, which promotes the
production of micritic calcium carbonate in the water column during
warm season whiting events. The lake water is anoxic below 12 m,
which reduces sediment bioturbation and aids preservation of plant
pigments within sub-mm laminations.

Age model

The age model for core F-09 spans the period from 11,300 ±
1050 cal yr BP to present (Fig. 3, Table 1,). Linear extrapolation of the
last two age control points yields an age of 14,100 ± 1300 cal yr BP
for the base of the core. The thickness of the error envelope ranges
from ±50 to ±100 yr at the top of the core, increasing up to ±200 to
±500 yr between the depths of 225 to 250 cm. Uncertainty in the
basal ages increases from ±1000 cal yr BP at an age of ~11,300 cal yr
BP to ±1300 cal yr BP at the base of the core.

Bulk sediment properties

Bulk properties of the core were analyzed by XRF and LOI (Fig. 5).
The basal section of core F-09 (361–295 cm) consists of clayey silt.
The sediment is characterized by high mineral matter (50–90%), low
carbonate content (b20%), and low organic matter (b10%) (Figs. 5A, B
and C). Clastic sediment transitions to well-laminated organic mud at
298 cm and extends up to 275 cm. Organic carbon and carbonate con-
tent rapidly increase after 300 cm, while the mineral content gradually
drops to lower levels. The stratigraphy transitions from being poorly
laminated tomassive and carbonate-rich between 290 and 227 cm. Cor-
responding to these depths, LOI-derived calcium carbonate percentage
and XRF derived Ca concentrations rapidly rise between 307 and 290,
and remain high until 225 cm (Fig. 5D). Massive to faintly laminated
sediment transitions towell-laminated carbonatemud at 227 cm. Calci-
um carbonate content and Ca counts rapidly drop during this transition.
Veryfinely laminated organic-rich sedimentwith relatively low calcium
carbonate is present throughout the rest of the core (227 to 30 cm). Or-
ganic matter content gradually increases between 259 and 227 cm and
remain high in the top of the core (227 to 30 cm).

The Si:Ti ratio is lower during the late glacial period (N12,000 cal yr
BP), indicating low diatom abundance. The ratio gradually increases
between 12,000 and 10,500 cal yr BP and rapidly decreases after
10,300 cal yr BP. The Si:Ti ratio remains low between 10,300 and
9500 cal yr BP, and the ratios gradually increase after 9500 cal yr BP
until 170 cal yr BP (Fig. 5E).

Variance explained by principal components

As can be seen in data from core F-09, the reflectance spectra from
the lake typically exhibit high reflectance on the red end of the spec-
trum, and low reflectance toward the blue end of the spectrum
(Fig. 6A). The derivative of the reflectance spectra demonstrates specific
bands of variability with oscillations that vary throughout the record



Figure 6. Spectral plot of percent reflectance of core F-09 (A) and first derivatives of the
reflectance measurement of core F-09 (B). Legend to the right in plots A and B shows
the range of reflectance values recoded from the samples and the center-weighted first
derivatives of the reflectance between the wavelengths 400 and 700 nm respectively.
Higher derivative values between the depths of 230 to 290 cm (8800–10,400 cal yr BP)
and 520 to 570 nm correspond to the reflectance peak of peridinin in PC 2 and represent
early Holocene peak in dinoflagaellate algae. Lower derivative values between 650 and
660 nm and higher values between 680 and 700 nm are characteristic of minimum and
peak reflectance values of bacillariophyceae pigments, corresponding to diatom abun-
dance after 230 cm (8800 cal yr BP).
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(Fig. 6B). Varimax-rotated PCA was applied to the data set to partition
the variability to identifiable components.

The first five PCs of the reflectance derivative data explain 97% of the
variance. PC 1 explains 28% of the variance, and is interpreted as a
mixture of illite (75%) and sphalerite (30%) (Table 2, Fig. 7A). PC 2 ex-
plains 24% of the variance in the reflectance derivative data and arises
from a mixture of dinoflagellate algae and degradational pigments
(peridinin, pheophytin-a, 60% and 33% respectively) and goethite
(Table 2, Fig. 7B). PC 3 explains 23% of the variance and is a mixture of
phycocyanin (80%), an accessory pigment present in cyanophytes and
the clay minerals smectite and chlorite (20%, Table 2, Fig. 7C). PC 4 ex-
plains 16% of the variance and is a mixture of the spectral signatures
Table 2
Total variance explained by the first five components from the Principal component analysis a

Component Percent of variance
explained

Cumulative percent of variance
explained

Co

1 27.95 27.95 95
2 23.94 51.89 60
3 23.17 75.06 80
4 16.32 91.38 70
5 5.7 97.08 54
for bacillariophycea (70%) and phycocyanin (30%) (i.e. diatom and
cyanophyte photosynthetic pigments, Table 2, Fig. 7D). PC 5 explains
6% of the variance in the reflectance derivative data and is related to
the cyanophyte accessory pigment, allophycocyanin (54%) and a degra-
dation product of chlorophyll-a, the pigment pheophytin-a (46%),
(Table 2, Fig. 7E).

Temporal variability of lake phytoplankton communities during
the Holocene

Because core F-09 is the longest core that extends through the
Holocene with reliable age control to 11,300 ± 1000 cal yr BP, we use
it to study the evolution of the phytoplankton community in the lake.
Variations in PCs 2–5 suggest a post-glacial succession of various classes
of algae (Fig. 8). The earliest part of the record, prior to 11,800 ±
1100 cal yr BP (i.e. the deglacial period), is characterized by low diatom,
cyanophyte, and dinoflagellate abundances. Dinoflagellate algal pig-
ments record a gradual increase in abundance starting around
12,400 ± 1100 cal yr BP based on the increases in PC 2 values (Fig. 8).
Dinoflagellate levels rose rapidly between 11,850 and 11,600 ±
1200 cal yr BP, reached the highest values in the record by 11,600 ±
1100 cal yr BP and remained high until 8600±200 cal yr BPwith excur-
sions centered around 10,700± 900 and 8750± 400 cal yr BP. Dinofla-
gellate productivity remained low during the middle and late Holocene
with several millennial- and centennial-scale fluctuations centered
around 7500 ± 200, 6400 ± 100, 3250 ± 75, 2450 ± 50, 1550 ± 20,
and 800 ± 10 cal yr BP.

