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a b s t r a c t

This study presents the results of a multi-proxy analysis of a Holocene lacustrine sediment sequence
recovered from a small tundra lake in the central Canadian Arctic and links climatic variations there to
the North Atlantic. Chironomid and pollen-based reconstructions of mean July air temperature (MJAT)
document notable deviations at 9.3 ka and 8.2 ka. Chironomid-inferred July air temperature is depressed
by 1.4 �C at 9.3 ka and 1.7 �C at 8.2 ka relative to the long-term chironomid-inferred Holocene average of
9.4 �C. These cooling events also correspond to an increase in Gramineae (Poaceae) and a decrease in
Betula pollen, reflecting a decrease in the density of dwarf birch cover. Concurrent, abrupt increases in
several diatom taxa, including aerophilic epiphytes, and Sphagnum indicate an expansion of moss hab-
itats as a result of wetter conditions. The expression and timing of the cooling evidenced at TK2 during
the early Holocene is consistent with abrupt climate events identified in the North Atlantic and coincides
with intervals of North Atlantic cooling and weakened Atlantic Meridional Overturning Circulation
(AMOC). This research, which improves our understanding of the spatial extent and magnitude of the 9.3
ka and 8.2 ka events in the central Canadian Arctic, serves as a benchmark for coupled-ocean atmosphere
climate models simulating the response of the climate system to abrupt climate events and provides
insight in marine-atmosphere teleconnections in the circum-North Atlantic region.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Observational andmodeling studies have demonstrated that the
circum-Arctic is experiencing large positive deviations in thermal
conditions relative to historic climatology and the most recent
climate normal period (1981e2010) (see IPCC, 2013). These studies
have revealed that Arctic environments have been experiencing
rapid warming and environmental changes in recent decades
driven by greenhouse gas radiative forcing and associated feedback
mechanisms, such as the reduction of sea-ice albedo (Flanner et al.,
.

2011) and altered geochemical cycles (Romanovsky et al., 2002;
Frey and McClelland, 2009). Decadal- and multi-decadal variability
in the Arctic climate system is also influenced by conditions in the
North Atlantic including variations in Atlantic meridional over-
turning circulation (AMOC), a key component of global circulation
(Delworth and Zeng, 2016). AMOC is influenced by temperature
and salinity, and in turn strongly influences the distribution of heat
and freshwater transport on multi-decadal timescales with weak
(strong) AMOC associated with a cooler (warmer) North Atlantic
(Jackson et al., 2015). AMOC has the potential to influence condi-
tions widely in the Arctic and beyond (Rahmstorf, 2002; Morrill
et al., 2013; Buckley and Marshall, 2016; Delworth and Zeng,
2016). AMOC has weakened in recent years (Thornalley et al.,
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2018) and has been predicted to weaken through the 21st century
in response to anthropogenic climate change as surface waters of
the North Atlantic warm, freshen, and become less dense (IPCC,
2013). However, the response of AMOC in coming decades
(Drijfhout, 2015; Rind et al., 2018), and how this response will affect
areas such as the Arctic, remains a major source of uncertainty in
climate projections (Rahmstorf et al., 2015; Liu et al., 2017).

Research focusing on the influence of AMOC on the contempo-
rary Arctic climate system has highlighted the importance of using
the paleo-record to document how past changes in AMOC influ-
enced the Arctic climate system (Hansen et al., 2016). Climate
variability during the Pleistocene-Holocene transition in the Arctic
and circum-North Atlantic regions has been linked to changes in
North Atlantic salinity and temperature conditions and resulting
fluctuations in the strength of AMOC (Bond et al., 2001; Clark et al.,
2001; Hou et al., 2012). The early Holocene (~12 ka e 8 ka) was
characterized by enhanced summer insolation at high northern
latitudes (Berger and Loutre, 1991), the continued retreat and
eventual collapse of the Laurentide Ice Sheet (Dyke et al., 2002),
and a rapid, time-transgressive increase in near surface tempera-
ture (Kaufman et al., 2004, 2016; Briner et al., 2016). However, the
increase in near surface temperature observed during the early
Holocene was perturbed by a series of abrupt climate events, the
most pronounced of which occurred at ~9.3 ka (Fleitmann et al.,
2008; Axford et al., 2009; Yu et al., 2010; Gavin et al., 2011; Hou
et al., 2012) and 8.2 ka (Alley et al., 1997; Clark et al., 2001;
Morrill and Jacobsen, 2005; Daley et al., 2009; Morrill et al., 2013;
Liu et al., 2013). Although the geographical extent of these events is
not well resolved, similarities in the temporal and spatial pattern of
the climate anomalies associated with these events suggest a
common forcing or trigger (Barber et al., 1999; Yu et al., 2010), such
as episodic weakening of AMOC due to increased freshwater fluxes
(Clark et al., 2001).

These early Holocene abrupt climate change events were char-
acterized by dry, cool, and windy conditions in the North Atlantic
region, although the strength and expression of each event varied
geographically (Fleitmann et al., 2008; Hou et al., 2012; Morrill
et al., 2013). The 8.2 ka event is unique in the Holocene in terms
of its abruptness and magnitude, and is generally considered the
most significant climate perturbation of the last 10,000 years
(Kobashi et al., 2007). Evidence for the 8.2 ka event, which lasted
~150 years (Thomas et al., 2007) and was characterized by a
decrease in mean global annual temperature of 3.3 �C± 1.1 �C, has
beenwell documented in ice cores (Alley et al., 1997; Kobashi et al.,
2007; Rasmussen et al., 2007; Thomas et al., 2007), marine sedi-
ments (Keigwin et al., 2005; Daley et al., 2009, Thornalley et al.,
2009, 2010) and terrestrial records (Hu et al., 1999; Sepp€a et al.,
2007; Clegg et al., 2011; Gavin et al., 2011; Hou et al., 2012;
Moossen et al., 2015; Harning et al., 2018). The 9.3 ka event, which
spanned ~110 years according to the INTIMATE event stratigraphy
(Blockley et al., 2012), was characterized by a decrease in surface
ocean temperature in the North Atlantic and summer temperature
on Baffin Island of 1e3 �C (Came et al., 2007; Axford et al., 2009).

