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Abstract The low-Arctic region of western Hudson
Bay in interior Canada is one of the most poorly
described areas of North America in terms of Holo-
cene climate history. Here, we present new data from a
well-dated lake sediment core from northern Mani-
toba, Canada. We assemble one of the richest multi-
proxy datasets to date for a low-Arctic lake and
characterize terrestrial and lake processes and
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exchanges between them. These proxies include fossil
pollen and diatom assemblages, charcoal, magnetic
properties (susceptibility and remanance), mineral
grain size, bulk density, organic-matter content,
elemental geochemistry, sediment cation (K, Mg”™,
Ca®", Fe’*/Fe’") and macronutrient (P, N, C)
contents, biogenic-silica content, basal peat dates
(wetland initiation), and stable isotopes (5'°C, 5"°N).
The sediment proxies record both broad- and fine-
scale (millennial and sub-millennial) climate change.
We find indirect evidence for a cool and dry post-
glacial period from 9,000 to 6,500 cal yr BP, a warm
and moist mid-Holocene period from 6,500 to
2,500 cal yr BP, and a cool and moist late-Holocene
period from 2,500 cal yr BP to present. High-resolu-
tion geochemical data suggests 300- to 500-year-long
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dry periods at ~6,500-6,100, 5,300-5,000,
3,300-2,800, and 400-0 cal yr BP. These results
suggest that terrestrial and aquatic ecosystem dynam-
ics in the western Hudson Bay region are sensitive to
past climate change and are likely to respond to future
changes in temperature and precipitation.

Keywords Arctic - Lake - Paleoclimate - Hudson
Bay - Holocene - Proxy - Peat - Pollen - Diatom - Fire -
XRF - Geochemistry

Introduction

The Holocene climate history of the western Hudson
Bay region in interior Canada is poorly known.
Although tree-ring studies have documented climate
variations since the Little Ice Age (LIA) (Scott et al.
1988; Tardif et al. 2008), and modern observations are
now showing rapid sea-ice loss and warming (Tivy
et al. 2011), there is little information on long-term
climate change and associated changes in ecological
systems (Tillman et al. 2010). To our knowledge, no
high-resolution, multi-proxy lake records with well-
established chronologies exist for this region. Conse-
quently, the timing and magnitude of earlier Holocene
climate variations, including the Holocene thermal
maximum (HTM), Neoglacial cooling (NGC), and
Medieval climate anomaly (MCA) are poorly con-
strained (Kaufman et al. 2004; Viau and Gajewski
2009).

Developing a better understanding of climatic
change and ecological responses in this region is
important for several reasons. Central Canada marks a
transition zone between earlier onset and termination of
mid-Holocene warming in western North America, and
later onset and termination in eastern North America
(Kaufman et al. 2004). A data gap in this region hinders
continental-scale synthesis efforts. Sea ice in Hudson
Bay creates strong climatic linkages to terrestrial
landscapes to the west (Rouse 1991). Periods of ice
thaw may amplify terrestrial warming, whereas periods
of ice formation reinforce cooling, possibly increasing
the climate sensitivity of this region. Some of the largest
changes in temperature and precipitation anywhere in
the Arctic over the twentyfirst century are expected near
Hudson Bay (IPCC 2007). Many of the sediment proxy
records developed for the central and eastern regions of
Canada (Joynt and Wolfe 2001; Michelutti et al. 2006,
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2007; Fortin and Gajewski 2009; Paul et al. 2010; Peros
et al. 2010) are from high-Arctic regions, which could
differ substantially from low-Arctic sites that are
influenced to a greater degree by terrestrial vegetation
and peatlands. Finally, given the significant soil carbon
density in the Hudson Bay Lowlands (Yu et al. 2011),
warming in this region may increase carbon release,
which could feed back significantly on climate.

Although lake ecosystems serve as important
sentinels for climate change (Adrian et al. 2009;
Leavitt et al. 2009; Schindler 2009), lake ecosystem
processes and ontogeny are complicated by catch-
ment-level factors that also influence biogeochemical
processes (Anderson et al. 2008; Adrian et al. 2009;
Kosten et al. 2009). Debate continues as to whether
Arctic lakes are controlled more strongly by catch-
ment factors (Anderson et al. 2008) or direct forcing
by climate (Michelutti et al. 2007). Climate change
may directly impact aquatic ecosystem processes,
such as diatom productivity and species composition
or pH (Wolfe 2002; Riihland et al. 2003; Fortin and
Gajewski 2009; Paul et al. 2010), but it may also affect
lakes indirectly through changes in the terrestrial
ecosystem, such as climate-driven shifts in fire or
vegetation and peatland expansion and their attendant
export of DOC or N (Hu et al. 2001). Lakes may also
respond to terrestrial changes unrelated to climate,
such as local successional dynamics or lake/landscape
ontogeny (Engstrom and Fritz 2006) or poor buffering
capacity caused by base-cation-depleted parent mate-
rials (Michelutti et al. 2006). Understanding Arctic
climatic responses using lake sediment records there-
fore requires a sufficient number of proxies sensitive
to climate that are capable of distinguishing aquatic
and terrestrial responses and their interactions.

We present new data from a well-dated lake
sediment core from northern Manitoba, Canada doc-
umenting Holocene changes in both terrestrial and
lake processes. We assemble a rich multi-proxy
dataset in order to characterize terrestrial and lake
processes and exchanges between them. These proxies
include fossil pollen and diatom assemblages, char-
coal, magnetic properties (magnetic susceptibility and
remanence), mineral grain size, bulk density, organic-
matter content, elemental geochemistry, sediment
cation (K™, Mg*™, Ca®", Fe>™/Fe*") and macronutri-
ent content (P, N, C), biogenic silica (BSi) content,
basal peat dates (wetland initiation), and stable
isotopes (3'°C, 6'°N). We examine the following
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specific questions: (1) Do terrestrial and aquatic
proxies at this site record the magnitude and timing
of Holocene-and millennial-scale climatic changes,
including the HTM, NGC, MCA, and LIA? (2) To
what extent are proxies of aquatic processes versus
terrestrial processes more useful for detecting climate
change in this region?

