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ABSTRACT

The response of Arctic wetland ecosystems and their associated organic carbon stores to future
warming is uncertain. For the first time in the Canadian High Arctic | use a multi-proxy
palaeoecological approach to test how organic-rich wetlands have responded to pronounced
warming since the mid-twentieth century. This approach enables ecological analysis on a
timescale beyond that of contemporary studies. An ice-wedge polygon mire was a dual-state
system with the raised centre mound showing no response to recent warming, but ~AD 2000 the
surrounding trough exhibited a shift to wetter conditions and a transition from sedge and herb-
dominated to brown moss-dominated vegetation. The accumulation of this vegetation layer may
have the effect of insulating ice-wedges and provide a negative ecological feedback to
permafrost degradation, mitigating potential carbon losses. In a valley fen, an increase in
growing degree days above 0°C (GDDy) since ~AD 1950 is linked to greater inundation from
increased snow and ice melt early in the growing season, coupled with increased drying towards
the end of the growing season from elevated evapotranspiration. This may have initiated a
pathway to wetland desiccation — although wetland persistence is likely to be determined by
future Arctic precipitation patterns. In a coastal fen, greater GDD, combined with isostatic uplift
induced shrubification ~AD 1950 and led to rapid carbon accumulation. After this, increasing bird
grazing pressures from ~AD 2000 may have affected vegetation and carbon accumulation. My
results illustrate a variety of pathways for change in High Arctic wetlands in response to rapid
warming. The results of this study suggest that predictions of the future extent and carbon
accumulation rates of northern peatlands should consider the marked, yet complex response of
High Arctic wetlands to warming alongside external non-climatic factors such as increased bird

grazing pressures.
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1. LITERATURE REVIEW
1.1 OVERVIEW

Northern wetland ecosystems — in particular peatlands - store large amounts of organic carbon
(Tarnocai et al., 2009) and their response to warming remains a key area of research (Belyea,
2009; Morris et al., 2015; Waddington et al., 2015). More specifically, thawing permafrost may
expose carbon that has remained inert for millennia because of frozen soil conditions, to
decomposition and subsequent emission as carbon dioxide (CO,) (aerobic) and methane (CH,)
(anaerobic) — potentially initiating positive climate warming feedbacks (Gorham, 1991;
Dorrepaal et al., 2009; Frolking et al., 2011; Olefeldt et al., 2013; Schuur et al., 2015). However
with warming at high latitudes, increased plant productivity may also increase carbon
accumulation in peatlands (e.g. Klein et al., 2013; Swindles, et al., 2015a) and facilitate the
northern expansion of peatlands (Charman et al., 2015; Gallego-Sala et al., 2018) to potentially

mitigate some of the carbon losses elsewhere.

Greater understanding of carbon dynamics and feedbacks in permafrost wetlands and peatlands
in response to climate forcing is essential to ensure successful incorporation into Earth system
models of climate change (Chaudhary et al., 2017) and to best advise management practices
(McLaughlin & Webster, 2013). Palaeoenvironmental investigations into the carbon
accumulation, hydrological and ecological response of permafrost peatlands to climate over
recent decades and centuries will help address a gap in current knowledge of peatland response

to climatic forcing (Yu, 2012; Loisel et al., 2014; Swindles, et al., 2015a).



1.2 PERMAFROST WETLANDS AND PEATLANDS

1.2.1 DEFINITIONS, FORMATION AND EXTENT

Wetlands and peatlands have no universal classification and are defined differently by many
agencies, organisations and scientists. Here | discuss a number of these definitions in the context
of northern-latitude Boreal, Subarctic and Arctic regions. Wetlands are a broader classification

than peatlands and are defined by Joosten & Clarke, (2002, p.24) as:

“..an area that is inundated or saturated by water at a frequency and for a duration sufficient to

support a prevalence of vegetation typically adapted for life in saturated soil conditions.”

Wetlands can therefore include a range of habitats globally across different biomes including
bogs, fens, swamps, marshes, and temporary or permanent shallow lakes (Keddy, 2010).
Peatlands are a type of wetland topped with a surface layer of organic matter (or peat) and are

defined by Wieder et al., (2006, p.1) as:

“..terrestrial environments where over the long term, on an areal basis, net primary production
exceeds organic matter decomposition, leading to the substantial accumulation of a deposit rich

in incompletely decomposed organic matter, or peat.”

