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ABSTRACT OF THE DISSERTATION

Holocene Peatland Carbon Accumulation, Ecology, and Hydrology in the Canadian

James Bay Lowlands

by

James Robert Holmquist
Doctor of Philosophy in Biology
University of California, Los Angeles, 2013

Professor Glen MacDonald, Chair

Northern peatlands contain some of the largest terrestrial stores of organic soil carbon
(C) which may grow due to increases in productivity, or decline due to higher decay
under projected warming and drought scenarios. However, models of peatland growth
lack data on basic peatland history for the remote James Bay Lowlands (JBL) region of
Canada, as well as the relationships between climate and productivity, and the history
of Holocene precipitation. This dissertation presents C accumulation, vegetative
macrofossil, and proxy-climate reconstruction data from eight previously unpublished
sites in the JBL, as well as synthesizes currently available data. Peatlands in the JBL
initiated lagging the retreat of the Laurentide ice sheet, and the drainage of glacial lakes
by an average of 2,900 years. Most of the peatlands studied initiated as mineral rich

fens, which transitioned to nutrient poor bogs an average of 3,800 years after they
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initiated. Over the Holocene they have acted as a sink of CO,, accumulating between
71.5and 171.2 kgC m2, with median long-term apparent C accumulation rates
(LARCA) ranging from 13.8 to 31.6 gC m™? yr". Peatland C accumulation was variable
within and between sites, but was driven by productivity rather than decay during the
late-Holocene. The depths of late-Holocene peat deposits correlate positively with
growing season length, and photosynthetically active radiation, and were negatively
affected by permafrost occurrence. A single site provides evidence for a relatively dry
pre-Holocene Thermal Maximum period, and a relatively wet Holocene Thermal
Maximum, with a small but positive influence of water table depth on LARCA. Although
there was some variation due to site-specific conditions, multiple sites indicate that the
warm Medieval Climate Anomaly was a wet period in the JBL, consistent with modern
precipitation anomalies, whereas the Little Ice Age was dry. The Little Ice Age may
have been locally complex due to precipitation variability, or the formation of permafrost.
On the short term, peatland C-stores may grow faster if temperature and seasonality
changes occur within their physiological and ecological limitations. However long-term
peatland stability in the area will likely be dependent on precipitation, which may
fluctuate due to the positions of the Arctic and Pacific fronts, and stochastic interactions

between the atmosphere and sea surface temperatures.
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1. Introduction

The Intergovernmental Panel on Climate Change's 2007 synthesis report contains
models predicting global warming driven by anthropogenic greenhouse gasses,
however these models contain no consensus on a range of possible carbon (C) cycle
feedbacks (IPCC, 2007). Global warming is predicted to disproportionately affect
northern latitudes by increasing average annual temperature, increasing the lengths of
the growing season, and disrupting patterns of precipitation (IPCC, 2007). In addition to
being particularly sensitive to climate change, northern latitudes contain 30% of the
world’s terrestrial soil C in peatlands, wetlands that form highly organic soil made up of
partially decayed, compressed plant matter (Gorham, 1991; Turetsky et al., 2002).
Peatlands have served as Holocene C sinks that need to be effectively modeled for
general circulation models, and international climate agreements (Roulet, 2000;
Waddington et al., 2009; Wania et al., 2009a, 2009b; Carlson et al., 2010; Dunn and
Freeman, 2011; Freeman et al., 2012). Peatland systems have potential feedbacks
with atmospheric changes in precipitation, temperature, and growing season length and
understanding relations between climate and peatland C dynamics is of importance. At
the same time, peatlands serve as archives of past climate change and C dynamics and
can shed light on the future impacts of climate change (Gorham, 1991; Dise, 2009; Yu,
et al., 2009; Chambers et al., 2011; Yu et al., 2011).

Peatlands store 270 to 450 Pg of C (Gorham, 1991), and have had an estimated
net global cooling effect of -0.2 to -0.5 W m™ since their initiation, after an early net

warming effect of 0.1 W m™ due to CO;, and CH, emissions (Frolking and Roulet, 2007).



Peatlands are dynamic systems that change naturally over time due to site specific, or
autogenic, events, but can also be driven by allogenic, or external forcing events such
as watershed or climate change (Clymo, 1984; Belyea and Baird, 2006). Peatlands
may be subdivided into fens and bogs. Fens, which typically occur in geologically young
areas, are dominated by calciphilous vascular vegetation, and tend to have both higher
net primary productivity and ecosystem respiration than bogs, which are dominated by
mosses (van Breemen, 1995; Pastor, 2002). Fens typically undergo succession when
their accumulated depth of organic matter limit access to nutrient-rich ground water, and
acidity increases due to accumulated humic acid (van Breemen, 1995; Pastor, 2002).
Bogs are commonly dominated by Sphagnum and have lower net primary productivity
(NPP) and lower ecosystem respiration (ER) relative to fens (Blodau, 2002). They
maintain their state by actively acidifying groundwater, and increasing the recalcitrance
of peat with lignin-like biochemicals (van Breemen, 1995). Sphagnum dominated bogs
have lower CH4 emissions because of the lower activity of methane producing bacteria,
as well as CH4 recycling mediated by symbiotic methanotrophic bacteria
(Raghoebarsing et al., 2005). Holocene peatland initiation likely increased atmospheric
levels of methane, whereas subsequent succession from fen to bog may have
decreased peatland emissions by 150 ppbv between 11 and 4 ka (ka = 1,000 calendar
years before present [ybp]); Brook et al., 2000; MacDonald et al., 2006).

Peatlands exist in a climatic envelope constrained by temperature, and moisture
(Yu et al., 2009). Relatively short growing season lengths and low rates of plant decay
in northern latitudes support high NPP relative to ecosystem respiration ER, causing

positive net ecosystem productivity (NEP) and C storage in peat soils (Clymo, 1984; van



Breeman, 1995; Blodau, 2002; Dise, 2009; Yu et al., 2009). High water tables, in poorly
drained wetland networks negatively impact ecosystem respiration by causing anoxic
conditions. Future changes in temperature, seasonality, and precipitation, could
increase, decrease, or reverse this sink by changing the balance between NPP and ER
(Gorham, 1991; Clymo et al., 1998; IPCC, 2007; Dise, 2009; Loisel et al., 2012; Yu,
2011; Charman et al., 2013). Increases in temperature and growing season length
could increase NPP relative to ER causing an increase in peat formation and a negative
feedback to future warming (Clymo et al., 1998; Beilman et al., 2009; Loisel et al., 2012;
Charman et al., 2013). Studies on the influence of thermal drivers indicate that the
rates of peat formation within the peatland climatic envelope are often constrained by
productivity rather than decay. In the West Siberian Lowlands peatland vertical growth
over the late-Holocene correlates significantly and positively with modern estimates of
mean annual air temperature (Beilman et al., 2009). Other studies indicate that growing
season length and photosynthetically active radiation are the dominant drivers of
Sphagnum productivity (Loisel et al, 2012), and peat accumulation rates over the last
1,000 ybp (Charman et al., 2013). Many studies show that apparent C accumulation
increases over the Holocene thermal maximum (HTM), which varies regionally
(Kaufman et al., 2004; Yu et al., 2009; Bartlein et al., 2011; Yu et al., 2011). Increases
in temperature can also cause the melting of permafrost, which has the contradictory
effects of releasing CH, into the atmosphere, potentially increasing the release of stored
C, and also reactivating CO; storage by increasing peat productivity (Beilman et al.,

2009; Koven et al., 2011).



Precipitation changes may also have a drastic influence on the direction and
magnitude of C cycle feedbacks in peatlands (Yu et al., 2009). C accumulation in bogs
can be highly dependent on moisture thresholds of Sphagnum species (Strack et al.,
2009). Some studies indicate that water table depth (WTD) drawdown can decrease
Sphagnum productivity (Robroek et al., 2009), and increase peat decay (Fenner and
Freeman, 2011). Wetter conditions can cause higher NEP in peatlands because of
lower decay rates of submerged peat (Laiho, 2006). However, others studies claim that
phenotypic plasticity of Sphagnum species increase the recalcitrance of peat under
drought conditions (Breeuwer et al., 2008). Hydrological changes can also affect long-
term apparent rate of C accumulation (LARCA) by shifting the dominant plant ecology.
Ecosystem shifts to woodier vegetation can occur during droughts, raising C
accumulation by increasing the density and recalcitrance of peat (Loisel and Garneau,
2010). Thus changes in precipitation and surface moisture can have potentially
complex and contradictory effects on peatland soil C accumulation.

There has been progress in modeling Holocene peatland C accumulation,
however there are still three major sources of uncertainty (Frolking et al., 2010; Quillet
et al., 2013; Tuittila et al., 2013). 1. There is a lack of basic information on peat
initiation, peatland succession, peatland C masses, and apparent rates of C
accumulation for remote under-researched areas such as the James Bay Lowlands
(JBL) of Canada. 2. The effect of climate, especially growing season length and
photosynthetically active radiation, on peat productivity adds to the uncertainty of
models. 3. Holocene surface moisture records are required to parameterize peatland

development models, and are rare in northern latitudes. The JBL and Hudson Bay



Lowlands (HBL) are the second largest continuous peatland complex in the world, and
are understudied relative to their importance as a global soil C store (Keddy, 2000;
Glaser et al., 2004a; Riley, 2011; Bunbury et al., 2012; O’Reilly, 2012). Therefore the
goal of this dissertation was to provide peat initiation, accumulation, and succession
data, to test hypotheses regarding climate controls on C accumulation, and to
reconstruct Holocene hydrology in the JBL.

In Chapter 2 | provide details on peatland initiation and the lag in peatland
initiation following deglaciation and landscape change between 8 and 4 ka, as well as
the timing of the transitions from Carex-dominated fens to Sphagnum-dominated bogs.
Data on high-resolution reconstructions of LARCA are also presented. Peat initiation
lagged deglaciation and coastal emergence by an average of 2,900 + s. dev. () 1,200
years. Fen to bog succession lagged peat initiation by 3,800 £ 1,400. This average
timing, deduced from radiocarbon dated peat cores, is also reflected in modern
transition from geologically younger fen dominated coastal areas to geologically older
bog dominated inland areas. Although LARCA was highly variable, the four oldest sites
had local LARCA maximums at approximately 6.1 ka, possibly indicating the influence
of synchronous autogenic processes, or the influence of a regional allogenic climatic
event. Close in time, LARCA was not elevated during the warm Medieval Climate
Anomaly (MCA = 1000 — 700 ybp) in comparison to the cooler Little lce Age (LIA = 500
— 200 ybp). Either positive and negative temperature anomalies during the MCA were
not sufficient to alter LARCA on a relatively short time scale, or autogenic processes
were the dominant drivers of post-1 ka LARCA variability. The establishment of

permafrost vegetation during the late-Holocene was coincident with extreme low



LARCA values in two sites, indicating a possible negative control of permafrost on
LARCA.

In Chapter 3 | will report data on C accumulation, with a focus on the past 2 ka
from eight new sites in the JBL. | will also review available data from previous
publications, and modern gridded climate estimates, to test hypotheses regarding the
control of four climate variables on vertical peat accumulation over the late-Holocene.
Vertical peat accumulation was constrained by productivity rather than decay and the 2
ka year depth of peat correlated significantly and positively with mean annual
precipitation, and mean annual air temperature, and had the highest correlation with
growing degrees over 0°C (GDDy) and photosynthetically active radiation integrated
over the growing season (PARy). Permafrost occurrence produced decreased
productivity throughout the mid and late-Holocene. In the study area peat accumulation
was likely constrained by productivity rather than decay, and could be positively
influenced by increasing temperature, and longer growing seasons due to anticipated
future warming.

In Chapter 4, | will present a record of reconstructed WTD from 7.4 ka to present
day obtained from a bog in the central JBL. Arctic air masses likely dominated central
Ontario from 7.4 to 4.5 ka, causing relatively dry conditions, whereas the moister Pacific
Front likely dominated central Ontario from 4.5 to 2.5 ka, causing relatively wet
conditions. | also observed dry periods around 6.1 ka coincident with elevated LARCA,
and 2.5 ka coincident with neoglacial cooling. | observed a relatively wet MCA, and a
relatively dry LIA, which is consistent with other records in surrounding regions, as well

and modern precipitation anomalies under La Nifia and El Nifio conditions respectively.



| also compared fluctuations in WTD to previously published macrofossil reconstructions
to investigate an unusual succession event. At approximately 4.5 ka the site exhibited a
shift in ecology from a Sphagnum dominated bog to an herbaceous dominated fen that
was associated with an extreme wet period. The inundation of a Sphagnum peatland
by calcium rich water could have given a competitive advantage to calciphilous fen
vegetation. Although a 6.1 ka spike in LARCA was associated with a drought, there
was a low but positive correlation between surface moisture and LARCA over the whole
7.4 ka record, indicating a possible complex relationship between peat productivity,
decay rates, and hydrologically extreme conditions.

In Chapter 5 | will present a comparative study of high-resolution records of
surface moisture, focusing on the MCA, LIA, and modern warming, for four sites in the
JBL. The MCA and LIA were relatively wet and dry, respectively, for the three most
southern sites. This conclusion is consistent with modeled and observed variation in La
Nifia and El Nifio related precipitation patterns reflecting to changes in the planetary
wave and westerly storm track. The northern-most site displayed the opposite trend
with a dry MCA and wet LIA, possibly due to the spatial limit of positivity precipitation
anomalies, or the effect permafrost on surface water pooling or draining. Despite the
differing latitudinal pattern of medieval wetness/dryness accompanying warming, all four
sites provide evidence modern drying. Despite the hydroclimatic sensitivity of the
region, no distinct relationship was observed between variations in WTD over the MCA,
LIA and recent warming with LARCA.

The JBL are an important and previously understudied region. This dissertation

reinforces their importance as a Holocene C sink. Although future C cycle fluxes are



highly uncertain, the positive relationship between growing season and peat
productivity, as well as the consistent positive precipitation anomalies under large-scale
droughts, indicate that the JBL may act as a positive feedback to warming, if they
remain within the climatic envelope for northern peatlands. However the climatic
envelop of peatlands is poorly understood, and future precipitation anomalies are likely
to be dependent on incompletely understood and yet un-modeled interactions between
the atmosphere and sea surface temperatures. Additional work should be done to
collect and analyze data from more cores in the JBL, to assess the robustness of the
results presented here and refine the geographic boundaries of the greater moisture
seen at southern regions during the MCA. More broadly, future studies are needed to
replicate this work in other under-studied regions, to investigate the effects of peatland
community composition, temperature, and hydrology on CH4 emissions, and to integrate
climate drivers of productivity, such as growing season length, into peatland

development models.



2. Peatland Initiation, Succession, and Long Term Apparent Carbon Accumulation

in the James Bay Lowlands

2.1 ABSTRACT

Basic knowledge of post-glacial peatland history, and carbon (C) accumulation are
lacking for the Canadian James Bay Lowlands (JBL), despite their importance as a
terrestrial C-store. This chapter utilizes radiocarbon (**C) dates, plant macrofossil
analysis, and soil C estimates from an eight core transect of the JBL to document the
timings of peat initiation, fen to bog transitions, peatland C storage, and the ranges of
long term apparent rate of C accumulation (LARCA). Peatland initiation lagged the
retreat of the Laurentide ice sheet, the drainage of glacial lakes, and isostatic uplift by
2,900 £ s. dev. () 1,200 years. Transition from Carex-dominated fen to Sphagnum-
dominated bog had an average timing of 3,800 + 1,400 years following peatland
establishment. JBL peatlands currently store between 71.5 and 171.2 kgC m?, and
median LARCA ranged from 13.8 to 31.6 gC m? yr". The four oldest sites had local
LARCA maximums at approximately 6.1 ka, possibly indicating the control of
synchronous autogenic processes, or the influence of a yet undocumented allogenic
event. LARCA was not elevated during the warm Medieval Climate Anomaly (MCA)
compared to the cooler Little Ice Age (LIA), despite a 2 - 4°C difference. However,
there was indication that the establishment of modern permafrost during the late-

Holocene negatively affected C accumulation.



2.2 INTRODUCTION

At present northern peatlands store 270 to 450 Pg of carbon (C; Gorham, 1991),
making them a significant terrestrial C sink. Due to C storage, peatlands are estimated
to have had a net global cooling effect of -0.2 to -0.5 W m™ since their initiation, after an
initial net warming effect of approximately 0.1 W m™?due to CO, and CH4 emissions
(Frolking and Roulet, 2007). The timings of peatland initiation and succession have
been used to build models of peat accumulation (Clymo, 1998; Frolking et al., 2001),
and identify peatlands as a Holocene source of CH4 (MacDonald et al., 2006).
Reconstructions of past surface ecology, and long-term apparent rate of C accumulation
(LARCA) can be used to investigate regional post-glacial history (Klinger and Short,
1996; Glaser et al., 2004a), to quantify patterns in C accumulation (Beilman et al., 2009;
Loisel and Garneau, 2010), and to determine the possible effects of allogenic controls
on LARCA (Bridgham et al., 2006; Beilman et al., 2009). Although information on
peatland initiation, succession, and C storage is valuable, it is not yet available for many
remote and understudied regions in the north.

The James Bay Lowlands (JBL) of Ontario are part of the second largest
peatland complex in the world and contain some of the most remote and concentrated
peatlands in the world (Riley, 2011). They occupy poorly drained land left in the
depression produced by the Laurentide ice sheet (Dyke et al., 2003; Riley, 2011). The
JBL remained largely covered by the ice sheet and glacial lakes Agassiz and Ojibway
until the first land emergence around 9 ka (ka = 1,000 calendar years before present

[ybp]; Dyke et al., 2003). Many peatlands in the southern lowlands formed after the
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catastrophic drainage of the glacial lakes Agassiz and Ojibway due to the breaking of
the Laurentide ice dam at 8.4 ka (Lajeunesse and St-Onge, 2008). The rest of the land
became available for peatlands gradually due to the isostatic rebound of the crust
underlying the Sea of Tyrell, which changed into the present day Hudson and James
Bays. Although rates of land emergence were variable due to the interaction between
isostatic sea level retreat, and normal cycles in eustatic sea level change, rates of land
emergence were generally higher from 8.2 — 6 ka. This pattern of isostatic sea level
retreat, periodic eustatic sea level changes, and cycles of storm strength were
responsible for the north to south moraines mapped along the former coastline of the
sea of Tyrell in the Hudson Bay Lowlands (HBL)-JBL (Hillaire-Marcel and Fairbridge,
1978). The HBL-JBL has some of the fastest rates of isostatic uplift globally with some
areas raising an average of 1.2 m century” (Webber et al., 1970). A review of
Laurentide deglaciation and peatland initiation in North America estimated that there is
typically a 4,000-year lag between deglaciation and peatland initiation (Halsey et al.,
2000; Gorham et al., 2007).

The timings of peatland community ecological changes, notably fen to bog
transitions, are important to C cycle feedbacks, but have not been reported or
synthesized for the JBL. Fen peat tends to initiate in down-slope areas of a watershed
(Bauer et al., 2003). Overland and groundwater eventually become less accessible to
surface plants as peat accumulates. Humic acids buildup and cations are leached as
the peat conductivity decreases, and water input shifts to precipitation dominated.
Sphagnum colonizes and builds bogs, engineering its own habitat by further acidifying

water and insulating vascular plant roots (van Breemen, 1995; Pastor, 2002). These
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transitions are apparent in the patterning of fen dominance around the Western coast of
the James Bay on relatively recently emergent land, and bog dominance further inland
on older surfaces (Klinger and Short, 1996; Glaser et al., 2004b; Tarnocai et al., 2011;
Riley, 2011). Studies show that young fens tend to be higher emitters of CH,4, and CHg4
emission declines following succession to bogs (Roulet et al., 1994; Martikainen et al.,
1995; Raghoebarsing et al., 2005; Frolking and Roulet, 2007).

On average, peatlands contain 130 kg C m (Gorham, 1991), and as high as 180
kg C m? (Sheng et al., 2004). Previous studies indicate that LARCA is highly variable
and dependent on local conditions, autogenic process, and climate, but high values are
often associated with positive temperature and seasonality anomalies. High LARCA
values have been linked to increased productivity during the Holocene thermal
maximum (HTM) in Alaskan (11.0 — 9.0 ka; Yu et al., 2011), and eastern Canadian
peatlands (5.0-3.0 ka; Yu et al., 2009). More recently, the shorter duration Medieval
Climate Anomaly (MCA; 1000 — 700 ybp) and the Little Ice Age (LIA; 500 — 200 ybp)
occurred during the late-Holocene (Lamb, 1965; Broecker, 2001; Viau et al., 2002;
Moberg et al., 2005; Mann et al., 2009; Ljungqvist et al., 2010; Graham et al., 2011) and
likely had a change of 2°C and -2°C (Christiansen and Ljungqvist, 2011). Studies in the
JBL indicate that a brief increase in LARCA was associated with a wet and warm MCA
(Bunbury et al., 2012). A global synthesis of peatland age-depth models show that
modeled C accumulation increased during the MCA due to increases in growing season
length and photosynthetically active radiation (Charman et al., 2013). Studies also cite

permafrost occurrence as having a negative effect on LARCA (Beilman et al., 2009).
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Based on the current lack of information of the specific history of peatland history
in the JBL and current knowledge regarding climate-LARCA relations over the
Holocene, | examine five research questions in this chapter. 1. What were the timings
of, and spatial patterns of peat initiations, and fen to bog transitions? 2. How much C
has accumulated over the Holocene? 3. What were the magnitudes and variability of
LARCA in the JBL? 4. Do LARCA increases coincide with positive temperature and
seasonality anomalies during mid-Holocene, or during the MCA? 5. Was there any

influence of permafrost on LARCA?

2.3 MATERIALS AND METHODS

2.3.1. Field Sites and Previously Published Sites

The Ontario JBL, in which the study sites are located (Fig. 1), covers 221,000 km?. Of
the total wetlands present there some 35% are bogs mainly dominated by Sphagnum
(Riley, 2005, 2011). The HBL-JBL contain Picea mariana dominated forests in the
south (Fig. 2) and mixed P. mariana and Larix larcina forests in the north (Riley, 2005,
2011). These are interspersed with unforested bog and fen complexes dominated by
Sphagnum mosses and Carex spp. respectively (Fig. 2). Northern permafrost bogs
have drier surfaces and are often typified by a surface cover of Cladonia. The HBL-JBL
formed following the retreat of the Laurentide ice sheet commencing at approximately

10 ka.