Study region

Located approximately 140 km to the west of Hudson
Bay, Unit Lake (unofficial name) lies along the
modern woodland-tundra transition just south of the
border between Manitoba and Nunavut (59°24'16”N,
97°29'34"W; Fig. la, b). Surficial geology is charac-
terized by coarse glacial deposits bordered by prox-
imal glaciofluvial sand and gravel (Matile and Keller
2006). The bedrock consists of Paleoproterozoic
intrusive hybrid granite (Schledewitz and Lindal
2002). Unit Lake lies in a relatively high topographic
position in a region defined by extensive lakes and
lowland, peat-forming forests and wetlands (Fig. 1b,
c). The lake is oriented along a N-S axis, and the
bathymetry shows that the southern half of the lake
consists of a deeper basin with a flat sediment surface
(maximum depth 11.4 m), whereas the northern half
of the basin rises to a shallower bench <2 m (Fig. 1c¢).
Aquatic and watershed properties of Unit Lake are
reported in Table 1.

Materials and methods
Sediment retrieval and dating

Non-overlapping sediment cores (total core
length = 3.96 m) were retrieved from the deepest
location in the lake basin during the summer of 2003.
A clear polycarbonate piston corer (6.5-cm diameter)
was used to retrieve the upper 1 m of flocculent
material, and a modified Livingstone corer (4.8 cm
diameter) was used to collect sediment at depth.
Sediment from the polycarbonate tube was sectioned
in the field at 1 cm intervals with the exception of the
upper two sections (0—4 and 4-6 cm). To aid in the
interpretation of landscape development, we also
recovered five permafrost peat cores for basal radio-
carbon dating using a modified Hoffer probe during

the summers of 2008-2009. The lengths of the peat
cores ranged from 37 to 131 cm. Cores were refrig-
erated (~4 °C) in the field until transported back to
the laboratory, where they were maintained in cold
storage (4 °C). Analyses were generally performed
within 1 year, and geochemical proxies were con-
ducted with freeze-dried sediment sampled within
months of core retrieval.

Age control for the lake core was based on eight
AMS 'C dates, and surface sediments were dated
using the 2'°Pb method (constant rate of supply model,
Appleby and Oldfield 1978) (Table 2). Basal peat
dates were determined using AMS '*C dating of
terrestrial macrofossils (Table 2). We developed a
probabilistic age-depth model for the lake sediments
using CLAM v.1.2. (Blaauw 2010). Calibrated radio-
carbon dates presented in Table 2 were calibrated with
CALIB v.6.0 (Stuiver et al. 1999) to derive the median
date of the probability density function. All dates are
reported in calendar years BP (hereafter, BP). Our core
sections were non-overlapping, and depths for drives
2-4 were based on field-measured distance to the
water surface. Based on examination of AMS '*C
dates, organic-matter content, and magnetics, the
depths for drive 1 were adjusted upwards, producing
a short gap (~17 cm, ~313 year) between drives 1
and 2 that is reported in all figures.

Sediment properties

We used loss on ignition (LOI) to characterize the
relative fractions of sediment organic matter, CaCOs,
and residual inorganic clastics. Samples of known
volume (1 cm®) and dry mass were combusted in a
muffle furnace at 550 and 1,000 °C to determine the
weight percent of organic and CaCO; fractions,
respectively, and corrected for molecular weight
differences between CO, and CO5 (Dean 1974). Mean
(median) sample resolution for LOI data was 80 (81)
years.

We measured magnetic susceptibility (), isother-
mal remanent magnetization (IRM), and anhysteretic
remanent magnetization (ARM) in P15 plastic cubes
(volume = 5.3 cm®) as proxies for ferrimagnetic
mineral concentration and size following the methods
of Geiss et al. (2003). y and IRM characterize the
concentration of ferrimagnetic minerals of all grain
sizes, while ARM is strongly influenced by the
presence of small single-domain (SD) and small
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Fig. 1 a Location of study site along the border between
Manitoba and Nunavut, Canada. b Landscape topography based
on the digital elevation model for Manitoba (Canadian Digital
Elevation Data, 1:50,000 downloaded from www.geobase.ca,
2005) and the location of Unit Lake relative to the modern-day
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pseudo-single-domain (PSD) ferrimagnetic particles
between 0.01 and 1 pm. Changes in ARM/IRM reflect
the relative importance of these fine grains versus
larger multi-domain (MD) particles. All measure-
ments were made at the Institute for Rock Magnetism
at the University of Minnesota. Mean (median) sample
resolution for magnetics data was 44 (44) years.
Grain size was determined using ~1.0-3.0g
samples (dry mass) digested for 30-60 min in 30 %
H,0, (or until reaction finished), followed by an
additional 10 min in 11 M HNO; (Triplett 2002). BSi
was removed using 1 M NaOH for 45 min, and
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woodland-tundra border. ¢ The Unit Lake watershed boundary
(black line), land cover classes, and lake bathymetry (con-
tours = m) relative to the location of the lake sediment and peat
sediment coring sites

samples were neutralized with 0.5 N HCIl. The sam-
ples were rinsed into centrifuge tubes with deionized
water and methanol, and centrifuged at 4,500 rpm for
15 min. Processed sediment was measured using a
Horiba LA-920 particle analyzer at the University of
Minnesota. Mean (median) sample resolution for the
grain size analysis was 224 (192) years.

Cations (Ca2+, Mg”, Fe?t/Fe? T, K" were
extracted from ~0.10 g samples (dry mass) with a
combination of 30 % H,0, and 2.5 M HCI (Engstrom
and Wright 1984). Cations were analyzed on a Horiba
Jobin—Yvon Ultima 2 OES-ICP at St. Olaf College.
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Concentration data for cations is reported as mg g~ .

Mean (median) sample resolution for the cation data
was 148 (132) years.

Bulk elemental composition of sediment was
measured at the University of Minnesota Duluth using
the Large Lakes Observatory’s ITRAX X-ray fluores-
cence (XRF) core scanner (Cox Analytical Instru-
ments). The scanner was operated at 1 cm resolution
on archival sections of Livingston drives and at
1-2 cm intervals on sediments from 0 to 20 cm tops
of cores that had been previously sectioned in the field.
Cores were scanned with 60 s scan times using a Mo
X-ray source set to 30 kV and 15 mA. Mean (median)
sample resolution for the XRF data was 26 (25) years.
A small data gap between ~6,900 and 7,050 BP
resulted from sediment consumption for dating and
other analyses.