Other definitions of peatlands are more specific and can require: the presence of peat forming
vegetation (Paavilainen & Pdivanen, 1995) or a minimum depth of peat e.g. 30 cm (Hanell, 1991),
40 cm (Zoltai & Pollett, 1983; National Wetlands Working Group, 1997), or 45 cm (Hammond,
1981). Peat can be defined as material of a certain organic matter content at dry mass e.g. > 30%
(Joosten & Clarke, 2002) or = 50% (Burton & Hodgson, 1987). Northern peatlands can be broadly
subcategorised into bogs and fens. Bogs are ombrotrophic with precipitation providing all their
nutrients and water supply, while fens receive additional moisture and potentially nutrient input
from groundwater and catchment runoff alongside precipitation (Rydin & Jeglum, 2006). Fens
can be minerotrophic (rich fen) or more ombrotrophic (poor-fen). Bogs are associated with low
pH and nutrient poor conditions, while fens typically have a higher pH and can be more nutrient
rich - this can influence soil and vegetation characteristics (Rydin & Jeglum, 2006). Permafrost is
ground (rock or soil) that remains at or below a temperature of 0°C for two consecutive years
(French, 2017). Therefore, permafrost peatlands or permafrost wetlands occur in the cold

regions of the world.



Pan-Arctic peatlands are believed to have begun developing ~16.5 Ka BP following widespread
deglaciation, with the majority initiating between 12—-8 Ka BP (MacDonald et al., 2006), linked to
enhanced plant productivity from warming growing seasons (Morris et al., 2018). Permafrost
distribution is linked to ground temperatures (Figure 1A and 1B) that generally correlates with
climatic conditions. Aggradation of permafrost has been observed around ~5-3 Ka BP,
corresponding to a general climatic cooling in the neoglacial e.g. northern Alberta (Zoltai, 1993)
and southern Northwest Territories (Pelletier et al., 2017). Peatland initiation can occur through
primary mire formation, paludification and terrestrialisation. Primary mire formation occurs
when peat forms directly on wet newly exposed mineral soil or bare ground after coastal uplift
or deglaciation (Ruppel et al., 2013). Paludification occurs through successional processes on
vegetated, flat and wet mineral soils and terrestrialisation occurs via the gradual filling of shallow

water bodies with inorganic and organic debris (Lavoie et al., 2005; Kuhry & Turunen, 2006).
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Figure 1. A) Permafrost zonation and distribution in Canada. Continuous (290-100%), extensive
discontinuous (250-90%), sporadic discontinuous (210-50%). B) Mean annual near surface temperature.
Sourced from Heginbottom et al. (1995). C) Peatland distribution, class and extent coverage in Canada —
sourced from Tarnocai et al. (2011).




The widely used diplotelmic (two layered) model in peatlands differentiates the permanently
saturated zone (catotelm) and the near surface layer (actotelm), with the catotelm said to
experience levels of decomposition orders of magnitude lower than in the actotelm (Ingram,
1978). However, the simplicity of this diplotelmic hypothesis has been questioned, and in reality
is much more complex (Holden & Burt, 2003, Belyea & Baird, 2006; Rydin & Jeglum, 2006; Morris
et al., 2011). Ultimately peatlands are initiated when, under conditions of adequate moisture,
the production of organic matter persistently exceeds decomposition (Charman, 2002). Typically,
peatlands initially form as fens and can undergo a transition to a bog as peat accumulates and
raises the water table above the influence of groundwater (Keddy, 2010). In northern latitudes
Sphagnum is a key peat-forming genus in ombrotrophic peatlands, favouring the water-
saturated and anaerobic conditions that create an environment where accumulation of organic
matter is higher than decomposition (Joosten & Clarke, 2002; Limpens et al., 2008). Brown
mosses are an important group of peat-forming taxa in more minerotrophic peatlands (Vitt et
al., 1995), although peatlands can also be dominated by sedge or trees (Zoltai & Martikainen,

1996; Ott & Chimner, 2016;).