Paleo-, observational and modeling studies document that
AMOC has multiple stable circulation states and that AMOC has
switched between “ON” and “OFF” modes in the past (Rahmstorf,
1995; Clark et al., 2001; Wagner et al., 2013; Ayache et al., 2018)
and may do so in the future (Hofmann and Rahmstorf, 2009; Rind
et al., 2018). The hypothesis that freshwater input from the
collapsing Laurentide Ice Sheet was sufficient to drive the episodic
weakening of AMOC during the late Pleistocene and early Holocene
is supported by a number of modeling studies (Mikolajewicz et al.,
1997; Stouffer et al., 2006; Morrill et al., 2013). The response of
AMOC to elevated meltwater flux during the early Holocene was
potentially strong enough to have causedwidespread Arctic cooling
e despite occurring during a period of high summer insolation and
early Holocene warmth (Clark et al., 2001; Briner et al., 2016). For
example, the multi-model ensemble mean anomaly of surface
mean annual air temperature associated with the 8.2 ka event was
estimated to be �0.5 �C in the central Canadian Arctic immediately
following the freshwater forcing of the event (Morrill et al., 2013).
Although widespread evidence for the 9.3 and 8.2 ka events exist,
themagnitude of the associated signal and its spatial imprint reveal
that the response of the environment to each forcing was complex
and heterogeneous (Fleitmann et al., 2008; Hou et al., 2012; Morrill
et al., 2013), complicating our ability to understand early Holocene
climate in the North American Arctic (Matero et al., 2017). Char-
acterizing the response of the Arctic climate system to past dis-
ruptions of AMOC will provide targets for assessing the sensitivity
of the climate system to freshwater forcing and fluctuations in the
strength of AMOC that are on-going (Thibodeau et al., 2018;
Thornalley et al., 2018). In addition, perturbations in AMOC that are
projected to occur in the future (Wagner et al., 2013; Liu et al., 2017;
Olson et al., 2018; Rind et al., 2018) due to increased meltwater
input from the Greenland Ice Sheet, Canadian Arctic glaciers and
northern rivers (albeit weaker) may cause a similar effect on Arctic
climate and ecosystems as past fluctuations in AMOC, despite on-
going warming (B€oning et al., 2016; Liu et al., 2017). Given the
potentially disruptive impact of a major change in AMOC, it is
imperative tomake use of the paleo-record to document the spatial
extent of AMOC-related abrupt climate events and gain a better
understanding of how fluctuations in AMOC have influenced the
Arctic climate system.

Here, we examine the occurrence and magnitude of the 9.3 and
8.2 ka events in the central Canadian Arctic. This region is consid-
ered to be one of the most climatically and ecologically sensitive
areas to continued anthropogenic climate change (IPCC, 2013) and
is expected to be particularly impacted by greenhouse gas induced
warming and potentially susceptible to fluctuations in the strength
of AMOC (Mahajan et al., 2011). We present quantitative chiron-
omid- and pollen-based air temperature reconstructions for the
Holocene from Lake TK2, a small lake located in the central Cana-
dian Arctic, previously shown to be sensitive to early Holocene
climate change (Sepp€a et al., 2003; Paul et al., 2010). Evidence of the
sensitivity of the region to the 9.3 and 8.2 ka events is assessed
making use of the qualitative and quantitative chironomid and
pollen records from Lake TK-2. These records are compared to
additional paleolimnological data (e.g. algal data) from the same
core to assess the degree of regional landscape and limnic response
to the abrupt, short-lived climate events that occurred during the
early Holocene. The paleoclimate inferences from Lake TK2 are also
compared to existing paleoenvironmental records from areas
adjacent to the central Canadian Arctic and further afield to
examine the geographic extent of climate and environmental
change associated with these events. By providing much-needed
quantitative estimates of mean July air temperature (MJAT) we
will improve our understanding of the spatial extent, magnitude
and seasonality associated with major climatic perturbations such
as the 9.3 ka and 8.2 ka events.
1.1. Study site

Lake TK2 (unofficial name; 66.347632�, �104.945688�) is
located in the Kitikmeot Region (Nunavut) of the central Canadian
Arctic (Fig.1). The nearest meteorological station to Lake TK2with a
long-term record is located in Cambridge Bay (69.10�, �105.03,
27m a.s.l.). Mean annual temperature for Cambridge Bay for the
period 1971e2000 is �14.4 �C, with a mean summer temperature



Fig. 1. Location of the lakes incorporated in the North American chironomid (Fortin et al., 2015) and pollen calibration sets and Lake TK2 in the central Canadian Arctic. Inset map
depicts topography surrounding Lake TK2 (note wetland to the immediate north of the lake).
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(JJA) of 5.7 �C and a mean winter temperature (DJF) of �28.5 �C
(Environment Canada, 2002). A gridded climate dataset, based the
1961e1990 Climate Normals, indicates the region surrounding TK2
is characterized by a MJAT of 9.3 �C (New et al., 2002). The lake is
located in the low Arctic ecoclimatic region (Ecoregions Working
Group, 1989) approximately 200 km north of the forest-tundra
ecotone. Lake TK2 is a small (~3 ha), circumneutral (pH¼ 8.0),
ultra-oligotrophic (total phosphorous¼ 3.1 mgL�1), moderately
deep (7.5m), closed-basin lake underlain by continuous permafrost
(Paul et al., 2010). The lake is surrounded by dwarf shrub-lichen,
Betula glandulosa and Salix species; a more detailed description of
the vegetation surrounding Lake TK2 is available in Sepp€a et al.
(2003).
2. Material and methods

2.1. Sediment sampling and laboratory analyses

In July 1996, a 198 cm long core was retrieved from the center of
Lake TK-2 using a 5 cm diameter modified Livingstone piston
sampler (Wright, 1991). The core was kept intact, wrapped in
plastic wrap and foil, returned to the laboratory and stored at 4 �C
(see Sepp€a et al. (2003) for further detail). Sixty samples were
analyzed for subfossil chironomid remains and pollen. Chironomid
head capsules were isolated following standard procedure
(Porinchu and MacDonald, 2003). At least 0.5ml of wet sediment
was treated for 15min in a warm (30 �C) 10% KOH solution and
sieved through a 95 mm mesh. Material retained by the sieve was
backwashed into a beaker, poured into a Bogorov counting tray and
sorted under a stereomicroscope at 40e50X magnification.
Chironomid head capsules were picked using tweezers and
permanently mounted in Entellan ®. A minimum of 50 head cap-
sules (Heiri and Lotter, 2001) were identified using a compound
light microscope at 400X magnification. Identification of the sub-
fossil chironomids was based on taxonomic guides including
Cranston (1982), Oliver and Roussel (1983), Wiederholm (1989),
Larocque and Rolland (2006) and Brooks et al. (2007). Loss-on-
ignition and pollen analysis were completed and described by
Sepp€a et al. (2003). An estimation of the sediment organic-matter
content was calculated by Loss-On-Ignition (LOI) at 550 �C for 4 h
(Heiri et al., 2001). Standard methods (Faegri and Iversen, 1989)
were used for the preparation of samples for pollen analysis and for
pollen counting. A Lycopodium tablet was added to each sample to
calculate the pollen concentration (Stockmarr, 1971). Aminimum of
500 grains were enumerated from most samples to ensure a sta-
tistically significant sample size (Maher, 1972). The default pollen
sum in Tilia was used as the basal sum for percentage calculations
(Grimm, 1990). Diatom data for this study were derived from the
fully enumerated diatom record originally published in Paul et al.
(2010), but with a focus on several taxa that exhibit noteworthy
changes during the intervals of climate change identified in the
chironomid and pollen records. Diatom taxa were organized into
two groups which displayed similar trends through time including
Karayevia (K. laterostrata, K. suchlandtii) and Nupela (Nupela bica-
pitata), as well as several aerophilic diatom taxa (Navicula
schmassmannii, Microcostatus kuelbsii, Diploneis smithii). Details on
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diatom preparation and enumeration methods are described in
Paul et al. (2010).