13



92°0'0"W  89°15'0"W  86°30'0"W  83°45'0"W  81°0'0"W
] ] ]

X Fort Severn A

SR\

55°45'0"N

—53°0'0"N

(Y \) /
m ] -/ ® '
-, *Big Trout 'akeReadac
‘*‘ SN
4 l S,
" @)

53°0'0"N

50°15'0"N

X
T T
92°0'0"W 89°15'0"W

>
AJBLS 'ér\mstrong

i\

e >
86°30'0"W 83°45'0"W 81°0'0"W

0 65 130 260 390 520

Kilometers % Climate Stations

A Site Data

80°0'0"W 60°0'0"W . Review Data
Permafrost Extent

%222 Continuous
///A Discontinuous

—60°0'0"N

60°0'0"N-

Bog Cover

—50°0'0"N (%)

50°0'0"N-
2-22

: P 23-48

1 1

QOOOIOIIW SOOOIOIIW - 49 = 100

Figure 1: My study sites were located in the JBL, and were supplemented by a review of four additional

reports of basal dates and timings of fen to bog transitions. Pictured are also maps of peatland extent

(Tarnocai et al., 2011), and the borders of discontinuous and continuous permafrost zones (Brown et al.,

1998).
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Figure 2: A. - D. Landscapes that are representative of the surface cover in the JBL including: Picea
mariana dominated stands, uncovered Sphagnum bogs, minerotrophic thin fens, and open water. Photos
are courtesy of David Beilmen, and are used with permission (Beilman, Personal Communication).

Permafrost occurs in the northern and costal HBL-JBL, dominates the landscape
in the north within ~80 km of the coast, and occurs along the coast in the south within a
slimming margin of approximately 20 to 40 km wide (Fig. 1; Zoltai and Tarnocai, 1975;
Riley, 2005). Along the coast, continuous permafrost, and subarctic vegetation can be
found anywhere where soil temperatures remain below 0°C annually, and permafrost
discontinuously south of this isotherm due to the efficient insulating qualities of peat
soils (Riley, 2005).

The JBL of central and northern Ontario are accessible almost exclusively by
helicopter, boat, and winter ice road, and remain both sparsely populated and

understudied. Some peatland basal dates and paleoecological information are
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available from studies focused near the Albany River (Glaser et al., 2004a), Churchill
Rail Line (Dredge and Mott, 2003), and Victor Mine (O’Reilly, 2011; Bunbury et al.,
2012). Eight bog cores were collected from eight sites by helicopter during the summer
of 2008 (Fig. 1; Tab. 1). The sites form a latitudinal transect from 50°27’ N to 55°24’ N.
All cores were collected from raised, ombrotrophic peat landforms. MAP and MAAT
data from three climate stations within the approximate range of the sites are included in
Table 2 (Fig. 1; Environment Canada, 2013). In 2008 these climate stations were within
the peatlands’ temperature-precipitation space described in Yu et al. (2009), ranging

from -4.88 to 3.03°C, and 607.8 to 683.5 mm (Tab. 2).

Table 1: Site information for eight new JBL sites collected in the summer of 2008, and four review sites.

Core Source Coordinates (d m s) Elevation (m) Peatland Type
JBL1 - 51°03'563" N, 89°47'34" W 371 Sphagnum bog
JBL2 - 52°01'07" N, 90°07'53" W 362 Sphagnum bog
JBL3 - 52°51'37" N, 89°55'46" W 270 Sphagnum bog
JBL4 - 55°16'09" N, 88°55'50" W 108 Sphagnum bog
JBL5 - 55°24'55" N, 88°57'06" W 143 Permafrost plateau
JBL6 - 54°46'21" N, 89°19'10" W 140 Permafrost bog
JBL7 - 54°23'43" N, 89°31'20" W 150 Sphagnum bog
JBL8 - 50°27'33" N, 89°55'42" W 407 Sphagnum bog
Albany  Glaser et al., 2004a 51°26'N, 83°37' W 82 Sphagnum bog
Belec  Glaser et al., 2004a 51°37'N, 82°17' W 64 Sphagnum bog
Oldman Glaser et al., 2004a 51°01"'N, 84°34' W 101 Sphagnum bog
VC04-06 Bunbury etal., 2012 52°42'36" N, 84°10'48" W 105 Sphagnum bog
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Table 2: 2008 climate data from 3 stations in the JBL.

Climate Station Total Precipiation = MAAT
(DMS) (mm) (°C)
Fort Severn A NA -4.88
(56°01'12"N, 87°40'48"W)
Big Trout Lake Readac 683.5 -3.13
(53°49'12"N, 89°54'00"W)
Armstrong 608.7 3.03
(50°17'24"N, 88°54'36"W)

Six cores - JBL1, JBL2, JBL3, JBL4, JBL7, JBL8 - were from Sphagnum fuscum
dominated hummock surfaces and were permafrost free (Tab. 1). These hummocks
existed in complexes with S. angustifolium hollows and intermediate S. magellanicum
sections. Notable vascular species include tree species: Picea mariana, Larix larcina,
shrubs species: Chamaedaphne spp., Vaccinium spp., Salix spp., Betula spp.,
Eriophorum spp., as well as Carex spp. and Equisetum spp. in hollows. JBL2 and JBL3
existed as bog islands in larger poor-fen complexes. JBL4 was from the discontinuous
permafrost zone and contained examples of boreal vegetation as well as subarctic
Cladonia spp. on higher microsites. Two cores, JBL5 and JBL6, were from permafrost
sites with Cladonia dominated surfaces underlain by Sphagnum-dominated peat. JBL5
was a degraded permafrost plateau with large cracks filled with melt-water. JBLS’s
surface cover was predominantly Cladonia spp., Ledum spp., and unvegetated surfaces
of decayed peat. In addition to these original sites, | also included for comparative
analysis four other sites selected after a review of well-dated peat bog macrofossil
records in the JBL region (Glaser et al., 2004a; Bunbury et al., 2012).

| sampled the first 0.8 to 1m of each core with a box corer, and subsequent

depths with a Russian auger for non-permafrost peatlands or a motorized SIPRE drill for
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permafrost. Seven of the cores contained complete profiles from the surface to the
mineral/peat interface. | recovered JBL6 without the basal section, and therefore
omitted it from basal date, and total C accumulation datasets. | wrapped cores in
plastic-wrap and aluminum foil while in the field, and placed them in a freezer on their
arrival at the University of California, Los Angeles. | subsampled all core, while they

were frozen, into 1 cm increments on a bandsaw.

2.3.2. Age Depth Modeling

| established chronologies for the JBL cores were established using multiple
radiocarbon (™C) dates (Fig. 3; Tab. 3 - 5). My goal was to select dates in order to
have approximately millennially resolved chronologies pre-1 ka, and bicentennially
resolved chronologies post-1 ka. | separated plant based macrofossils from peat with
distilled H,O and removed fungal hyphae and plant rootlettes using forceps, under a
dissecting microscope. | used bulk-peat when no single macrofossils were identified. |
pretreated samples using acid-base-acid treatments at 65°C to remove carbonates,
humic acids, and dissolved organic C (Olsson, 1986). | vacuum-sealed samples in
quartz tubes with CuO powder and Ag wire and combusted them for 4 hours at 900°C.
Samples were graphitized, and atomized in an accelerator mass spectrometer at the

University of California, Irvine’s Keck Laboratory. The ratio of "*C to '“C was calculated

18



relative to blank and standards from dendrochronologically dated wood.
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Figure 3: Age-depth models from eight sites in the JBL area. Grey lines refer to minimum and maximum
measurements, black lines refers to best estimates from Bacon age-depth modeling software.

| used calibrated multiple "C dates (Fig. 3; Tab. 3 — 5) and created age-depth

model for each core using ‘Bacon’, a flexible Bayesian age-depth modeling software

(Blaauw and Christen, 2011) written in R (R core development team, 2012). For

calibration purposes, | used INTCALO9 (Reimer et al., 2009), and NH1 for post-bomb

dates (Hua and Barbetti, 2004). | assumed a date of -58 BP for the surface of each new

JBL core except for JBL5, which had surface peat that dated pre-modern (15 *C age;

Fig. 3; Tab. 4).
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Table 3: “C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for new
eight southwest JBL cores. *Refers to dates that contain "¢ from atomic weapons testing. ®Refers to

outliers that were eliminated by ‘Bacon’.

Core Depth Lab I.D. # Material 4c age * Age Range Best Fit
(cm) (ybp) (ybp)
JBL1 44-45 UCI AMS 107067 Sphagnum stems 110 20 219-274 228
JBL1 57-58 UCI AMS 90508 Cyperaceae leaf 225 30 288-248 402
JBL1 70-71 UCI AMS 107068 Moss stem 795 20 664-739 694
Cyperaceae stems and
JBL1 83-84 UCI AMS 93975 ) 970 30 805-1055 918
rhizome
JBL1 96-97 UCI AMS 115836 Cyperaceae leaves 1565 20 1320-1515 1394
JBL1 123-124 UCI AMS 91703 Cyperaceae fragment 1985 20 1869-2029 1938
JBL1 155-156 UCI AMS 90509 Wood 2680 15 2690-2875 2782
JBL1 195-196 UCI AMS 91704 Cyperaceae fragments 3745 20 3916-4251 4006
JBL1 239-240 UCI AMS 91705 Amblystegiaceae stems 4960 25 4978-5793 5713
JBL1 285-286 UCI AMS 67693 Bulk peat 5265 15 5982-6262 6242
JBL1 285-286 UCI AMS 96178 Amblystegiaceae stems 5195 35 5982-6262 6242
JBL2 55-56 UCI AMS 90510 Sphagnum stems 75 15 229-264 239
JBL2 71-72 UCI AMS 91706 Sphagnum stems 375 20 355-555 512
JBL2 87-88 UCI AMS 90511 Cyperaceae leaf 625 15 564-664 641
JBL2 103-104 UCI AMS 91707 Sphagnum stems 1065 30 863-1043 950
JBL2 125-126 UCI AMS 76592 Bulk peat 1390 15 1266-1346 1341
JBL2 162-163 UCI AMS 97814 Cyperaceae leaves 1915 25 1779-1959 1879
JBL2 200-201 UCI AMS 67694 Bulk peat 2530 20 2473-2753 2562
JBL2 267-268 UCI AMS 96179 Cyperaceae leaves 3915 20 3263-4408 4408
JBL2 324-325 UCI AMS 76591 Bulk peat 3285 20 3933-5173 4237 »b
JBL2 335-336 UCI AMS 93976 Amblystegiaceae stems 3845 30 4156-5311 4349
JBL2 375-376 UCI AMS 91708 Amblystegiaceae stems 5030 50 5437-5897 5771
JBL2 420-421 UCI AMS 93977 Amblystegiaceae 5900 180 6247-6462 6395
JBL2 421-422 UCI AMS 67695 Bulk peat 5560 20 6265-6460 6407
JBL3 83-84 UCI AMS 90512 Sphagnum fronds -625 15 1076-2096 1175 a.b.
Cyperaceae leaf,
JBL3 95-96 UCI AMS 93978 Ericaceous leaf 1290 20 1212-2347 1275
JBL3 111-112 UCI AMS 93979 Cyperaceae leaves 2415 20 2272-2722 2294
JBL3 135-136 UCI AMS 97815 Cyperaceae leaves 3240 20 3319-3579 3334
JBL3 151-152 UCI AMS 76593 Bulk peat 3760 15 3963-4213 4079
JBL3 173-174 UCI AMS 97816  Equisetum fragments 2020 80 4514-5104 4795 b
JBL3 195-196 UCI AMS 91709 Wood fragments 4920 25 5426-5806 5583
JBL3 211-212 UCI AMS 90513 Needle fragments 4380 70 5915-6475 6066 »b.
JBL3 244-245 UCI AMS 93980 Sphagnum fronds 6930 60 7457-7977 7835
JBL3 244-245 UCI AMS 67696 Bulk peat 7145 45 7457-7977 7835

| preferred ‘Bacon’ to linear interpolation between dates because the latter can

be too restrictive if cores are longer than 1 m, and do not have high resolution dating

(Blaauw and Heegaard, 2012). ‘Bacon’ deals with outliers in a standardized way using
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a robust Student’s T method (Christen and Pérez, 2009).

Bayesian algorithms require

priors. | used the program’s default settings for the priors: shape (2), memory strength

(4), and memory mean (0.7). For the accumulation rate prior | used a default value of

20 yrcm™, and used 50 yr cm™ if the default did not produce a parsimonious age-depth

model. Only JBL7 required a different accumulation prior of 40 yr cm™.

Table 4: “C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for new
eight southwest JBL cores. *Refers to dates that contain "¢ from atomic weapons testing. ®Refers to

outliers that were eliminated by ‘Bacon’.

Core Depth Lab I.D. # Material 14¢c 9ge T Age Range Best Fit
(cm) (ybp) (ybp)
JBL4 25-26 UCI AMS 76594 Bulk peat -2175 15 -31--11 -12 e
JBL4 36-37 UCI AMS 107070 Sphagnum stems 130 20 29-144 95
JBL4 45-46 UCI AMS 107071 Sphagnum stems 85 20 122-267 253
JBL4 54-55 UCI AMS 107072 Sphagnum stems 340 20 326-481 346
JBL4 64-65 UCI AMS 107073 Sphagnum stems 1030 20 740-985 848
JBL4 75-76 UCI AMS 76595 Bulk peat 1150 15 975-1180 1054
JBL4 100-101 UCI AMS 76596 Bulk peat 1750 15 1533-1733 1641
JBL4 150-151 UCI AMS 76597 Bulk peat 2610 15 2589-2824 2731
JBL4 167-168 UCI AMS 96180 Picea Needle 4325 45 3965-4985 4563
JBL4 175-176 UCI AMS 67697 Bulk peat 5245 20 5251-6021 5569
JBL4 175-176 UCI AMS 94022 Moss fronds 5450 110 5251-6021 5569
JBL5 0-1 UCI AMS 90522 Betula leaf 15 15 -146-204 -5
JBL5 7-8 UCI AMS 107074 Lichen frags 115 20 75-280 204
JBL5 11-12 UCI AMS 107075 Bulk peat -140 20 179-364 277 a.b.
JBL5 15-16 UCI AMS 76598 Bulk peat 300 15 308-423 321
JBL5 19-20 UCI AMS 107076 Sphagnum stems 360 20 374-459 414
JBL5 25-26 UCI AMS 107077 Sphagnum stems 2200 20 2064-2379 2315
JBLS 26-37 UCI AMS 96181 Sphagnum stems 2400 25 2398-2738 2513
JBL5 55-56 UCI AMS 93981 Herbaceous fragment 2965 20 3055-3315 3170
JBLS 72-73 UCI AMS 67698 Bulk peat 3420 15 3636-3886 3722
JBL5 100-101 UCI AMS 76599 Bulk peat 4350 15 4733-5108 4885
JBL5 140-141 UCI AMS 67699 Bulk peat 5320 20 5949-6294 6108
Cyperaceae leaves,
JBL5 140-141 UCI AMS 93982 Spruce needle 5170 25 5949-6294 6108

fragments, Moss stems
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Table 5: “C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for new
eight southwest JBL cores. *Refers to dates that contain "¢ from atomic weapons testing. ®Refers to
outliers that were eliminated by ‘Bacon’.

Core Depth Lab I.D. # Material 14c 3qe T Age Range Best Fit
(cm) (ybp)  (ybp)
JBL6 10-11 UCI AMS 90514  Coniferous needles -1020 15 -46--11 -23  a
JBL6 15-16 UCI AMS 107078 Lichen fragments 125 20 -2-103 73
JBL6 19-20 UCI AMS 107079 Bulk peat -90 20 36-226 206  a.b.
JBL6 27-28 UCI AMS 107080 Bulk peat 360 20 281-481 430
JBL6 33-34 UCI AMS 90515 Sphagnum stems 1165 15 806-966 886
JBL6 75-76 UCI AMS 67700 Bulk peat 2195 20 2055-2355 2331
JBL6 100-101 UCI AMS 76600 Bulk peat 2440 15 2448-2773 2520
JBL6 134-135 UCI AMS 67701 Bulk peat 3025 20 3110-3405 3187
JBL7 51-52 UCI AMS 76601 Bulk peat 125 15 196-266 225
JBL7 61-62 UCI AMS 93983 Sphagnum stems 190 15 268-303 283
JBL7 71-72 UCI AMS 93984 Sphagnum stems 375 20  340-505 468
JBL7 82-83 UCI AMS 93985 Sphagnum stems 645 20 559-669 656
JBL7 92-93 UCI AMS 93986 Sphagnum stems 1205 30 955-1195 1103
JBL7 121-122 UCI AMS 97817 Sphagnum stems 2310 15 2027-2387 2198
JBL7 150-151 UCI AMS 67702 Bulk peat 2505 15 2471-2741 2569 b
JBL7 177-178 UCI AMS 96182 Cyzenrjcri?foﬁae"es 2540 25 2692-3267 2755
JBL7 205-206 UCI AMS 93987 Sphagnum stems 5190 25 3181-4251 3859
JBL7 300-301 UCI AMS 67703 Bulk peat 5365 15 5994-6339 6241
JBL7 327-328 UCI AMS 91710 Sphagnum stems 6840 25 7340-7790 7627
JBL7 327-328 UCI AMS 93988 Bulk peat 6910 30 7340-7790 7627
JBL7 329-330 UCI AMS 90516 Wood 3860 15 7487-7847 7731
JBL8 25-26 UCI AMS 76602 Bulk peat -1215 15 -11--6 -8 a.
JBL8 37-38 UCI AMS 90517 Salix leaf -535 15 -7--7 -6 a.
JBL8 77-76 UCI AMS 91711 Sphagnum fronds 115 20 171-266 228
JBL8 87-88 UCI AMS 90518 Sphagnum stems 210 15 259-374 280
JBL8 99-100 UCI AMS 90519 Sphagnum stems 565 15 451-631 603
JBL8 111-112 UCI AMS 91712 ~ Cconiferousneedie  o5n 44 743913 814
fragments
JBL8 125-126 UCI AMS 76603 Bulk peat 1385 15 1074-1334 1241
JBL8 140-141 UCI AMS 91713 Sphagnum fronds 2075 20 1748-2143 1710
JBL8 159-160 UCI AMS 94023  Cyperaceae leaves 3380 60 2983-3723 3205
JBL8 186-187 UCI AMS 96183  Cyperaceae leaves 1840 70 4208-4568 4337 b
JBL8 188-189 UCI AMS 67704 Bulk peat 4025 15 4319-4594 4428

2.3.3. GIS Data
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| mapped deglaciation patterns using shapefiles developed by Dyke et al., (2003).
However | had to convert the ages of the layers from '*C ages to calendar years before
present using INTCALO9 (Reimer et al., 2009). | used linear interpolation between

shapefiles to estimate the timing of land emergence.

2.3.4. Macrofossil Analysis

| used semi-quantitative analysis to describe the macrofossil abundances in the cores at
4 cm increments. | assigned ordinal values to major macrofossil categories, Sphagnum,
herbaceous peat including, non-Sphagnum mosses, and Carex, and wood, based on
their relative dominance in each sample (Barber, 1981; Lévesque, 1988). | also
recorded lichen and rootlette dominated peat as a separate category since it was
abundant in the active layers of two permafrost cores, but is ecologically distinct from
fen-based herbaceous peat (Kuhry and Turunen, 2006; Kuhry, 2008). Although
quantitative macrofossil analyses are preferable for performing high resolution and
sensitive paleoecological reconstructions, or applying transfer functions for
paleoclimatological applications, an ordinal approach is adequate for identifying major

changes in past community ecology (Mauquoy et al., 2010).

2.3.5. Soil C Estimates

| estimated percentage C for every 1 cm increment as the product of dry bulk density

(BD), loss on ignition at 550°C (LOlssp), and a %C assumption of 0.5 gC 1 g Organic
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Matter (OM)” (Turunen et al., 2002). | took samples for BD and LOlsso from
subsampled cores with a stainless steel tube with a 1 cm diameter and measured
subsamples lengthwise with digital calipers to calculate volume. | measured dry BD by
dividing the dry weight by the sample volume after drying to a constant mass at 105°C.
LOlsso was calculated as the mass lost after one hour ignition in a muffle furnace at
550°C (Sheng et al., 2004). LARCA was calculated as the mass of organic C divided by

the rate of change in the age depth model at a 1 cm resolution (Eq. 1).

BD x LOI.., x0.5gC
vr

Equation 1: LARCA =

2.4 RESULTS

2.4.1. Peatland initiation and succession in the JBL

In the JBL cores, peat initiation had an average timing of 5,900 £ 1,200 years, and
lagging the retreat of the Laurentide ice sheet, and the drainage of glacial lakes Agassiz
and Ojibway at 8.2 ka (Fig. 3 - 10; Fig. 11). Paleo-land surface maps indicated that
deglaciation and peak land emergence in the study area took place from 11.3 ka in the
south to 6.6 ka in the north following isostatic rebound of land emerging from the sea of
Tyrell (Tab. 6). Four sites (JBL4, JBL5, JBL6, JBL7) formed following the catastrophic
drainage of Lake Agassiz. In the three most southern sites, there were longer periods

between deglaciation and peat initiation, 4,000 — 6,000 years.
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In all eight sites, | observed fen to bog transitions in the core stratigraphies (Fig.
4 - 11; Fig. 12; Tab. 6). Only in one case, JBL7, did | observe a potentially complex and
rare mode of succession with Sphagnum dominated conditions initiating, followed by a
transition herbaceous conditions, and a return to Sphagnum dominance near the
surface. JBL1, JBL2, JBL3, JBL4, and JBLS initiated as herbaceous dominated
systems, and transitioned to Sphagnum dominated systems. All eight cores had brief to
extensive sections where wood was dominant, or co-dominant with herbaceous or
Sphagnum peat. JBL1, JBL2, JBL3, and JBLS indicated a relatively quick transition
from shrub cover and herbaceous fen to Sphagnum peatland, while JBL4, JBL6, JBL7,
JBL8 had longer transitional periods during which Sphagnum and herbaceous peat
were co-dominant. Of the two permafrost cores, JBL5 followed the fen to bog
succession, and both cores had rootlette, lichen, and wood, dominated active layers
overlaying Sphagnum dominated permafrost peat.