We measured the concentrations, stoichiometric
ratios, and isotopic composition of macronutrient
elements (C, N, P, Si) in the sediment cores. Total
phosphorus (TP) was measured on freeze-dried

Table 1 Limnological and watershed properties of Unit Lake

Property Value

Surface water®
pH 5.74

Specific conductivity 16.76 pS cm™'°C™!

DOC 3.16 mg L™!

Ca*" 0.75 mg L™!

Mg>* 0.37 mg L™!

K* 0.25 mg L™!

Fe? ™3+ 0.014 mg L™

TP 11.44 pg L™
Catchment area 148.4 ha
Lake area 64.4 ha
Land cover types

Peat-forming vegetation® 40 %

Dry tundra 32 %

Woodland 9 %

Moist/wet tundra 8 %

Bare rock or till 6 %

Ponds 4 %

% Water properties are the mean values measured in July
2008/2009

® Peat moss and sedge peat with scattered to >50 % cover of
P. mariana

sediments that were ground lightly with mortar and
pestle, following the extraction procedures of Eng-
strom and Wright (1984). Extracted P was analyzed
colorimetrically using a Lachat QC 8000 FIA system
(method 10-115-01-1-B). We measured BSi as a proxy
for plankton productivity. Following Conley and
Schelske (1993), we extracted silica from 30 mg of
freeze-dried sediment using a 1 % Na,COj3 solution.
Concentrations of BSi were determined colorimetri-
cally on 3, 4, and 5 h digests (Conley 1998) using a
Lachat QC 8000 FIA system (method 10-114-27-1-A)
and slope-corrected or averaged across the three
measurements as recommended by Conley (1998).
Mean (median) sample resolution for the TP and BSi
data was 88 (87) years. Total carbon (TC), total
nitrogen (TN), 5'3C, and 6"°N were measured on the
bulk organic fraction. Samples were acidified in 1 M
HCI, rinsed three times with deionized water, freeze
dried then measured using a Costech CHNS ana-
lyzer. Analyses were done at the University of Iowa,
Paul H. Nelson Stable Isotope Laboratory, and the
UC Davis Stable Isotope Laboratory. Mean (med-
ian) sample resolution for the C, N, and isotope data
was 162 (160) years. We report C:N, BSi:TP, and
TN:TP as molar ratios. Concentration data for TP
and BSi are given as mg g~ and as percents for C
and TN.

Pollen and diatom analysis

Pollen analysis was conducted on 0.3-1.0 cm’ samples
using standard palynological methods (Fegri et al.
1989). An average of 409 pollen grains were counted
per sample (min = 202, max = 515) in addition to an
exogenous spike (Eucalyptus globula). Mean (median)
sample resolution for pollen data was 92 (88) years. To
separate Picea mariana from P. glauca, we examined
between 80 and 100 Picea pollen grains per sample and
differentiated them based on saccus shape, attachment
reticulum, and saccus area/corpus area (Hansen and
Engstrom 1985). The percentage of each species
obtained was applied to the total number of Picea
grains counted to estimate the proportion of P. glauca
and P. mariana. McAndrews et al. (1973) was used for
pollen and spore identification.

Samples for diatom analysis were collected from the
split core at selected intervals and freeze dried.
Sediments were processed using standard techniques
for the oxidation of both carbonate minerals (10 % HCI)
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Table 2 Radiocarbon and *'°Pb ages, Unit Lake

Laboratory sample® Sediment depth (cm)® 1C year BP Calibrated year BP? Material dated
(A) Lake sediment AMS '*C
CAMS-110421 28 1,070 £+ 40 981 £ 59 Charcoal
CAMS-107023 98 2,120 &+ 50 2,100 &+ 74 Charcoal 4+ woody scale
CAMS-107022 106 2,350 + 60 2,402 £+ 167 Charcoal
CAMS-107024 131 2,650 £ 45 2,770 & 49 Charcoal
CAMS-107025 157 3,180 £ 45 3,406 £ 38 Charcoal
CAMS-109289 217.5 3,795 + 40 4,182 £ 73 Woody twig
CAMS-110422 271 4,815 + 40 5,524 £+ 58 Charcoal
CAMS-109288 362 7,050 £+ 140 7,873 £ 133 Woody scale
Laboratory sample® Sediment depth (cm)® 1C year BP Calibrated year BP* Material dated
(B) Basal peat AMS 4c
CAMS-143312 37 2,090 £+ 50 2,064 £+ 63 Picea needles
CAMS-143313 56 920 £ 70 836 + 70 Bark, Picea needles
CAMS-143314 75 3,490 £ 35 3,766 + 56 Bark, woody twig, needle
CAMS-143315 131 6,195 & 35 7,087 &£ 72 Bark woody twig
CAMS-143316 35 2,460 £ 50 2,539 £+ 167 Bark, woody stem
Sediment depth (cm)® Unsupported activity (pCi gfl) Error (£10) Age (yr) Error (£10) Date (AD) Date (BP)
(C) Lake sediment >'°Pb dating
0 —53
4 25.64 0.83 23.6 0.98 1,980 -30
6 20.00 0.69 55.9 0.85 1,948 2
7 13.00 0.25 71.0 1.03 1,933 17
8 8.50 0.35 87.0 1.20 1,917 33
9 6.52 0.27 121.8 1.55 1,882 68
10 2.49 0.12 147.4 251 1,856 94
11 0.98 0.07 178.0 5.29 1,826 124
12 0.39 0.06 200.7 9.29 1,803 147
13 0.018 0.06 232.3 17.40 1,771 179

* Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, Livermore, California, USA

° Mid-point depth of interval
¢ Basal depth of interval

4 Calibrated using CALIB v. 6.0. Age represents the median of the probability density function. Error represents one-half of the 1o

range

and organic matter (30 % H,0,). Samples were allowed
to settle passively, the supernatant was aspirated, and the
sample was rinsed three times with deionized water.
Diluted slurries were permanently mounted for diatom
enumeration using Naphrax®. Diatoms were enumer-
ated under oil immersion (N.A. = 1.4) at a magnifica-
tion of 1,000x using differential interference contrast
optics. Three published floras were used for identifica-
tion: Krammer and Lange-Bertalot (1986-1991), Cam-
burn and Charles (2000), and Fallu et al. (2000).
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Photomicrographic documentation was conducted
throughout the study under light microscopy. Mean
(median) sample resolution for diatom data was 282
(273) years.