The coincidence of underlying permafrost and peat creates palsas, peat plateaus and polygon
mires with a shallow and often seasonal active layer where most of ecological, hydrological and
biogeochemical activity takes place (Zoltai & Tarnocai, 1975; Kane et al., 1991; Vardy et al., 2000;
Arlen-Pouliot & Bhiry, 2005). The presence of permafrost can reduce drainage and improve
water retention in the seasonal active layer and therefore increasing moisture availability during
the growing season to facilitate the formation of wetlands (Woo & Winter, 1993). Palsas are
typically found in the discontinuous permafrost and are formed of permanently frozen peat
mounds with a core of peat and mineral soil (Seppéla, 1982) up to 150 m across and 12 m in
height (Lagarec, 1982). Peat plateaus are flat areas of peat elevated above the peatland surface
with permafrost ranging from extensive to patchy that may or may not encompass the
underlying mineral soil (van Everdingen, 2005). Ice-wedge patterned ground is an abundant
feature in the continuous permafrost where cold winter temperatures result in cracking from
thermal contraction (Lachenbruch, 1962; Mackay, 1974). Polygon mires occur when peat
formation is coincident with ice-wedge ground, a process more common in peaty rather than
mineral soil (Kokelj et al., 2014). In the Arctic, wetlands typically fall into three classifications:

polygon wetlands, on ground affected by ice-wedge formations; patchy wetlands, on previously-



glaciated terrain with favourable topographic depressions; and coastal wetlands, in zones of

isostatic uplift (Glenn & Woo, 1997; Woo & Young, 2006).

Over 80% of estimated peatland extent is found in the northern hemisphere in temperate-cold
climates and on predominately flat topography, mainly in the Boreal and Subarctic regions of
Canada, Russia and the USA (Kuhry & Turunen, 2006; Tarnocai, 2006; Limpens et al., 2008). In
Canada, peatlands cover ~13% of the terrestrial landscape and are mainly distributed in the
Boreal (64%) and Subarctic (33%) zones, with little extent in the Arctic (3%) (Tarnocai et al., 2011).
Here Tarnocai et al. (2011) define peatlands as wetlands with at least 40 cm of peat. The
distribution of northern peatlands and permafrost demonstrates a large degree of overlap across
the pan-Arctic and in Canada specifically, where over one third of peatlands are perennially
frozen (Figure 1A and 1C). Around one quarter of northern peatlands occur in areas of
continuous permafrost (90-100% extent) and ~40% occur in discontinuous (50-90% extent),
sporadic (10-50% extent) or isolated (< 10% extent) areas of permafrost (Laurence et al., 2007).
In the Arctic, as the growing season cools and shortens - limiting plant primary production and
therefore organic matter input - peatlands with a substantial organic matter surface layer
become rarer. Although, wetlands in general remain relatively common, occupying ~8% of the

pan-Arctic non-glaciated land area (Walker et al., 2005).

1.2.2 CARBON STOCKS

During the Holocene northern peatlands have typically acted as net sinks of CO, and sources of
CH4 (Smith et al., 2004; MacDonald et al., 2006) to the extent they have had a net cooling effect
on the entire planet (Frolking et al., 2011). The imbalance between net primary productivity
(NPP), decomposition and erosion experienced in peatlands can result in substantial carbon
accumulation over decades, centuries and millennia (Gorham, 1991; Charman et al., 2013).
Consequently, despite covering < 3% of the terrestrial surface of the earth, peatlands store a
large amount of global terrestrial soil carbon that has accumulated over the Holocene (Limpens
et al., 2008). Northern peatlands are estimated to contain the majority of global peatland carbon
(Figure 2) at around 500 + 100 Pg C (Yu et al., 2010; Yu, 2012), of which 147 Pg Cis thought to be
stored in Canadian peatlands (Tarnocai, 2006). Meanwhile, permafrost peatlands of the pan-
Arctic region are estimated to contain ~277 Pg C (Tarnocai et al., 2009). In the context of the
global carbon cycle, permafrost peatlands equate to 14% of all terrestrial soil carbon, which is

equivalent to more than a third of the entire atmospheric carbon store (Houghton, 2007;



Tarnocai et al., 2009). The stability of these carbon stocks is potentially vulnerable to twenty-

first century climate change.
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permafrost
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Figure 2. Relative estimated soil carbon storage for global peatland regions. Northern peatlands = >30 °N,
tropical peatlands = 30 °N to 30 °S, southern peatlands = >30 °S. Created using global peatland region soil
carbon estimates (Yu et al., 2010) and permafrost peatland soil carbon estimates (Tarnocai et al., 2009).