The results from these original sites were combined with the previously published
results from the four additional sites (Tab. 1). Average land emergence time was 8.9 +
1.4 ka, average peat initiation date was 6.0 + 1.2 ka, lagging land emergence by 2,900
years. Average succession times for the entire data set was 3,800 + 2,800 years
following peatland initiation (Fig. 12; Tab. 6). Of the four most southern sites in the JBL

transect, three had extended fen periods (91 — 97%).
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Figure 4: JBL1 BD, LOls5, LARCA, and qualitative macrofossil zones plotted against time.
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Figure 5: JBL2 BD, LOlss0, LARCA, and qualitative macrofossil zones plotted against time.

27



JBL3

-58 4
442 ]
942 ]
1442
1942
2442
2942 ]
3442
3942
4442
4942
5442
5942

Depth (cm)

6442
6942
7442
7942

S

T T 1
0.21 0.310.3

Sphagnum

LI
0.5

‘| Herbaceous

T T
0.8

s
7AN
A

1 T T T T

10 0 160

Wood

T 1
320 480
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Figure 12: Deglaciation, glacial lake drainage, and isostatic uplift took place in the JBL during the
Holocene (Dyke et al., 2003). Fen initiation lagged land availability in most cases and bog transition
followed that. Modern land cover classifications indicate a gradient of fen to bogs dominance that
coincides with land that is 5 - 7 ka years old.
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Table 6: Lists the timings of deglaciation linearly interpolated from Dyke et al., (2003), peat initiation
times, the timing of Sphagnum-dominance derived from ordinal macrofossil analysis, % time as fen, the
timing of rootlette-lichen dominance in two permafrost sites. *JBL6 was omitted from the average basal
date because it was recovered without a basal section.

Core Deglaciation Initiation Sphagnum Rootlette/lichen Time as Fen
(ybp) (ybp) dominance (ybp) dominance (ybp) (%)

JBL1 10292 6242 164 - 97
JBL2 10461 6407 584 - 91
JBL3 8983 7835 453 - 94
JBL4 8292 5569 1795 - 68
JBLS 8410 6108 2754 298 55
JBL6 8448 3187* 2678 636 -
JBL7 8470 7731 2276 - -
JBL8 10442 4428 1405 - 68
Albany 7408 4810 2680 - 44
Belec 6566 3960 3430 - 13
Oldman 11272 5920 3690 - 38
VC04-06 8196 6700 4900 - 27

2.4.2. C Accumulation in the JBL

The mass of C accumulated at the sampling sites ranges from 71.5 to 171.2 kgC m™
and averages 109.7 + 36.2 kgC m™ (Tab. 4). The highest LOlss; generally corresponds
with the low-density acrotelm and active layer sections (Fig. 4 - 11). The exception to
this is JBLS5, which has a densely packed rootlette-lichen active layer. The lowest
LOlsso values generally correspond to highest BD values at the mineral dominated basal
sections. The reported mean BD, 0.087 £ 0.03 is slightly lower than values for fens and
bogs in Western Canada, 0.094 g cm™ (Vitt et al., 2000a), and the range of
measurements from the Mackenzie River Basin, Finland, and the WSL (0.092 to 0.094
g cm’®; Makila, 1994; Sheng et al., 2004; Beilman et al., 2009). Peat generally has
lower BD and higher LOlssq in the top meter of peat, and higher BD and lower LOlssg in
deeper peat due to decay and compaction over time in deeper peat. The young age

and shallow depths of the JBL peat may account for the lower BD recorded here.
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LARCA varies over four orders of magnitude ranging from 1.3 to 2369.3 gC m™
yr' (Fig. 4 - 11; Tab. 7). The highest values in JBL8 skew its’ mean artificially high, and
may be artifacts of '*C uncertainty, so | present median values in addition to means and
ranges. Drastic changes in LARCA, in some cases could be attributed to changes in
the slope of the age-depth model, or to changes in density or C content coinciding with
changes in dominant macrofossil assemblage. A summary of the LARCA Z-scores
across the eight cores at 1 cm resolution, and LARCA values compiled by 1 ka year
increments is available in Figure 13. There is evidence for synchronous increases in
LARCA across four different cores at approximately 6.1 ka, causing the 7 to 6 ka

interval to have the highest median LARCA.

Table 7: Data for LOlssp,, mean BD, and total C accumulation, as well as as well as min, max, mean,
standard deviation, and median values for LARCA for each JBL core.

Core LOI;s5o BD C mass LARCA LARCA LARCA
mean mean £ s. dev (kg C m™) mean min - max median
(g cm?) (g€ m?yr') (g€Cm?yr?) (g€ m?yr?)
JBL1 0.94 + 0.04 0.098 + 0.031 129.8 37.3 £ 409 1.4-294.4 24.9
JBL2 0.97 £ 0.02 0.079 £ 0.029 171.2 38.9+£29.5 3.4-169.3 31.6
JBL3 0.95 £+ 0.03 0.093 £ 0.045 104.4 204 £17.4 4.2-103.5 13.8
JBL4 0.96 +£ 0.04 0.086 = 0.033 71.5 41.4 £ 54.1 2.2 -279.2 23.6
JBL5 0.93 £0.08 0.135 + 0.046 82.0 24.6 £ 15.9 1.3-83.5 21.2
JBL6 0.98 £ 0.09 0.084 + 0.037 NA 35.1 £54.0 3.8-411.8 18.2
JBL7 0.94 £ 0.05 0.08 +0.026 129.2 38.0 +£39.4 2.8-215.3 24.7
JBL8 0.95 £+ 0.03 0.087 £ 0.041 77.1 119.2 £ 362.9 1.5 - 2369.3 30.2

36



L8 ——
C}I = | _ 1
E o _| | | |
© I \ - |
9.1 | e e
~— 8 -1 |_I | |
< 4 : [ [ — ; | r
fd:) o | 1 1 I P I —
T T T T T T T T
5 1 ka 2 ka 3 ka 4 ka 5 ka 6 ka 7 ka 8 ka
Age (ybp)

— JBL4
JBLS
— JBL6

0
|

6
1

— JBU
JBL2
JBL3
JBL7
— JBL8

Z-score (LARCA)

4
1

0 2000 4000 6000 8000
Age (ybp)

Figure 13: The upper plot represents LARCA values from all cores combined into 1,000-year bins.
Central lines represent medians. Box edges represent the first upper and lower quantiles, and whisker
lines represent third upper and lower quantiles. The central plot and bottom plot are the Z-scores for
LARCA plotted for cores in the discontinuous permafrost and non-permafrost, and zones respectively.

Extreme low LARCA values are either associated with peat initiation, or
ecological transition to modern permafrost conditions (Fig. 4 - 11). Basal layers typically
have some of the lowest C accumulation rates due to either initial low slopes in the age-

depth models (overall slow rates of sediment deposition/accretion), or low LOlssg
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because of high mineral content. In JBL1 the lowest LARCA values occur in the basal
section due to low BD and low LOlss0, due to inorganic sediment content. In JBL2 the
basal section displays initially moderate C accumulation rates caused by a
simultaneously high accumulation rate, and low LOlsso due to mineral content.
However, JBL5 and JBL6 have extremely low LARCA values that were coincident with
shifts from Sphagnum to lichen and rootlette dominated peat, vegetation indicative of
dry permafrost surfaces. LARCA in JBL5 ranged from 1.3 - 83.5g C m? yr"', containing
both the lowest minimum and maximum LARCA out of all eight cores analyzed (Tab. 7).
In JBL6 there was also a decrease in LARCA during the transition from Sphagnum to

rootlette, lichen, and wood dominated peat.

2.5. DISCUSSION

2.5.1. Geographic patterns of Peat Initiation and Succession

Average site initiation lagged deglaciation or glacial lake drainage by 2,900 + 1,200
years with spatial variability (Fig. 4 - 11; Tab. 6). A review of North American peat
initiation describes a 4,000-year lag between deglaciation and peat initiation (Halsey et
al., 2000; Gorham et al., 2007). The drainage of glacial lakes was a major lag factor, as
well as the cold 8.2 ka event. The 8.2 ka event was caused by the catastrophic
dranaige of glacial lakes Agassiz and Ojibway interrupting thermohaline circulation in
the North Atlantic causing widespread cool-dry conditions, and likely discouraged major

peat formation (Barber et al., 1999). Halsey et al., (2000) postulated that this lag was
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partially due the time it took for land to become amenable to peat formation, and the
random chance of dispersal of, and colonization by peat forming species. The dispersal
of peat forming species has been estimated at about 2,700-years following major
deglaciation (Gorham et al., 2007). One of the weaknesses of this study is the single
site, single core approach, and peat initiation can be heterogeneous within a single site.
The expansion of peatlands could be important the observed timing of peatland
initiation, but is not readily analyzed in this study (Bauer et al., 2003).

The four northern sites had a shorter lag between deglaciation and peatland
initiation (Fig. 4 - 11; Tab. 6). A hypothesis for this difference could be that the igneous
shield bedrock of the southern portion of the field area, and the lacustrine and marine
sediments underlying the JBL (Josenhans and Zevenhuizen, 1990) have different
reliefs, pHs, nutrient statuses and permeabilities causing differences in peatland
initiation (Korhola, 1995). The four southern sites also showed longer times between
initiation and fen to bog transition. The three sites in the Albany River region and JBL
site VC04-06 are more analogous to the four northern JBL transect sites (Glaser et al.,
2004a; Bunbury et al., 2012), with shorter lags between land availability and peat
initiation.

Fen to bog transition lagged peat initiation by 3,800 years and land availability by
6,700 years. The average lag between the timing of land availability and fen to bog
transition scales with modern landscape patterns in the isostatically rising JBL (Fig. 4 -
11; Tab. 6). Previous studies have documented a transition from geologically younger
costal fens to geologically older inland bogs in the JBL (Klinger and Short, 1996; Glaser

et al., 2004a). Sphagnum is the dominant cover past ~40 km distance from the bay
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(Klinger and Short, 1996; Provincial Land Cover Data Base, 2000; Tarnocai et al.,
2011). The estimated level of the Sea of Tyrrell at 6.7 ka roughly corresponds with the
transition from costal fen dominance to inland bog dominance (Fig. 13).

Presently wetlands in the Hudson Bay Lowlands (HBL)-JBL are a negligible
producer of CH4 (Roulet et al., 1994), but may have been higher emitters in the past
due to higher ER, anaerobic conditions, and CH, transport to the surface through Carex
arenchyma (Whalen, 2005). Peatland contributions to atmospheric CH4, measured by
the oldest peatland initiation within a 2° x 2° grid show initiation, and CH4 from ice cores,
increase lagging the HTM (12.0 — 11.5 ka; MacDonald et al., 2006). Following this
increase, atmospheric methane levels decreased from 700 to 550 ppbv between 11 and
4 ka (Brook et al., 2000; MacDonald et al., 2006). Although the JBL is the second
largest complex in the world, there is no apparent peak in CH4 emissions at this time in
ice cores during peak peat initiation (5.9 ka; Brook et al., 2000; MacDonald et al., 2006).
CH4 emissions from the JBL may have been mitigated by fen to bog transitions
occurring in European, Asian, and Alaskan peatlands (MacDonald et al., 2006). Fen to
bog succession occurring around 2.4 ka, could have contributed to the low observed in
CH4 during that time. However, further studies need to be done to evaluate the
contributions of large peatland fen to bog transitions to atmospheric CH4 over the mid to

late-Holocene.

2.5.2. C Storage and LARCA
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The mass of C pools in the JBL range from 71.5 to 171.2 kgC m™? and have an average
value 109.7 + 36.2 kgC m™ (Tab. 7). This approximately matches the range and
variability from another large Canadian survey of peat mass from the Mackenzie River
Basin, as well as global surveys, which provide values ranging between 53 to

165 kg m™? and averaging 130 kgC m?(Gorham et al., 1991). Mean estimates from the
JBL are likely lower than global mean estimates because the deglacial history of the
JBL makes them younger on average than other major peatlands which had earlier
deglaciation times, or remained ice free during the last glacial maximum (Kuhry and
Turunen, 2006; MacDonald et al., 2006).

Although highly variable, the four oldest sites have anomalously high LARCA
values at approximately 6.1 ka (Fig. 4 - 11; Fig. 13). There are two possible
explanations for this pattern. 1. The 6.1 LARCA increase could have been caused by
autogenic peat accumulation that occurred coincidentally at all four sites because of
their similar initiation timing and surface conditions (Clymo, 1984; Belyea and Baird,
2006). 2. The 6.1 LARCA increase could have been caused by a punctuated extreme
autogenic event such as climate or watershed changes that have not yet been
previously identified because of the paucity of data in the JBL. It could have been
caused by, or intercorrelated with, drought events between 6.2 — 6.0 ka recorded in low
mid-Atlantic lake levels (Li et al., 2007). It also could have been caused by, or
intercorrelated with, the final deglaciation of Laurentide ice northeast of the JBL in the
Ungava Bay region 6.4 - 6.1 ka (Dredge, 2001), or the Foxe ice dome 8.5 — 6.5 ka
(Dredge, 1990), or a brief cold period, caused by one of several meltwater discharges

into Ungava Bay ~6.4 ka (Jansson and Kleman, 2004).
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The HTM, and medieval warming did not have a significant influence on LARCA.
LARCA was highly variable and had many brief increases during the Holocene (Fig. 13).
JBL2, and JBL7 displayed LARCA peaks between 5 - 3 ka, however LARCA was not
elevated across the 5 — 3 ka cohorts during the centuries connected with the HTM in
eastern Canada. Similarly, JBL3 and JBL4 have LARCA peaks that coincide with the
MCA, but there is not consistent pattern across all cores. Globally peatlands show a
slight increase in LARCA during the MCA in response to changes in seasonal
photosynthetically active radiation (Charman et al., 2013). However in our smaller,
more localized, dataset, if there is a relationship, it may not be observable due to the
high variability of LARCA, and the complication of succession events, and acrotelm —
catotelm boundaries.

The minimum values of LARCA usually occurred in basal layer, which had the
longest time to decay, under minerotrophic conditions with higher organic C turnover
rates (Fig. 4 - 11). However, the two permafrost cores had their minimum values
between Sphagnum sections and rootlette, lichen, and wood dominated sections that
are indicative of modern permafrost conditions (Tab. 1). This supports recent evidence
from the Western Siberian Lowlands, that permafrost has had a negative effect on C
accumulation during the late-Holocene (Beilman et al., 2009). Permafrost can decrease
peat formation by decreasing plant productivity, decreasing the amount of physical peat
accumulation, and drying the surface by drainage through cracks in permafrost
(Gorham, 1991). Although permafrost decreased apparent accumulation in JBL5 and

JBLG, there is evidence for ongoing LARCA in the upper sections that can be relatively
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high and variable due to the low decay rate of the woody matter under dry local

topography, and short growing seasons.

2.6. CONCLUSION

Peatland initiation lagged glacial retreat in central and northern Ontario by 2,900 years,
with shorter lags occurring in sites closer to the James Bay (Tab. 3). The timings of fen
to bog transitions were variable, and included relatively quick transitions, protracted
poor-fen stages, and one case that reversed the dominant trend. A 6,700-year lag in
succession from fen to bog following land availability is reflected in both the available
macrofossil records, and modern land surfaces of varying ages in the JBL. If the JBL
was ever a significant source of CHy, it was likely transitioning to a lower level source by
2.4 ka. The range of C mass accumulated throughout the Holocene is typical of boreal
and subarctic peatlands. Spatial patterns in LARCA illuminated possible allogenic
controls of LARCA between 7 to 6 ka, and a near shutdown in LARCA with the
establishment of dry permafrost surface vegetation in two sites. Although the history of
the JBL as a CH4 source, and the origin of the 6.1 ka LARCA increase are uncertain,
the JBL have acted as a constant, although dynamic, sink of CO, throughout the mid
and late-Holocene. The next three chapters will present investigations of the climate
drivers for peatland accumulation rates using naturally occurring gradients in
precipitation, temperature, seasonality, and permafrost, and reconstructions of past

hydrology using testate amoebae.
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3. Climate Drivers for Late-Holocene Vertical Peat Accumulation in the Hudson

and James Bay Lowlands

3.1. ABSTRACT

Climate drivers for the rates of peatland growth and C accumulation are important to
understand because of their possible roles in future C cycle feedbacks to global
warming. This chapter utilizes a transect of eight ombrotrophic peat cores from the
under-studied James Bay Lowlands (JBL) of central and northern Ontario to quantify the
magnitude and rate of C accumulation since peatland initiation and for the last 2 ka (ka
= 1,000 calendar years before present [ybp]). Seventeen radiocarbon (*C)-based age-
depth models with well-resolved chronologies from a literature review covering the
entire Hudson Bay Lowlands (HBL)-JBL region supplement this new data.
Approximately 40% of total soil C has accumulated since 2 ka. The depth of peat that
has accumulated over the past 2 ka correlates significantly and positively with modern
gridded climate estimates for mean annual precipitation, mean annual air temperature,
growing degree-days > 0°C, and photosynthetically active radiation integrated over the
growing season. There are significantly shallower depths of peat accumulation in
permafrost regions. Vertical peat accumulation was likely constrained by productivity
rather than decay indicating the possibility of a positive feedback to future warming

within peatlands’ ecological and physiological tolerances.

3.2. INTRODUCTION
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Peatland carbon (C) cycle feedbacks have the potential exhibit dynamic and complex
shifts in magnitude and direction due to the influence of precipitation, growing season
length, and photosynthetically active radiation on plant and peat production, and
greenhouse gas emissions (Gorham, 1991; Clymo, 1998; MacDonald et al, 2006; IPCC,
2007; Dise, 2009; Loisel et al., 2012; Yu et al., 2012; Charman et al., 2013). In
peatlands, oxygen poor and acidic inundated conditions, low mean annual
temperatures, and short growing seasons lead to higher net primary productivity (NPP)
relative to ecosystem respiration (ER) because the amount of C accumulated in
catotelm section of the soil outpaces C losses through acrotelm and catotelm decay
(Clymo, 1984; van Breeman, 1995; Blodau, 2002; Dise, 2009; Yu et al., 2009). This
positive net ecosystem productivity may increase, decrease, or reverse due to projected
anthropogenic climate change (Moore and Knowles, 1989; Davidson and Janssens,
2006; Tarnocai, 2006; Beilman et al., 2009; Loisel et al., 2012).

Precipitation and surface moisture may be important drivers of peat accumulation
in Sphagnum bogs. Sphagnum mosses do not have stomata and cannot regulate water
loss during CO, exchange making them vulnerable to large shifts in surface moisture
(Loisel et al., 2012). Effective moisture has been found to be a significant driver of
Sphagnum growth in some continental sites (Loisel et al., 2012). However, in a review
of North American peat accumulation, precipitation was found to be significantly, but
inversely, correlated with peat depth, and the rate of accumulation (Gorham et al.,
2003). There is also some evidence that Sphagnum bogs can regulate their own water

table depth because of their complex structure and ecohydrology; therefore they may
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not be sensitive to precipitation related water stress within their ecological limit (Lahio,
2006; Dise, 2009). This internal feedback relationship has been included into many
different peatland development models (Clymo, 1984; Belyea and Baird, 2006; Eppinga
et al., 2009; Frolking et al., 2010).

Thermal characteristics such as air temperature, and growing season length are
possible important drivers of Sphagnum growth and C accumulation. Sphagnum growth
rate increases with temperature (Gunnerson, 2005; Breeuwer et al., 2008). Sphagnum
productivity has also been globally linked to photosynthetically active radiation, and
growing season length (Loisel et al., 2012). Studies have also observed significant,
positive correlations worldwide between mean growing degree-days above 0°C (GDDy)
and rates of peat accumulation (Clymo et al., 1998). GDD,, photosynthetically active
radiation integrated over the growing season (PARp) was also shown to be a driver of
post-1 ka (ka = 1,000 calendar years before present [ybp]) apparent C accumulation
rate in a global peatland database (Charman et al., 2013). In an analysis of a
widespread network of Sphagnum cores in the WSL, the depths of 2 ka peat correlate
significantly and positively with mean annual air temperature (MAAT; Beilman et al.,
2009). In the WSL 2 ka depths are also significantly shallower if permafrost is present,
suggesting productivity, rather than low decomposition rates, may exercise greater
control on peat accumulation at these sites (Beilman et al., 2009).

The James Bay Lowlands (JBL) and adjacent Hudson Bay Lowlands (HBL) of
Quebec, Ontario, and Manitoba in Canada (Fig. 14), are second to the WSL as the
largest continuous peatland complex in the world (Riley, 2005, 2011). Despite the

importance of the HBL-JBL to global C cycling, only a few studies have estimated
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average apparent rate of C accumulation over the broad regions of northern Ontario
(O’Reilly, 2011; Bunburry et al., 2012). It is due largely to inaccessibility by surface
transport that large portions of the JBL in central and northern Ontario remain
understudied. In addition to this, no studies have synthesized current patterns, or

analyzed connections between peat accumulation and climate in the HBL-JBL.
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Figure 14: My study sites were located in the JBL, and were supplemented by a review of seventeen
additional age-depth models from the entire HBL-JBL. Pictured are also maps of peatland extent
(Tarnocai et al., 2011), and the borders of discontinuous and continuous permafrost zones (Brown et al.,
1998).

This chapter focuses geographically on patterns in C storage in ombrotrophic
peatlands relative to 2 ka in the HBL and JBL. Although the arctic and subarctic have
experienced variation in climatic conditions over the past 2 ka, this time period

represents the period of the Holocene during which natural radiative forcing, boundary
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conditions and Arctic climate are the most similar to today (Kaufman et al., 2009). Data
on peatland depth can be useful to make baseline estimates of peat production relative
to decay and the potential impacts of climate change (Beilman et al., 2009).