A diatom-inferred pH weighted-averaging transfer
function was applied to the Unit Lake core using a
44-lake training set spanning a 18,000 km? region of
northern Manitoba; modern pH values ranged from 4.39
to 6.98, with a mean and median of 5.76. Field pH
measurements were adjusted upwards to account for
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Fig. 2 a pH values inferred from the transfer function
compared to observed pH in the calibration set, and b the
residuals from the relationship

probe movement effects on pH, which have been
reported previously (for example Hoenicke et al.
1991). Our lab tests indicated a mean pH depression of
0.65 (SD = 0.22, n = 12) associated with experi-
mental stirring (120 rpm) of low conductivity
(10-20 puS cm ™! °C~!) solutions. The transfer func-
tion was developed and the predictive ability assessed
using a weighted-averaging approach with bootstrap
error estimation (Fig. 2). The strength of each model
was assessed using the coefficient of determination
(R2 = 0.72) and the root mean square error
(RMSE = 0.29). Because the same data were used
to generate and evaluate the model, these assessments
were not entirely independent, and the validation step
of bootstrapping with 1,000 cycles was used to
generate a bootstrapped coefficient of determination
(Rﬁoot = 0.54) and a root mean square error of
prediction (RMSEP = 0.33), which more realisti-
cally portrays error estimates (Fritz et al. 1999).
Transfer functions were developed using a weighted-
averaging calculation with classic de-shrinking; both
classic and inverse de-shrinking were evaluated and
gave very similar R* and RMSEP values. De-shrink-
ing corrects the overestimation of low values and
underestimation of high values caused by averaging
in both the regression and calibration steps of model
development. Species abundances were not trans-
formed or downweighted prior to running the model.

All weighted-averaging calculations were made using
the program C2 (Juggins 2003).

Charcoal analysis

We used macroscopic charcoal area as a proxy for fire
severity and biomass burned (Clark et al. 1996; Camill
et al. 2003). Sediment samples of 1 cm® were soaked in
10 % KOH for 48 h and sieved with a 180 pm nylon
mesh screen. Charcoal fragments were identified at 20 x
magnification with a stereoscope, and the total charcoal
areal concentration (mm2 cm73) was measured using
image analysis (Scion Image). Mean (median) sample
resolution for fire data was 88 (87) years.

Statistical methods

Detrended correspondence analysis (DCA) was used
to summarize the dominant gradient (i.e., DCA axis 1)
of diatom compositional turnover (Hill and Gauch
1980). All diatom species were included in the
analysis, detrending was by segments with down-
weighting of rare taxa, and non-linear rescaling was
applied. When plotted stratigraphically the DCA axis
1 scores shows the amount of turnover between
samples over time in units of standard deviation (SD).
A stratigraphically constrained cluster analysis was
used to determine zones within the diatom and pollen
stratigraphy using the approach of Grimm (1987)
based on Bray-Curtis dissimilarity distances. Cluster
analyses included diatom species with abundances
>1 % and pooled pollen and spore abundances. The
zones were based on a uniform total sum-of-squares
height and statistical significance was tested against a
random broken-stick model (Bennett 1996).

Results'
Sediment chronology
Based on the relationship between CLAM-derived

calibrated ages and sediment depth, the total core
length dated to 8,737 cal year BP (Fig. 3a). The

' All of the data from Unit Lake presented in this study are
available on-line through the World Data Center for Paleoclima-
tology  (http://www.ncdc.noaa.gov/paleo/pubs/jopl2012arctic/
jopl2012arctic.html).
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model for the entire Holocene. Points represent calibrated ages
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density function. Error represents one half of the 1o range.
b 2!°Pb chronology based on data presented in Table 1. Error
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CLAM model was used to extrapolate the basal age at
3.96 cm, below the lowest AMS 14C date located at
3.62 m (Table 2). Sedimentation appeared to be
relatively constant throughout the Holocene
(mean = 0.05 cm year_l), although it was lowest
(<0.04 cm year™ ") during the early Holocene from
8,737 to 4,600 BP, and highest (>0.07 cm year_l)
during the mid-to-late Holocene from 4,038 to 3,585
and 2,160-1,760 BP (excluding surface sediments).
The 2'°Pb dating indicated that the asymptote of

Residual

unsupported activity was reached at 13 cm depth,
corresponding to 179 BP (1771 AD) (Fig. 3b).

Mineral sediment properties

During the early Holocene (9,000-6,500 cal year
BP), mineral inputs into Unit Lake were high
(Fig. 4), reflecting erosion in a post-glacial tundra
landscape. Relatively high Ti counts (a conservative
marker of mineral weathering and erosion; Boés
et al. 2011), high bulk density, and enriched base
cations (especially K¥), in combination with fine
grain size (little sand), suggest that this sediment
comprises fine-grained, glacial mineral material that
pre-dated significant organic accumulation in the
lake (Kylander et al. 2011). Organic matter and
CaCOj; content are low (Fig. 4), likely indicating
low aquatic productivity and little input of terres-
trial organics at this time, although elevated sedi-
ment TC:TN ratios (see below) suggest a higher
proportion of terrestrial material. Although we have
not confirmed whether CaCQOj; is allochthonous or
autochthonous using scanning electron microscopy,
a lake pH <6.0 for most of the Holocene (see
below) suggests that carbonate production was
allochthonous. High values for IRM, combined
with low ARM:IRM ratios, indicate an initial input
of mostly coarse-grained (MD) ferrimagnetic min-
erals. IRM declined around 8,000 BP as organic
matter rose, suggesting that ferrimagnetic iron oxide
minerals began to dissolve under anoxic sediment
conditions.