Chronological control of the sediment sequence, as first re-
ported in Sepp€a et al. (2003), is based on six calibrated AMS
radiocarbon dates obtained on bulk sediment for the upper portion
of the core and plant macrofossils (twigs) for the remainder of the
core (Table 1). The bulk sediment samples were dated at Beta An-
alytic in Miami, Florida, USA. Pre-treatment with an acid wash did
not indicate the presence of CaCO3 in the sediment. Plant macro-
fossils were dated at IsoTrace Laboratory, Toronto, Canada. The
original core chronology presented in Sepp€a et al. (2003), devel-
oped with CALIB 4.3, has been reassessed using CALIB version 7.1
for this study (Stuiver et al., 2019) (Fig. 2). The age-depthmodel was
developed using the BACON package (Blaauw and Christen, 2011).
Fig. 2. Age-depth model for the sediment core recovered from Lake TK2 (gray), overlaying th
probability intervals, determined using BACON (Blaauw and Christen, 2011). The upper lef
posterior (gray area) of the sediment accumulation rate (yr/cm), and the right inset shows th
references to colour in this figure legend, the reader is referred to the Web version of this
BACON, which relies on Bayesian statistics, utilizes IntCal13
(Reimer et al., 2013) and the calibration curves associated with each
date to derive sediment accumulation rates based on a gamma
autoregressive process (Blaauw and Christen, 2011). The BACON
program set a gamma distribution (shape¼ 1.5) for the sedimen-
tation rate with a mean sedimentation rate value determined to be
40 yr cm¡1. Included in the model was the prior condition that the
surface of the core was set to AD 1996± 1. The model output in-
cludes a goodness-of-fit for each depth with the age reported as
calibrated ages (cal yr BP).
2.2. Proxy analyses

The relative abundance of chironomid taxa was plotted
e calibrated distributions of individual dates (blue). Gray dots indicate the model's 95%
t inset shows the iteration history, the middle inset shows the prior (green line) and
e prior (green line) and posterior (gray area) of the memory. (For interpretation of the
article.)
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stratigraphically using the programC2 (Juggins, 2003). The Hill's N2
diversity index (Hill, 1973) was calculated using Primer 6 (Clarke
and Gorley, 2006). Numerical zonation based on an optimal parti-
tioning sum of squares approach was carried out in ZONE (Version
1.2; Juggins, 1992). Detrended Canonical Correspondence Analysis
(DCCA), with detrending-by-segments and down-weighting of rare
taxa, was implemented to estimate compositional change or
turnover (beta diversity) (Birks, 2007).

A two-component weighted averaging partial least squares
(WA-PLS) model (ter Braak and Juggins, 1993) was applied to
square root transformed chironomid abundance data to reconstruct
the MJAT for Lake TK2 (Fortin et al., 2015). The calibration data set
used for this reconstruction, which spans the North American
Arctic, has a coefficient of determination (r2jack) of 0.70, a root mean
square error of prediction (RMSEP) of 1.93 �C and a maximum bias
of 2.22 �C (Fortin et al., 2015). The location of the lakes included in
this dataset is shown in Fig. 1. The RMSEP of the chironomid-based
inference model is small when considered in relation to the 14.2 �C
MJAT range captured by the Fortin et al. (2015) training set, which
results in the RMSEP, when expressed as a percentage of the MJAT
gradient length, equal to 13.5%. A two-component weighted aver-
aging partial least squares (WA-PLS) model was applied to the
square root transformed pollen abundance data to reconstruct
MJAT for Lake TK2. The inference model used for the pollen
reconstruction, which includes pollen spectra from 108 lakes in the
central Canadian Arctic, has a coefficient of determination (r2jack) of
0.86, a root mean square error of prediction (RMSEP) of 1.41 �C and
amaximumbias of 1.90 �C (Fig.1; SupplementaryMaterial: Tables 1
and 2). The reliability of the quantitative chironomid and pollen-
based reconstructions were evaluated by determining: 1) the to-
tal percentage of taxa present down-core that are not present in the
modern calibration data set; 2) the proportion of rare taxa present
in the down-core samples; 3) the squared residual goodness-of-fit
(G-O-F) of each chironomid or pollen assemblage to the 1st ordi-
nation axis in a canonical correspondence analysis constrained
solely by MJAT (Birks, 1998; Engels et al., 2008); and 4) the
dissimilarity between each chironomid or pollen sample and its
closest modern analogue using a modern analogue technique
(MATech) approach based on minimum dissimilarity chord dis-
tance (Supplementary Material: Fig. 1). Reconstructions are likely
to be most reliable if individual samples are comprised of taxa that
are well represented in the calibration set and as a result, have
reliable estimates of their optima and tolerances (Birks, 1998). A
taxon is classified as rare if it has an effective number of occur-
rences or Hill's N2� 5 (Hill, 1973). Taxawith Hill's N2 values> 5 in a
training set can be considered well represented and will likely
provide reliable estimates of temperature optima (Brooks and
Birks, 2001). Samples with a squared residual distance greater
than the 90th and 95th percentile of the residual distances of the
calibration set samples, were identified as having a ‘poor fit’ or ‘very
poor fit’with temperature, respectively (Birks et al., 1990). The 2nd
and 5th percentiles of the distribution of dissimilarities, based on
the North American Arctic chironomid calibration set (Fortin et al.,
2015) or the pollen training set, were used to define the cut-off for
‘no close’ and ‘no good’ analogues, respectively (Birks et al., 1990).
Sample-specific error estimates were calculated using the program
C2 (Juggins, 2003). The existence of climate anomalies in the
chironomid- and pollen-based temperature reconstructions was
determined using the approach outlined in Morrill and Jacobsen
(2005), which makes use of the mean and standard deviation of
the proxy values to establish upper and lower bounds of back-
ground climate variability for the interval surrounding specific
climate events.
3. Results and interpretation

3.1. Core chronology

The revised age-depthmodel (see Sepp€a et al. (2003) for original
age-depth model) indicates that the basal age of the sediment core
recovered from Lake TK2 extends to approximately 10.0 ka, which
is 900 years older than the basal age presented in Sepp€a et al.
(2003). The average sediment accumulation rate for the core is
0.02 cm yr�1, with a slight increase in sedimentation rate occurring
following 8.2 ka (Fig. 2). The age-depth model and sampling in-
terval result in a multi-centennial sample resolution (200 yr/sam-
ple) for sub-fossil chironomid analysis for the entire core with
greater resolution available for the intervals centered on 8.2 ka
(20 yr/sample) and 9.3 ka (~70 yr/sample). The uncertainty in the
age-depth model, as indicated by the 95% confidence bands, is
relatively constrained for the entire record (Fig. 2).