PC 3 represents an early successional cyanophyte community
(which we denote cyanophyte community 1), which was prominent
in the lake prior to 11,600 ± 1200 cal yr BP (Fig. 8). Based on the in-
creasing PC 3 component scores, this community rapidly decreased
after 11,600 cal yr BP reaching low levels by 10,550 cal yr BP. The abun-
dance of this community remained low throughout the rest of the re-
cord (10,500 ± 800 to 170 ± 200 cal yr BP). The early Holocene drop
in cyanophyte community 1 was simultaneous with the rapid increase
in dinoflagellate algae abundance inferred from PC 2. Principal compo-
nent 4 represents an early successional mixed cyanophyte and diatom
community (cyanophyte community 2), based on the correlation to
the spectral signature for phycocyanin and bacillariophycea. The com-
bined signature of cyanophyte and bacillariophycea in PC 2 is distinct
from the spectral signature from cyanophyte community 1. The spectral
signature for bacillariophycea has a positive correlation with PC 4, indi-
cating greater diatom abundancewhen the PC 4 scores increase. In con-
trast, phycocyanin exhibits a negative correlation with PC 4, indicating
lower levels of cyanophytes when PC 4 increases and vice versa. PC4
thus represents the contrasting appearance of a specific set of diatoms
versus cyanophytes in cyanophyte community 2 preserved in Cleland
Lake sediment. Cyanophyte community 2 appeared in the lake during
the late glacial period, but remained abundant longer than cyanophyte
community 1 (14,100 ± 1300 to 9500 ± 500 cal yr BP). PC 4 also indi-
cates that diatom abundance was low prior to 11,800 ± 1200 cal yr BP,
then increased rapidly during three intervals centered on 11,550,
11,400, and 11,200 ± 1200 cal yr BP (Fig. 8). Diatom levels gradually
dropped to their lowest values after 11,100 ± 1000 and remain lower
between 10,800 ± 700 to 9500 ± 400 cal yr BP, while the cyanophyte
portion of cyanophyte community 2 levels rose to their highest
nd their correlated reference spectra.

rrelated reference spectra Correlation to the reference
spectra

% illite + 5% sphalerite 0.91
% peridinin + 33% phaeophytin-a + 7% goethite 0.87
% phycocyanin + 20% (smectite + chlorite) 0.86
% bacillariophycea + 30% phycocyanin 0.91
% allophycocynain + 46% pheophytin-a 0.78



Figure 7. Comparison of first five principal components with their reference spectra. The primary y axis represents the component scores while the secondary y axis represent the first
derivative of the percent reflectance of the reference spectra. Black line represents the principal component while the red line is the correlating reference spectrum for each component.
PC1 (black line) and thefirst derivative spectra of the 70% illite+30% sphalerite (red line)mixture. B. PC 2 (dinoflagelltae algae scores, black line) and thefirst derivative spectra of the 60%
peridinin + 33% phaeophytin-a + 7% goethite (red line) mixture. C. PC 3 scores (clay and cyanophytes, black line) and the first derivative spectra of the 80% phycocyanin + 20%
(smectite + chlorite) mixture; (red line), D. PC 4 scores (diatoms and cyanophytes); black line and the first derivative spectra of the 70% bacillariophycea + 30% phycocyanin mixture
(blue line). E. PC 5 ( black line) and the first derivative spectra of the 54% allophycocynain + 46% pheophytin-a mixture (red line).
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Holocene levels. Cyanophyte community 2 pigment concentrations in-
dicate an increase in diatoms after 9500 ± 500 cal yr BP and remained
high from 8500 ± 200 to 170 ± 200 cal yr BP with several millennial-
and centennial-scale oscillations. Overall, diatom levels increased dur-
ing the middle to late Holocene, while the cyanophyte portion of
cyanophyte community 2 was smaller from 9000 ± 400 to 170 ±
200 cal yr BP.

PC 5 represents a third cyanophyte community (cyanophyte com-
munity 3), also identified through the presence of phycocyanin, that be-
came dominant in the lake during the middle Holocene (6100 ± 100 to
5400± 100 cal yr BP) (Fig. 8). Low PC 5 scores suggest that, cyanophyte
community 3 was low in abundance during the deglacial period, but
gradually increased after 11,500 cal yr BP, then peaked during the
middle Holocene. Cyanophyte community 3 gradually declined after
5400 cal yr BP, then remained low in abundance throughout the late
Holocene (1850 ± 50 to 170 ± 200 cal yr BP).