Ti inorganic Median 2
{counts Organic CaCO, clastics Bulk density X IRM grain size Sand K Mg ' ca™
x 1000} (%) (%) (%) (@em™  (10°mkg")  (Amikg") ARMIRM {um) (%) imgg") tmgg") mgg")
0 2 4 60 25 500 10 200 50 10000 0.3 06 0.000.020.04 0.00 0.01 0.02 0.00 010 01020300 10 20 0 1 2 0123 0 1 2
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Fig. 4 Composition of sediment deposited in Unit Lake during the Holocene. Light-gray shading denotes the mid-Holocene
(~6,500-2,500 BP). Dark-gray shading denotes periods of relatively high Ti input (detrital inputs of mineral materials)
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The transition to the mid-Holocene was marked by
substantial change in sediment composition (Fig. 4).
By 6,000 BP, detrital mineral inputs had declined, and
the organic-matter and CaCOj; contents increased.
Median grain size and the proportion of sand increased
but were variable. The rise in ARM:IRM suggests the
predominance of small SD and PSD (0.01-1 pm)
ferrimagnetic particles, which are likely microbial
(Moskowitz et al. 1988).

The late Holocene (~2,500 BP—present) was
characterized by the lowest detrital mineral input of
the Holocene (Fig. 4). After declining between 3,300
and 2,800 BP, organic-matter content rose between
2,500 and 500 BP. Carbonate content was consistently
low throughout this period. Median grain size and the
proportion of sand were variable but decreased toward
the late Holocene. Higher concentrations of Fe are
reflected in increased y and IRM, but the magnetic
component continued to be fine grained (high
ARM:IRM).

In addition to these broad secular trends, there is
evidence for finer-scale variability throughout the
Holocene. The high-resolution XRF data (~ 25 years)
indicate up to four additional periods—each lasting
300-500 years—consisting of increased mineral input
from ~ 6,500-6,100, 5,300-5,000, 3,300-2,800, and
400-0 BP (Fig. 4). These periods correspond with low
input of organic matter and detrital carbonate, high
bulk density, fine grain size and low sand fraction, and
high inputs of base cations, especially K™ and Mg>™.

Ti o e 22
{cnuntsx 1000) SiTi K:Ti CaTi
4 s GDO 025 D5D

The XRF data provide additional information about
external versus internal inputs of elements (Fig. 5).
Other elements were normalized against Ti to examine
silicate mineral composition by removing the vari-
ability caused by carbonate and organic-matter dilu-
tion. With the exception of Si between 2,500 and 1,500
BP, the ratios of K:Ti, Ca:Ti, and Si:Ti remained fairly
stable throughout the Holocene, indicating that detrital
inputs were the dominant source of these elements
throughout this period (Boé&s et al. 2011; Kylander
et al. 2011). Sr:Ti, P:Ti, and S:Ti were elevated from
6,500 to 3,000 BP (and after 1,200 BP for P and S),
suggesting authigenic sources were increasingly
important. The ratios of Fe:Ti and Mn:Ti were
conservative from 8,700 to 7,400 BP and from
~ 6,500 to 2,800 BP, reflecting likely detrital sources
(Kylander et al. 2011). However, substantial devia-
tions from 7,300 to 6,500 BP and 1,500-500 BP
indicate possible altered sediment redox conditions
(Kylander et al. 2011) (see Sect. “Discussion”).

Vegetation and fire changes

The post-glacial terrestrial plant community
(8,200-7,000 BP) was characterized by shrub tundra,
dominated by Alnus (20-40 %), Betula (20-40 %),
Salix (2-6 %), Artemesia (2-4 %), chenopods
(1-2 %), and Cyperaceae (2—4 %) with sparse forest
cover (<50 %) but increasing abundance of Picea
mariana from ~ 10to 40 % (Fig. 6a, b). Low charcoal
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Fig. 5 XRF-derived mineral properties during the Holocene. Shading is the same as described in Fig. 4
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abundance indicates that fire severity was low during
this period (Fig. 6b). During 7,000-2,500 BP, the
shrub tundra community changed to a forest-shrub
woodland dominated by P. mariana (30-40 %) and,
increasingly, Pinus spp. (10-30 %) (Fig. 6). Fire
severity increased more than fourfold during this
period (Fig. 6b), associated with the rise in Pinus
(Fig. 6a). Alnus remained an important component of
the shrub layer (30-40 %), but Betula and Salix
declined. At ~2,500 BP, the terrestrial plant commu-
nity shifted once more, with Alnus declining to
~20 % and concurrent increases in Poaceae and
Cyperaceae (Fig. 6a). Fire severity declined slowly
during this period to levels observed during the early
Holocene (Fig. 6b).
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The aquatic plant and pteridophyte and bryophyte
communities show concurrent community change
(Fig. 7). Isoetes increased in abundance between
6,500 and 2,500 BP, suggesting higher lake levels
(Fig. 7a). After 2,500 BP ferns and Sphagnum peat
mosses increased more than five-fold (Fig. 7b). The
increase in Sphagnum spores coincides with the
initiation of peatlands at three of the five peat sampling
locations, and with a decrease in fire across the
landscape (Fig. 7b).

Changes in the diatom community

Changes in the diatom community occurred at intervals
roughly similar to plant communities (Fig. 8). The

1
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Fig. 6 Terrestrial pollen and fire changes during the Holocene.
a Pollen percentages for individual taxa. b Summary categories
for arboreal, forest, herbaceous taxa, pollen concentration in
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relation to fire severity as recorded by charcoal. The x-axis of
each plot is scaled to show changes in each taxon over time.
Light-gray shading is the same as described in Fig. 4
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Fig. 7 Changes in a aquatic pollen and b spores during the Holocene in relation to peat initiation and fire. The x-axis of each plot is
scaled to show changes in each taxon over time. Light-gray shading is the same as described in Fig. 4

postglacial community (8,500-6,500 BP) was domi-
nated by small, colonial benthic species, Staurosira
construens and Staurosirella pinnata (20-60 %). Dur-
ing the mid-Holocene (~ 6,500-2,500 BP), the diatom
community shifted to acidophilic tychoplanktonic spe-
cies, including Aulacoseira spp. (10-30 %) and Fragi-
laria exigua (~10 %). Epiphytic and epipelic taxa
became more abundant (e.g., Cymbella schubartoides
(5-10 %) and Pinnularia interrupta (5-20 %)), sug-
gesting increased shallow-water habitat, although not
necessarily lower water tables (see Sect. “Discussion”).
During the late Holocene, the planktonic Cyclotella
ocellata was present at sub-dominant abundance, and
Staurosira construens and Staurosirella pinnata
increased to near post-glacial abundance. Planktonic
diatoms generally increased during the mid-Holocene
and again during the period 1,000-500 BP. DCA axis 1
and cluster analysis indicate substantial community
changes at ~6,200 and 2,500 BP, whereas the inter-
vening period corresponds to the dominance of acido-
philic taxa (Fig. 8). Diatom-inferred pH declined from
~7to 5 during the transition from the postglacial period
to the mid-Holocene but then rose to pH 5.6—6.3 over the
past 2,500 years.