The goal of this chapter is to determine the effect that climate has had on vertical
peat accumulation in the wider HBL-JBL. | had four different research questions. 1. Do
apparent C accumulation, and 2 ka depth correlate significantly and inversely with
modern mean annual precipitation (MAP), and positively with modern MAAT, GDD,,
and PARy in the eight cores from the JBL? 2. Did 2 ka depth correlate significantly
inversely with MAP, and negatively with MAAT, GDDy, and PAR, over the entire HBL-
JBL? 3. Were relationships between climate and peat accumulation consistent between
the eight-core JBL transect, and the larger HBL-JBL? 4. Did modern permafrost
occurrence have a significant, and negative relationship with peat depth, and 2 ka depth

with permafrost peatlands being significantly shallower than non-permafrost locations?

3.3. MATERIALS AND METHODS

Core collection and processing is detailed in Chapter 2. | supplemented my eight JBL
cores with a review of seventeen other HBL-JBL cores. The entire data set ranges in
latitude from 50°27’ N to 60°50’ N (Fig. 14; Tab. 1; Tab. 8). Out of the combined
dataset, nineteen of the sites are from ombrotrophic bogs, whereas six are from
permafrost plateaus, or polygonal peat formations. | avoided analyzing cores from fens,

or with chronologies that were less than approximately millennially resolved.
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Table 8: Site information from seventeen HBL-JBL ombrotrophic peat profiles with millennially resolved
age-depth models, listed by author.

Author Core Name Coordinates Elevation Peatland Type
(dms) (m)
Arlen-Pouliot and Bhiry, 2005 Kuujjuarapik 55°20' N, 77°40' W 85 Palsa

Beulieu-Audrey, 2009 LG2 53°39' N, 77°44' W 173 Sphagnum bog

LG3 53°34' N, 76°08' W 215 Sphagnum bog

Bunbury et al., 2012 VC0406 52 42'36" N, 84°10'48" W 105 Sphagnum bog

Dredge and Mott, 2003 Lost Moose 57°33.9' N, 94°19.0' W 109 Sphagnum bog

Silcox 57°10.0' N, 94°14.2' W 141 Sphagnum bog

Glaser et al., 2004a Albany 51°26' N, 83°37' W 82 Sphagnum bog

Belec 51°37'N, 82°17' W 64 Sphagnum bog

Oldman 51°01' N, 84°34' W 101 Sphagnum bog
Kuhry, 2008 McClintock 57°50' N, 94°12' W 80 Permafrost plateau
Sannel and Kuhry, 2009 EL1 60°50' N, 101°33' W 329 Permafrost plateau
SL1 59°53' N, 104°12' W 390 Permafrost plateau

Loisel and Garneau, 2010 MOS MaP1 51°58' N, 75°24' W 304 Sphagnum bog

MOS RiP2 51°58' N, 75°24' W 304 Sphagnum bog

van Bellen et al., 2011 LLC 52°17'15" N, 75°50'21" W 256 Sphagnum bog

MOS 51°58'55" N, 75°24'06" W 299 Sphagnum bog

STE 52°02'37" N, 75°10'23" W 303 Sphagnum bog

3.3.1. Average apparent rate of C accumulation

For the eight core JBL transect, | calculated the mass of C accumulated from initiation
to the surface, and 2 ka depth to the surface (Beilman et al., 2009). For average
Holocene apparent rate of C accumulation | summarized the mass of C and divided the
mass by the amount of time since initiation. For post-2 ka apparent rate of C
accumulation | summarized the amount of C accumulated since the closest

approximation to 2 ka and divided the mass by that closest approximation.

3.3.2. Statistical Analysis

| statistically tested hypotheses regarding the relationships between climate and 2 ka

depths, as well as permafrost occurrence on both total depths, and 2 ka depths. To test
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the hypotheses that MAP, MAAT, GDD,, and PAR( correlate significantly with 2 ka
depth, | used linear regressions, and climate data from 0.5° x 0.5° integrated gridded
databases for MAP and MAAT (1975 - 2005; Matsuura and Wilimott, 2009). Initial
analysis and previous research (Beilman et al., 2009) indicated the possibility of an
exponential relationship between MAAT and 2 ka depth, so | included an exponential
regression in my analysis of these two variables. For measurements involving
seasonality | used 0°C as a base temperature since Sphagnum species are adapted to
growth at low temperatures (Asada et al., 2003). | used a 0.5° x 0.5° gridded database
for GDDy calculated from daily temperature values, and PAR, from latitude, orbital
parameters and the fraction of sunshine hours (Prentice et al., 1993), using the
CLIMATE 2.2 database (Kaplan et al., 2003). | also tested the hypothesis that
permafrost peatlands are significantly shallower than non-permafrost peatlands, using a
one-way ANOVA with permafrost occurrence as the independent variable, and total
depth, or 2 ka depth as the dependent variable. All statistics were calculated with the

computer language and statistical program R (R-core development team, 2012).

3.4. RESULTS

3.4.1. 2 ka Soil C in JBL

More C is present that was older than 2 ka than was younger in the eight new JBL cores

(Tab. 7). This is not surprising as the pre-2 ka portion of the cores typically represents

>5 ka to 2.4 ka of deposition. Post-2 ka C stocks range from 16.3 to 62.5 kg C m?and
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averaged 40.5 + 14.3 kg C m™ (Fig. 15). In the JBL about 40% of the total C present in
the cores is younger than 2 ka. Notable exceptions to this trend are JBL4 and JBL8

where pre-2 ka apparent rate of C accumulation is drastically lower than post-2 ka.
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Figure 15: Post-2 ka C accumulated in the eight JBL sites arranged by latitude. (-) Represent the upper
and lower estimates of Post-2 ka C masses based on upper and lower estimates of 2 ka by ‘Bacon’
models. * Represents permafrost peat.

Apparent rate of C accumulation was generally higher post-2 ka than total in the
eight new JBL cores. Average apparent rate of C accumulation since initiation ranged
from 12.8 t0 26.7 g C m? yr", with a mean of 17.4 + 5.0 g C m? yr' (Tab. 9). These
correspond to estimations of 13 to 30 g C m? yr" for North American peat bogs
(Gorham, 1991; Turunen et al., 2002; Kuhry and Turunen, 2006), and fall in the range of
observed global peatland C accumulation (8.4 to 38.0 g C m? yr"; Yu et al. 2009).
Post-2 ka apparent rate of C accumulation ranged from 8.5 to 30.8 g C m? yr" and had

an average of 20.2 + 6.9 g C m2yr'. The lowest post-2 ka estimate in JBL5 (8.5gC m’
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2 yr'") roughly corresponds with projected rates for subarctic Canada (9 g C m? yr™;
Gorham, 1991), and the lowest observed arctic estimates from a global synthesis (8.4 g
C m?yr'"; Yu et al. 2009). Pre-2 ka apparent rate of C accumulation was generally
lower than post-2 ka apparent rate of C accumulation, and ranged from 8.2t024.8g C

m?yr'and averaged 15.0+5.6 g C m? yr".
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Table 9: Peatland basal ages, basal depths, and 2 ka depths for seventeen review and eight new HBL-
JBL cores. Data for apparent rate of C accumulation, and C mass data since inception, and post-2 ka,
are displayed as well.

Total Post-2 ka
Core Basal Age Depth 2 ka Cmass C accumulation] C mass C accumulation
(ybp)  (cm)  depth |(kg C m™?) rate (kg Cm?) rate
(cm) (gCm2yrt) (gCm?2yrt)

JBL1 6249 286 128 129.8 20.8 51.3 25.6

JBL2 6407 422 173 171.2 26.7 62.5 31.2

JBL3 7835 245 109 104.4 13.3 35.5 17.9

JBL4 5569 176 122 71.5 12.8 42.3 21.2

JBL5 6108 141 24 82.0 13.4 16.3 8.5

JBL6 NA NA 58 NA NA 28.5 14.3

JBL7 7731 330 109 129.2 16.7 37.8 18.9

JBLS8 4428 189 143 77.1 17.4 49.2 23.7
Albany 5407 264 106 - - - .
Belec 4358 236 63 - - - -
EL1 5699 186 8 - - - -
Kuujjuarapik 5889 225 31 - - - -
LG2 6914 397 72 - - - -
LG3 6835 375 54 - - - -
LLC 7594 483 123 - - - -
Lost Moose 4677 135 73 - - - -
McClintock 6524 166 64 - - - -
MOS 7049 297 101 - - - -
MOS MaP1 NA NA 92 - - - -
MOS RiP2 NA NA 74 - - - -
Oldman 6926 446 156 - - - -
Silcox 3359 70 53 - - - -
SL1 6406 196 63 - - - -
STE 5425 286 108 - - - -
VVC0406 6729 304 105 - - - -

In the eight new JBL sites, both apparent rate of C accumulation and 2 ka depth
correlate significantly and positively with MAP with r? values of 0.56 and 0.58
respectively (p<0.05; Tab. 10). 2 ka depths also correlate significantly and positively

with MAAT (p<0.05; r’=0.52; Tab. 10).
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Table 10: r* values for JBL peatland 2 ka apparent rate of C accumulation, 2 ka depths, and HBL-JBL
synthesis with MAP, MAAT, GDD, and PAR,. Refers to significance at the p<0.05. Refers to
significance at p<0.001.  Refers to significance at p<0.0001. °Refers to an exponential regression
rather than a linear regression.

New sites
Post-2 ka apparent New Sites HBL-JBL Synthesis
C accumulation rate 2 ka Depth 2 ka Depth
(n=8) (n=8) (n=25)
MAP 0.56" 0.58 0.20"
MAAT 0.38 0.52" 0.46"/0.4977°
GDD, 0.50 0.50 0.60"""
PAR, 0.46 0.46 0.62""

3.4.2. Climate and 2 ka Depth

Based on a combined dataset of my eight new cores and the seventeen previously
published cores (Fig. 4 - 11; Fig. 16; Fig. 17; Tab. 3; Tab 4; Tab. 9; Tab. 11 - 14), peat
depth at 2 ka correlates significantly and positively with MAP, MAAT, GDDy, and PARg
(Fig. 17; Tab. 10). 2 ka depths range from 8 to 173 cm with a mean of 88.5 £ 41.1 cm.
Overall peat depth ranges from 70 to 483 cm, meaning that the average proportion of
peat vertical accumulation since 2 ka was 36.9 + 19.1%, roughly similar to the 40% of C
present younger than 2 ka in 8 new JBL sites. 2 ka depth correlates significantly and
positively with MAP (p<0.05; r*=0.20), MAAT (p<0.001; r*=0.46), GDD, (p<0.0001;
r?=0.60), and PAR, (p<0.0001; r’=0.62). An exponential regression between MAAT and
2 ka depth increases the r? value to 0.49 (p<0.0001). A linear regression defining PARo
as a predictor of 2 ka depth describes the most variance out of all of the variables |

tested.
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Figure 16: Age-depth models from seventeen review sites in the HBL-JBL area. Grey lines refer to
minimum and maximum measurements, black lines refers to best estimates from Bacon age-depth
modeling software.
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Figure 17: Age-depth models from seventeen review sites in the HBL-JBL area. Grey lines refer to
minimum and maximum measurements. Black lines refer to best estimates from Bacon age-depth
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Table 11: “C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for
seventeen from the HBL-JBL area. *Refers to dates that contain '*C from atomic weapons testing.
®Refers to outliers that were eliminated by ‘Bacon’.

Core Depth LabI.D. # Material 14¢ age + Age Range Best Fit
(cm) (ybp) (ybp)

Albany 47-49  Beta-44532 Peat 1110 70 785-1245 1031
Albany 101-104 Beta-44534 Peat 2020 70 1720-2105 1922
Albany  155-160 Beta-44535 Peat 2450 90 2441-2876 2697
Albany  178-183 Beta-44533 Peat 2680 80 2744-3284 2946
Albany  210-215 Beta-44536 Peat 3750 70 3696-4266 4091
Albany  259-264 Beta-44537 Peat 4810 70 4983-5648 5386
Belec 37-40 Beta-53065 Peat 900 70 504-1174 888
Belec 50-52 Beta-53066 Peat 1350 60 1092-1427 1301
Belec 73-76  Beta-53068 Peat 2280 50 1898-2353 2339
Belec 95-100 Beta-54595 Peat 2770 70 2326-2851 2716
Belec 145-150 Beta-54596 Peat 3070 70 2992-3387 3262
Belec 195-200 Beta-54597 Peat 3430 11 3619-3869 3721
Belec  231-236 Beta-54598 Peat 3960 60 4132-4587 4302
EL1 12-13  Hela-1051 NA 2850 70 2781-3206 3033
EL1 98-99  P0z-19644 NA 4010 30 4314-4584 4483
EL1 136-138 Hela-1052 NA 4260 45 4792-5217 4948
EL1 180-186 Hela-1053 NA 5065 70 5590-5995 5659
Kuujjuarapik ~ 0-1 UL-2367 NA 360 60 -151-1069 418
Kuujjuarapik 24-25  UL-2593 NA 1810 60 1549-1954 1773
Kuujjuarapik 54-55  UL-2592 NA 2900 70 2771-3216 2915
Kuujjuarapik 99-100  UL-2591 NA 3770 70 3673-4218 4036
Kuujjuarapik 154-155  UL-2590 NA 4080 100 4524-4949 4811
Kuujjuarapik 179-180  UL-2589 NA 4490 70 4976-5361 5171
Kuujjuarapik 209-210  UL-2587 NA 4850 70 5449-5804 5688
Kuujjuarapik 224-225  UL-2358 NA 5020 80 5694-6029 5889
LG2 44-45 Beta-199811 S’r’é’;gf;’sm 1250 40 952-1482 1244
LG2 95-96 Beta-199812 Sf:ii?:sm 2500 40 2373-2713 2721
LG2 146-147 Beta-199813 Sfehnigﬁgg 3350 40 3420-3670 3610
LG2 199-200 Beta-199814 Sf:;g?:g’ 3830 40 4089-4379 4275
LG2 250-251 Beta-199815 S’r’é’nigf;’sm 4210 50 4635-4915 4876
LG2 326-327 Beta-199816 S’r’:;ga?rf’f 4960 50 5596-5911 5767
LG2 350-351 Beta-199817 S‘r’:niifrfsm 5300 50 5977-6282 6139

Terrestrial
LG2 395-397 Beta-199819 plants 6100 40 6798-6891 6891

macroremains
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Table 12: *C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for

seventeen from the HBL-JBL area. *Refers to dates that contain '*C from atomic weapons testing.
®Refers to outliers that were eliminated by ‘Bacon’.

Core Depth Lab I.D. # Material 4cage * Age Range Best Fit
(cm) (ybp) (ybp)
LG3 35-36 Beta-199818 Sphagnum remains 980 40 791-1271 932
LG3  75-76 Beta-199819 'crestrial plants o500 40 53742784 2749
macroremains
LG3 130-131 Beta-199820 Sphagnum remains 3910 40 3802-4412 4281
LG3 190-191 Beta-199821 Sphagnum remains 4460 40 4881-5126 4959
LG3 249-250 Beta-199822 Sphagnum remains 4800 40 5411-5676 5542
LG3 329-330 Beta-199823 Sphagnum remains 5310 50 6111-6451 6187
LG3  374-375 Beta-180474 'crestrialplants ggeh g 67157185 6835
macroremains
LLC 51-52 UCI AMS 43480 Sphagnum stems 340 20 172-562 347
LLC 77-78 UCI AMS 58634 Sphagnum stems 915 15 773-913 885
LLC 102-103 UCI AMS 50203 Sphagnum stems 1205 15 1096-1276 1149
LLC 120-121 UCI AMS 57419 Sphagnum stems 1980 15 1882-1997 1919
LLC 140-141 UCI AMS 57421 Sphagnum stems 2550 15 2506-2771 2731
LLC 153-154 UCI AMS 50204 Sphagnum stems 2915 15 2969-3154 3101
LLC 201-202 UCI AMS 43479 Sphagnum stems 3745 20 3988-4188 4010
LLC 250-251 UCI AMS 58636 Sphagnum stems 4165 20 4594-4844 4783
LLC 293-294 UCI AMS 50205 Sphagnum stems 4450 15 5008-5298 5076
LLC 350-351 UCI AMS 43478 Sphagnum stems 4985 20 5636-5921 5792
LLC 439-440 UCI AMS 50206 Sphagnum stems 6055 15 6817-7032 6879
LLC  480-483 Beta-223743  Cricaceousleal oo, 40 74317676 7576
Fragments
Lost Moose 40-45 GSC-5321 Peat 290 80 308-678 448
Lost Moose 50-55 GSC-5226 Peat 420 90 450-1050 636
Lost Moose 68-73 GSC-5284 Peat 1990 70 1543-2118 1897
Lost Moose 125-135 GSC-5221 Peat 4270 70 4225-5250 4677
McClintock 18-20 Hela-670 Bulk Peat 395 35 50-785 482
McClintock 70-72 AECV 1719C Bulk Peat 2230 80 2047-2732 2287
McClintock 108-110 Hela-3850 Bulk Peat 4280 110 3992-5077 4616
McClintock 160-166 AECV 1718C Wood 5810 90 6303-7098 6501
MOS 40-41 UCI AMS 57424 Sphagnum stems 355 15 168-678 452
MOS 70-71 UCI AMS 54958 Sphagnum stems 1270 25 1115-1305 1218
MOS 95-96 UCI AMS 64586 Sphagnum stems 1990 20 1863-2018 1927
MOS 108-109 UCI AMS 67515 Sphagnum stems 2065 25 2013-2148 2068
MOS 120-121 UCI AMS 54959 Sphagnum stems 2225 25 2177-2357 2164
MOS 136-137 UCI AMS 64588 Sphagnum stems 2490 20 2496-2746 2703
MOS 172-173 UCI AMS 54960 Sphagnum stems 3275 25 3396-3611 3553
MOS 224-225 UCI AMS 54961 Sphagnum stems 4185 25 4612-4882 4629
MOS 246-247 UCI AMS 57426 Sphagnum stems 4740 15 5289-5649 5437
MOS 296-297 Beta-223744  Sphagnum stems 6200 40 6709-7269 7049
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Table 13: "“C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for
seventeen from the HBL-JBL area. *Refers to dates that contain '*C from atomic weapons testing.
®Refers to outliers that were eliminated by ‘Bacon’.

Core Depth Lab I.D. # Material 4c age * Age Range Best Fit
(cm) (ybp) (ybp)
Sphagnum stems,
ericaceous leaves
MOS MaP1 60 UCI AMS 45796 ] 925 20 676-1031 867
and coniferous
needles
Sphagnum stems,
ericaceous leaves
MOS MaP1 78 UCI AMS 45797 ] 1280 20 1160-1300 1269
and coniferous
needles
Sphagnum stems,
ericaceous leaves
MOS MaP1 100-102 Beta-227710 2610 50 2214-2874 2610
and coniferous
needles
MOS RiP2 42 UCI AMS 43471 Sphagnum stems 230 20 -182-868 309
Sphagnum stems,
MOSRIP2 56  UCIAMS 43470 STicaceous|eaves 5,5 55 1099-1324 1272
and Picea mariana
needles
Ericaceous leaves
MOS RiP2 69-71 UCI AMS 43472 and coniferous 545 20 1489-2199 1633
needles
MOSRiP2 75  UCI AMS 43473 P'Cenae;‘:j?;sa”a 2350 100 1745-2460 2074
Larix laricina and
MOS RiP2 101-102 UCI AMS 50320  Picea mariana 3040 15 3124-3524 3383
needles
Oldman 33-36 Beta-44538 Peat 280 90 81-636 334
Oldman 45-48 Beta-44539 Peat 870 90 497-777 703
Oldman 63-66 Beta-44540 Peat 990 70 743-993 907
Oldman 69-74 Beta-43025 Peat 1010 70 819-1064 932
Oldman 97-102 Beta-43026 Peat 1520 70 1242-1517 1326
Oldman 134-144 Beta-42375 Peat 2010 70 1657-2092 1793
Oldman 158-163 Beta-43027 Peat 2940 70 1906-2321 2113
Oldman 200-205 Beta-42376 Peat 2610 70 2465-2850 2715
Oldman 255-260 Beta-42377 Peat 3060 70 3165-3620 3446
Oldman 296 Beta-42378 Peat 3690 70 3894-4409 4212
Oldman 350-355 Beta-43028 Peat 4910 11 5426-5681 5594
Oldman 369-374 Beta-42379 Peat 5310 80 6124-6524 6255
Oldman 413-417 Beta-42380 Peat 5980 100 6453-6913 6517
Oldman 441-446 Beta-42381 Peat 5920 90 6811-7381 6908
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Table 14: "*C-AMS samples, depth, Yc ages, and best fit ‘Bacon’ model calibration estimates for

seventeen from the HBL-JBL area. *Refers to dates that contain '*C from atomic weapons testing.
®Refers to outliers that were eliminated by ‘Bacon’.