To evaluate how the changes in northern hemisphere summer inso-
lation may have influenced the changes in community structure during
the deglaciation and Holocene, at Cleland Lake, we compared the June
60°N summer insolation record (Berger and Loutre, 1991) with the
pigment-related PCs. Each PC was compared with the Northern hemi-
sphere summer insolation data over the duration of the record after in-
terpolation to a 200-yr time step, consistent with the coarse resolution
of summer insolation data. We found significant correlations between
two of the components (Fig. 9). Algal and cyanophyte abundances re-
constructed by PC 4 and PC 2 significantly correlate with the northern
hemisphere summer insolation trend. PC 4 shows a negative correlation
(r = −0.7, n = 73, p b 0.05), with summer insolation throughout the



Figure 8. Down-core variation of the first five principal components of the reflectance
data, A. principal component 1 claymineral/runoff proxy, B. principal component 2: dino-
flagellate algae abundance proxy, C. principal component 3: cyanophyte abundance proxy,
D. principal component 4: diatomand cyanophyte abundance.Note that they axis in C and
D is reversed for the cyanophytes in panel, E. principal component 5: cyanophyte abun-
dance proxy.
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record (13,600 cal yr BP to present), indicating low abundance of
diatom, but high abundance of cyanophytes in cyanophyte community
2 at lower summer insolation values (Fig. 9). PC 2 has a negative
Figure 9. Scatter plots of summer insolation verses the reflectance PC 4 (A) and PC 2 (B). In p
insolation throughout the record (200–13,600 cal yr BP). In panel B the black squares at 840
200 cal yr BP and gray triangles show the non-linear relationship between PC 2 and summer i
correlation (r = −0.6, n = 43, p b 0.05) to summer insolation during
the middle and late Holocene (8600 cal yr BP to present), but above a
threshold value of 516 W m−2, which occurs from 13,600 to
8400 cal yr BP, there is a near step-function increase in PC2 abundance,
indicating a non-linear response of dinoflagellate abundance to sum-
mer insolation (Fig. 9).

Discussion

Interpretation of the principal components

Several factors promote pigment preservation in sediment. Increas-
ing lake depth increases stratification, promotes hypoxia or anoxia and
inhibits re-suspension of sediment, thereby promoting pigment preser-
vation (Sanger, 1988). In addition, low light conditions and high sedi-
mentation rates promote the preservation of pigments by reducing
photochemical decomposition (Sanger, 1988). Alkaline waters tend to
preserve pigments as opposed to acidic waters, which degrade chloro-
phylls (Sanger, 1988). Previous research documents high pigment pres-
ervation potential in shallow, productive lakes (Sanger and Gorham,
1972; Sanger and Crowl, 1979; Sanger, 1988). At Cleland Lake, cold
(~6°C), alkaline (pH ~9.5), and anoxic water conditions occur below
5 m depth (Fig. 2). Such conditions enhance the preservation of pig-
ments at all three core sites. The presence of laminated sediment
throughout the record (with the exception of between ~10,000 and
8000 cal yr BP) suggests minimal sediment resuspension and improved
pigment preservation. It is possible that past variability in pigment pres-
ervation affected sediment composition, particularly from 11,000 to
8500 cal yr BP when fewer laminae formed. However, we observemax-
ima in dinoflagellate- and cyanophyte-related pigments at that time.
While our estimatesmayprovide a lower limit on the actual production,
if pigment preservation had been reduced during this period, our
estimates would likely not suggest an increase in the abundance of
dinoflagellate and cyanophytes at that time. We infer that there was
little or no difference in pigment preservation at the different core
sites and that preservation rates did not vary substantially through
time because there is no evidence to support rapid changes in differen-
tial preservation.

PC 1, which relates to illite is the only PC that is dominated solely by
inorganic material and can be used as a proxy for fluvial input to the
lake. Illite, which is present throughout the record, represents detrital
clay transported to the lake from the heavily, glacial-drift covered wa-
tershed. All of the four remaining components are primarily related to
pigment variations in the lake.With respect to PC2, themajor photosyn-
thetic pigments offlagellated algae belonging to the division Pyrrophyta
includes: chlorophyll-a, chlorophyll-c, and peridinin (Sze, 1993). The
anel A the black diamonds show the strong linear correlation between PC 4 and summer
0–200 cal yr BP and the black line represent the strong linear trend between 8400 and
nsolation between 8400 and 13,600 cal yr BP.
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presence of peridinin and pheophytin-a (a degredation product of
chlorophyll-a) in PC 2 identifies this component as a proxy for dinofla-
gellate abundance in the lake (Sze, 1993). Dinoflagellate algae are com-
mon in oligotrophic, high-latitude/polar lakes, or inwaterwith low light
intensities, such as snow-covered or turbid lakes (Sze, 1993). Large, pos-
itive PC 2 values indicate greater dinoflagellate abundance and low nu-
trient conditions, or low light intensity. The time series for PC 2 and PC 4
in the three sediment cores from the shallow, intermediate, and deep
parts of the lake are used to interpret variability of these PCs within
the sediment record and to support the interpretation of PC 2 and PC
4 as paleo-lake level proxies, which we focus on hereafter. PCs 3, 4,
and 5 contain variable amounts of cyanophyte algal pigments and
hencemay represent the succession of three different cyanophyte com-
munities in Cleland Lake. Smectite and chlorite, which are present large-
ly near the base of the core reflect the breakdown of volcanic ash and
climate-related, clay minerals transported into the basin during the de-
glaciation of the Cordilleran Ice Sheet (Rhoton et al., 1979). Climate is
one factor amongmany, however, that governs the formation anddepo-
sition of clay minerals in lake basins (e.g. parent material, sedimentary
facies, and diagenetic alterations), such that interpretations of clay con-
centration data should be supported by other proxies (Folkoff and
Meentemyer 1987; Ruffell et al., 2002; Liu et al., 2007). PC 4 represents
the contrasting appearances of diatoms versus cyanophyte in
cyanophyte community 2 in Cleland Lake sediment. Comparison of
the PC 4 down-core record with the XRF-derived Si:Ti ratio supports
the VDS interpretation. The Si:Ti ratio was low between 10,300 and
9500 cal yr BP, simultaneous with the period of reduced diatom abun-
dance as inferred from PC 4. The transitions between low and high dia-
tomperiods inferred from the Si:Ti ratio are generally synchronouswith
the diatom abundance derived from PC 4. However, the two records are
not perfectly matched because post-depositional processes may affect
pigment and silica preservation and PC 4 is amixture of 70% diatompig-
ment and 30% cyanophyte pigments. PC 5 correlates with cyanophyte
accessory pigments. Therefore, this component is considered a proxy
for a third cyanophyte assemblage.