Macronutrients and geochemistry

Geochemical changes responded strongly to the three
periods described previously for other proxies: postgla-
cial (9,000-6,500 BP), mid-Holocene (6,500-2,500
BP), and late Holocene (2,500 BP to present) (Fig. 9).

During the early postglacial period (9,000-7,500 BP),
BSi, TC, TN, TP, and Fe were relatively low, reflecting
the oligotrophic status of the lake and the low combined
inputs of diatom productivity and terrestrial organic
matter. Low BSi: TP and TN:TP ratios suggest Si and N
limitation. TC:TN ratios as high as 40 suggest a higher
fraction of terrestrial organic inputs, despite the low
organic-matter deposition (Fig. 4). 6'°C was —26 to
—25%o. 6'°N was more variable but increased steady
from 1 to 4%o. The subsequent 1,000 year span of the
postglacial/early Holocene period showed significant
change (Fig. 9). BSi, TC, and TN rose and then leveled
off, but TP and Fe exhibited the largest increase of the
Holocene. Substantially elevated Fe:Ti and Mn:Ti
ratios, which depart from the overall trend in Ti
(Fig. 5), indicate authigenic processing of these ele-
ments and suggest that some event affected sediment
redox potential (Kylander et al. 2011), such as oxygen-
ation that caused Fe and P to precipitate (Carnigan and
Flett 1981). This episode corresponded to a decline in
TC:TN from ~40to 12-14, suggesting a slight increase
in algal contributions. While 6'*C remained relatively
constant (~ —26%o), 6'5N declined to 1-2. Magnetic
data indicate that this period occurred during a transition
from the deposition of multi-domain ferromagnetic
materials (high IRM) to fine-grained, single-domain
ferromagnetic materials (high ARM:IRM).

The  transition into  the  mid-Holocene
(~6,500-2,500 BP) as characterized by further
substantial geochemical changes (Fig. 9). BSi, TC,
and TN increased to peak or near-peak levels for the
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Fig. 8 a Diatom species assemblages, and b functional groups
in Unit Lake during the Holocene. The ratio of planktonic:ben-
thic species treats Aulacoseira spp., cyclotelloid species, and
planktonic araphids as the planktonic species. Summary

Holocene, but all declined from ~6,500-6,100,
5,300-5,000, and 3,300-2,800 BP at the same time
that Ti and other proxies suggest increased allochth-
onous mineral inputs (Fig. 4). Both TP and Fe
declined and then remained stable. BSi:TP and TN:TP
rose substantially, suggesting a shift towards greater P
limitation and possible terrestrial inputs of N from
abundant Alnus (Fig. 6). TC:TN fluctuated between 14
and 15, indicating mixed organic contributions from
aquatic and terrestrially derived sources. 6'°C shifted
substantially to ~ —29%o, while 6'°N rose steadily
from 1 to 4%o. Relatively stable and low Fe:Ti and
Mn:Ti suggest the predominance of detrital sources
for these elements, and the combination of low IRM
and high ARM:IRM indicates possible bacterial

@ Springer

analyses include DCA axis 1 scores (SD units) and diatom-
inferred pH. The x-axis of each plot is scaled to show changes in
each taxon over time. Shading is the same as described in Fig. 4

processing of ferromagnetic minerals to increasingly
smaller sizes.

The late Holocene (2,500 BP—present) marked
another major shift in geochemical proxies (Fig. 8).
BSi peaked around 2,400 BP but declined sharply after
2,000 BP. After the decline around 3,000 BP, TC and
TN peaked between 1,500 and 500 BP. TP continued
the slow, steady decline, but Fe increased almost
sixfold, peaking—as with TC and TN—between 1,500
and 500 BP. The overall decline in BSi caused the
BSi:TP ratio to decrease beginning at 2,500 BP, but
TN:TP spiked over 40 during the same period, with
elevated TC, TN, and Fe. 8"3C shifted back to early
Holocene levels (~—26%o), whereas 0°N slowly
declined from 4 to 3%o. Magnetics data record an
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Fig. 9 Geochemical and macronutrient changes during the
Holocene. For TN:TP, the vertical dashed lines represent
approximate sediment TN:TP ratios representing planktonic
primary production N limitation (23:1) and P limitation (9:1)

increase in IRM, and the XRF data indicate possible
redox changes between 1,500 and 500 BP due to
elevated Fe:Ti and Mn:Ti ratios.

Although the sediment sampling resolution makes
it difficult to describe in detail changes in the surface
sediments, the geochemical and macronutrient proxies
indicate possible climatic transitions over the past
400 years (Fig. 9). Between 500 and 50 BP, BSi, TC,
TN, 6"°C, Fe:Ti, and Mn:Ti declined. This was
followed by a twentieth-century rise in BSi, TC, TN,
BSi:TP, TN:TP, Fe:Ti, and Mn:Ti (Fig. 9).

Discussion

The multi-proxy record from Unit Lake suggests that
the timing and magnitude of climate change corre-
sponding to postglacial conditions, HTM, NGC,
MCA, LIA, and modern warming can be discerned
in the low-Arctic region of western Hudson Bay. We
find evidence for a cool and dry postglacial period
from 9,000 to 6,500 BP, a warm and moist period from
6,500 to 2,500 BP, and a cool and moist period from
2,500 BP-present. The climatic transitions are coher-
ent across proxies, and both aquatic and terrestrial
systems appear to have responded to shifts in temper-
ature and moisture (Fig. 10).