Core Depth Lab I.D. # Material 14¢C age + Age Range Best Fit
(cm) (ybp) (ybp)
Silcox 20-25 GSC-5265 Peat 550 50 495-685 542
Silcox 38-43 GSC-5266 Peat 1010 60 847-1302 993
Silcox 65-70 GSC-5245 Peat 3120 60 2688-3643 3359
SL1 1-2 Poz-19656 NA 115 0.36 -530-545 229
SL1 10-11 Poz-18597 NA 1120 30 833-1133 1042
SL1 41-42 Poz-16805 NA 1614 36 1445-1645 1559
SL1 45-46 Poz-10675 NA 1750 30 1563-1708 1658
SL1 58-59 Poz-19658 NA 1770 30 1716-1936 1834
SL1 66-67 Poz-19659 NA 2160 30 2002-2317 2278
SL1 83-84 Poz-16806 NA 2605 35 2566-2876 2784
SL1 91-92 Poz-19660 NA 2915 30 2907-3162 3027
SL1 114-115 Poz-19661 NA 3250 35 3397-3657 3567
SL1 124-126 AECV 1966c¢C NA 3690 90 3627-4027 3947
SL1 155-156 Poz-19662 NA 3890 35 4238-4848 4444
SL1  181.5-182.5 Poz-20142 NA 5250 40 5532-6217 5838
SL1 195-196 AECV 1905c NA 5780 90 6181-6731 6406
STE 45-46 UCI AMS 54962 Sphagnum stems 105 30 -72-368 69
STE 6768 UCIAMS 58645  |icealeaf 600 20 559-669 650
fragments
STE 79-80 UCI AMS 64589 Sphagnum stems 1175 20 1001-1191 1078
STE 98-99 UCI AMS 54963 Sphagnum stems 1715 25 1552-1717 1641
STE 124-125 UCI AMS 65381 Sphagnum stems 2445 20 2345-2735 2399
STE 160-161 UCI AMS 54964 Sphagnum stems 3255 30 3356-3571 3512
STE 179-180 UCI AMS 67514 Sphagnum stems 3415 25 3608-3768 3703
STE 201-202 UCI AMS 65382 Sphagnum stems 3485 20 3777-3992 3853
STE 223-224 UCI AMS 54965 Sphagnum stems 3960 30 4183-4528 4287
Sphagnum
STE 239-240 UCI AMS 58643 stems/Picea leaf 3975 15 4423-4863 4493
fragments
STE 285-286 UCI AMS 40360 Sphagnum stems 6225 20 5632-7302 5425
VC0406 62-63 Beta-281000 Sphagnum stems 1130 40 786-1286 1004
VC0406 110-111 Beta-281001 Twigs 2140 40 2010-2330 2153
VC0406 185-186 Beta-281002 Sphagnum stems 3770 40 3967-4392 4168
VC0406 237-238.5 Beta-280032 Wood 4760 40 5274-5649 5605
VC0406 303-304 Beta-281003 Wood fragments 5820 40 6580-6855 6729
VC0406 303-304 Beta-281004  Conifer needles 5890 40 6580-6855 6729
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Figure 18: Four scatterplots correlating 2 ka depth as a function of environmental variables. Figures are
arranged from left to right and top to bottom in order of the linear model’s r* value. Solid lines represent
the best fit for linear regressions. Dashed lines represent to the best fit for an exponential regression.
Triangles represent new JBL site data. Circles represent review data.

3.4.3. Permafrost Occurrence and Peat Depth
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Permafrost occurrence was found to have a significant effect on 2 ka depths, and total
depths in the twenty-five HBL-JBL cores (Fig. 19). A one-way ANOVA determined that
there is a statistically significant difference between the depths of permafrost peatlands,
and non-permafrost peatlands (p<0.05). A one-way ANOVA showed that permafrost
peatlands have a significantly shallower 2 ka depth than non-permafrost peatlands
(p<0.0001). Permafrost total depths average 182.8 + 31.6 cm, whereas non-permafrost
total depth average 290.6 £ 112.0 cm. Permafrost 2 ka depths average 41.3 + 23.6 cm

for permafrost peatlands, while non-permafrost bogs average 103.4 £ 33.4 cm.
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Figure 19: Bar and whisker plot of 2 ka depths in permafrost and non-permafrost peat. Central lines
represent medians. Box edges represent the 25% upper and lower quantiles. Whisker lines represent

least and greatest values.

3.5. DISCUSSION

3.5.1. C Accumulation in the JBL
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C accumulation measurements in the eight new JBL sites showed that 40% of C is
younger than 2 ka in the southwest JBL Sphagnum bogs. This is roughly comparable to
estimates for WSL, where 41% of C is younger than 2 ka (Sheng et al., 2004; Beilman
et al., 2009). Only two of my sites, JBL4 and JBL8, have more post-2 ka C than pre-2
ka C, which may have been caused by low relative pre-2 ka accumulation, relatively
high belowground C mineralization, or a combination of both. Apparent rate of C
accumulation is driven by autogenic drivers, allogenic drivers, and complex internal
ecohydrological feedbacks, and has the potential to vary substantially among peatlands

(Belyea and Baird, 2006).

3.5.2. MAAT, GDD, and PAR, as Drivers of Post-2 ka Vertical Peat Accumulation

In my analysis, differing scales show different correlations between post-2 ka apparent
rate of C accumulation, 2 ka depth, and four climate variables. In the eight new JBL
sites MAP significantly correlated with both post-2 ka apparent rate of C accumulation,
and 2 ka depth. This correlation is also significant and positive in my review dataset,
but was low relative to MAAT, GDD, and PAR,. MAP may exercise some local control
over peat accumulation in the JBL, but temperature, seasonality, and photosynthetically
active radiation are likely the major drivers of vertical peat accumulation in the entire
HBL-JBL. This supports the conclusions of a recent global synthesis of peatland C
accumulation rates. Water table depths need to be persistently high for peat to form.

However, once they are present, they do not explain any of the variance of C
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accumulation rates (Charman et al., 2013). It is also possible that small sample size in
the new JBL sites (n = 8) may lower the dataset’s descriptive power.

In the entire HBL-JBL synthesis, there was a significant and positive correlation
between 2 ka and MAP (p < 0.05; Tab. 10), however, we did not observe the inverse
relationship with precipitation similar to that reported by a broad survey North American
peatlands (Gorham et al., 2003). This may be due to the topographic controls in
southern sites (Gorham et al., 2003) that are not present in the more topographically
homogenous HBL-JBL, which | heavily sampled. This was also not a robust
relationship because the correlation was heavily influenced by EL1 site data (MAP =
208 mm, 2 ka depth = 8 cm). If the point is deleted the r? value lowers to 0.087, and the
statistical significance is eliminated.

My study showed that MAAT had a significant effect on vertical peat
accumulation since 2 ka in the HBL-JBL (Fig. 18; Tab. 11). This is analogous to the
relationship found between MAAT and 2 ka depth in WSL; however, there are key
differences between the two areas. In WSL, data fits an exponential regression that
explains more variation (r? = 0.82; Beilman et al., 2009) than the HBL-JBL data’s
exponential regression (r? = 0.49). In WSL there is less variability in 2 ka depth for
permafrost sites, as well as deeper 2 ka depths in southern non-permafrost bogs
(Beilman et al., 2009).

My hypotheses, that GDD,, and PAR are major drivers of peat accumulation in
the HBL-JBL, are supported by significant and positive correlations between these
variables and 2 ka depths. PARy has the highest correlation (p<0.0001, r*=0.62; Tab.

10). In a previous study that analyzed global Sphagnum productivity a linear regression
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between PAR and Sphagnum productivity explained a significant but comparatively
small amount of variance (r?=0.23; Loisel et al., 2012). PARq integrates
photosynthetically active radiation over the growing season length and can potentially
influence two different aspects of peat formation. Photosynthetically active radiation
and growing season length may both drive plant growth, and thus litter input (Clymo,
1998). Growing season length also affects the length of time each year that the ground
is unfrozen and biomass can pass from the acrotelm to the catotelm (Clymo, 1998;
Gorham et al., 2003). My results also support a global study of peatland apparent rate
of C accumulation over the last 1000 years, in which GDD, and PAR, were found to
correlate significantly with post-1 ka apparent rate of C accumulation (Charman et al.,
2013). However, the significance of radiation as a driver of Sphagnum growth has been
debated because of the high degree of shading in boreal peat bogs, and due to
photoinhibition occurring in Sphagnum photosynthetic tissues (Harley et al., 1989;
Murray et al., 1993).

The relationship of growing season length and photosynthetically active radiation
to vertical peat accumulation is important because northern latitudes will be
disproportionately affected by global warming. Models of future anthropogenic climate
forcing predict disproportionate seasonality changes in northern latitudes, and increases
in the length of the growing season (IPCC, 2007). Between 1982 and 1999 the effective
start of the growing season advanced 5.4 days in the northern hemisphere (Jeong et al.,
2011). Remote sensing images indicate that the plant growth in the Canadian low arctic

has increased 0.46—0.67% yr™' from 1982 to 2006 (Jia et al., 2009). However, there will
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likely be complications modeling PAR as a predictive bioclimatic variable because of

the uncertainty in model prediction of future cloud cover (Charman et al., 2013).

3.5.3. The Effect of Permafrost on Peat Depth

Significantly shallower basal depths and 2 ka depths in permafrost peatlands compared
to peatlands that were permafrost-free supported my hypothesis, that permafrost
occurrence inhibits peat accumulation. My hypothesis, that permafrost occurrence
significantly decreased post-2 ka vertical accumulation, was supported by significantly
shallower 2 ka depths in permafrost peat, compared to non-permafrost peat (p<0.0001).
Previous studies indicate that permafrost likely formed during the Little Ice Age (Vitt et
al., 2000b) during the late-Holocene in Western Canada. However, the timing of
permafrost formation in Eastern Canada is not as well understood. Either, permafrost
establishment earlier than 2 ka, or general lower productivity due to constantly lower
MAAT, GDDy, and PAR( without the direct influence of permafrost, may explain overall
shallower permafrost peat.

There was consistent vertical growth in peatlands post-2 ka. Only two cores,
JBL5 and EL1, contained near surface macrofossils that dated pre-modern. JBL5 had
dates of 204 and 207 ybp at 8 and 12 cm respectively (Tab. 4), and EL1 had a 13 cm
depth dating near 3.0 ka (Tab. 11). Besides these two sites, there is little evidence for
the recent shutdown of permafrost 2 ka C accumulation described in the WSL (Beilman

et al., 2009). Post-2 ka depth measurements indicated diminished, but ongoing, vertical
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accumulation, similar to the described activity in a survey of subarctic palsas (Olefeldt et
al., 2012).

Controls of permafrost on late-Holocene peat growth show that productivity,
rather than decay currently drives the significant climatically related differences in peat
growth observed here. However, the resulting changes in hydrology and CH4 emissions
from melting permafrost will likely result in a greater uncertainty in peatland C cycle
feedbacks (IPCC, 2007). Past studies of northern and southern regions in the HBL-JBL
show that CH4 emissions were lower than previously estimated (Roulet et al., 1994). If
non-permafrost peatlands store C faster than permafrost peatlands, then peatlands
could act as a negative feedback to future warming (Turetsky et al., 2007; Beilman et
al., 2009) at least as transient reactions to warming. The effect of permafrost melt on
hydrology is also controversial. Some studies project that permafrost melts will increase
drainage (Jorgenson and Osterkamp, 2005; Riordan et al., 2006) while others claim that

it will increase peatland extent (Payette et al., 2004).

3.6. CONCLUSION

In the eight peatlands that | studied in the JBL, approximately 40% of their total soil C,
16.3 to 62.5 kg C m™, is younger than 2 ka. In the entire HBL-JBL, vertical peat growth
since 2 ka correlates significantly and positively with modern mean annual precipitation.
2 ka depth in the entire HBL-JBL also correlates significantly and positively with
atmospheric thermal properties, and most closely with photosynthetically active

radiation integrated over the growing season. There is also evidence for significantly
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reduced, although continuing, post-2 ka peat accumulation in permafrost bogs. These
two pieces of evidence suggest the possibility that initial increased productivity of
northern peatlands due to projected climate change in the 21 century and the arctic
amplification of warming could produce increased C storage and a potential negative
feedback to potential climate warming at least in a transient fashion until the climatic

envelope for peatland maintenance is exceeded in northern regions.
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4. Mid to Late-Holocene changes in Hydrology, Peatland Ecology, and Carbon

Accumulation in the Canadian James Bay Lowlands

4.1. ABSTRACT

Holocene hydrological and ecological variations are important for understanding high-
latitude peatland dynamics because they affect the rates of soil carbon (C)
accumulation. | reconstructed a 7.4 ka (ka = 1,000 calendar years before present [ybp])
record of water table depth (WTD) for a peatland in the James Bay Lowlands using
testate amoebae. WTD varied from 6 to 35 cm over the last 7.4 ka with relatively dry
conditions from 7.4 to 4.5 ka, and moister conditions from 4.5 to 2.4 ka likely reflecting
large-scale changes in atmospheric circulation. The Medieval Climate Anomaly (1000 —
700 ybp) was a relatively wet event, and the Little Ice Age (500 — 200 ybp), was a
relatively dry event. This pattern is consistent with other reported records in the region,
as well as modern responses of precipitation patterns to periods of North American
warming and cooling and La Nina/El Nino variations. | also compared fluctuations in
WTD to macrofossil-based records of peatland ecological conditions. At approximately
4.5 ka the peatland exhibited a shift in ecology from a Sphagnum dominated bog to an
herbaceous dominated fen that was associated with an extreme wet period. The
inundation of a Sphagnum peatland by calcium rich water could have caused this
unconventional ecological change. Generally high C accumulation rates at the site

were associated with wet conditions. However, LARA also rose during brief droughts
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indicating that extreme hydrological events have a complex relationship with peat

productivity, and decay rates

4.2. INTRODUCTION

Peatlands serve a dual climatic role as important carbon (C) sinks and as archives of
past events for which data from their stratigraphy can elucidate climate — C relations
(Clymo, 1998; Bridgeham et al., 2006; Dise, 2009; Chambers et al., 2011). Peatland
climate proxies can be used to generate data, and validate models of hydrology and
precipitation patterns (Booth et al., 2006; Booth et al., 2012). Testate amoebae (TA)
have proved useful for performing WTD and pH reconstructions in peatlands and lakes
(Charman et al., 2000; Booth, 2008; Mitchell et al., 2008). Studies in Scandinavia
(Andersson and Schoning, 2010), the Quebec James Bay Lowlands (JBL; Loisel and
Garneau, 2010; Lamarre et al., 2012) and Ontario (Bunbury et al., 2012; Elliot et al.,
2012) have reconstructed WTD with TA, and then compared WTD to peatland
vegetation reconstructions using macrofossils, and/or long-term apparent rate of C
accumulation (LARCA). Such work allows a direct linking of hydrology to vegetation
change and variations in LARCA.

Globally TA based WTD records have been used to reconstruct both site-
specific, and climate driven hydrological patterns. They have provided data on
differential drainage between sites (Warner et al., 1992; Klein et al., 2013), and have
been linked to autogenic changes such as shifts in surface plant community ecology

(Lamentowicz et al., 2010, McMullen et al., 2004) and hummock-hollow development
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(Andersson and Schoning, 2010). They have also been useful for reconstructing
climate patterns related to solar intensity cycles (Hughes et al., 2006; Mauquoy et al.,
2008), broad changes in precipitation related to the Holocene Thermal Maximum (HTM,;
Nichols et al., 2009), El Nifio Southern Oscillation (ENSO; Mcglone and Wilmhurst,
1999; Booth et al., 2005), and North Atlantic Oscillation (NAO; Charman and Hendon,
2000). TA have been instrumental in documenting the effect of the Medieval Climate
Anomaly (MCA; 1000 — 700 calendar years before present [ybp]; Bunbury et al., 2012;
Booth et al., 2012), the Little Ice Age (LIA; 500 — 200 ybp; Bunbury et al., 2012;
Lammare et al., 2012), modern climate change, and many droughts of regional to global
scale (Booth et al., 2005; Booth et al., 2012).

Long-term apparent rate of C accumulation (LARCA; Gorham et al., 1991;
Clymo, 1998) at individual sites is sensitive to water table fluctuations, peat vegetation
composition, and rates of decay in addition to atmospheric thermal properties and
photosynthetically active radiation (Laiho, 2006; Beilman et al., 2009; Loisel and
Garneau, 2010; Loisel et al., 2012; Charman et al., 2013; Ch. 3). Future climate change
may cause shifts in the magnitudes and directions of C fluxes; therefore, it is important
be able to predict moisture changes, as well as the relationship between moisture and
peatland C storage. In this chapter | present water table depth (WTD) reconstructions
for a peatland in Ontario based on (TA) in order to test hypotheses regarding variations
in Holocene circulation and precipitation patterns in boreal Canada. | also compare this
hydrological reconstruction to previously published macrofossil, and LARCA data to
elucidate the complex relationship between WTD, peat vegetation/macrofossil content,

and LARCA.
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The Hudson and James Bay Lowlands (HBL-JBL) of Canada are part of the
second largest peatland complex in the world (Riley, 2011; Tarnocai, 2011), and are
underrepresented by paleohydrology studies; currently having one TA based WTD
reconstruction (Bunbury et al., 2012). Precipitation in Canada has been dependent,
both historically and at present, on the position of the Arctic and Pacific Fronts, and the
phases of ENSO and NAO. Before the HTM the arctic front had a relatively southern
position as documented by stable isotope records ~7 ka (ka = 1,000 ybp; Edwards et
al., 1996). The arctic front moved north during the HTM to its’ most northern extent
between 6 and 4 ka, along with the northernmost position of the tree line (Edwards et
al., 1996; MacDonald et al., 1998; Beringer et al., 2001). During the MCA (Lamb, 1965;
Broecker, 2001; Moberg et al., 2005; Mann et al., 2009; Ljungqvist et al., 2010; Graham
et al., 2011), relatively cool, La Nifia-like Pacific Sea surface temperatures (SST),
possibly coupled with an anomalously warm North Atlantic, caused drought across most
of North America (Booth et al., 2005). However, modern observations show that
regions of Central Ontario are prone to positive precipitation anomalies under La Nifa
conditions (Seager et al., 2008; Fig. 20). TA analysis in the area indicates that the MCA
and the LIA (Mauquoy et al., 2002; Viau et al., 2002; Moberg et al., 2005; Mann et al.,
2009; Ljungqvist et al., 2010) were likely wet events (Bunbury et al., 2012). However,
the LIA has been reported as more spatially variable in WTD reconstructions in Canada
because of the southern movement of the Arctic front (Kaislahti Tillman et al., 2010),
and hydrological changes caused by the formation of permafrost (van Bellen et al.,
2011; Lammare et al., 2012). The modern extent of the Arctic front is variable, and

dependent on temperature (Mamet and Kershaw, 2011).
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It is important to understand the drivers of local hydroecological change because
fen to bog transitions likely have a large effect on greenhouse gas emissions
(MacDonald et al., 2006; Dise, 2009). Models of peatland development often treat fens
and bogs as alternative stable states, which maintain competitive advantages by
positive feedback with abiotic conditions (Meinders and van Breemen, 2005; Eppinga et
al., 2009). Bogs outcompete fens by maintaining a positive feedback with groundwater
chemistry (low pH, and low nutrient concentrations), whereas fen vegetation out-
competes bog vegetation for light (van Breemen, 1996; Meinders and van Breemen,
2005; Eppinga et al., 2009). In Chapter 3, | presented the results of macrofossil
analyses for eight cores in the JBL. In classic models of peat succession minerotrophic
fens, dominated by herbaceous vegetation, transition to Sphagnum dominated,
ombrotrophic bogs due to paludification by Sphagnum (van Breemen, 1995). However,
several sources list possible modes of peatlands reversing this trend by transitioning
from Sphagnum dominated systems to Carex dominated systems due to flooding
(Mitchell and Niering, 1993; Lamers et al. 2002; Bauer et al., 2003).

Future precipitation change may induce C cycle feedbacks by directly or
indirectly affecting the productivity and decay of peat. Although growing season length
and photosynthetically active radiation are the dominant drivers of peat accumulation
over the late-Holocene (Beilman et al., 2009; Loisel et al., 2012; Charman et al., 2013),
peat needs to form within a climatic envelope dominated by surface moisture (Laiho,
2006; Yu et al., 2009). Multi-year observations of fens and poor fens in Alberta showed
that productivity during drought years is constrained by available moisture (Adkinson et

al., 2011). LARCA in bogs can be highly dependent on moisture thresholds of
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Sphagnum species (Strack et al., 2009). However, drought can also change the density
of peat because of bog collapse (Winston, 1994), and the phenotypic plasticity of
Sphagnum mosses (Turetsky et al., 2008). Some studies indicate that WTD drawdown
can decrease Sphagnum productivity (Robroek et al., 2009), as well as increase peat
decay (Fenner and Freeman, 2011). While other studies show that Sphagnum is more
competitive during fluctuating WTD conditions (Breeuwer et al., 2008).

In this chapter | address several research questions regarding Holocene
hydrology, ecology, and C accumulation at a peatland in the JBL: 1. What was the
range and variability of WTD throughout the pre-HTM and HTM of the mid-Holocene
(7.4 — 2.5 ka; Kaufman et al., 2004) and cooler late-Holocene Neoglacial period (2.5 ka
— present day)? 2. What was the range and variability of WTD during the warm MCA
(1000 — 700 ybp) and cooler LIA (500 — 200 ybp)? 3. What hydrological change, if any,
was associated with succession events that were previously reported for JBL7 (Ch. 2)?
4. How has LARCA responded to long and short-term changes in hydrology during the
mid and late-Holocene, and were such responses to hydrological changes consistent for

all wet and dry periods?

4.3. MATERIALS AND METHODS

4.3.1. Study site and core information

JBL7 (54°23'43.1" N, 89°31'19.7” W; Fig. 20) is a raised peat bog in the JBL. A

stratigraphic core was collected in the summer of 2008 as part of an eight core transect
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of central and northern Ontario. The site is part of a large wetland complex, with Picea
mariana stands of varying ages, open Ledum spp., Chamaedaphne spp., and
Sphagnum fuscum dominated hummocks, and occasional lichen mats. JBL7 is located
just south of the discontinuous permafrost zone and the average summer boundary
between the moist Pacific front and the dry Arctic front. JBL7 exists in a watershed with
very low relief and surface water moving through meandering streams and rivers; there
is a relatively small stream channel downslope 1 km to the south and a larger river
downslope 9 km to the north.

| created an age-depth model using multiple radiocarbon ('*C) dates and ‘Bacon’
age-depth modeling software (Fig. 21; Tab 5; Blaauww and Christen, 2011). Methods
and results are detailed in Chapter 2. | analyzed macrofossil assemblages based on
semi-quantitative lab identification of relative abundances of recognized macrofossil
groups, and identified down to the genus or species level when possible (Ch. 2; Fig.

10).
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Figure 20: JBL7 is located in area that is

crucial to understand because of its high levels of soil C,

precipitation anomalies, and local hydrology. Top: JBL7 and notable review sites mentioned in the text,

as well a peatland C mass, and permafros

t distribution (Brown et al., 1998; Tarnocai, 2011). Bottom left:.