3.2. Biostratigraphy

The core has been divided in two statistically distinct zones
based on the sub-fossil chironomid stratigraphy (Fig. 3). The pollen
data and inferred vegetation conditions are presented and dis-
cussed in the context of these zones (Fig. 4).

3.2.1. Zone TK2-1 (~10.0e6.7 ka)
Zone TK2-1, is dominated by Heterotrissocladius (~40%), a taxon

widely encountered in cold, oligotrophic, Arctic lakes (Olander
et al., 1999; Larocque et al., 2006; Porinchu et al., 2009a,b). The
base of this zone is characterized by chironomid taxa that are
typically associated with recently de-glaciated environments, such
as Microspectra and Tanytarsus (Rolland et al., 2008) and Sticto-
chironomus, a profundal taxon, common in cold, deep Arctic lakes
(Simola et al., 1996; Walker et al., 1997; Brooks and Birks, 2000;
Francis, 2001). The interval between ~9.3 and ~9.1 ka is character-
ized by increases in Abiskomyia, a cold-adapted taxon mainly found
in shallow Arctic lakes and flowing waters (Porinchu and Cwynar,
2002; Fortin et al., 2015), and Paracladius, a taxon common in
cold, Arctic lakes (Fortin et al., 2015). Abiskomyia and Paracladius
have the second and third lowest MJAToptima, respectively, among
the seventy-eight chironomid taxa present in the North American
chironomid calibration set (Fortin et al., 2015). A decrease in the
relative abundance of Abiskomyia, Paracladius and Tanytarsus, an
increase in Stictochironomus and the appearance of Polypedilum and
Psectrocladius (Monopsectrocladius), taxa associated with warm,
productive lakes (Fortin et al., 2015; Medeiros et al., 2015) occurs
between 9.0 and 8.4 ka. Sergentia reaches amaximumvalue of ~35%
at ~8.3 ka and subsequently decreases to ~2% at ~8.0 ka. The interval
between ~8.2 and ~8.3 ka is characterized by the appearance of a
cold-stenotherm, Hydrobaenus/Oliveridia, and increases in Prota-
nypus, a taxon associated with cold, oligotrophic lakes (Walker and
MacDonald, 1995) and Limnophyes and Smittia/Pseudosmittia, taxa
associated with semi-terrestrial and wetland environments
(Brooks and Birks, 2004; Heiri, 2004). The upper portion of TK2-1
(~8.0e6.7 ka) is characterized by the disappearance or reduction
of cool-water taxa such as Hydrobaenus/Oliveridia, Paracladius,
Microspectra, Sergentia and Stictochironomus and the appearance or
increase in thermophilous taxa such as Microtendipes, and Meso-
cricotopus thienemanni-type (Walker et al., 1991; Porinchu et al.,
2009a,b; Fortin et al., 2015). The Hill's N2 values and DCCA axis 1
scores, which are elevated in TK2-1, indicate that the chironomid
assemblage is characterized by greater diversity and ecological
turnover in TK2-1 relative to TK2-2. (Fig. 3).



Fig. 3. TK2 chironomid stratigraphy (in relative abundance) based on 58 samples. Zones are based on an optimal partitioning using sum of squares cluster analysis using Zone
(Version 1.2; Juggins, 1992). The chironomid taxa are arranged according to their MJAT optima based on Fortin et al. (2015), with Hydrobaenus/Oliveridia having the lowest MJAT
optimum.
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The vegetation community surrounding Lake TK2, which is
located approximately 200 km north of modern treeline (Fig. 1), is
dominated by shrub tundra, consisting primarily of dwarf birch, for
the entire length of the record (Sepp€a et al., 2003). However,
multiple lines of evidence indicate the occurrence of short intervals
of instability during the early Holocene. These intervals, centered
on 9.3 and 8.2 ka, are characterized by fluctuations in LOI and the
relative abundance of Betula, Gramineae, Cyperaceae, and
Sphagnum (Fig. 4 A, B). Decreases in % LOI have been related to
decreased lake productivity (Shuman, 2003) and to increased
clastic input during periods characterized by increased erosion,
which in this region would be expected during colder climates
(Lamoureux, 2000). The relative abundance of Betula decreases
from >50% at the base of the core (~10.0 ka) to 23% at ~ 9.3 ka.
Concurrent with the decrease in Betula at ~9.3 ka is an increase the
relative abundance of Cyperaceae and Sphagnum (Sepp€a et al.,
2003) (Fig. 4B). There is also evidence of a distinct disturbance
apparent at 8.2 ka, characterized by fluctuations in the relative
abundance of Betula, Gramineae, Cyperaceae, and Sphagnum, and a
decrease in LOI (%) (Fig. 4B). Sepp€a et al. (2003) suggested that the
sharp decrease in Betula and the increase in the relative abundance
of Gramineae, which occurs in conjunction with an increase in
Ericaceae, Cyperaceae, Sphagnum, and Vaccinium at ~ 8.2 ka, reflects
a short-lived decrease in the density of dwarf birch cover, which
existed prior to the event, to a more open shrub canopy, with
sedges and grasses as important components of the vegetation. The
vegetation response at ~9.3 ka, which is comparable to the response
of vegetation at 8.2 ka, is suggestive of the influence of a similar
climate-related forcing at ~9.3 ka. The shift in the composition of
the vegetation community at ~9.3 ka, corresponds to a brief, large
magnitude increase in the relative abundance of aerophilic diatom
taxa (Navicula schmassmannii, Microcostatus kuelbsii, and Diploneis
smithii) that are associated with moss (Taylor et al., 2010; Stanek-
Tarkowska et al., 2016) (Fig. 4C). Increases in Karayevia/Nupela
taxa at ~8.2 ka are consistent with a cooler environment as Kar-
ayevia suchlandtii and K. laterostrata have been recorded during
cooler periods (Ros�en et al., 2000; Bigler and Hall, 2002), whereas
Nupela taxa are generally considered aerophilic and have been
observed in subaerial epiphytic habitats (Potapova et al., 2003)
(Fig. 4C).
3.2.2. Zone TK2-2 (~6.7 ka e present)
The chironomid community in zone TK2-2 is dominated by