Early postglacial period (9,000-6,500 BP)

The postglacial period was characterized by cooler
and possibly drier conditions than present (Fig. 10).
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(adapted from Kosten et al. 2009). For TC:TN, the 16:1
represents an approximate boundary between aquatic and
terrestrial derived organic sources (adapted from Meyers
2003). Light-gray shading is the same as described in Fig. 4
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The terrestrial ecosystem was dominated by shrub-
tundra vegetation (Fig. 6). A relatively open
landscape would have provided substantial mineral
material to the lake through colluvial and alluvial
transport of fine sediments (Figs. 4, 5; Kylander et al.
2011). The aquatic ecosystem was likely confined to
the deeper southern basin and was characterized by
silty, turbid oligotrophic conditions that constrained
aquatic productivity and limited the diatom commu-
nity to a few generalist taxa common in postglacial
environments (Staurosira construens and Staurosirel-
la pinnata; Haworth 1976) (Figs. 4, 8, 9). Increasing
8N from 8,500 to 7,500 BP could have resulted from
increased N inputs from Alnus (Fig. 6) and the
attendant increase in the magnitude of the N cycle
(Hu et al. 2001).

Between 7,500 and 6,500 BP, both the terrestrial
and aquatic proxies indicate warmer conditions
(Fig. 10). The development of a Picea woodland
indicates the northward migration of the treeline
(Fig. 6) that stabilized the landscape and reduced
minerogenic inputs, which allowed the diatom com-
munity to diversify (Fig. 8). These changes are
accompanied by a rise in organic-matter content
(Fig. 4), and TC and TN (Fig. 9), with TC:TN ratios
suggesting a mix of aquatic and terrestrial organic
sources. The sharp rise of Fe:Ti, and Mn:Ti and the
subsequent increase in TP and Fe precipitation sug-
gests that the sediment surface became oxygenated
(Carnigan and Flett 1981). Increased Fe concentra-
tions are not reflected in y or IRM but are evident in
hysteresis-loop derived high-field susceptibility (data
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Fig. 10 Paleoecological interpretation and summary of multi-proxy data from Unit Lake core. Major climatic transitions are
delineated by horizontal black lines. Subdivisions within these periods are denoted by horizontal gray lines

not shown), which is consistent with the accumulation
of weakly paramagnetic iron-phosphate minerals
(Frederichs et al. 2003). Decreasing 8'°N values could
signal reduced denitrification as sediments became
more aerobic (Fig. 9). A possible climatic interpreta-
tion is that windier conditions and possibly more
pronounced seasonal shifts in temperature increased
lake mixing and increased the redox potential of
sediments.

This period from 7,500 to 6,500 BP may have also
corresponded to increased moisture, as evidenced by
the initiation of the oldest peatland bordering the lake
(Figs 1, 7, 10), the rise of P. mariana, and the
dominance of Alnus spp.—a genus associated with
relatively warm and wet conditions (Moser and
MacDonald 1990; Paul et al. 2010).

Holocene thermal maximum (6,500-2,500 BP)
The proxy data indicate that the mid-Holocene, from

approximately 6,500-2,500 BP, was relatively warm
and wet, constituting the local HTM (Fig. 10). Ti
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and base cations declined substantially (Fig. 4),
suggesting decreased erosion as the landscape
became more densely forested, but possibly with
increased removal of mineral materials from fring-
ing peatlands (Fig. 6a, b). Arboreal taxa reached
their peak of the entire Holocene at this time
(Fig. 6a, b). Organic matter, TC, TN, BSi, and
CaCO; all increased during this period (Figs. 4, 9),
indicating increased algal productivity (Fortin and
Gajewski 2009), although the TC:TN ratio suggests
that the organic sources were likely a mix of
allochthonous and autochthonous sources (Fig. 9,
Meyers 2003). The shift to more-depleted C isotopes
(=29 %o, Fig. 9) could represent increased C inputs
from terrestrial vegetation or peat (Kling et al.
1992), or algal productivity derived from isotopi-
cally light DIC sources (Kling et al. 1992; Meyers
2003). Although the 6'°C trend during the mid-
Holocene is distinct and striking, the general range
of Holocene 6'°C variation (—29 to —25%o) makes
it difficult to distinguish algal versus terrestrial
organic sources (Meyers 2003).
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The beginning of the HTM represents the most
significant change (as defined by constrained clustering
analysis) in the diatom assemblages. A shift to acido-
philic taxa during this time is reflected by the diatom-
inferred pH (Fig. 8). Possible mechanisms for the
decrease in pH during the HTM include: (1) the
development of forest cover dominated by Picea spp.
(Fig. 6) and the initiation of peatlands (Fig. 6), which
contribute humic acids and DOC to the lake, and (2) the
subsequent low and decreasing inputs of base cations
(Fig. 4) reducing alkalinity (Anderson et al. 2008; Paul
et al. 2010). The decrease in pH during the HTM has
been documented previously for Arctic lakes (Joynt and
Wolfe 2001; Michelutti et al. 2006) and the eastern
Canadian sub-Arctic (Fallu et al. 2000). The pH
decrease in the Arctic has been ascribed to climate-
driven changes in ice cover, which govern dissolved
inorganic C speciation through photosynthetic activity
(Wolfe 2002). However, in the sub-Arctic the role of
terrestrial vegetation, peatlands, and allocthonous
organic inputs are likely more important (Fallu et al.
2000).

Several lines of evidence suggest that regional
moisture increased at this time. The increase in plank-
tonic diatom taxa (Fig. 8) and Isoetes (Fig. 7) suggest
higher lake levels than the previous period, although
planktonic diatoms might also have increased as
peatlands were formed, DOC export increased, and the
water column darkened. Alnus spp. dominated from
7,000 to 4,000 BP (Fig. 6a). The morphometry of the
basin would result in a greatly enlarged littoral zone on
the north end as water level rose (Fig. 1c), providing
habitat for Isoetes, enhanced shoreline for Alnus, and
greater littoral habitat for benthic, epipelic, and tycho-
planktonic forms of diatoms. Detrital sediments tend to
be coarser grained (Fig. 4), which is consistent with a
higher-energy environment and increased precipitation
(Kylander et al. 2011). Increased fire severity at this site
might represent greater fuel loading associated with
warm, wet conditions (Camill et al. 2003). However,
this interpretation is confounded by the correlation
between charcoal and Pinus sp. (Fig. 6a), which
suggests that the arrival of P. banksiana could have
also increased fire.