A map showing compiled precipitation anomalies for the seven most extreme La Nifia events since 1949

according to the Multivariate ENSO Index

(1949-51, 1954-56,1964-66,1970-1972,1973-75, 1988-90,

2010-2011; NOAA/ESRL, 2013a,b), as well as the modern position of the arctic front (Ladd and Gajewski,
2009). Bottom right: Local surface hydrology, and both fen and bog distribution near JBL7 (Provincial
Land Cover Data Base, Second Edition; 2000).
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Figure 21: The age-depth Model for JBL7 using multiple *C ages, and ‘Bacon’ statistical software
(Blaauww et al., 2011).

4.3.2. TA processing

| used a combination of high-resolution sampling, based on age-depth models (Fig. 21),
and coarse resolution sampling, to reconstruct hydrological variability in JBL7. The
sampling resolution post-2 ka varied depending on the age-depth model, but was
generally lower than 60 years sample™, in order to register relatively short climate evens

such as the MCA and LIA. | used a lower resolution standard sampling interval 4 cm on
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pre-2 ka sections of the cores to capture broader trends earlier Holocene WTD
variability in relation to the HTM, and long-term ecological changes. Temporal
resolution pre-2 ka was also limited by low-test counts in some sections.

Processing and identification of TA followed protocols modified from Charman
(2000) and Booth et al. (2010). | removed subsamples of peat using a stainless steal
tube with a 1 cm diameter, measured them lengthwise with digital calibers to calculated
sample volume (Ch. 2), boiled samples gently for 10 minutes, adding 1 tablet spiked
with a known number of exotic Lycopodium spores, in order to verify the quality of
processing and to calculate concentration of amoebae (Booth et al., 2010). | separated
TA from peat using two stages of filtration (Booth et al., 2010). | filtered samples
through a 250 pm filter and reverse-filtered them through a 7 ym filter. Common North
American TA tests sizes typically fall between 10 - 200 um in length (Charman, 2000;
Booth et al., 2008). | centrifuged samples, added Saffron dye, preserved TA in glycerol,
and counted tests under a compound microscope at 400 x magnification. | counted 150
tests sample™’ except for samples that had fewer than ~6000 tests cc™, for which |
halted the analysis at 50 tests (Payne and Mitchell, 2009).

| identified TA following Charman et al. (2000) as modified by Booth (2008),
including shells of the rotifer species, Habrotrocha angusticollis (Booth, 2008). The
ubiquitous species identified in much previous work as Amphitrema flavum, is presented
here as Archerella flavum to conform to current taxonomy and nomenclature (Gomaa et
al., 2013). Several taxa were combined into single categories in this study, due to their

ecological or morphological similarity (Tab. 15).
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Table 15: A list of taxa (Booth, 2008) that were combined in this analysis because of ecological and
morphological similarity.
Booth, 2008 Combined Categories
Heleopera rosea, Heleopera
sphagni, and Heleopera perticola
Amphitrema wrightianum,
Amphitrema stenostoma
Trignonopyxis minutae,
Trigonopyxis arcula
Trinema lineare, Corythion
dubium type
Nebela bohemica, Nebela collaris Nebela bohemica type

Heleopera spp.
Amphitrema wrightianum type
Trigonopyxis spp.

Corythion dubium type

4.3.3. Statistics

| described TA percentages using a constrained cluster analysis (Bennett, 1996;
Juggins, 2009; R development core team, 2013), and reconstructed WTD using a
weighted-average transfer function approach (Booth, 2008). Figure 22 plots the optima
and tolerances of major species identified in JBL7. Although North American transfer
functions do not yet integrate surface sample data from the HBL-JBL, studies indicate
that a transfer function’s calibration dataset can affect the magnitude, but not the
direction of WTD changes (Turner et al., 2013). | built stratigraphy plots displaying TA
percentage, WTD, and LARCA using C2 software (Juggins, 2003). | also extrapolated
WTD at 1 cm increments using linear interpolation, while excluding interpolated values

from three areas with low TA concentration.

79



| . | Difflugia pristis type
| . | Amphitrema wrightianum type
| . | Cyclopixus platystoma

| . | Heleopera spp.

| Phryganella acropodia

| . | Archerella flavum
| . | Difflugia pulex
| . | Hyalosphenia papilio
| . | Arcella catinus type
I . | Nebela militaris
| . | Assulina muscorum
| . | Cyclopyxis arcelloides
type
| . | Trigonopyxis spp.
| | | | | |
0 10 20 30 40 50
WTD (cm)

Figure 22: An xy plot with a list of common taxa identified in JBL7, as well as their mean WTD and
minimum and maximum tolerances (Booth, 2008).

Table 16: Transfer function performance statistics for JBL7.
Transfer Function RMSE P2
Weighted averaging model (inverse
deshrinking) for wtd 8.27 0.70

4.4, RESULTS
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4.4.1. TA and WTD

TA clustered into five zones (A-E; Fig. 23; Tab. 17). Zone A spans the mid-Holocene,
the longest range of any of the zones, from 7.4 ka to 2.6 ka. The section is dominated
by Amphitrema wrightianum type, Archerella flavum, Assulina muscorum, Cyclopyxis
arcelloides type, Cyclopyxis platystoma, Heleopera spp., Hyalosphenia papilio,
Phyganella acropodia type, and Trigonopyxis spp. WTD was the most variable during
this period ranging from 8 - 35 cm and was 17 £ 7 cm on average. This period was
marked by three discrete periods of sparse TA abundance ranging from 5976 - 5047
ybp, 4290 - 4083 ybp, and 3145 - 2720 ybp. Zone A ended following a brief dry period
indicated by a local increase in Trigonopyxis spp. Zone B spans the pre-MCA period of
the late-Holocene and had stable, moderate WTD (11 £ 2 cm). Dominant species
include Archerella flavum, Difflugia pulex, and Heleopera spp. In Zone C (1258 — 721
ybp), Archerella flavum decreased, Difflugia pulex increased along with other common
species, Arcella catinus type, and Arcella vulgaris. WTD increased the highest/wettest
in the core (10 £ 2 cm). Zone D spans from 674 to 294 ybp and showed decreases in
the Arcella and Difflugia species, as well as the dominance of Archerella flavum. WTD
dropped to 12 + 2 cm and ranged from 9 - 17 cm. Zone E ranges from 249 ybp to
modern times and coincides with acrotelm peat. Archerella flavum was replaced in
dominance by Assulina muscorum, Hyalosphenia papilio, and Nebela militaris. WTD

was relatively low (20 £ 6 cm).
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Figure 23: Stratigraphy data for JBL7 including, age, TA species > at least 20% at some point in the core,

WTD reconstructions, and TA zones based on a constrained cluster analysis. Grey bars represent
periods of low TA data.
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Table 17: Zones, dominant taxa, and WTD descriptive statistics for JBL7, listed for each zone.

TA zone Depth Range Age Range Dominant Taxa

(cm)

(ybp)

WTD Range WTD Average

(cm)

(cm)

A 324 - 152

B 148 - 99

C 97 - 86

D 85 - 58

Amphitrema wrightianum
type, Archerella flavum,
Assulina muscorum,
Cyclopixus arcelloides
7425 - 2573 type, Cyclopixus
platystoma, Heleopera
spp., Hyalsphenia papilo,
Phryganella acropodia
type, Trigonopyxis spp.
Archerella flavum,
2542 - 1285 Difflugia pulex, Heleopera
Spp.,
Arcella catinus type,
Archerella flavum,
Difflugia pristis type,
Difflugia pulex
Archerella flavum,
Difflugia pulex
Archerella flavum,
249 - -37 Hyalsphenia papilo,
Nebela militaris

1258 - 721

674 - 294

7-14

7-13

9-16

12 - 28

17 £ 7

11 £2

10 £ 2

12 +£ 2

19+ 6

The late-Holocene average WTD (13 cm) was higher than the average mid-

Holocene WTD (18 cm). Zone C, corresponds with the timing of the MCA, and was

relatively wet. Zone B corresponds with the timing of the LIA, and was relatively dry.

Zone A corresponds with the last three centuries and was marked by gradual decline in

WTD.

4.4.2. WTD changes associated with Macrofossil and LARCA Record

There were two major changes in the macrofossil assemblage that were associated with

extreme hydrological events. The peatland initiated as a Sphagnum-dominated system,
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transitioned into woody Sphagnum peat, and shifted to a herbaceous dominated fen
system abruptly (4.5 ka; Fig. 24). This transition was associated with wet conditions
compared to previous millennia. Sphagnum vegetation became dominant again at 2.4

ka following an extreme dry event.

Edwards et al., 1996 Bunbury et JBL7
al., 2012
ARH% wrt present WTD (cm)
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Figure 24: JBL7 shows mid-Holocene synchronicities with a central Canadian compiled record of
change in relative humidity with respect to present (ARH% wrt present; Edwards et al., 1996), and late-
Holocene synchronicities with a WTD reconstruction from another JBL record (Bunbury et al., 2012).
JBL7 WTD reconstructions are also compared with macrofossil and LARCA data from the same core (Ch.
2). The solid line indicates the mean WTD value for the entire record. The dashed line represents the
mid-Holocene, and late-Holocene averages.

Generally, LARCA changes were associated with extreme hydrological events
(Fig. 24). There was a brief increase in LARCA at 6.1 ka associated with a brief drought
during Sphagnum dominated conditions. At approximately 4.7 ka, LARCA increased to

its’ highest point in the core associated with the loss of woody peat and wet conditions.
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From 2.6 to 2.4 ka dry conditions occurred at the same time as high LARCA. During the
last 400 years LARCA increased due to acrotelm process, but was also associated with
lower WTD. There is a weak but significant correlation between WTD and LARCA
(r*=0.03; p<0.001; Fig. 25). However both extreme low and extreme high WTD have
high residuals compared to the predictions of a linear model. At the wet extreme there
was more variability in residuals; at the dry extreme residuals were higher than

predicted by the linear model.
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Figure 25: Scatter plot showing correlation between WTD and LARCA, as well as a plot of standard
residuals relative to a linear model with WTD as the causal variable and LARCA as the dependent
variable.

4.5. DISCUSSION

4.5.1. Mid-Holocene WTD Changes
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Although peatland WTD is heavily dependent on local drainage and surface
microtopotraphy, and this study is based on single core and a single site, dramatic shifts
in WTD Holocene changes in WTD show synchronicities in timing and magnitude for
relative humidity reconstructions from Northern Canada (Fig. 24). From 7.4 to 4.6 ka,
WTD was generally lower than the full record, and mid-Holocene averages indicating
dry conditions. This could have been due to the relatively southerly position of the
Arctic front and drier conditions during the cool pre-HTM period. From 4.6 to 3.1 ka
WTD was generally higher than the mid-Holocene mean, indicating wet conditions,
which may indicate the relatively Northern position of the Arctic front and greater
precipitation during the HTM. The transition to moist conditions during the HTM in
eastern Canada is also apparent in other paleo-climate records. In Elk Lake, Michigan,
a record of ostracodes and diatoms indicate relatively warm, near-modern, air
temperatures between 6.7 - 4.0 ka, with peak wet conditions approaching 90% of their
modern values between 4.3 - 4.0 ka (Forester et al., 1987). In southern Ontario Pinus
forests were replaced by oak savannah in Southern Ontario 6.0 - 4.0 ka. Transition
could have been caused by a transition to moist conditions (Szeicz and MacDonald,
1995). The beginning of this wet period was also observed by Bunbury et al. (2012)
around 4.5 ka in the Victor fen area, and was associated with a transition from fen to
bog conditions. Wet events north of the Great Lakes in this general time period may
also be associated with the 4.2 ka drought that is indicated by multiple
paleoenvironmental records in the Great Lakes region (Booth et al., 2005).

There were two dry periods recorded for 6.1 and 2.5 ka (Fig. 24). These may

have been cause by site-specific changes in drainage or surface microtopography.
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However, previous studies indicate that 6 ka was the beginning of a period of drastic
climate and ecological shifts in the Canadian arctic (Prentice et al., 1991; Gajewski et
al., 2000). Pollen reconstructions in North America indicate longer growing seasons
~6.0 ka (Bartlein et al., 2011). Longer growing seasons could increase the amount of
time over which evapotranspiration can occur annually (Bracht-Flyr and Fritz, 2012).
This was also a period of rapid isostatic uplift, and shifting watersheds could have
caused hydrological changes. Unfortunately there is a paucity of data between 6.0 —
5.0 ka (Fig. 23), possibly due to the increase in aerobic respiration in the rhizosphere
associated with wood and Sphagnum dominated sections, and the poor preservation of
tests. The 2.5 ka drought may be associated with neo-glacial cooling and the return of

the dominance of the Arctic front.

4.5.2. Late-Holocene WTD changes

The late-Holocene was generally wetter than the mid-Holocene starting about 2.4 ka.
The Pacific front likely dominated central Ontario despite neoglacial cool conditions,
similar to modern conditions. The shorter-term variations such as the MCA and LIA
indicate wet/dry conditions compared to the late-Holocene mean (Fig. 24). The
relatively wet MCA is consistent with other reports in Central Ontario (Bunbury et al.,
2012). This also supports modern observations and climate models that indicate
positive precipitation anomalies in the JBL region during warm temperature induced La
Nifia conditions (MacDonald and Case, 2005; Feng et al., 2008; Seager et al., 2008;

Fig. 20) and a strong westerly storm-track. The LIA corresponded to the lowest WTD of
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the core, and was dry relative to the MCA and moderate relative to the Holocene
average. This differs from the other published record from the JBL, which reported a
wet LIA. However Bunbury et al. (2012) reported a dry period lagging the MCA. This
dry spike many be analogous to my report of the LIA, but differs in timing because of
different resolutions of the two age-depth models (Fig. 21). Dry conditions during the
LIA may have been due to the southern expansion of the arctic front, or the formation of
permafrost, which can increase surface drainage in some cases (van Bellen et al.,
2011).

Acrotelm peat spans the last two centuries, and contains species such as Nebela
militaris, that are not generally present in catotelm sections (Fig. 23; Tab. 17). This
could be a recent change due to drying associated with the shapr Arctic temperature
amplification of global warming (Overpeck et al. 1997; Kaufman et al., 2009), or it could
be an artifact of TA preservation. Other records in Ontario have the same drying trend
over than last two centuries (Bunbury et al., 2012), however this is largely absent from
similar peatland in the Quebec JBL (Loisel and Garneau, 2010; van Bellen et al., 2011).
Future studies could statistically compare modern drying across multiple cores, identify
potential problematic taxa, and reapply transfer functions to determine if drying is an
artifact, or a robust global trend. If the drying trend in the JBL is representative of
modern moisture balance, then reports of MCA precipitation and C cycling need to be
interpreted with a caveat. The MCA and modern global warming have different drivers
and may not be prudent in all cases to connect C cycle feedback changes during the

MCA to future climate change.
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The general pattern over the Holocene in JBL7 indicates relatively dry and
variable conditions during the mid-Holocene and relatively stable and wet conditions
during the late-Holocene. A pollen-based reconstruction focusing on Tsuga in Michigan
indicates a general increase in precipitation since 7 ka, and relatively little change in
precipitation since 2 ka (Calcote, 2003). Three pollen records from central Alberta

indicate cooler, stable, moist conditions since 3 ka (Vance et al., 1983).

4.5.3. Vegetation Changes in the Mid-Holocene

Hydroecology in peatlands is complex, and it is possible that autogenic changes or
feedbacks between ecology and hydrology could be responsible for changes (Swindels
et al., 2012). However, two vegetation changes at approximately 4.5 ka and 2.4 ka,
may have been caused by external forcing, either watershed or climate changes. The
4.5 ka shift reversed common succession patterns in peatlands, whereas the 2.4 ka
shift followed them (Fig. 24). TA based WTD indicated that the 4.5 ka ecological
transition occurred following an extreme wet period, and that the 2.4 ka shift was
preceded by a dry period. Ecologically extreme events in the mid-Holocene may have
been the result of allogenic transitions that affected both the vegetative composition of
the peat and the surface moisture, or allogenic changes due to the complex internal
feedbacks of peat forming species.

In JBL7 the 4.5 ka bog-fen transition was coincident with a locally low water table
(Fig. 24). This type of change has been observed in North American peatland

complexes due to the flooding of bog margins and the upslope expansion of fen
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communities (Bauer et al., 2003). In the Netherlands many present-day fens have
formed over bogs that were flooded by anthropogenic activity. Lamers et al. (2002) cite
the infiltration of riparian water as one mechanism of bog to fen transition. The
reestablishment of herbaceous vegetation was also documented in Beckley Bog,
Connecticut, over a five-year period due to flooding due to beaver dams (Mitchell and
Niering et al., 1993). Watersheds were highly variable during the Holocene in the JBL
because of the land’s low relief, and the high rates of isotatic uplift (Webber et al., 1970;
Dyke et al., 2003; Riley, 2011). A meandering stream could have intersected the
peatland at some point, or the area could have been periodically flooded in the spring
due to ice jams in nearby streams and rivers (Fig. 20).

A second ecological transition occurred, when vegetation switched back to
Sphagnum dominated bog ~2.4 ka; this was preceded by relatively dry conditions (Fig.
24). This may indicate autogenic events such as hummock and hollow development
(Pouliot et al., 2011), or an allogenic change such as gradual watershed or climate
shifts (Edwards and Wolfe, 1996; Glaser et al., 2004a). Sphagnum fuscum is a
relatively robust competitor in rich fens under persistently dry conditions (Granath et al.,
2010). Manipulation studies show that extended periods of low water tables can cause
a shift in vascular plant dominance away from graminoid species. Overall, droughts can
cause Sphagnum and vascular assemblages to switch from a hollow-type community to

a lawn or hummock-type community (Breeuwer et al., 2009).

4.5.4.Correlation between WTD and LARCA
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WTD had a low, but significant correlation with LARCA in JBL7 (r*= 0.03; p = 0.01; Fig.
25). High LARCA values were associated with extreme wet conditions, indicating that
wet conditions positively influence net C sequestration through positively influencing
plant productivity, negatively influencing peat decay, or both (Blodau et al., 2004).
Reconstructed WTD may be intercorrelated winter snow pack, which positively
correlates with dry mass production of Sphagnum fuscum (Dorrepaal et al., 2004).
However, the ecological change occurring during wet shift ~4.5 ka that state changes
could decouple any equilibrium or negative feedback between WTD and LARCA,
causing a much more complex relationship than a simple linear model can explain.
Less extreme LARCA increases also occurred during dry events. 6.1 ka was a
time period that has been identified to have relatively high LARCA across four different
sites in the JBL (Fig. 24). In JBL7 this was associated with punctuated dry conditions.
Although Sphagnum generally produces recalcitrant litter, there is phenotypic plasticity
in species response to drought. Hummock species can increase the relative abundance
of structural carbohydrates, which can lower the decay potential of litter, whereas hollow
species can increase the relative abundance of metabolic carbohydrates, which can
increase growth rate (Turetskey et al., 2008). There also may be higher amounts of
physical peat compaction during droughts causing higher LARCA (Winston, 1994). The
effect of drought on peat compaction, and peat biochemistry should be a topic of further
studies to investigate possible complex effects of drought on peat formation and
preservation. Future studies should also investigate WTD at 6.1 ka across multiple
sites to determine in the same drought conditions exist associated with temporarily high

LARCA.
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4.6. CONCLUSIONS

A Holocene reconstruction of WTD indicates that patterns in vegetation and hydrology
were complex throughout the mid-Holocene likely due to the dominance of Pacific and
Arctic air masses, and the strength of the westerly storm track. The pre-HTM period
was generally dry indicating the possible dominance of the Arctic summer front,
whereas the HTM was wetter possible due to the influence of the Pacific summer front.
Punctuated dry conditions occurred around 6.1 ka and 2.5 ka. The late-Holocene had
moderate and stable WTD compared to the mid-Holocene, following a general trend of
trend of increasing North American moisture and climate stability since ~2.5 ka. The
MCA registered as a relatively wet event, whereas the LIA was relatively dry, supporting
the conclusions of previous studies, and modern precipitation anomaly data for the
region. Two dramatic changes in the macrofossil record were associated with extreme
hydrological events with the transition from bog to fen 4.5 ka occurring due to wet
events, possibly caused by flooding by mineral rich water, and a 2.4 ka resurgence of
bog vegetation, possibly caused by drought or drainage changes returning competitive
advantage to Sphagnum. LARCA was generally high during wetter periods, but also
rose during brief periods of drought, indicating that there are possible contradictory
effects of WTD on peat productivity and decay. | view this as a step towards increasing
the number of multi-proxy paleoecology and paleo-climate studies in the sensitive
boreal zone of Canada, testing the predictions of climate models, and improving

peatland C storage models.
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5. Impact of the Medieval Climate Anomaly, Little Ice Age, and Recent Warming

on Hydrology and Carbon Accumulation in the James Bay Lowlands

5.1. ABSTRACT

The reconstruction and analysis of late-Holocene hydroclimatic variations can be useful
to understanding the sensitivity of peatland soil carbon (C) to climate change, and the
magnitudes and directions of possible future C cycle feedbacks. Four testate amoeba
based reconstructions of peatland hydrology along a north to south transect of the
James Bay Lowlands of Ontario record changes in hydrology and C accumulation
coincidental with the Medieval Climate Anomaly (MCA; 1000 — 700 calendar years
before present [ybp]), the Little Ice Age (LIA; 500 — 200 ybp), and recent warming. The
three southern sites indicate that water table depths (WTD) fluctuated relative to the
mean, with a wetter MCA and drier LIA. However, the most northern sites indicate that
a wet LIA and dry MCA. This could reflect regional variability of late-Holocene
precipitation patterns consistent with observed climatic patterns, or the establishment
and deterioration of permafrost. All four cores indicated recent drying. Increased
moisture detected in the three southern sites is consistent with a geographic pattern of
drought in the southwest and central plains region coupled with increased moisture in
the Pacific Northwest and north of the Great Lakes that is related to changes in the
planetary wave and westerly storm track. These proxy records constrain the
geographic extent of MCA drought in the Great Lakes region and support previous

model simulations. Despite the hydroclimatic sensitivity of the region no distinct

93



relationship was observed between variations in WTD over the MCA, LIA, and recent
warming and long-term apparent rates C accumulation from the same cores, indicating
that at these particular sites at least, C accumulation has not been sensitive to the

range of climatic variability associated with the MCA, LIA and recent warming.