Heterotrissocladius, which increases approximately two-fold to a
mean relative abundance of ~65%. The chironomid assemblage at
the base of zone TK2-2 is characterized by increases in Hetero-
trissocladius, Zalutschia, and Corynocera ambigua type and de-
creases in the relative abundance ofMicropsectra, Stictochironomus,
Protanypus, Cricotopus/Orthocladius, Psectrocladius (Psectrocladius),
and Stempellina/Zavrelia. The basal portion of TK2-2 is also char-
acterized by reduced diversity and lower ecological turnover. The
increase in Zalutschia and Corynocera oliveri-type at approximately
4.9 ka corresponds to an interval of elevated LOI (%). The chiron-
omid community experiences limited compositional change be-
tween ~6.7 and ~2.0 ka, with greater sample-to-sample variability
in chironomid community composition characterizing the last ~2
ka. The chironomid assemblage between ~2 ka and the present is
characterized by an increasing abundance of Zalutschia, Tanytarsina,
Corynocera oliveri type, Mesocricotopus, and a decrease in Hetero-
trissocladius. A notable increase in the relative abundance of
Zalutschia and Tanytasina, the reappearance of Stempellina/Zavrelia,
and a notable decrease in Heterotrissocladius occur in the upper-
most portion of zone TK2-2, representing the last ~200 years. Also
notable is the absence of taxa with low MJAT optima, e.g. Hydro-
baenus/Oliveridia, Abiskomyia, Paracladius.

The post-glacial vegetation history developed by Sepp€a et al.
(2003) suggests that climate and vegetation in the vicinity of
Lake TK2 remained fairly stable from the mid-Holocene (~6.7 ka) to
the present. An observed decrease in Alnus (not shown) and in-
crease in Ericaceae at ~ 4.4 ka is inferred to reflect a gradual opening
of the Betula shrub tundra and possibly decreasing temperature
(Sepp€a et al., 2003). LOI, which increases from below 10% at 7.1 ka to
~20% by 6.5 ka, fluctuates around 15% until ~2 ka. LOI increases
during the last two millennia, reaching a core maximum of 40% in
the uppermost sediment, which is attributable to an increase in the
abundance of aquatic moss in recent centuries (Sepp€a et al., 2003).



Fig. 4. (A) Loss-on-Ignition (%). (B) Relative abundance (%) of Betula, Cyperaceae, Gramineae and Sphagnum (10X exaggeration) pollen. (C) Aerophilic diatom taxa (Navicula
schmassmannii, Microcostatus kuelbsii, Diploneis smithii) and Karayevia and Nupela (Paul et al., 2010). (D) Chironomid-inferred mean July air temperature reconstructions with
sample-specific error bars for Lake TK2. (E) Pollen-inferred July temperature reconstruction with sample-specific error bars for Lake TK2. Dashed lines depict the 8.2 and 9.3 ka
events.
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3.3. Chironomid and pollen-based temperature reconstructions

The chironomid- and pollen-inferred temperature re-
constructions and the associated sample specific error estimates
are presented in Fig. 4D and E. Sample-specific error estimates for
the chironomid- and pollen-inferred MJAT ranged between 1.9 �C
and 2.0 �C and 1.4 �C and 1.7 �C, respectively. The reliability of the
quantitative chironomid- and pollen-based temperature recon-
struction was evaluated using a number of approaches
(Supplementary Material: Fig. 1).

An assessment of the total percentage of taxa present down-
core that do not appear in the modern calibration data set indi-
cated that the subfossil chironomid taxa present in TK2 are well-
represented and characterized in the northern North American
chironomid calibration set with all thirty chironomid taxa identi-
fied in TK2 present in the northern North American training set
(Fortin et al., 2015). The optima and tolerances of these thirty taxa
are also well-defined by the North American chironomid calibra-
tion set with the Hill's N2 values for the taxa present in the TK2
record varying between 18 and 433 in the modern training set.
Analyses of the reliability of the quantitative chironomid-based
temperature reconstruction using modern analogue technique
(MATech) and goodness of fit (G-O-F) approaches suggest that the
chironomid-based reconstruction can be considered robust
(Supplementary Material: Fig. 1). The G-O-F analysis indicates that
the downcore sample scores for the subfossil chironomids, which
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fluctuate well below the 90th percentile cut-levels, with the
exception of one sample at ~470 cal yr BP, have a good fit to tem-
perature and can be considered very reliable (Engels et al., 2008).
The MATech analysis indicates that the subfossil assemblages have
close analogues in the modern training set (Fortin et al., 2015) with
the exception of samples at ~ 8.3, 8.6, and 9.0 ka, all of which can be
considered as having good analogues in the modern training set
(Birks et al., 1990). The reliability measures indicate that the
chironomid-inferred estimates for July air temperature at ~8.2 and
9.3 ka can be considered very reliable.

The thirty-six pollen taxa identified in TK2 are present in the
regional pollen calibration (Supplementary Material: Table 2). The
proportion of rare pollen taxa present in the down-core samples is
low as reflected by the Hill's N2 diversity index values, which
ranged between 1.3 and 77, with only three pollen taxa present in
the TK2 pollen stratigraphy (Corylus, Rubus, Rumex) having Hill's N2
values less than three in the training set (not shown). Corylus,
which is not a part of the regional flora, was likely transported long-
distance from further south; Corylus pollen has been recorded in ice
cores on Devon Island (McAndrews, 1984). Rubus and Rumex were
present in only three downcore samples and did not exceed >0.20%
of the total pollen spectra in any sample. The G-O-F analysis in-
dicates that the downcore sample scores for the pollen assemblages
fluctuate below the 95th percentile cut-levels, with the exception
of five samples: at ~8.3e8.4 ka, 8.7 and 9.0 cal yr BP. The MATech
analysis indicates that the pollen assemblages have close analogues
in the modern training set for the interval 8.2 ka to the present; the
early Holocene portion of the core (9.7e8.2 ka) lack good analogues
in the modern pollen training set (Birks et al., 1990). An assessment
of the reliability of the quantitative pollen-based temperature
reconstruction using modern analogue technique (MATech) and
Goodness-of-Fit (G-O-F) approaches suggest that the mid-to late-
Holocene portion of the TK2 pollen-based reconstruction can be
considered reliable; however, the early Holocene portion of the
pollen reconstruction cannot be considered robust (Supplementary
Material: Fig. 1).