Neoglacial period (2,500 BP—present)

The last 2,500 years were a complex climatic period
marked by evidence of cool and wet conditions, but

with substantial climatic variability at millennial and
sub-millennial scales (Fig. 10). Erosion of detrital
mineral materials (Ti, base cations) was at the lowest
level at any point during the Holocene (Figs. 4, 5),
possibly as a result of increased lowland vegetation
cover and the expansion of peatlands that could trap
erosional inputs. Vegetation changes indicate increas-
ing abundance of Sphagnum peat mosses and sedges
(Fig. 7b), and are consistent with the evidence of
peatland initiation at several locations at <50 cm
depth after 3,700 BP (Fig. 7b). Fire severity gradually
declined to levels similar to that of the early
Holocene (Fig. 6b). The diatom community changed
significantly, most notably to higher benthic and
tychoplanktonic abundances, in particular small frag-
ilarioids (Fig. 8). Both the diatom changes and peat
initiation may have been caused by rising lake levels
further enlarging the shallow bench in the north half of
the lake where the cored peatlands reside (Fig. 1c).
The diatom-inferred pH increases during the late-
Holocene and is driven largely by the dominance of
the small fragilarioids, which would respond to an
increase in the alkalinity of the lake (Riihland et al.
2003) or the expansion of shallow littoral habitat. We
observed no relationship between modern-day DOC
and pH in a survey of 40 lakes in the region
(unpublished data); instead pH is correlated most
highly with water column Ca®", implying that base
cations may have a greater influence. While base
cations do not change significantly during this time, in
contrast to the postglacial period when the higher pH
coincided with elevated base cations, an inundation of
the landscape may have led to further leaching and
weathering of cations (Fig. 4). Increases in Aulacose-
ira ambigua, Cyclotella ocellata, and Brachysira
brebisonii during the late Holocene strongly influence
the modeled increase in pH (Fig. 8). In addition, the
habitat preference and wide pH tolerance of Stauros-
ira spp. and Staurosirella pinnata may have slightly
increased the modeled diatom-inferred pH.
Millennial- and sub-millennial-scale climatic fea-
tures are also evident over the past 2,500 years. One of
the most notable events during this period was an
apparent warming from 1,500 to 500 BP, possibly
associated with the MCA. The rise in organic-matter
content, TC, and TN (Figs. 4, 9) suggest increases in
terrestrial and algal productivity. However, BSi
appears to become uncoupled from organic matter,
TC, and TN between 2,000 and 1,500 BP, suggesting
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either (1) a switch to a non-diatomaceous plankton
community, from Si limitation or habitat shift, or (2)
organic inputs primarily derived from terrestrial
sources. Moreover, 5'3C and TC:TN remains constant
during this period, suggesting no clear trend toward
aquatic sources. P deposition was low from 1,500 to
500 BP, suggesting a declining supply of mineral-
bound P. y and IRM increased, consistent with the
precipitation of para- and ferrimagnetic iron-oxide
phases. There is also an increase in Aulacoseira spp.
and chrysophyte cysts around 1,000-500 BP, suggest-
ing a longer open-water period (Riihland et al. 2008),
stronger seasonality during the MCA, and possibly
stronger and warmer summer winds. This indirect
evidence of warming is consistent with previous work
in central Canada using direct reconstruction of
temperature and moisture (MacDonald et al. 2009).
Viau and Gajewski (2009) used pollen assemblages to
suggest that July and January temperatures and
moisture were elevated during this interval. Following
this putative warm period, conditions at Unit Lake
appear to have become cooler and drier with the onset
of the LIA (~400-50 BP). We observed an increase in
Ti, clastics, base cations, and bulk density (suggesting
greater aridity and erosion), and a decrease in organic
matter, TC, and TN (suggesting lower productivity)
(Figs. 4, 9). These LIA-like conditions appear to have
occurred periodically throughout the Holocene at
~6,500-6,100, 5,300-5,000, 3,300-2,800, and
400-0 BP (Figs. 4, 5, 9). The rise of Fe:Ti and Mn:Ti
from 1,500 to 500 BP, and subsequent decline from
400 BP-present may link sediment redox dynamics to
climatic changes as described previously for the early
Holocene (8,000-6,500 BP). During these transition
periods into and out of the HTM, Unit Lake may have
experienced enhanced mixing, causing surface sedi-
ments to become more oxidized and leading to
increased preservation of Fe and a decrease in 6'°N
values (Figs. 4, 9).

Conclusion

The sediment of Unit Lake appears to record broad-
scale climate changes, including the transitions from
the cool and dry postglacial period (9,000-6,500 BP)
to the warm and moist HTM (6,500-2,500 BP) to the
cool and moist Neoglacial period (2,500 BP—pres-
ent). Both terrestrial and aquatic proxies are sensitive
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to the direct and indirect influences of climate
(Fig. 10). Shifts in the plant community, changes in
fire severity (a response to productivity/fuel loading),
and peatland initiation indicate that the terrestrial
system was likely responsive to both regional temper-
ature and effective moisture. The aquatic system
responded to apparent changes in lake level, temper-
ature, and nutrients based on changes in diatom
communities, macronutrients, pollen, and inferred
water chemistry and lake ecology. Further high-
resolution analysis of the physical and biological
properties of the sediment (e.g., chironomid-based
temperature reconstructions) could offer a more direct
reconstruction of specific climate variables in this
region. Finer-scale changes are also evident at sub-
millennial scales, such as the MCA, LIA, and twen-
tieth-century warming. High-resolution geochemical
data suggest 300- to 500-year-long dry periods at
~6,500-6,100, 5,300-5,000, 3,300-2,800, and 400-0
BP. Our results are in broad agreement with previous
assessments of Holocene climatic change in central
Canada, which generally suggest cool and dry condi-
tions 10,000-6,000 BP, warmer and wetter conditions
between 8,000 and 3,000 BP, and cooler, moist
conditions from 3,500 BP—present (Huang et al.
2004; Kaufman et al. 2004; Viau and Gajewski 2009;
Adams and Finkelstein 2010; Paul et al. 2010; Peros
et al. 2010; Tillman et al. 2010). These results suggest
that terrestrial and aquatic ecosystem dynamics in the
western Hudson Bay region are sensitive to past
climate change and are likely to change substantially
with future changes in temperature and precipitation.
Analysis of additional lake sediment records in this
region will be valuable for determining the extent to
which these climatic transitions are coherent across a
heterogeneous landscape.
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