Algal and cyanophyte abundances reconstructed by PC 2 and PC 4
significantly correlate with the Northern hemisphere summer insola-
tion trend. Both components exhibit a significant, inverse relationship
between summer insolation and abundance, but for PC 4, this relation-
ship only holds below the critical threshold value of 516 Wm−2.
Increasing summer insolation results in lower abundance, perhaps by
increasing stratification and thus decreasing nutrient supply, or perhaps
by decreasing precipitation, whichwould limit the influx of nutrients to
the lake through enhanced aridity. Above the threshold value, the
system exhibits a shift in community structure, which results in a
rapid, non-linear increase in PC 2 abundance as the system shifts into
a new steady state (Fig. 9).

Paleohydrological conditions inferred from phytoplankton abundance

Water level changes in temperate lakes influence light penetration
depth, nutrient flux, and water column stratification, which affects
nutrient supply to the epilimnion providing a strong control on a lake's
biological productivity (Battarbee, 2000; Heinsalu et al., 2008; Nõges
and Nõges, 1999; Nõges et al., 2003). At lower water levels, in the pres-
ence of sufficient light, nutrient limitation controls phytoplankton
growth (Nõges et al., 2003). Such conditions lead to an increase in spe-
cies adapted to low nutrient availability such as dinoflagellates (Sze,
1993, section 4.3). Diatoms are also sensitive to changing hydrologic
and geochemical conditions, such as shifts in water level, salinity or nu-
trient concentration (Barker et al., 1994; Heinsalu et al., 2008; Nõges
et al., 2003). Total diatom abundance, which increases exponentially
in deeper lakes (Barker et al., 1994), is a common proxy used to
reconstruct lake water depth (Barker et al., 1994; Brugam et al., 1998;
Gavin et al., 2011). Increases in lake level are associated with higher
diatom abundance in sediment (Barker et al., 1994; Heinsalu et al.,
2008). Variations in diatom species composition, as well as the ratio be-
tween the littoral/planktonic species, indicate water level changes that
can shift littoral sedimentary environments away from or toward the
center of the basin (Barker et al., 1994; Brugam et al., 1998; Gavin
et al., 2011). However, because the VDS approach only identifies the
total diatom (bacillariophycea) pigment concentration, separation
between benthic and planktonic species is not possible.

In addition to water level, temperature, and nutrient cycling also
play a major role in controlling phytoplankton composition (Nõges
et al., 2003; Grover and Chrzanowski, 2006, and references therein).
Cyanophytes predominate during the summer months and in warm
climates due to their higher temperature tolerance. In contrast, diatoms
are more prevalent in cold water (Nõges et al., 2003). Diatom abun-
dance is also influenced by the availability of nutrients. In dimictic
lakes, higher temperatures can lead to lake-water stratification, produc-
ing nutrient depletion in the epilimnion (Barker et al., 1994; Kalff,
2003). Lakes in temperate regions like southern British Columbia tend
to be stratified in the summer and often overturn and mix twice a
year, resulting in the resuspension of nutrients and diatom blooms dur-
ing spring and fall. When the availability of nutrients becomes limiting,
diatoms can be replaced by taxa such as green algae or cyanophytes
(Grover and Chrzanowski, 2006; Nõges et al., 2003; Sze, 1993 and refer-
ences therein).

There are several other factors, however, like hydrology, herbivore
biomass, turbidity, and light that can also affect phytoplankton abun-
dance (Fabbro and Duivenvoorden, 2000; Flores and Barone, 1998;
Kruk et al., 2002). This diversity of controlling mechanisms not only
highlights the complexities of using biological proxies to measure
climate, but also shows how the biological conditions of the lake are
intricately linked tomany aspects of the ecosystem and climate. Despite
the many potential responses of phytoplankton and cyanophytes to
environmental changes, we can use photosynthetic pigments to infer
the paleo-environmental conditions at Cleland Lake by partitioning
the algal response into independent assemblages (which respond dis-
tinctly to the environment), supporting our interpretation using multi-
ple proxies and with cores from different water depths in the basin. In
summary, PC 2 from core F-09 can be used as a proxy for lake depth,
where higher PC 2 values indicate greater dinoflagellate abundance
and a shallower lake, and conversely low PC 2 values indicate decreased
dinoflagellate abundance and a relatively deeper lake. PC 4 can be used
as a temperature and nutrient proxy. Higher PC 4 values indicate a
deeper lake and/or cold, nutrient-rich conditions, with greater diatom
abundance and less cyanophytes. Low PC 4 values indicate a lower dia-
tom and greater cyanophyte abundance typical of a nutrient-depleted,
stratified lake.