The chironomid-and pollen-based reconstructions indicate that
the mean July air temperature for the last ~10.0 ka was 9.4 �C and
9.7 �C, respectively. The range of reconstructed temperatures
captured by variations in the chironomid community and pollen
spectra at TK2 was 3.6 �C (11.1e7.5 �C) and 4.9 �C (11.1e6.2 �C),
respectively. Notable deviations from the Holocene average,
apparent in both the pollen and chironomid-based July tempera-
ture reconstructions, occur at ~9.3 ka and 8.2 ka. Although the
pollen and chironomid-based estimates for the 9.3 ka and 8.2 ka
excursions are comparable, the temperature estimates reported for
the early Holocene portion of the core focus on the more statisti-
cally reliable chironomid-based reconstruction. The chironomid-
based temperature estimate is ~1.4 �C (8.0 �C) and ~1.7 �C (7.7 �C)
lower than the long-term Holocene average, at 9.3 and 8.2 ka,
respectively. Following the climate cooling at ~8.2 ka, the
chironomid-inferred July air temperatures increase to a mid-
Holocene maximum of ~10.7 �C at ~7.2 ka (Fig. 4D). The
chironomid-inferred temperatures remain relatively stable, fluc-
tuating around ~9.7 �C, for much of the mid-Holocene, with notable
sample-to-sample variability in the chironomid-inferred tempera-
tures characterizing the late Holocene. The pollen-inferred recon-
struction shows less variation than the chironomid-inferred
reconstruction with the pollen-inferred MJAT fluctuating around a
fairly stable mean of 10.4 �C during the mid-to late Holocene with a
peak of 11.1 �C occurring at ~4.4 ka. Application of the climate
anomaly test, outlined in Morrill and Jacobsen (2005), identified
that existence of statistically significant temperature anomalies
between ~ 8.3 and 8.15 ka in the chironomid-based reconstruction
(Supplemental Material: Table 3).
4. Discussion

Multi-proxy analysis of lake sediment archives has improved
our understanding of climate and environmental variability in the
Arctic, which is vital as instrumental records in this region are
typically limited to the last 50e70 years (Kaufman et al., 2004,
2016; Gajewski, 2015; Briner et al., 2016). For example, numerous
studies have documented the occurrence of dramatic alterations in
high latitude aquatic ecosystem structure and composition during
the late 20th and early 21st centuries in response to elevated
temperatures (Smol et al., 2005; Smol and Douglas, 2007; Rühland
et al., 2008, 2015). Observations of the effects of anthropogenic
climate change on the contemporaneous Arctic environment has
highlighted the need for lengthier reconstructions of past climate
variability and associated impacts on terrestrial and aquatic eco-
systems (Hu et al., 2015; Schuur et al., 2015; Notz and Stroeve, 2016;
Hobbie et al., 2017; Pecl et al., 2017). The two most abrupt, prom-
inent climate events of the Holocene, as defined by excursions in
the d18O in Greenland ice cores, occurred at 8.2 ka and 9.3 ka (Alley
et al., 1997; Kobashi et al., 2007; Rasmussen et al., 2007; Thomas
et al., 2007). Yet, these events remain poorly characterized in the
North American Arctic, with the number of quantitative estimates
of the temperature change at 8.2 ka and 9.3 ka relatively limited
(Fleitmann et al., 2008; Morrill et al., 2013). Although an increasing
number of paleolimnological studies have documented the
response of Arctic ecosystems to low frequency climate change
during the Holocene, few records from the central Canadian Arctic
have documented the response of climate and landscape to the
abrupt centennial-scale climate perturbations that occurred during
the early Holocene (Sepp€a et al., 2003; Axford et al., 2009; Paul
et al., 2010). To our knowledge the chironomid-based tempera-
ture record developed for TK2 is the first such quantitative recon-
struction in the central Canadian Arctic that captures both of these
widespread, early Holocene climate anomalies.

Recent reviews have highlighted the critical assumptions un-
derlying quantitative paleolimnology (Birks et al., 2010), cautioned
against the indiscriminate application of quantitative transfer
functions (Juggins, 2013; Huntley, 2012), and discussed the con-
founding effects of correlated environmental variables on quanti-
tative reconstructions (Velle et al., 2010, 2012). Notably these
reviews all highlight the need for a sound understanding of the
(paleo)ecology of the organism and the requirement that a strong
causal relationship exists between the variable of interest and the
biological proxy (Juggins and Birks, 2012). The influence of air and
water temperature on the developmental stages of chironomids
and the ecological response of midges to temperature has beenwell
documented (Eggermont and Heiri, 2012). The strong direct rela-
tionship between chironomids and summer temperature, which
has been demonstrated to drive the distributional changes of chi-
ronomids at the landscape scale (Walker and Cwynar, 2006; Brooks
et al., 2012; Barber et al., 2013), substantiates the use of midges as
proxies for Holocene temperature (Brooks et al., 2012). The close
correspondence and agreement between the independent terres-
trial (pollen) and aquatic (chironomid) proxy-based re-
constructions and the response of the diatom community at 9.3 and
8.2 ka further supports the use of the chironomids in deriving es-
timates of MJAT and emphasizes the value of implementing multi-
proxy approaches to reconstruct past climates and environments.

Lake TK2 was characterized by two major phases during the
Holocene. The first phase, spanning the interval between ~10.0 ka
and ~6.7 ka, was characterized by notable chironomid composi-
tional turnover and fluctuations in Gramineae, Betula and Cyper-
aceae pollen. The chironomid assemblages preserved in Lake TK2
clearly reveal the presence of a cold-adapted community through
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the entire Holocene; however, the appearance of taxa typically
associated with more productive ecosystems at the base of TK2-1
suggest that the trajectory of the lake moved rapidly from an
early post-glacial environment to amore productive aquatic system
during the early Holocene. This inference is corroborated by the
trend of increasing %LOI values between ~10.0 ka and ~6.7 ka. This
early phase is punctuated by intervals characterized by increases in
cold-adapted chironomid taxa, such as Hydrobaenus/Oliveridia,
Abiskomyia, and Sergentia, and taxa associated with semi-terrestrial
and wetland habitats, such as Limnophyes/Paralimnophyes, and
Smittia/Pseudosmittia. The presence of Smittia/Pseudosmittia and
Limnophyes/Paralimnophyes, together with an increase in the rela-
tive abundance of Sphagnum, is inferred to reflect the occurrence of
wetter conditions at 9.3 ka and 8.2 ka, respectively. This inference is
also supported by abrupt, short-lived increases in diatom taxa
including aerophilic epiphytic diatom species, such as Navicula
schmassmannii, Microcostatus kuelbsii, and Diploneis smithii at ~9.3
ka, which suggests a corresponding increase in littoral habitat that
includes greater availability of epiphytic habitats, includingmosses.
This is followed by an increase in Karayevia/Nupela diatom taxa at
8.2 ka, which likely reflect increased effective moisture and cold
conditions (Ros�en et al., 2000; Potapova et al., 2003). Although
somewhat speculative, an increase in littoral environments would
occur at TK2 with wetter conditions. Wetter conditions during
these two cold events would have resulted in rising lake levels,
which would have led to flooding of a wetland area north of TK2
(Fig. 2) and resulted in an expansion of semi-terrestrial habitats.
This would have favored an increase in aerophilic diatom and
chironomid taxa and Sphagnum. The brief increase in these biotic
proxies corresponds well with the timing of pollen and
chironomid-inferred MJAT temperature minima at 9.3 and 8.2 ka
(Fig. 4). Further, this inference of cold-wet synoptic climate con-
ditions, characterized by depressed temperature and elevated hu-
midity is supported by the existence of a negative relationship
between temperature and precipitation in the central Canadian
Arctic during cold intervals in recent centuries (Lamoureux, 2000).