5.2. INTRODUCTION

Although there is general agreement between climate models about likely patterns of
warming over the 21 century there is less agreement in terms of precipitation and
moisture balance. Examination of surface moisture variability over the Holocene can
serve as a natural experiment for modern and projected effects of climate change on
precipitation, surface moisture and potentially, carbon (C) accumulation in northern
peatlands (Loisel and Garneau, 2010; van Bellen et al., 2011; Bunbury et al., 2012;
Lamarre et al., 2012). The late-Holocene is of particular interest to reconstructing
hydroclimate and peatland C accumulation because past variations may be, in some
cases, analogous to future climate change (Berger and Loutre, 1991; Beilman et al.,
2009). The Medieval Climate Anomaly (MCA; 1000 — 700 calendar years before
present [ybp]; Lamb, 1965) and the Little Ice Age (LIA; 500 — 200 ybp; Viau et al., 2002)
have been framed as natural experiments that can elucidate the effects of both
depressed and elevated temperatures on surface moisture conditions and the combined
effect of both on long-term apparent rate of C accumulation (LARCA; Clymo et al.,

1998; Loisel and Garneau, 2010; Bunbury et al., 2012).
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The southern extent of the central North American boreal zone is a crucial area
for studying climate change and documenting the extent of late-Holocene droughts.
Coupled climate models and empirical data indicate that the MCA hydroclimatology was
likely analogous to La Nifia events, cool-tropical Pacific, coupled with a anomalously
warm portions of the North Pacific, and a warm North Atlantic, which caused droughts
extending through much of North America, but may have produced greater precipitation
in regions north of the Great Lakes (MacDonald and Case, 2005; Feng et al., 2008;
Seager et al., 2008).

The hydroclimatic response of the James Bay Lowlands (JBL) is particularly
important because they contain the second largest continuous peatland complex, as
well as some of the most concentrated peatlands in the world (Riley, 2011; Tarnocai et
al., 2011). They also lie in an area where warm medieval climate may have produced
moister conditions relative to regions further south (Ch. 4). This geographic pattern is
evident in the spatial patterning of La Nifa-year (2012) precipitation anomalies
(NOAA/ESRL, 2013; Ch. 4). However, records of Holocene surface moisture and
precipitation remain sparse in the subarctic and boreal zone, and are unavailable for
large areas of the JBL (Bunbury et al., 2012; Ch. 4).

Droughts can have contradictory effects on C accumulation, and their net effect
is likely dependent on hydrology interacting with plant productivity, plant-soil
interactions, and peat decay (Dise, 2009; McGuire et al., 2009; Yu et al., 2009).
Droughts can decrease C accumulation by either decreasing the productivity of plants,
which has been observed in controlled growth experiments of Sphagnum and Carex, or

by increasing decay. Droughts can increase acrotelm space, which increases available
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oxygen, and can lower apparent C accumulation by increasing the rate of decay
(Martikainen et al., 1995; Laiho, 2006). Contradictory, droughts can also increase
apparent C accumulation by changing the density, and recalcitrance of peat. C
accumulation can increase during droughts because of a state changes to woody peat,
changes in Sphagnum carbohydrate metabolism, or increases in physical peat
compaction (Lahio, 2006; Turetskey et al., 2009; Loisel and Garneau, 2010). Some
peatland manipulation studies conclude however that there is very little effect of
droughts on Sphagnum bogs because bogs can structurally collapse during water table
drawdown to maintain equilibrium with the height of the ground water (Bridgeham et al.,
2006).

In this chapter | present three new late-Holocene (post-2,000 ybp) testate
amoebae (TA) based records of water table depth (WTD). The TA based
paleohydrology from JBL7 was previously discussed in Chapter 4, but will be reviewed
again here in relation to the other records (JBL2, JBL4, JBL8), when relevant. | also
compare WTD to previously discussed LARCA measurements from the same cores. |
address three different research questions involving WTD reconstructions in this
chapter: 1. Were there consistent wet/dry shifts during the MCA, LIA, and modern
times? 2. Are records of medieval moisture status in the JBL, and the rest of North
America consistent with, paleoclimate model projections and modern precipitation
anomalies under La Nifia-like conditions (NOAA/ESRL, 2013)? 3. Did wet/dry shifts

correspond with changes in LARCA, and were these changes consistent in all cases?

5.3. MATERIALS AND METHODS
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The collection and initial processing of the cores is detailed in Chapter 2. The four peat
cores utilized in this study were collected in 2008. The four cores analyzed were
collected from ombrotrophic non-permafrost peat bogs (Tab. 1) as part of an eight core
transects spanning non-permafrost to discontinuous permafrost regions (Fig. 26). |
established well-constrained chronologies of the cores by using multiple AMS
radiocarbon (™C) dates and ‘Bacon’ age-depth modeling software (Blaauww and
Christen, 2011; Fig. 4 - 11; Tab. 3 - 5). | subsampled cores at 1 cm intervals and
estimated the mass of C using bulk density (BD), loss-on ignition (LOlss0), and an
assumption of 0.5 gC g Organic Matter (OM)™. | calculated long term apparent C
accumulation rates (LARCA) from the mass C estimates and rates of peat accumulation
inferred from the ‘Bacon’ age-depth models (Clymo, 1998). TA processing is detailed in
Chapter 4, and no changes were made to the major protocols in this chapter. Figure 27
plots the WTD optimum, and minimum and maximum tolerances for key dominant
species are represented in JBL2, JBL4 and JBL8. Table 18 lists the descriptive

statistics for the transfer function used in WTD reconstruction.
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Figure 26: A map of the JBL, showing the sites of testate amoeba based reconstructions, notable review
sites mentioned in the text, peatland concentration (Tarnocai, 2011), and the southern boarders of
continuous and discontinuous permafrost in the region (Brown et al., 1998).
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| . |  Difflugia pristis type
| o | Amphitrema wrightianum type
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Figure 27: A xy plot with a list of common taxa identified in JBL8, JBL2, JBL4, as well as their mean WTD
and minimum and maximum tolerances (Booth, 2008).

Table 18: Transfer function performance statistics for JBL8, JBL2, and JBL4.

Core Model RMSE P2
JBLS8, JBL2, Weighted averaging - Inverse
JBL4 Deshrinking 8.27 0.70
5.4. RESULTS
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5.4.1. Testate Amoebae Assemblages

Figure 28 displays twelve common and morphologically representative species from
JBL2, JBL4 and JBL8. The four records range in age from 2119 ybp to 1044 ybp (Fig.
29 - 31; Tab. 19). Canonical cluster analysis determined that three to five stratigraphic
zones were apparent in the TA assemblages. All species that have an occurrence of

20% or greater within any zone of the core are displayed in figures and tables.
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100 pm

Figure 28: Representations of common and notable tests found in JBL material: a. Amphitrema
wrightianum type, b. Arcella catinus type, c. Archerella flavum, d. Assulina muscorum, e. Bullinularia
indicum, f. Difflugia pristis type, g. Difflugia pulex, h. Habrotrocha angusticollis, i. Heleopera spp., j.
Hyalosphenia elegans, k. Hyalosphenia papilio, |. Trigonopyxis spp.
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Table 19: Zones, dominant taxa, and WTD descriptive statistics for four cores in the JBL, listed for the
entire core, and for each zone.
Core Zone Depth Age Range Dominant Taxa WTD WTD
(cm) (ybp) range (cm) mean (cm)
Arcella discoides, Archerella
flavum, Difflugia pulex,
Habrotrocha angusticolis,
Heleopera spp., Trigonipixus spp.
Arcella discoides, Archerella
flavum, Assulina muscorum,
B 102 - 72 632 - 215 Difflugia pulex, Habrotrocha 17 - 30 25+ 4
angusticolis, Heleopera spp.,
Trigonipixus spp.
Assulina muscorum, Difflugia
C 68 -9 188 - -39 pulex, Hyalsphinia paplio, 21 -37 285

JBL8 A 128 -104 1307 - 661 11-25 16 £ 4

Amphitrema wrightianum type,
JBL2 A 110 - 101 1044 - 926  Archerella flavum, Heleopera -5--1 -3+1
spp., Hyalsphenia papilio
Amphitrema wrightianum type,
B 100 -82 915-594 Archerella flavum, Heleopera -1-14 5+4
spp., Hyalsphenia papilio
Archerella flavum, Difflugia pristis
C 78 -42 555 - 154  type, Difflugia pulex, Heleopera 9-18 12 +£2
spp., Hyalsphenia papilio
Archerella flavum, Heleopera spp.,
Hyalsphinia elegans, Hyalsphenia
Amphitrema wrightianum type,
Archerella flavum, Assulina
muscorum, Cyclopixus arcelloides
JBL7 A 324 - 1527425 - 2573  type, Cyclopixus platystoma, 8 -35 17 £ 7
Heleopera spp., Hyalsphenia
papilo, Phryganella acropodia,
Trigonopyxis spp.
Archerella flavum, Difflugia pulex,

B 148 - 99 2542 - 1285 7-14 11 +£2
Heleopera spp.,
Arcella catinus type, Archerella
C 97 - 86 1258 - 721 flavum, Difflugia pristis type, 6-13 10 £ 2
Difflugia pulex
D 85 -58 674 -294 Archerella flavum, Difflugia pulex 9-16 12+ 2
57.8 249 - -37 Archere/_la flavum, Hy_qlsp_henia 12 - 28 19+6
___________________________ papilo,_Nebela militaris _ _ __ _ _~______________._
Archerella flavum, Difflugia pulex,
JBL4 A 94 - 83 1385 - 1170 Hyalsphenia elegans, Hyalsphenia 9-12 10+1
papilio
80-62 1150 - 675 Bullinularia inc{ica, L?iff/ugia pristis 9-20 12 + 3
type, Difflugia pulex
C 61 -50 618 -296 Archerella flavum, Difflugia pulex 1-13 7+4
D 48 - 5 274 - -54 Archerella flavum, Difflugia pulex 10 - 23 15 £ 3
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JBL8 had a record extending from modern times to 1307 ybp and can be divided
into three zones (Fig. 29; Tab. 19). JBL8-A extends from 1307 to 661 ybp, and is
dominated by Archerella flavum, Arcella discoides, Difflugia pulex, Habrotrocha
angusticolis, Heleopera spp., and Trigonopyxis spp. JBL8-B extends from 632 to 215
ybp and is dominated by the same taxa as JBL8-A with the addition of Assulina
muscorum. From 188 to -39 (JBL8-C) ybp there is a decline in Archerella flavum, and

dominance by Assulina muscorum, Difflugia pulex, Hyalosphenia papilio, and

Trigonopyxis spp.
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Figure 29: Stratigraphy data for JBL8 including, age, notable TA species, WTD reconstructions, LARCA,
and TA zones based on a cluster analysis.

In JBL2 the TA record extends from 1044 ybp to modern times, and can be
divided into four zones (Fig. 30; Tab. 19). All four zones contain, or are dominated by

Archerella flavum. JBL2-A spans from 1044 to 926 ybp and is dominated by
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Amphitrema wrightianum type, Heleopera spp., and Hyalosphenia papilio. JBL2-B
extends from 915 to 594 ybp and is similar to the previous zone, but has a shift in
dominance from A. wrightianum type to A. flavum. From 555 to 154 ybp (JBL2-C) A.
wrightianum declined drastically, and Difflugia pristis type and Difflugia pulex occurred
with A. flavum still dominant. Heleopera spp., and Hyalosphenia papilio still occured at
lower concentrations. In the youngest zone (JBL2-D; 64 to -41 ybp), A. flavum, D.
pristis type, and D. pulex declined, while Hyalosphenia elegans and Hyalosphenia

papilio increased in relative abundance.
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Figure 30: Stratigraphy data for JBL2 including, age, notable TA species, WTD reconstructions, LARCA,
and TA zones based on a cluster analysis.

The TA record of JBL7 extends from 2119 ybp to modern times, and is divided
into four zones (Fig. 23; Tab. 19). All four zones contain, or are dominated by
Archerella flavum and Difflugia pulex. From 2119 to 1285 ybp, JBL7-A also contains

abundant Heleopera spp. From 1258 to 721 ybp (JBL7-B). A. flavum decreases in
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concentration and D. pulex increases between 674 to 294 ybp. There were also spikes
in Arcella catinus type, and Arcella vulgaris. The youngest zone (JBL7-D) ranges from
249 to -37 ybp, and shows a decline in A. flavum, a slight increase in D. pristis type and
D. pulex, as well as sharp increases in the concentrations of Hyalosphenia papilio and
Nebela militaris.

The TA record of JBL4 extends from 1385 ybp to modern times and is divided
into four zones (Fig. 31; Tab. 19). A major feature in the record is the alternation of
dominance between Archerella flavum and Difflugia pulex, which are both present
throughout the core. The first two zones, JBL4-A and JBL4-B, span 1385 to 1170 ybp,
and 1150 to 675 ybp respectively. D. pulex is dominant , whereas A. flavum is
dominant in JBL-B. From 618 to 296 ybp (JBL4-C) A. flavum decreased drastically, and
D. pulex became dominant. Bullinularia indica and Difflugia pristis type were also
present during this time period. The most recent zone (JBL4-D) spans from 274 to -54
ybp, and contained a slight increase in A. flavum, a slight decrease in D. pulex, and the

presence of Hyalosphenia elegans and Hyalosphenia papilio.

105



& &
& &S . N 2
o «\’0\(\ & o & D Sa
@ A ° EEN & &
e o O O 3° 3© Q \
¥ Q Q Q & Q N N
g =ttt b L b L L) 1 1 L
0] =
142 ] = D
] L z
242 4 r
_ a2 b =
_8' 442: ; C
> sl [ —
O el P
S 21 N E— —
< 7424 — =] = _
842: =] é,
942 %- 3 F B
1042: _—
1142:
1l B
1242j A
Bl —— . r P
Frr 1T T T T T T T T T T T T T T 1 [T 1 T T T 1 T T T T T 1 T T 1 T 1
0 20 40 60 80 0 20 0 20 40 0 20 40 60 80 1000 20 0 20 40 60-10 6 22 3800 10 20 30

Figure 31: Stratigraphy data for JBL4 including, age, notable TA species, WTD reconstructions, LARCA,
and TA zones based on a cluster analysis.

5.4.2. Water Table Depth

WTD at JBL8 ranged from 11.2 to 37.3 cm between 1385 ybp and modern times, and
had a mean of 21 £ s. dev. () 7 cm. JBL2 has persistently shallow water tables
ranging from -5 to 18 cm between 1044 ybp and modern times. In JBL7, WTD ranged
from 6 to 28 cm and averaged 13 £ 5 cm from 7.4 ka until modern times. WTD at JBL4
ranged from 1 to 23 cm and averaged 12 + 4 cm between 1385 ybp and modern times
(Tab. 19).

The timing of the MCA was represented by TA inferred WTD depth changes in all
four cores (Fig. 23; Fig. 29; Fig. 30; Fig. 31; Tab. 19). JBL8-A had the highest average
WTD out of any zone in JBL8 (16 £ 4 cm) and timed between 1307 — 661 ybp. JBL2-A
closely followed the succession from fen to bog conditions, and indicated constant

pooling beteen 1044 and 926 ybp. JBL7-C contained the wettest conditions of JBL7
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averaging 10 £ 2 cm between 1258 — 721 ybp. In contrast to the other sites, JBL4-B
indicated dry conditions in JBL4 with WTD averaging 12 + 3 cm between 1150 and 675
ybp.

The timing of the LIA was also represented in the TA inferred WTD of all four
cores (Fig. 23; Fig. 29; Fig. 30; Fig. 31; Tab. 19). JBL8-B had relatively low water tables
ranging from 17 to 30 cm and averaging 25 + 4 cm from 632 — 215 ybp. JBL2-C
contains the driest conditions averaging 12 £ 2 cm from 555 — 154 ybp. JBL7-D
contained drier conditions similar to JBL7-A ranging averaging 12 + 2 cm from 674 —
294 ybp. JBL4-C indicated the wettest conditions in JBL4, and averaged 7 + 4 cm from
618 - 296.

Dry conditions appear to be represented in the modern portions of all four cores
(Fig. 23; Fig. 29; Fig. 30; Fig. 31). JBL8-C displays the driest conditions with WTD
ranging from 21 to 37 cm, and averaging 28 + 5 cm from 188 - -39 ybp (Tab. 19). JBL2-
D represents the last century and indicates variable, but generally dry conditions
ranging from 6 to 15 cm 64 - -41 ybp. JBL7-E spans 249 - -37 ybp and indicated the
driest conditions of JBL7 ranging from 12 to 28 cm. JBL4-D indicated the driest

conditions of JBL4, from 274 - -54 ybp, ranging from 10 to 23 cm.

5.4.3. TA assemblages, WTD, and LARCA

| compared late-Holocene reconstructions of WTD to previously discussed records of

LARCA. LARCA varied over four orders of magnitude over the last 2 ka (ka = 1,000

ybp) in these four sites, so | present log transformed LARCA values in Figures 29 - 31.
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In JBL8, LARCA increases occurred at the same time as quick fluctuations to dry
conditions occurred near the transition between JBL8-B and JBL8-C. LARCA changes
in JBL8 are dominated by a spike in peat accumulation rate in the acrotelm (JBL8-C),
discussed in Chapter 2. This major change cannot be explained by any observed
change in TA based WTD reconstruction. In JBL2-A, there were locally wet conditions,
and generally high LARCA values during the MCA (36.2 + 5.5 gC m™ yr"). Productivity
may have been high due to residual minerotrophy or mesotrophy from the recent fen to
bog transition. It is also possible that LARCA was high because of increased
temperature and seasonality increasing productivity and high water tables increasing
peat preservation during the MCA. In JBL2-B and JBL2-C LARCA was generally
moderate except for a spike that was coincident with the transition between the two
zones. LARCA in JBL7-A and JBL7-B greatly fluctuated in the absence of WTD
fluctuations, with LARCA values between 2.8 and 38.3 gC m? yr in JBL7-A, 7.0 to 48.2
to gC m?2 yr', and a spike of 144.7 gC m? yr" during the transition from JBL7-A to
JBL7-B (Fig. 23). LARCA was also stable throughout JBL7-C with a spike following the
transitions from JBL7-B to JBL7-C. LARCA in JBL4-A, JBL4-B, and JBL4-C were fairly
constant with a spike of 87.9 gC m™? yr" during the transition from JBL4-A to JBL4-B
(Fig. 30).

Out of the four records of LARCA and WTD, there is no consistent pattern in
linear models with LARCA as the predictor WTD in JBL7 there is a negative, low but
significant, relationship between WTD and LARCA (Fig. 25). Of the three cores
published in this chapter, only JBL4 has a significant, but positive correlation between

WTD and LARCA (Tab. 20).
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Table 20: The results of linear models with WTD as the independent variable and LARCA as the
dependent variable for all four cores

2 p-value Intercept Slope
JBL2 0.01 0.26 32.54 0.57
JBL4 0.35 1.44x10° -57.49 8.85
JBL8 0.01 0.28 -52.39 18.17
JBL7 0.03 0.01 60.89 -1.30

5.5. DISCUSSION

5.5.1. Hydroclimatology and WTD During the MCA, LIA, and Recent Periods

Peatland records of past moisture variability are likely affected by both autogenic
dynamics (Swindles et al. 2012) as well as allogenic changes; however, synchronous
changes among sites likely indicate that climate conditions either directly, or indirectly
affected WTD in bogs in the JBL. All four records show synchronous multi-centennial
changes in WTD centering on MCA (1000 - 700 ybp) and LIA (500 — 200 ybp; Fig. 32).
The three southern sites indicate a wet MCA and a dry LIA, while JBL4 in the north
indicates a dry MCA and a wet LIA. WTD was approximately 4 to 10 cm higher than the
average in JBL8, JBL2 and JBL7 between and 1000 - 700 ybp. In the three southern
cores, WTD ranged from 1 cm above to 5 cm below the average WTD. The one other
central Ontario TA based record (VC04-06) also indicated a wet MCA with WTD ranging
from 4.2 to 6.7 cm followed by a 150 year 10 cm drop in WTD (Bunbury et al., 2012).
This brief dry period may be analogous to our reconstruction of the LIA. In JBL4, the

most dramatic change occurred during the LIA when the WTD rose 5 cm above the
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average. Two TA based studies in Quebec cite the formation of permafrost as a
possible driver of surface hydrology, although whether permafrost creates relatively dry
conditions, or relatively moist conditions due to summer pooling, is uncertain (van
Bellen et al., 2011; Lammare et al., 2012). LIA surface moisture changes may have
been more spatially variable in the JBL, due to interactions between, precipitation,

evaporation, seasonality, and permafrost, (Camil, 2010; Bracht-Flyr and Fritz, 2012).
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Figure 32: Z-scores of WTD for JBLS8, JBL2, JBL7, and JBL4 over the late-Holocene.

Each site showed synchronous shifts towards lower WTD during the last two
centuries (Fig. 32). There are two possible explanations for this. The recent
reconstructed dry conditions could be an artifact of TA preservation, with some tests
being common in lower zone because of their high level of preservation rather than their

initial abundance. In most cores, the shift in communities during the past 200 years is
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characterized by decreasing Archerella flavum and increasing Hyalosphenia papilio. H.
papilio is found abundantly in many fossil peats (Bunbury et al., 2012), but a
preservation bias is possible, particularly given that a few cores have increased
amounts of Nebela and Assulina, which may be more prone to decay and therefore
underrepresented in catotelm peat (Loisel and Garneau, 2010; Fig. 23; Fig. 29; Fig. 30;
Fig. 31; Tab 17; Tab. 20). However, it is striking that all records show the same recent
response. If decreases in WTD during the last two centuries represents drying due to
anthropogenic climate change, then the MCA may not be a good analog for our modern
climate. It may not be appropriate to frame paleorecords during the MCA as natural
experiments because modern warming may have already exceeded MCA warming, and
the drivers of modern warming are different from the MCA.

Although three of the JBL records display well constrained, consistent and
synchronous changes during the MCA, LIA, and last two centuries, interpretation of the
patterns in the northernmost record require further examination, and a better
understanding of the potential effect that permafrost establishment or thaw can have on
surface moisture. More information on the ecology of TA in the region is also needed,
as morphologically variable taxa such as Difflugia pristis type are common, but not well

constrained ecologically or taxonomically (Booth, Personal Communication).