Vertical and horizontal heterogeneity in the spatial distribution of
phytoplankton in lakes has been studied since the mid-20th century
(Baldi, 1941; George and Heaney, 1978; Heaney and Talling, 1980;
Wu et al., 2010). Several investigations support the idea of pronounced
horizontal variability of phytoplankton abundance associated with
wind-induced water movement (George and Heaney, 1978; Heaney
and Talling, 1980; Wu et al., 2010). Considerable variation of phyto-
plankton amounts in the presence of buoyant cyanophytes and the
dinoflagellate algae Ceratium was reported from Esthwaite Lake in the
Lake District of England (George and Heaney, 1978; Heaney and
Talling, 1980), indicating that freshwater algae can develop vertical
and horizontal zonation evenwithin small lake environments. A scatter
plot of PC 2 vs. PC 4 from cores B-09 (deep water), F-09 (intermediate),
and E-09 (shallow) demonstrates that PC scores vary with lake depth
(Fig. 10, Table 3). Sediment from the shallow water core contains high
concentrations of dinoflagellate- and cyanophyte-related pigments
and low concentrations of diatom-related pigments; while the deep-
water sediment core indicates a similar cyanophyte and diatom abun-
dance, but lower dinoflagellate pigment concentrations. The intermedi-
ate core (F-09) contains a lesser amount of dinoflagellate pigment than
the shallow water core, but greater amounts of dinoflagellate pigment



Figure 10. Scatter plot of dinoflagellate algae (DFA, PC 2) versus diatoms and cyanophyte
(PC 4) for cores B-09, E-09 and F-09. Fields of color-coded points are enclosed in circles
corresponding to water depth. Green diamonds: core E-09 shallow water (7 m); gray tri-
angles: core B-09 deep water (25 m); blue dots: core F-09 intermediate water depth
(12.8 m) from 8750 to 150 cal yr BP. Red triangles or orange squares: core F-09 interme-
diate water depth (12.8 m) from 8750 to 11,750 cal yr BP, or 11,750 to 14,300 cal yr BP,
respectively. The large symbol in each cluster depicts the mean PC 2 and PC 4 values for
each of the core/water depth and time intervals.
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than the deep-water core. The distribution of PC 2 and PC 4 in core F-09
corresponds with the trends at the other two core sites from 8800 to
170 cal yr BP. However, prior to 8800 cal yr BP, diatom and cyanophyte
values deviate from the general trend observed in the other cores likely
due to lower lake levels during the early Holocene (Figs. 8 and 10).
Between 11,600 and 8600 cal yr BP, cyanophyte and dinoflagellate
values are high while diatom values are low. Conversely, prior to
11,600 cal yr BP, diatom and dinoflagellate abundances are low, but
cyanophyte abundances are high. Comparisons of PC 2 and PC 4 from
the three cores at different water depths suggest that PC 2 (dinoflagel-
late abundance) at core site F-09 is influenced by lake depth, reflecting
changes from shallow to deep water facies when the dinoflagellate
abundances increase. PC 4 (diatom and cyanophyte abundances) does
not show such a clear connection with lake depth. For example,
although core B-09 (i.e. the deep water site) has higher diatom abun-
dance than the shallow core (E-09), it contains fewer diatoms than
the intermediate water core (F-09), complicating the use of PC 4 as a
lake-level proxy. This may be due to the absence of benthic diatom
species in the deep-water sediment or minor redox-related preserva-
tion differences as a result of physiochemical disparities between the
different core sites.

The triangular distribution and spread of the data points in the cross
plot between PC 2 and PC 4 for core F-09 indicate that the abundance of
the three primary producers is affected by several factors, including
Table 3
Average values of PC 2 and PC 4 for three sediment cores from Cleland Lake.

Core Water depth (m) 170 to 8800 cal yr BP

PC 2 PC 4

B-09 20.2 deep −0.79 0.014
F-09 12.8 intermediate −0.27 1.14
E-09 7 shallow 0.29 −0.43
temperature and nutrient availability (Nõges et al., 2003 and references
therein: Grover and Chrzanowski, 2006). Nonetheless, the scatter plot
of PC 2 and PC 4 demonstrates that water depth is an important factor
that affects pigment/phytoplankton abundance in PC 2 (Fig. 10).
Temporal pattern of hydroclimatic change

The reflectance-based reconstruction of Cleland Lake productivity
shows three distinct periods from the deglaciation through the transi-
tion into the Holocene. The first stage can be characterized as a period
of low productivity that occurred during the deglaciation from
~14,000 to ~11,800 cal yr BP. Low abundances of diatoms and dinofla-
gellates and higher amounts of cyanophytes are recorded during this
period. Increased runoff from glacialmelt watermight have contributed
to higher lake levels at this time. A higher percentage of mineral matter
in the LOI data and higher illite input (suggested by PC 1) supports the
idea of greater runoff-related clastic input to the lake from the local wa-
tershed (Figs. 8 and 11). During this period, the lake was young, with
limited productivity, andwe infer in its early successional stages. During
the second period (between 11,600 and 8600 cal yr BP), cyanophyte
and dinoflagellate abundances peaked, likely in response to themaxima
in summer solar insolation. Lesser precipitation amounts and higher
temperatures at this time likely limited nutrient input and produced
lower lake levels, which favored the growth of cyanophytes over dia-
toms. Higher temperatures led to stratified lake conditions, possibly
leading to further nutrient depletion and thereby reducing diatom
abundance. Reduced runoff to the lake is also suggested by a rapid
drop in illite concentration between 11,750 and 11,150 cal yr BP. Illite
levels remain low between 11,100 and 8600 cal yr BP, simultaneous
with the dry period.

The third productivity period started around 8500 cal yr BP with a
rapid drop in dinoflagellate levels. This suggests a transition to greater
precipitation amounts and an increase in nutrient fluxes, which pro-
duced higher diatom concentrations and an increase in lake-level. The
synchronous increase in illite (8500 ± 200 cal yr BP) further supported
an increase in runoff to the lake (Fig. 8). After this rapid transition from a
warm, dry early Holocene to a wet middle to late Holocene, several
decadal- to century-scale changes occurred around 7500, 6400, 3250,
2450, 1550, and 800 cal yr BP. Moreover, the transition from the degla-
ciation to early Holocene low stand, followed by the shift back to higher
water levels, implies that large P/E transitions likely occurred over the
span of several centuries (or perhaps less time) (e.g. 11,850 to 11,600
and from 8600 to 8500 cal yr BP).