The second phase, TK2-2, spans the interval from ~6.7 ka to the
present and corresponds to the stabilization of the chironomid
community, suggested by lower faunal turnover, as indicated by the
DCCA scores, reflecting reduced climate and environmental vari-
ability, until ~2.0 ka, at which point sample-to-sample variability in
the chironomid assemblages increases. The increase in sample-to-
sample variability in the midge assemblages at Lake TK2 during
the late Holocene corresponds to increasing sediment organic
content (as estimated by LOI) and elevated chironomid-inferred
MJAT (2 ka average MJAT¼ 9.80 �C). Existing high-resolution
(multi-decadal) chironomid stratigraphies from the central Cana-
dian Arctic spanning the last two millennia are characterized by
notable variability in composition particularly after ~1500 AD
(MacDonald et al., 2009; Porinchu et al., 2009b). The elevated
temperature evidenced at Lake TK2 during recent centuries broadly
fits the pattern of warming observed in temperature sensitive
biogenic silica records from the treeline zone to south (MacDonald
et al., 2009) and sites located further north in the northern Cana-
dian Arctic mainland (Peros and Gajewski, 2009) and the Canadian
Arctic Archipelago (Finkelstein and Gajewski, 2007; Porinchu et al.,
2009b). The cooling apparent in the samples representing the 20th
century at Lake TK2 may reflect the development or strengthening
of lake stratification, a pattern that has been observed elsewhere in
the central Canadian Arctic in recent decades (MacDonald et al.,
2009; Porinchu et al., 2009b).

The climate and associated environmental instability observed
at Lake TK2 during the early Holocene resulted from the influence
of the continued retreat of the Laurentide Ice Sheet on atmospheric
circulation in the sub-Arctic and Arctic (Clarke et al., 2003, 2009).
The chironomid-inferred MJAT reconstruction indicates that the
early portion of the Holocene, between 8.9 and 8.6 ka, was the
warmest sustained interval of the last ~10 ka. The average
chironomid-inferred MJAT for this interval (10.2 �C) is ~0.8 �C
higher than the Holocene chironomid-inferred average MJAT. This
corresponds well with ice core and pollen-based reconstructions
that suggest maximum July temperatures occurred in the central
and high Canadian Arctic prior to 8.0 ka and is consistent with
orbital forcing (Vinther et al., 2009; Gajewski, 2015; Briner et al.,
2016; Lecavalier et al., 2017). The onset of chironomid-inferred
cooling during the mid-Holocene at Lake TK2, which occurs at
~6.7 ka when MJAT drops to 9.5 �C from 10.4 �C at 6.9 ka, closely
tracks the onset of chironomid-inferred cooling at Lake KR02,
Victoria Island (Briner et al., 2016). The minima in chironomid-
inferred MJAT at Lake TK2, which occurs between 1.8 and 1.5 ka,
broadly corresponds to a chironomid-based reconstruction from
Carleton Lake, NWT (Upiter et al., 2014), which indicates the coldest
inferred temperatures over the last 6,000 years occurred at
approximately 1.6 ka, and the timing of depressed Holocene tem-
peratures in the central Canadian Arctic identified in a regional
synthesis for the central Canadian Arctic (Gajewski, 2015).

The chironomid-based temperature reconstruction from TK2
indicates that early peak Holocene warmth in the central Canadian
Arctic was interrupted by two rapid, centennial-scale cooling
events at 9.3 ka and 8.2 ka. The magnitude of chironomid-inferred
cooling associated with these events, which was 1.4 �C and 1.7 �C
(relative to the long-term Holocene temperature), compare favor-
ably with the pollen-based estimates (1.6 �C and 2.0 �C) from the
same core, although the latter cannot be considered statistically
robust. Recent syntheses reveal a paucity of comparative records in
the central Canadian Arctic that provide quantitative estimates of
thermal conditions explicitly associated with the 8.2 ka and 9.3 ka
events (Fleitmann et al., 2008; Morrill et al., 2013; Gajewski, 2015;
Briner et al., 2016). A quantitative reconstruction of early Holocene
thermal conditions in the eastern Canadian Arctic does provide
evidence that early Holocene warmth was interrupted by cold re-
versals at ~9.3e9.2 ka and ~8.5 ka (Axford et al., 2009). The
depression of mean July air temperature at Lake CF8 on Baffin Is-
land was ~0.7 �C and 1.5 �C (relative to the long-term Holocene
average) at ~ 9.2 ka and 8.5 ka, respectively (Axford et al., 2009). A
composite record of quantitative chironomid-based temperature
reconstructions from southern British Columbia reveals a similar
pattern: elevated mean July air temperature during the early Ho-
locene interrupted by two short-lived events of depressed MJAT at
~9.3 ka and 8.2 ka (Gavin et al., 2011). A chironomid-based com-
posite MJAT reconstruction, derived from sites located in central
and south-central Alaska, also suggests that the interval spanning
the 8.2 ka event was characterized by below-modern temperature
(Clegg et al., 2011). Well-constrained records of outlet-glacier
change in western Greenland indicates that glacier retreat during
the early Holocene was punctuated by two notable re-advances at
~9.3 ka and 8.2 ka (Young et al., 2011, 2013). These records provide
further, independent support of the occurrence of short-lived epi-
sodes of climatic deterioration in the sub-Arctic and Arctic of North
America during these intervals. In addition, ice cores and marine
sediment records suggest that surface temperatures were
depressed by 2e6 �C in central Greenland (Masson-Delmotte et al.,
2005; Rohling and P€alike, 2005; Kobashi et al., 2007) and 1e3 �C in
the North Atlantic and Europe (Came et al., 2007; Fleitmann et al.,
2008; Morrill et al., 2013) during these abrupt early Holocene
climate events.

Variations in our multi-decadal-scale chironomid- and pollen
MJAT estimates in the central Canadian Arctic at 9.3 and 8.2 ka