1.2.3 CARBON DYNAMICS AND CLIMATE CHANGE

The global climate is widely accepted to be experiencing a warming phase driven by a
combination of both natural processes and anthropogenic emissions of greenhouse gases
(GHGs) (Bindoff et al., 2013). Over the twenty-first century global mean surface temperature is
likely to increase by 0.3—4.8°C relative to 1986—2005 levels, depending on the GHG emissions
scenario (Collins et al., 2013). In the Arctic, average temperatures observed over the past few
decades are substantially higher than any over the last 2 Ka (Kaufman et al., 2009). Climate
warming over the last century has been greatest in the Arctic and will continue in the twenty-
first century at a rate far above the global average, alongside likely increases in Arctic
precipitation by the mid-twenty-first century (Christensen et al., 2013). Warming is expected to
be greatest in the Arctic because of the polar amplification phenomenon, primarily attributed to
changes in albedo from melting snow and sea ice (Serreze, et al., 2009, Screen & Simmonds,
2010). Other mechanisms contributing to polar amplification in the Arctic are thought to be
changes in atmospheric and oceanic circulation; and water vapour and cloud cover (Serreze &

Barry, 2011; Collins et al., 2013).

The response of both global wetlands and permafrost peatlands in particular to this potential
rapid climate warming remains uncertain and highly debated in the literature. Earth system

models (Chaudhary et al., 2017) and management practices (McLaughlin & Webster, 2013)



would both benefit from improved understanding of peatland carbon dynamics in response to
climate change. The complex factors influencing a net warming or net cooling effect from
peatland systems in the context of twenty-first century climate warming and understanding of
these factors alongside associated feedbacks will be summarised in the following sections and

evaluated to identify research gaps.

1.2.3.1 CARBON ACCUMULATION

Climate can have direct implications upon plant productivity and organic matter decomposition,
and indirectly through influences on hydrology and vegetation that in turn impact productivity,
decomposition, erosion and wildfire frequency — collectively influencing carbon accumulation
(Yu et al., 2009; Frolking et al., 2011; Olefeldt & Roulet, 2012). On a millennial timescale growing
degree days above 0°C (GDDy) and photosynthetically active radiation (PAR) in the presence of
adequate moisture have been correlated with increased carbon accumulation in mid to high-
latitude peatlands (Charman et al.,, 2013). The balance between uptake and loss is what
determines carbon accumulation, however there are a combination of factors and interacting

processes that determines this (Figure 3).
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Figure 3. Factors affecting wetland carbon accumulation in terms of external drivers, location
characteristics, ecosystem processes and carbon dynamics. Factors are not mutually exclusive from each
other, summary diagram only.



In continuous permafrost regions a shorter and colder growing season can slow carbon
accumulation by reducing plant productivity, but this is partially compensated by reduced
decomposition under colder temperatures (Charman et al., 2013; Chaudhary et al., 2017). On
the other hand in tropical peatlands, under much warmer conditions enhanced microbial
decomposition counters increased primary productivity, resulting in comparatively lower carbon
accumulation than in northern peatlands (Gallego-Sala et al., 2018). Where plant productivity is
in equal to or less than microbial decomposition, carbon accumulation and peat formation does
not occur —as can be the case in some Arctic wetlands that lack a surface layer of organic matter
or peat. Carbon accumulation rates of northern peatlands have been observed to be most
restricted in regions of continuous permafrost, becoming less restricted in discontinuous
permafrost and unaffected in sporadic permafrost (Robinson et al.,, 2003), although the
relationship between permafrost and carbon accumulation is not simple. Aggradation of
permafrost causes uplift in peatlands and can lead to drier conditions that increases aerobic
acrotelm decomposition (Sannel & Kuhry, 2008; Loisel et al., 2014). However, colder conditions
in deeper peat can inhibit decomposition (Pelletier et al., 2017). Soil temperature exhibits
control upon permafrost distribution at a macroscale (Figure 1A and 1B), although local factors
and complex feedbacks influence this distribution - mainly in zones of discontinuous permafrost
(Beilman et al., 2001). Despite lower carbon accumulation, the large carbon store exhibited by
permafrost peatlands becomes significant when considered in the context of interaction and

feedback with the global climate system.