The presence of an early Holocene dry period is also supported by
sedimentological analysis of the intermediate core. The stratigraphy
transitions from being poorly laminated to massive and carbonate-rich
between 11,500 and 8700 and cal yr BP. Corresponding with these
depths, LOI-derived calcium carbonate percentage and XRF-derived Ca
concentrations rapidly rise between 12,800 and 11,400 (from 16% to
40% and 16,100 to 117,100 cps) and remain high until 8700 cal yr BP
(Fig. 5). This sedimentological evidence supports a low stand between
11,500 and 8700 cal yr BP. Finely laminated, organic-rich sediment,
and higher organic matter percentages at the top of the core (between
200 and 8100 cal yr BP) indicate the occurrence of a high stand during
the middle and late Holocene.
8800 to 11,800 cal yr BP 11,800 to 14,000
(prior to 12,000) cal yr BP

PC 2 PC 4 PC 2 PC 4

2.32 −0.43 −0.77 −0.16



Figure 11.Down-core variation of PC 2, PC 4 andSi:Ti ratios from core F-09 comparedwith
summer insolation at 60°N, sea surface temperature (SST) of Northeastern Pacific Ocean
and three independent paleoclimatic reconstructions from southern British Columbia. A.
Age model control points of the Cleland lake F-09 core, (filled triangles) 14C and tephra
ages, (open triangles) extrapolated age. B. Northern hemisphere June incoming solar radi-
ation at 60°N (Berger and Loutre, 1991). C. Alkenone based SST from ODP Site 1019 in the
California margin (41°40′.8 N, 124°55′.8 W) (Barron et al., 2003), D. Dinoflagellate algae
abundance derived fromdiffuse spectral reflectance PC 2. E. Diatomand cyanophyte abun-
dances derived from diffuse spectral reflectance PC 4. F. Si:Ti ratios for core F-09. Note that
the y-axis of Si:Ti plot is represented on a log scale to enhance the visualization of the data.
Periods of the highest dinoflagellate and cyanophyte abundance are consistent with the
peak summer insolation (gray shaded box). G. Annual precipitation anomaly from central
boreal Canada (50–70°N, 80–120°W, Viau et al., 2002). H. Percent biogenic silica record
from Eleanor Lake (Gavin et al., 2011). I. Combined chironomid-inferred summer temper-
ature anomalies from four sites; 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) (after
Gavin et al., 2011).

541L.N. Mihindukulasooriya et al. / Quaternary Research 83 (2015) 531–544
Regional comparison during the deglaciation and early Holocene

Additional support for the reflectance-based, paleohydrological and
paleoproductivity reconstruction at Cleland Lake can be found in the
existing paleoclimate literature from British Columbia. During the late
glacial and early Holocene, rapid and significant vegetational and cli-
matic fluctuations occurred in southern British Columbia (Pellatt et al.,
2002). Deglaciation, alpine glacial advances, Younger Dryas cooling
and rapid early Holocene temperature changes occurred over this peri-
od (Pellatt et al., 2002). Palynological and paleo-environmental climatic
reconstructions suggest the Holocene climate of southern British
Columbia can be divided into three distinct zones consisting of a cold
and dry deglacial period, early Holocene dry period and a cold, wet
middle to late Holocene (Alley, 1976; Mathews and Heusser, 1981;
Pellatt et al., 2002; Walker and Pellatt, 2003; Hallett and Hills, 2006;
Galloway et al., 2011; Gavin et al., 2011). In Cleland Lake sediment,
the same Holocene climatic pattern is expressed as variations in pig-
ment concentrations, which occurred at similar times.

Fossil midge-based temperature reconstructions and several pollen
analyses from locations around Cleland Lake suggest that the deglacial
period in southern British Columbia was−1 to−2°C colder than pres-
ent (Matthews and Heusser, 1981; Chase et al., 2008). The cold, moist,
deglacial climate between 12,000 and 10,500 14C yr BP (Mathews and
Heusser, 1981), when calibrated using CLAM 1.0.2 yields ages of
14,000 and 12,150 cal yr BP was followed by a rapid decrease in precip-
itation and increase in temperature from 10,500 to 10,000 14C yr BP
(calibrated ages 12,150 to 11,500 cal yr BP; Alley, 1976; Mathews and
Heusser, 1981; Chase et al., 2008). This timing is synchronous with the
rapid onset of drier conditions at Cleland Lake (11,700± 100 cal yr BP).

Several modeling and pollen-based temperature and precipitation
reconstructions throughout southern British Columbia suggest that
relative to present, early Holocene summer temperatures were +5 to
+10°C warmer and precipitation was about 30% lower, (Mathews and
1981; Bartlein et al., 1998; Chase et al., 2008). This is consistent with
the low stand we infer from pigments at Cleland Lake during the early
Holocene. The rapid transition to a warm early Holocene is also sug-
gested by midge-based reconstructions from southeastern British Co-
lumbia (Palmer et al., 2002; Rosenberg et al., 2004; Chase et al., 2008,
Figs. 1 and 11). Other studies indicate that summer temperatures from
10,500 to 9000 cal yr BP were likely +3 to +4°C warmer than present
(Chase et al., 2008). At Big Lake, 30 km east of Cleland Lake, a lake level
reconstruction based on Charophyte accumulation rates indicates lower
water level from 10,300 to 8500 cal yr BP (Hallett and Hills, 2006). Sed-
iment dating to 10,200 cal yr BP from Eleanor Lake, located 250-km
northwest of Cleland Lake, contain high concentrations of biogenic sili-
ca, indicating more open water on this lake during early Holocene
(9300–8500 cal yr BP) contrasting with other regional records (Gavin
et al., 2011, Fig. 11).