Fig. 5. (A) Chironomid-inferred mean July air temperature reconstructions with sample-specific error bars for Lake TK2. (B) Pollen-inferred July temperature reconstruction with
sample-specific error bars for Lake TK2. (C) d18O from NGRIP (North Greenland Ice Core Project Members, 2004). (D) Temperature deviations estimated from d18O variations in GISP2
(Alley, 2004). (E) % hematite stained grains from core VM-29-191 (Bond et al., 2001). (F) Average Mg/Ca-derived temperature estimates based on planktonic foraminifera from ODP-
964 (Came et al., 2007). (G) Gray scale from Cariaco Basin (Hughen et al., 2000). Dashed lines depict the 8.2 and 9.3 ka events.
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coincide with AMOC related oscillations evidenced in the North
Atlantic and elsewhere in the Northern Hemisphere (Hou et al.,
2012). There is compelling evidence for the existence of a rela-
tionship between repeated episodes of AMOC weakening, likely
associated with multiple meltwater pulses into the North Atlantic
during the early Holocene, and climatic oscillations, including the
8.2 ka event (Hoffman et al., 2012) and 9.3 ka event (Fleitmann
et al., 2008; Yu et al., 2010; Hou et al., 2012). Existing proxy re-
cords (Barber et al., 1999; Ellison et al., 2006; Carlson et al., 2009;
T€ornqvist and Hijma, 2012; Estrella-Martínez et al., 2019) and
climate model experiments (LeGrande et al., 2006; Wiersma and
Renssen, 2006; Clarke et al., 2009; Wiersma et al., 2011) support
the hypothesis that the 8.2 event was a response to large-scale
ocean and atmosphere forcing potentially related to the final
collapse of the Laurentide Ice Sheet (Matero et al., 2017) and/or the
drainage of Glacial Lake Agassiz, resulting in suppressed AMOC
(Thomas et al., 2007; Hoffman et al., 2012). However, there remain
uncertainties regarding the source, timing and pathway of the
meltwater pulse (Teller et al., 2002; Gregoire et al., 2012) and the
relative influence of various climate forcings (Rohling and P€alike,
2005). The spatial pattern and the magnitude of cooling associ-
ated with 9.3 ka event is similar to the perturbation at 8.2 ka with
evidence for this event also strongly expressed in the North
Atlantic, Greenland, eastern and western North America, central
Europe and east Asia (Fleitmann et al., 2008; Gavin et al., 2011; Hou
et al., 2012; Briner et al., 2016; Kaufman et al., 2016). To date, no
known model experiments have assessed climate model skill at
simulating the response of the climate system to North Atlantic
freshwater forcing coeval with 9.3 ka.

Modeling studies suggest that a large negative salinity anomaly
in the North Atlantic weakened AMOC sufficiently to cause dra-
matic cooling across the circum- North Atlantic and further afield
during the early Holocene (Morrill et al., 2013). The strong corre-
spondence in the timing and duration of the events as recorded in
speleothems in east Asia (Dykoski et al., 2005; Wang et al., 2005;
Liu et al., 2013), lake records in temperate, subarctic, and Arctic
North America and Europe (von Grafenstein et al., 1999; Sepp€a
et al., 2009; Clegg et al., 2011; Gavin et al., 2011; Hou et al., 2012;
this study), ice cores and moraines in Greenland (Alley et al., 1997;
Young et al., 2013) and marine sediment records from the North
Atlantic and tropical Atlantic (Hughen et al., 2000; Ellison et al.,
2006; Came et al., 2007; Thornalley et al., 2009, 2010; Lewis
et al., 2012) provide evidence for the strong coupling of North
Atlantic SSTs (Came et al., 2007) and AMOC (Hughen et al., 2000;
Bond et al., 2001; Ayache et al., 2018) with hemispheric climate
conditions (North Greenland Ice Core Project, 2004) (Fig. 5). For
example, these proxy-based studies document a southward shift of
the ITCZ in both the Atlantic and Pacific oceans (Hughen et al.,
2000; Cheng et al., 2009; Voarintsoa et al., 2019) and weaker
Asian (Liu et al., 2013; Zhang et al., 2018) and Indian Summer
Monsoons (Dixit et al., 2014) during early Holocene cold intervals.
However, the majority of climate models underestimate the
magnitude and duration of the cooling associated with these
abrupt, early Holocene climate events. Coupled-ocean atmosphere
and Earth systems models simulating the climate perturbation at
8.2 ka resolve an event that lasts only a few decades and a reduction
in temperature that is notably less than the proxy-based estimates
(Morrill et al., 2013). The magnitude of the simulated cooling
associated with the 8.2 ka event (Clarke et al., 2009; Morrill et al.,
2013) is approximately 33e50% of the proxy-based inferences
(vonGrafenstein et al., 1999; Kobashi et al., 2007; Sepp€a et al., 2009;
this study).

This research provides a benchmark which can be used to refine
and further test of the veracity of coupled-ocean atmosphere
climate models simulating the response of the climate system to
variations in AMOC. Addressing the inconsistencies between the
modeling studies and proxy inferences is critical, as the response of
the central Canadian Arctic to the projected freshening of the North
Atlantic in coming decades is relevant to modeling future climate
change in the Arctic (Lamoureux et al., 2006). As evident here, the
sensitivity of central Canadian Arctic limnic ecosystems and tundra
vegetation to early Holocene variations in AMOC suggests that the
aquatic and terrestrial environment of the region will likely be
sensitive to future changes in the AMOC. This is particularly
important because climate models suggest that the observed
decrease in the strength of the AMOC that is currently occurring
due to increased meltwater flux from Greenland and the Canadian
Arctic will continue in response to anthropogenic forcing
(Rahmstorf et al., 2015; Caesar et al., 2018; Smeed et al., 2018). Most
climate models predict that AMOC will slow in coming decades but
not undergo a complete shutdown, although the degree of change
is not certain (Schmittner et al., 2005). However, studies published
within the last decade suggest that the existing inter-model
consensus, which may be an artifact resulting from a common
model bias favoring a stable AMOC (Hofmann and Rahmstorf, 2009;
Hawkins et al., 2011; Liu et al., 2017), may underestimate the
magnitude of cooling associated with the projected freshening of
the North Atlantic in coming centuries (Hansen et al., 2016; Liu
et al., 2017).

5. Conclusions

The chironomid- and pollen-based reconstructions from Lake
TK2 provide evidence that the early Holocene in the central Ca-
nadian Arctic was characterized by notable fluctuations in mean
July air temperature and provides the first quantitative estimate of
the magnitude of this temperature change in mean July air tem-
perature for the ~9.3 and 8.2 ka events in this region. The corre-
spondence between the independent terrestrial (pollen) and
aquatic (chironomid) proxy-based reconstructions at 9.3 and 8.2 ka
highlights the utility of multi-proxy approaches to reconstructing
past climate and environment and strongly supports the use of
chironomids in deriving quantitative estimates of MJAT. The
chironomid-based estimates indicate that MJAT decreased: 1)
1.4 �C at ~9.3 ka; and 2) 1.7 �C between at 8.2 ka, relative to the
long-termHolocene average. Chironomid and diatom evidence also
point to wetter conditions and an expansion of moss habitats
during these cold periods. The timing of these events in the central
Canadian Arctic corresponds well with paleoclimate records from
the adjacent region and far afield, strongly supporting the role of
atmospheric and oceanic teleconnections in transmitting the signal
associated with these early Holocene climate oscillations with
enoughmagnitude to produce rapid shifts in aquatic and terrestrial
ecosystems. Further characterizing the magnitude and spatial
extent of these hemisphere-scale, abrupt climate events is impor-
tant in anticipating the potential climatic and environmental im-
pacts of changes in systems such as the AMOC, which will be
altered in coming decades by anthropogenic climate change.
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