1.2.3.2 CARBON DYNAMICS WITH CLIMATE CHANGE

Recent warming at high latitudes has caused permafrost peatlands to experience increases in
soil temperature, potential evapotranspiration and growing season length (Riordan et al., 2006).
A warming climate has been linked to active layer thickening (Akerman & Johansson, 2008; Burn
& Kokelj, 2009), increased number and size of arctic lakes present in permafrost (Smith et al.,
2007) and permafrost disappearance (Christensen et al., 2004). Permafrost thaw and surface
collapse in peatlands can result in thermokarst formation and a shallower water table (Zoltai,
1993; Vitt et al., 1994; Johansson et al., 2006). If thawing continues to influence watershed
drainage then thermokarsts have been observed to dry, yet this is more common in lakes (Smith
et al., 2005). In some areas, a warming and drying climate may increase wildfire frequency,
having the potential to both release large amounts of carbon and accelerate permafrost thaw

(Zoltai, 1993; Frolking et al., 2011; Turetsky et al., 2015). Similarly, permafrost thaw may increase



erosion and losses of dissolved organic carbon (Olefeldt and Roulet, 2012). In terms of ecology,
warming has been associated with increased NPP alongside greater shrub cover and density
(Myers-Smith et al., 2011). Specifically in Arctic wetlands, warming has been linked with
increased above and below ground plant biomass (Hill & Henry, 2011), and increased melt and
evaporation have increased extremes in seasonal hydrological conditions (Woo and Young,

2003; 2006; 2014).

Climate is a key control upon ecosystem processes that ultimately determine carbon
accumulation (Figure 3) - therefore a changing climate is likely to impact carbon accumulation.
Permafrost thaw could expose vast quantities of previously inert organic carbon to
decomposition leading to the gradual and prolonged release of CO, and CH,4 to the atmosphere
that may accelerate climate change (Dorrepaal et al., 2009; Schuur et al., 2015). Excessive drying
of peatlands could lead to increased aerobic decomposition (CO,) and wetting to increased
anaerobic decomposition (CH4) (Gorham, 1991). However, NPP is likely to increase alongside
greater plant productivity with longer and warmer growing seasons, which in northern peatlands
is suggested to be more important than microbial decomposition for carbon accumulation
(Charman et al., 2013). Furthermore, since the Last Glacial Maximum warming growing seasons
have been a key driver of peatland initiation around the world (Morris et al., 2018). With
warming, peatland productivity may increase and the climatic envelope for peatland formation
may migrate northwards facilitating new peat accumulation that may partially compensate for
carbon losses elsewhere (Charman et al., 2015; Gallego-Sala et al., 2018). However there is likely
to be a point with warming (estimated to be ~AD 2100), where on a global scale stimulation of
microbial decomposition nullifies the increased carbon input from elevated plant productivity -

therefore curbing carbon accumulation rates in peatlands (Gallego-Sala et al., 2018).

Increased carbon accumulation at high latitudes in the twentieth alongside warming is evidenced
by palaeoenvironmental records from peatlands in Subarctic Sweden (Swindles, et al., 2015a)
and Alaska (Klein et al., 2013) and moss banks on the Antarctic Peninsula (Loisel, et al., 2017).
This increased peatland carbon accumulation is conditional on the presence of adequate
moisture to hinder decomposition of organic carbon and stimulate growth of peat-forming
vegetation (Oechel, et al., 1998; Chivers et al., 2009; Charman et al., 2013). However, future

hydrological response, vegetation shifts and degradation of permafrost have been identified as
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key areas of uncertainty in the prediction of permafrost carbon dynamics (Lawrence et al., 2015;

Abbott et al., 2016).