Pollen-based, regional climatic reconstructions fromCanada reveal a
warm, dry early Holocene (between 12,000 and 10,000 cal yr BP) in the
central Canadian region (50–70°N, 80–120°W, Viau et al., 2002, Fig. 11).
In addition, elevated percentages of xerohpyte plant taxa from the same
location (Pinus juniperus, Artemmisia, Poaceae) provide evidence that a
drier climate existed prior to 8500 cal yr BP (Hallett and Hills, 2006).
A much longer warm interval between 10,000 to 4900 cal yr BP was re-
corded in sediment from Mahoney Lake; located in the semi-arid Oka-
nagan valley southwest of Cleland Lake (Lowe et al., 1997). The
presence of tree stumps at elevations higher than the present tree line
in British Columbia, further suggests that temperatures were warmer
at this time (Chase et al., 2008 and references therein). In general,
these studies and others (e.g. Matthews and Heusser, 1981) indicate
that the early Holocene was warmer and drier than present, which is
supported by the spectral reflectance-based reconstructions at Cleland
Lake.

The rapid drop in dinoflagellate values in Cleland Lake around
8600 yr BP suggests a return to cooler, wetter conditions. This observa-
tion is supported by the arrival of Pseudotsuga/Larix pollen to the
Kootenay valley (Hallett and Hills, 2006). The sharp decrease in fire fre-
quency around Dog Lake, southern British Columbia (32 km west of
Cleland Lake) after 9000 cal yr BP could also be interpreted as an in-
crease in effective moisture, although other factors may have contribut-
ed to this change (Hallett and Hills, 2006). Rapid increases in summer
moisture and lower temperatures between 9300 and 8500 cal yr
BP are also suggested by a reduction of biogenic silica abundances at
Eleanor Lake, in response to cooling that would have decreased the
length of the summer production season (Gavin et al., 2011, Fig. 8).
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This colder, more ice-covered lake experienced a warm dry period be-
tween 8500 and 5000 cal yr BP, contrasting with the other regional re-
cords (Gavin et al., 2011). At Cleland Lake, this cooler, wet period is
concurrentwith an increase in diatom abundances as inferred frompig-
ments and Si/Ti ratios because the local micro-climate shifted from an
arid one, to a wetter one, associated with increased fluvial input to the
lake, greater water depth, and thus a higher nutrient flux, supporting
a larger diatom community.

Although paleorecords from the region are largely consistent, some
of the differences can be explained by the disparity in lake hydrologic
setting, intra-regional climate heterogeneity, and seasonal weighting
of different paleoclimate proxies. In general, the timing of the
reflectance-based reconstructions from Cleland Lake corresponds with
other climate reconstructions from the region.

The prolonged period of heightened dryness in southern British
Columbia during the late Pleistocene and early Holocene was likely
driven by summer insolation-related amplification of the subtropical,
North Pacific, and Bermuda high-pressure systems (Bartlein et al.,
1998; Knapp et al., 2004; Renssen et al., 2009). Modeling results from
Bartlein et al. (1998) suggest that the surface–air temperature of the in-
terior Pacific Northwest of North America is largely controlled by air
temperature in theupper troposphere. Simulations of sea-level pressure
suggest that an ~8% increase in northern hemisphere summer insola-
tion as occurred during the middle Holocene Thermal Maximum
(HTM) resulted in a strengthening of the eastern Pacific and Bermuda
subtropical high-pressure systems (Bartlein et al., 1998). The develop-
ment of such a blocking pressure systemwould have reduced the trans-
port of moist westerly air into the interior regions of the Pacific
Northwest of North America (Stahl et al., 2006). The spatial and tempo-
ral expression of this period of dryness was likely highly variable due to
the large geographic disparities (i.e. elevation, topography, climate),
which determine the numerous micro-climates across the interior
Pacific Northwest (Diffenbaugh and Sloan, 2004; Diffenbaugh et al.,
2006; Shin et al., 2006; Shinker and Bartlein, 2010). We propose that
summer insolation-driven changes in air temperaturemoderatedmois-
ture delivery to Cleland Lake by altering the configuration of the sub-
tropical high-pressure systems (Bartlein et al., 1998).

Reorganization of the climate system associated with the collapse of
the Laurentide ice sheet (LIS) between 10,000 and 8000 cal yr BP trig-
gered rapid changes in the climate of North America (Shuman et al.,
2002; Renssen et al., 2009; Williams et al., 2010). Various paleoclimate
proxies from themiddle and high-latitudes of theNorthernHemisphere
record a relatively warm climate during the HTM (Viau et al., 2002;
Renssen et al., 2009). The timing and themagnitude of this event varied
substantially between regions (Kaufman et al., 2004; Renssen et al.,
2009 and references therein). For example, in Alaska and northwestern
Canada the HTM occurred from 11,000 to 9000 cal yr BP; in north cen-
tral Canada the warming occurred between 8000 and 5000 cal yr BP
(Kaufman et al., 2004 and references therein); while in Northwestern
America it occurred between 8000 and 5000 cal yr BP (Stone and
Fritz, 2006; Whitlock et al., 2012). Lake-level and pollen data from
northwestern America show conditions drier than modern coastal con-
ditions between 11,000 and 8200 cal yr BP (Whitlock et al., 2012). In
contrast, a transition towet conditions is recorded by lake level and pol-
len records from the southeastern United States (Shuman et al., 2002,
2009, 2010). In the north-central United States, wet conditions are re-
corded 10,000 cal yr BP and a transition to a drier climate occurs from
9000 to 8000 cal yr BP (Shuman et al., 2002). The strengthening of the
Bermuda subtropical high-pressure system and the deflection of mois-
ture sources from the Gulf of Mexico associated with the deterioration
of the LIS led to the development of these dry conditions (Shuman
et al., 2002; Williams et al., 2010). However, modeling studies suggest
that the LIS does not have as direct impact on the HTM in western
Canada (see figure 2 in Renssen et al., 2009), perhaps in part because
this region lies on the western side of the mountains relative to the
changes driven by the LIS collapse to the east. The HTM in western
Canada occurred simultaneous with the Holocene summer insolation
maximum of the Northern Hemisphere; whereas the delayed warming
in central and eastern Canada likely resulted from atmospheric and
ocean circulation changes associated with the collapsing LIS (Fig. 2,
Renssen et al., 2009).