5.5.2. MCA Hydroclimatology in North America

To examine the spatial pattern of drought during the MCA and see if it is similar to

episodes during La Nifa conditions in North America, | supplemented my JBL TA
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records with a review of lake level, surface moisture, or precipitation reconstructions
during the MCA (Fig. 33; Tab. 21, 22). These studies utilize diatoms, stable isotopes,
pollen, or lake varves, and charcoal, and other geochemical and physical properties.
This is not a comprehensive overview of every proxy and every site tied to precipitation
in North America, but instead serves to add perspective to new TA data from central
Ontario and assess if the inferred hydrology during the MCA is consistent with known

climate dynamics.
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Figure 33: A map showing reported medieval surface moisture conditions from Ch. 4, Ch. 5, and a review
of literature (Tab. 21, 22), as well as compiled precipitation anomalies for the seven most extreme La
Nifia events since 1949 according to the Multivariate ENSO Index (1949-51, 1954-56,1964-66,1970-
1972,1973-75, 1988-90, 2010-2011; NOAA/ESRL, 2013a,b)
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Table 21: The results of a literature review of reported moisture conditions across various proxies in

North America.

Core Name Source Lat., Long. Proxy MCA
(DMS) (+/-)
Bison Lake Anderson, 2011 39.764°N, 107.346°W 180 -
Brunelle et al., 2000; oA~ e oEQi N _
Burnt Knob Lake Cooke et al., 2004 45°42'16" N, 114°59'12" W Charcoal
Chappice Lake Vance et al., 1992 50°10' N, 110°22 W Laminates -
Vance and Wolfe, 1996;
. o o .
Chauvin Lake Bonsal et al., 2011 52.69°N, 110.10°W Diatoms -
Brunelle et al., 2003; oAt oL )
Crater Lake Cooke et al., 2004 41°24' N, 122°35' W Charcoal
Dog Lake Hallet et al., 2003 48°48'11" N, 89°32'51" W Diatoms =
Felker Lake Galloway et al. 2011 51°57.00' N, 121°59.90' W Diatoms -
Stevens et al., 2006;
Foy Lake Bracht-Flyr and Fritz, 48°10"' N, 114°21 W Diatoms and 20 =
2012
Gall Lake Haig, 2011 50°14' N, 91°27' W Diatoms -
Hole Bog Booth et al., 2005 47°18'00" N, 94°14'57" W  Testate Amoebae -

Vance and Wolfe, 1996;
Humbolt Lake
Bonsal et al., 2011

Irwin Smith Peatland Booth et al., 2012

JBL4 -
Kenosee Lake Vance et al., 1997
Kettle Lake Hobbs et al., 2011
. Oswald and Foster,
Little Pond 2011
. . Ma, 2011; Ma et al.,
Little Raliegh Lake 2012
LLC Van Bellen et al., 2011
Meekin Lake Laird et al., 2011
. Booth et al., 2005,
Minden Bog 2012
Laird et al., 1998; Fritz
Moon Lake et al., 2009

Nordan's Pond Bog Hughes et al., 2006

52°08'37" N, 105°07'04" W

45°1'51.02" N, 83°37'1.43" W

55°16'09" N, 88°55'50" W

49°49' N, 102°18' W

48°36'25" N, 103°3727" W
42° 25' 20.2794" N, 71° 35'
15.7194" W

49°27713" N, 91°53'46"" W

52°17' N, 75°50' W
49°49'01 N, 94°46'12" W

46°36'38" N, 82°50'05" W

46°5'27" N, 98°09'30" W

49°19'5" N, 53°36'0" W

Diatoms

Beech Pollen,
Testate Amoebae

Testate Amoebae

Sediments,
Macrofossils,
Ostracodes,

Isotopes
Diatoms

Pollen

Diatoms

Testate Amoebae
Diatoms

Testate Amoebae

Diatoms

Plant Macros,
Testate
Amoebae,
Humification
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Table 22: The results of a literature review of reported moisture conditions across various proxies in

North America.

Core Name Source Lat., Long. Proxy MCA
(DMS) (+/-)
36°26'10" N, 180 and Tree
0] Lak B t al., 2002 -
wens Lake enson et @ 117°57'36" W Stump Death
Piermont Marsh  Pederson et al., 2005 41°00' N, 73°55' W Pollen and -
Charcoal
charcoal,
granulometry,
Pine Lake Cambell et al., 2000 52°04’ N, 113°27' W geochemistry, -
mineralogy, and
pollen
. Benson et al., 2002; Cooke 38°57'33" N, 80 and Tree
Pyramid Lake -
Y et al., 2004 119°35'35" W Stump Death
Rawson Lake Laird and Cummings, 2009 49°40' N, 93°44' W Diatoms -
Siesta Lake ~ Drunelle azr(‘)%?”derson' 37°51' N, 119°40' W Charcoal -
o ' n o 1 n
STE Van Bellen et al., 2011 52°02'37 I\\IN’ 75°10°23 Testate Amoebae -
Steel Lake Tian et al., 2006 46°58’N, 94°41'W 180 =
Dendrochronology
Athabsca Edwards et al., 2008 52°24' N, 117°30' W and Stable +
Isotopes
BC2 Karst-Riddoch et al., 2005 58°28’ N, 124°28’ W Diatoms +
Castor Lake Steinman et al., 2012 48.54° N, 119.56° W 180 +
Bracht-Flyr and Fritz, 2012;
Crevice Lake 45°0' N, 110°36' W 180y +
Steinman et al., 2012
52°01'07" N,
JBL2 - 90°07'53" W Testate Amoebae +
54°23'43" N, 89°31'20"
JBL7 - Testate Amoebae +
W
(o] 1 n o 1 n
JBL8 - >0927'33 |\\,lv’ 8305542 Testate Amoebae +
Lime Lake Steinman et al., 2012 48.87° N, 117.34° W 180y F
Morisson Bracht-Flyr and Fritz, 2012 44°36' N, 113°2' W Diatoms +
ligtut M fossil d
QUNGUIGEUE  pyc and Rochefort, 2006 73.08° N; 80.000 w T acrofossiisand
Valley O
Renner Lake Steinman et al., 2012 48.78 °N, 118.19 °W 180y +
Resevoir Bracht-Flyr and Fritz, 2012 45°7' N, 113°27' W Diatoms +
(o] ! n o 1 n
VC04-06 Bunbury et al., 2012 >2°42'36" N, 84°10'48 Testate Amoebae +

W

Out of the 41 sites | investigated, 13 reported anomalously moist, humid, or high

lake stand periods, and 28 reported anomalously dry, or low lake stand periods (Fig. 33;
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Tab. 21, 22). The wet MCA reconstructed in JBL8, JBL2 and JBL7 differ from
surrounding areas, most notably, the Quebec JBL, and the more southerly Great Lakes
region. The extent of medieval precipitation anomalies roughly corresponds to the
extent of precipitation anomalies under La Nifia conditions since 1949 AD. Modern
positive precipitation anomalies also correspond with reconstructed medieval
precipitation in the Pacific Northwest (Bracht-Flyr and Fritz, 2012; Steinman et al.,
2012), and the Rocky Mountain range (Karst-Riddoch, 2005; Edwards et al., 2008;
Bracht-Flyr and Fritz, 2012). During the late-Holocene, some glacial expansion in
Alaska and Pacific Northwest may be due to increasing medieval wetness (Reyes et al.,
2006; Edwards et al., 2008). In many areas, such as the American southwest (Benson
et al., 2002; Brunelle et al., 2003; Anderson, 2011), the Great Plains (Vance et al.,
1992; Fritz et al., 2000; Stevens et al., 2006; Bonsal et al., 2011; Galloway et al. 2011;
Bracht-Flyr and Fritz, 2012), the more southerly Great Lakes regions (Booth et al.,
2005; Tian et al, 2006; Vance et al., 2007; Laird and Cummings, 2009; Haig, 2011;
Hobbs et al., 2011; Laird et al., 2011; Booth et al. 2012; Laird et al., 2012), American
northeast (Pederson et al., 2005; Hughes, 2006; Oswald and Foster; 2011), and
Quebec JBL (van Bellen et al., 2011), the MCA appears to have been dominated by
drought conditions. Studeis in the Great Lakes Region indicate several quick droughts
interspersed with moderate or wet periods (Booth et al., 2012). Medieval wetness in
central and northern Ontario can be explained by likely negative Pacific Southern
Oscillation phase, coupled with an anomalously warm Northern Atlantic, which could
have pushed the westerly storm track north (Graham et al., 2011; Bracht-Flyr and Fritz

2012).
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There are many data gaps and outstanding issues that could lend themselves to
future studies. Biological proxies can have a complex relationship to precipitation, and
often require interpretation. There is general agreement that medieval droughts did not
extend far into the boreal regions of northern and central Ontario, and Quebec (Fig. 33).
Few studies have directly compared TA based WTD reconstructions to nearby diatom
inferred lake-depth records. There are many possible drivers, such as the seasonality
of precipitation (Shabbar et al., 2007), the length of the season, (Karst-Riddoch, 2005;
Camill, 2012), and watershed properties (Klein et al., 2013) that could potentially make
records derived from different proxies difficult to compare. There is also a paucity of
surface moisture reconstruction data for the American and Canadian coastal Atlantic
region. Therefore, future studies should focus on creating high-resolution, multi-proxy
records from permafrost zones, and southern boreal zones of Canada, as well as the
North Atlantic coast and the Pacific Northwest.

The four TA based WTD reconstructions presented in this dissertation, as well as
my review of medieval climate proxy reconstructions, reinforce the importance of Pacific
sea surface temperatures and their stochastic interactions with the atmosphere on
North American precipitation/drought patterns. In the future, some increased
precipitation in the HBL-JBL can be expected due to the general poleward shift of
westerly storms. Although future warming will likely weaken tropical easterly winds,
warm tropical surface waters, shoal the equatorial thermocline, and increase the
temperature gradient of the equitorial thermocline, there is no current consensus on
whether the future will be more El Nifio or La Nifia-like (Collins et al., 2010). One

possibility for the future is an increase in frequency of El Nifio and La Nifa conditions
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with anomalous central Pacific convection patterns, known as El Nifio and La Nifia-
Modoki (Ashok and Yamagata, 2009). In North America, one possible pattern includes
a northeastern shift in the North American teleconnections (Stevenson et al., 2012).
Some models indicate that positive precipitation in the Pacific Northwest will be robust
in the future (Zhang et al., 2012), but the same regional application of general

circulation models to ENSO teleconnections has not yet been applied to the HBL-JBL.

5.5.3. Inconsistent relationships between WTD and LARCA

Variation in LARCA did not have a constant relationship with WTD, but did accompany
general changes in TA assemblage. | have three possible hypotheses to explain this
pattern. 1. Changes in TA assemblage and LARCA could be intercorrelated with shifts
in surface ecology that were not detected in the coarse macrofossil analysis, such as
hummock-hollow alternation (Booth, 2008). Different species of Sphagnum could have
different species of TA associated with them, as well as differential rates of
preservation. 2. LARCA could have increased due to fluctuating water tables. Some
studies indicate that Sphagnum has a competitive advantage during unstable
hydrological conditions (Granath et al., 2010). 3. The lack of an apparent response of
LARCA to changes in WTD could be due to a return to growth-decay-WTD equilibrium
following a disturbance (Bridgeham et al., 2006). Although LARCA was variable over
the late-Holocene, those variations do not show the positive relationship between WTD

and LARCA that | reported for the mid and late-Holocene for JBL7 in Chapter 4.
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5.6. CONCLUSION

In the JBL, TA records in Sphagnum peat cores over the late-Holocene showed
statistical zonation and variability in reconstructed WTD. | observed a consistent trend
in the three most southern sites of a generally wet MCA, and a generally dry LIA. JBL4
showed synchronous changes, with a wet LIA, and a dry MCA. This difference may be
due to past permafrost dynamics, autogenic processes, or spatial precipitation variability
during the MCA and LIA. All four sites show conditions drying over the last 100 to 250
ybp. Fluctuations in WTD did not apparently coincide with variation in LARCA;
Sphagnum bogs may have been resilient to allogenic changes in WTD because of
structural negative feedbacks. North American mega-droughts were widespread during
in the MCA in the Great Plains, the Great Lakes regions, and western Ontario, but
severe droughts do not appear to have extended into the JBL and adjacent portions
boreal regions of Ontario and Quebec. This pattern is roughly consistent in some areas
of North America with modern precipitation anomalies in Canada involving Pacific
Southern Oscillation and the movement of the Northern storm front. If positive
precipitation anomalies persist in the JBL promotes low decomposition, and
temperature driven increase productivity, then the JBL may continue to serve as sink for
C. However if recent drying is indicative of anthropogenic climate change rather than
an artifact of TA preservation, then soil C in the JBL may be vulnerable to future shifts in

precipitation patterns.
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6. Conclusion

The overall focus of this dissertation was the relationship between Holocene soil carbon
(C) and climate in the remote James Bay Lowlands (JBL) region of Canada. | filled data
gaps, tested hypothesis, and reconstructed hydrology for the understudied JBL regions
of central and northern Ontario. | also provided synthesis when possible for the Hudson
Bay Lowlands (HBL)-JBL as a whole. Average peatland initiation occurred around 6.2
ka (ka = 1,000 calendar years before present [ybp]) following deglaciation and glacial
lake drainage. Average fen to bog transitions had occurred before the late-Holocene
meaning that the JBL likely contributed to the decline in atmospheric CH4 during this
time (Ch. 2). 40% of the C stored had been stored since 2 ka (Ch. 3). Growing degree-
days > 0°C (GDDy) and photosynthetically active radiation integrated over days > 0°C
(PARy) were the major drivers of vertical peat accumulation over the last 2 ka, for the
HBL-JBL, although precipitation sets the climatic envelope and may be an important
local driver (Ch. 3). Apparent C accumulation was highly variable, but was limited in the
north by the establishment of modern permafrost conditions (Ch. 2; Ch. 3). In the early
Holocene, the Arctic Front likely dominated central Ontario from 7.4 — 4.5 ka, whereas
the Pacific Front dominated from 4.5 ka to modern time (Ch. 4). The Medieval Climate
Anomaly (MCA) was a regionally wet event, while the Little Ice Age (LIA) was regionally
dry, except for the most northern site in the discontinuous permafrost zone (Ch. 4; Ch.
5). Modern warming is unprecedented and may be responsible for the modern drying

trend observed (Ch. 5). Although | have provided original data, synthesis, and insight
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into the possible allogenic drivers of peatland C cycle feedbacks, current knowledge of
JBL history is still evolving, and there are many possible areas for future study.

This dissertation adds eight new sites to the JBL, and synthesizes currently
available data, but there are many regions within the HBL-JBL, and elsewhere, that are
still under-represented. The far northeastern regions of Ontario are under researched
although they are remote and contain dense C-stores (Glaser et al., 2004a; MacDonald
et al., 2006; Tarnocai et al., 2011; Bunbury et al., 2012). The southern discontinuous
peatland regions of Ontario are also under represented although they represent the high
end of the temperature gradient amenable to peat formation (Ch. 3; Elliott et al., 2012).
Coring efforts, combined with seasonality and precipitation data from the southernmost
documented extent of peatlands in the JBL could lead to more accurate estimates of the
effect of climate on productivity and decay. This dissertation also dealt exclusively with
modern-day bogs, and ombrotrophic permafrost formations, leaving fen peatlands still
under-represented in the JBL (Ch. 2; O’Reilly, 2012). There have been no regional
syntheses of fen C accumulation even though they are also likely sensitive to changes
in GDDy and PAR (Charman et al., 2013). For fens and bogs, there is a lack of C
accumulation, and paleohydrology data from the Mackenzie River Basin (Beilman et al.,
2008), Alaska (Klein et al., 2013; Loisel and Yu, 2013a), some regions of Siberia
(Beilman et al., 2009), and Patagonia (Loisel and Yu, 2013b), as well as tropical, and
high altitude peatlands (Page et al., 2011).

The data in this dissertation, including: average core depths, C-content
estimates, the positive correlations between GDDy/PAR( and 2 ka depth, and negative

correlations between permafrost occurrence and 2 ka depth (Ch. 2), could be used to
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parameterize a spatial model of C accumulation in the JBL. However there are still very
few %C estimates for the JBL (Bunbury et al., 2012; O’'Reilly, 2012). There are many
outstanding issues with peatland mapping including, limited resolution and reliability of
peatland maps. Current maps of C stocks in Ontario are based on shapefiles with
varied and limited resolution (Tarnocai et al., 2011), and high-resolution remotely
sensed data has not yet been used to estimate peatland types for more than the
provincial level (Provincial Land Cover Data Base, 2000). As new C accumulation data
is published, and spatial data is revised and combined with climate data (Beilman et al.,
2009; Charman et al., 2013), and hydrological models (Glaser et al., 2004b), soil C
estimates of the JBL will become more detailed and accurate.

One of the limitations of this study was the single core approach. Multi-core
studies of a single site show that initiation can vary within a peatland. Multi-core studies
in the JBL could better constrain the average initiation time following deglaciation
(Bauer et al., 2003). Lateral expansion could have been important to peatland C sinks
(MacDonald et al., 2006). In the case of JBL7, a multi-core macrofossil analysis, could
determine if the bog to fen succession event was an ecosystem-wide phenomenon, or a
function of microtopography, such as hummock — hollow alternation, or the flooding of a
bog or poor fen margin (Bauer et al., 2003). A multi-core analysis could also be helpful
with the testate amoebae (TA) reconstruction of precipitation because water table depth
(WTD) in bogs can be influenced by autogenic and allogenic events (Loisel and
Garneau, 2010; Klein et al., 2013).

The peat initiation dates and fen to bog succession timings showed spatial

variation with southern sites having longer lags in both initiation and succession, relative
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to northern sites (Ch. 3). Future studies could investigate this trend relative to sediment
types. Different initiation and succession timing patterns could be the result of different
pH or different permeability of boreal shield and lacustrine/marine sediments, or could
reflect the results of different bog forming processes, paludification and terrestrialization
(Josenhans and Zevenhuizen, 1990; Korhola, 1995).

Another limitation of this dissertation is that past peat decay was not investigated
in detail. Some studies have used a modeling approach to estimate C losses over time
(Beilmen et al., 2009; Loisel and Yu, 2013b). One case observed that modern
productivity was high relative to model projections, indicating that modern warming has
been having a positive effect on peat growth and formation (Loisel and Yu, 2013b).
Other studies have combined WTD reconstruction with C to nitrogen (N) ratios to
investigate the linked relationship between past ecohydrology (Andersson and
Schoning, 2010), and decay/production balance (Malmer and Wallén, 2004; Broder et
al., 2012). Although | did not observe significant increase in LARCA during the MCA
and LIA due to WTD fluctuations, a C:N analysis could determine whether this could
have been due to a change in the balance between productivity and decay.

Future studies should focus on improving TA reconstructions in the JBL by
adding new surface samples to the calibration dataset. The taxonomy and ecology of
TA could also be improved. Taxa such as Difflugia pristis type are ubiquitous and
morphologically variable, and taxonomically not well constrained (Booth, 2008).
Currently TA based WTD reconstructions use transfer function calibration datasets that
were developed for the Great Lakes, and Rocky Mountain regions (Booth, 2008; Loisel

and Garneau, 2010; Bunbury et al., 2012; O’Reilly, 2012). Although TA are ubiquitous
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and studies comparing different regional transfer functions indicate little effect of a
transfer function’s regional origin, future studies should still integrate surface samples
from the JBL into transfer function calibration datasets (Turner et al., 2013).

Future studies could focus on increasing the number of Holocene-length TA
based WTD reconstructions, as well as increase the number of multi-proxy studies, and
develop new proxies for important climate variables. The mid-Holocene reconstruction
of WTD revealed that there was a 6.1 ka dry event, along with a spike in LARCA (Ch. 3;
Ch. 4). TA analysis, on other Holocene length cores that contain 6.1 ka LARCA spikes
could provide evidence for a larger scale climate or watershed event. A multiproxy
surface wetness reconstruction using "*C records and TA analysis could substantiate
reports of extreme values (Lamentowicz et al., 2008). There are increased margins of
error towards dry extremes in TA due to the relatively shallow WTD optimum for the
most extreme dry taxa (~40 cm; Booth, 2008). Although GDD, and PARy were the
dominant drivers of late-Holocene vertical peat accumulation, there is currently no way
to reconstruct growing season length in the JBL. One possible future proxy that could
be adapted are dwarf birch leaf cuticle characteristics (Wagner-Cremer et al., 2010).
The undulation index of epidermal cells correlate with growing degree days in a
Scandinavian dwarf birch, Betula nana, however studies have not yet investigated the
closely related Canadian Betula glandulosa or attempted growing season length
reconstruction using sub-fossil birch leaf cuticles.

Future studies should document the extent of medieval wetness and better
constrain precipitation anomalies during the LIA for the JBL. In Chapter 5 | presented a

brief review of surface moisture proxies in North America in relation to TA based
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reconstructions in the JBL, and modern precipitation anomaly data. There is a rough
relationship between modern North American precipitation anomalies under large-scale
drought conditions and reported MCA precipitation anomalies. However there are a few
issues when comparing records from multiple sources. Bog WTD can be influenced by
autogenic factors that do not occur in lakes such as hummock-hollow alternation,
succession, mound collapse, and recharge. It would also be beneficial to reconstruct
WTD in other areas that contain significant stores of soil C, and exhibit positive or
negative precipitation anomalies under modern La Nifa-like conditions such as portions
of the Mackenzie River Basin, and the northern coast of Labrador and Quebec, Canada
(Ch. 5).

In this dissertation | provided data and insight into the post-glacial history, soil C
storage patterns, and mid to late-Holocene hydrology in one of the most immense, and
possibly vulnerable, terrestrial C sinks. There is a lot potential to introduce climate
controls into peatland development models, to scale up estimates of soil C using spatial
models, to develop and improve climate proxies, and to further document the past effect
of warming on precipitation anomalies, in order to better predict the role of peatland C

cycle feedbacks to anthropogenic global warming.
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