1.2.3.3 NON-LINEAR RESPONSE

Potential feedback mechanisms between peatlands and climate include: fire regimes, methane
emissions, nitrogen deposition, growing season length and temperature, photosynthetic active
radiation and permafrost thaw (Dorrepaal et al., 2009; Frolking et al., 2011; Charman et al., 2013).
However, hydrological processes, organic matter dynamics and energy exchanges control
stabilising factors in peatlands and therefore peatlands respond in a non-linear fashion (Belyea,
2009; Swindles et al., 2012). Temperature appears to have a larger influence upon carbon
dynamics than precipitation, with autogenic mechanisms between peat accumulation,
decomposition, drainage and hydrology buffering gradual changes in precipitation, particularly
at millennial timescales (Morris et al., 2015). Beilman and Robinson (2003) found that larger
permafrost peatland areas did not respond directly to warming, perhaps because a surface layer
of peat - particularly when dry, such as in ombrotrophic bogs - can insulate the underlying
permafrost against warming temperatures in the atmosphere and land, therefore thicker peat
layers will slow permafrost thaw (Yi et al., 2007; Lawrence et al., 2008). Long periods of stability
in peatland systems can be interspersed by abrupt changes regardless of forcing and these
changes may be disproportionally large in comparison to the environmental forcing (Belyea,
2009). The non-linear response of carbon accumulation and hydrology in permafrost peatlands
to increasing temperature is exemplified in a conceptual model proposed by Swindles, et al.
(2015a). Phase 4 in the conceptual model (Figure 4) overleaf exemplifies the point at which
autogenic factors (e.g. dome collapse) disconnect peatland hydrology from climate forcing
(Swindles et al., 2012; 2015a; Morris et al., 2015). While water table depth and carbon dynamics
are closely linked, peatlands are extremely complex systems (Belyea and Baird, 2006) and
require a greater understanding of the range and complexity of feedbacks across hydrology,

plant ecology, soil biochemistry and micro-meteorology (Waddington et al., 2015).
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Figure 4. Five-stage model (columns = stages) for the response of permafrost peatlands to increasing
temperature (Swindles, et al., 2015a). R = runoff, D = shallow drainage, P = precipitation, ET =
evapotranspiration, | = infiltration.

1.3 CONSIDERING A PALAEOENVIRONMENTAL APPROACH

1.3.1 CARBON ACCUMULATION ESTIMATES

Estimates of carbon accumulation rates in Northern peatlands (e.g. Tolonen & Turunen, 1996;

MacDonald et al., 2006) suffer from a lack of data from remote regions and often rely entirely

on basal age dates to calculate long-term carbon accumulation that will not account for losses

to fire and erosion and assumes a linear age-depth model (Yu, 2012; Loisel et al., 2014;). Yu et

al., (2009) addressed this to some extent by compiling data from peatlands (n=33) with multiple

down profile dates, while highlighting an underrepresentation at higher latitudes and at decadal
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and centennial timescales. Ovenden (1990) found that carbon accumulation rates generally echo
the influence of climate, but unexpectedly found higher accumulation rates in peatlands on
Canadian Arctic islands — perhaps because of unrepresentative sampling. Many higher latitude
peatlands have experienced an interruption or reduction in peat accumulation — particularly in
permafrost peatlands - over the past few thousand years in Canada (Vardy et al., 2000) and
Siberia (Beilman et al., 2009). Therefore, it is of interest to further increase understanding carbon

dynamics at higher latitudes through a high-temporal resolution palaeoecological approach.

1.3.2 CONTEMPORARY VS. PALAEOENVIRONMENTAL APPROACH

Contemporary field monitoring of permafrost peatlands such as carbon flux to the atmosphere,
water table and temperature (Liblik et al., 1997; Burgess et al., 2000), only provides a partial
record of their response to warming because they are limited temporally to the last two or three
decades since the 1990s (Johansson et al., 2006). Contemporary studies show differing
responses of peatland carbon balance to permafrost thaw between peatland types, thaw stage
and locations. Helbig et al. (2017) suggest that Boreal forest peatlands will become a net source
of carbon, whereas Turetsky et al. (2007) concluded that degradation following permafrost thaw
in Boreal peatlands was likely to represent a small net carbon sink on a long-term timescale, but
that CH4 emissions would have a net warming effect for 70 years. Contemporary monitoring has
predicted Subarctic peatlands to become net sources of carbon with permafrost thaw
(Johansson et al., 2006), yet drained thermokarst lakes have been predicted to provide a net
carbon sink (Jones et al., 2012). These findings exemplify the complexity introduced by location
specific factors and perhaps highlight that, while contemporary monitoring is essential to build
understanding of peatlands dynamics, there are limitations in considering carbon dynamics over
shorter timescales where the influence of system feedbacks and lag times may not be apparent
(Swindles et al., 2015a; 2016). Therefore, a palaeoecological approach presents the opportunity
to develop baseline conditions over a greater temporal timescale to aid a better understanding

of the response of permafrost peatlands to recent climate change.