The sediment core data from Cleland Lake suggest a pattern of cli-
mate change in southeastern British Columbia during the Pleistocene–
Holocene transition similar to that of other paleoclimate records from
the region. Alkenone-derived SST suggest relatively warm northeastern
Pacific Ocean conditions during the early Holocene (11,600–8200 cal yr
BP) (Barron et al., 2003, Fig. 11). Pacific Ocean SST changes are strongly
coupled to that of North Atlantic Ocean (Peteet et al., 1997; Kienast and
McKay 2001; Barron et al., 2003). The late Pleistocene–early Holocene
opening of theBering Strait allowed the passage of relatively fresh Pacific
water into the Atlantic Ocean, leading to global-scale changes to theme-
ridional redistribution of heat and fresh water (Peteet et al., 1997;
Kienast and McKay 2001; Ortiz et al., 2009; Hu et al., 2010; Ortiz et al.,
2012). Numericalmodeling studies show that the closing of Bering Strait
gives rise to positive temperature anomalies in Europe and North Africa,
and negative temperature anomalies in Northwestern America
(Hu et al., 2010). Hence rapid and abrupt early Holocene warming re-
corded across North America could be linked to this Pacific to Atlantic
teleconnection (Peteet et al., 1997; Kienast andMcKay 2001). The abrupt
changes (possibly over several centuries or less) that marked the begin-
ning and end of the HTM are likely the result of a summer insolation-
driven, non-linear response (as the climate system passes through a
threshold) resulting from a positive feedback between vegetation and
the land surface, ocean, and atmosphere. Similar non-linear responses
were reported fromWestern Sahara and Eastern Africa, during the initi-
ation and the termination of the African humid period (DeMenocal et al.,
2000; Tierney et al., 2008; Tierney and deMenocal, 2013). The
teleconnection linking the tropics and Southwestern Canada is likely
the atmospheric blocking pattern associated with the eastern Pacific
and Bermuda subtropical high-pressure system and the modifications
to Atlantic Meridional Overturning Circulation with the opening of the
Bering Strait.

Climate models simulating atmospheric conditions have demon-
strated that a 40% increase in North African rainfall can result from an
8% increase in summer radiation (DeMenocal et al., 2000). Paleoclimate
data from western North America as well as other parts of the world
provide evidence of prolonged droughts in the early–middle Holocene
that lasted for centuries to millennia (e.g., Overpeck and Cole, 2006).
These prolonged, severe droughts resulted from non-linear responses
of the climate system to radiative forcing (Viau et al., 2002; Overpeck
and Cole, 2006; Clegg et al., 2011) and therefore hint at the possibility
that an analogous climate change could occur in the future in response
to anthropogenic, greenhouse gas forcing, although rising sea level will
negate the role that an opening Bering Strait played during the HTM.
The combined effect of a warming ocean and a positive feedback from
reduced soilmoisture in an anthropogenicallywarmingworld could en-
hance the probability of prolonged droughts (Overpeck and Cole, 2006),
although the details of the response likely will depend on the interac-
tion of greenhouse forcing and summer solar insolation.

Conclusions

Cleland Lake is a small, alkaline, closed-basin lake that is hydrologi-
cally and geochemically sensitive to drought. Phytoplankton communi-
ties are influenced by lake responses to hydroclimate variability. We
employed visible derivative spectroscopy to measure ancient phyto-
plankton pigments in Cleland Lake sediment cores to infer algal abun-
dance and distribution and to thereby reconstruct lake productivity
and hydrologic balance throughout the latest Pleistocene and Holocene.
Our analysis suggests that lake productivity was low andmostly limited
to early successional, cyanophyte communities during the late Pleistocene
deglaciation (prior to 11,600 cal yr BP). Dinoflagellates rapidly increased
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after 11,800 and remained high between 11,600 and 8600 cal yr BP, in-
dicating warm, low lake-level conditions. Low diatom and high
cyanophyte concentrations between 11,500 and 9500 cal yr BP further
indicate a warm, shallow lake at this time. The magnitude of early
Holocene lake-level change was likely greater than that of the middle
and late-Holocene. Dinoflagellate-related algal pigments decrease rap-
idly after 8500 cal yr BP, suggesting a transition to wet conditions and
higher lake levels. This interpretation is further strengthened by illite
input to the lake as represented by PC 1, sedimentological evidence
from the comparison of PCs between cores from different water depths,
as well as comparison with other paleoclimate records from the region,
which show similar patterns.

Lake-level changes inferred from variations in the concentration of
dinoflagellate algae and cyanophytes in Cleland Lake sediment cores
indicate that lower lake levels were coincident with the Northern
Hemisphere summer insolation maximum, which occurred between
~11,500 and 8700 cal year BP at this latitude. Lake levels increased
after 8500 cal yr BP and remained relatively higher until present, imply-
ingwetter conditionsmore consistentwith themodern climate of the re-
gion. The abrupt shift to low lake levels and relatively dry conditions that
characterized the late Pleistocene–Holocene transition (and the corre-
sponding rapid return towetter conditions thereafter)were likely driven
by non-linear climate responses to orbital forcing and a resulting ampli-
fication of the subtropical, North Pacific high-pressure system, which
reduced moist, westerly air flow from the Pacific Basin to Cleland Lake.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.yqres.2015.02.003.
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