1.3.3 TESTATE AMOEBAE

Testate amoebae are single-celled protists that are routinely used as palaeoenvironmental
indicators because of the rapid response they demonstrate to hydrological conditions and the
resistance they show to decomposition (Charman et al., 2000; Booth et al., 2010). Contemporary

sampling of testate amoeba species abundances from surficial peat alongside water table depth
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measurements are used to calculate statistical transfer functions to enable quantitative
interpretation of past hydrology from subfossil assemblages. Testate amoeba transfer functions
have been developed for a number of regions and peatland types e.g. ombrotrophic peatlands
in north-eastern Canada and Maine, United States (Amesbury et al., 2013), Sphagnum-
dominated peatlands of North America (Booth, 2008), European ombrotrophic peatlands
(Charman et al., 2007), minerotrophic (poor fen) and ombrotrophic Boreal and Subarctic
peatlands in north-eastern Canada (Lamarre et al., 2013), Subarctic permafrost peatlands in
Northern Europe (Swindles, et al., 2015b) and peatlands on the Alaskan North Slope in the

continuous permafrost zone (Taylor, et al., 2019).

Protists are typically limited to top few centimetres of a soil profile (Coleman et al., 2017) and
therefore in palaeoenvironmental reconstruction subfossils are assumed to be in-situ and
representative of the environmental conditions at the time of deposition. The vertical
distribution of testate amoebae in peatlands are understood to be limited by moisture, light,
temperature, food supply and mineral availability for test building (Charman et al., 2000;
Mieczan, 2010; Roe et al., 2017). However, Roe et al. (2017) highlight the complexity of vertical
distribution of testate amoeba in surficial peat and Sphagnum stems and suggest further
investigation in to the influence of testate amoeba encystment (dormant stage) for
palaeoenvironmental reconstructions. Similarly in minerotrophic peatlands, pH (Lamarre et al.,
2013) and nutrient status (Payne, 2011) can reduce the predictive power of testate amoebae as

palaeo-hydrological indicators, requiring more cautious interpretation.

Interpreting climatic influence, even from sites of minimal anthropogenic modification
(excluding climate change) requires caution (Morris et al., 2015). Testate amoebae and plant
macrofossils prove a snapshot into the hydrological and vegetation conditions under which a
layer of peat has formed (Amesbury et al., 2011). Quantifying bulk density, organic matter
content and carbon content can provide an insight into carbon dynamics over time (Chambers
etal., 2011). Therefore, a multiproxy approach encompassing all these methodologies offers the
most comprehensive representation of past conditions. The first application of testate amoebae
in Subarctic Canadian permafrost peatlands by Lamarre et al. (2012), emphasised the need for a
multi-proxy approach to characterise the strength of allogenic and autogenic processes in

peatlands — yet spatial application remains limited.
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Ecosystem-scale simulation models of peatland development suggest that a combination of high
pass (ecohydrological feedbacks) for precipitation and low pass (secondary decomposition)
filters for both temperature and precipitation makes large magnitude events at decadal to
centennial timescales the most detectable in palaeoenvironmental investigation (Morris et al.,
2015). Furthermore, during the instrumental period of the last 100-150 years (Hansen et al.,
2010) there is a lack of high resolution palaeoecological data regarding the response of
permafrost peatlands to climate change, with exception of Swindles et al., (2015a) focusing on
the Abisko region in Sweden. The close link between hydrology and permafrost carbon dynamics
(Gorham, 1991; Moore & Roulet, 1993; Hodgkins et al., 2014; Lawrence et al., 2015; Swindles,
et al.,, 2015a) makes testate amoebae an extremely useful environmental proxy to better
understand and therefore predict responses of peatlands to climate change (Swindles, et al.,

2015b).

1.4 AIM AND OBJECTIVES

The aim of this thesis is to determine the response of wetlands in the Canadian High Arctic to

twentieth century warming. | identify the following specific objectives:

1) Build up a comprehensive picture of twentieth century climate change from
instrumental and re-analysis data.

2) Use a palaeoenvironmental approach to test the ecological response to twentieth
century warming of the main Arctic wetland types: (i) a Polygon Mire; (ii) a Valley Fen

(patchy wetland); and (iii) a Coastal Fen.
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2. METHODOLOGY
2.1 STUDY SITES

The study region is in the continuous permafrost zone of the western Canadian Arctic tundra,

between the latitudes of around 68.5°N and 74.5°N (Figure 5; Figure 6).
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Figure 5. Upper panel shows a map of wetland site locations where peat monoliths were sampled for
palaeoenvironmental analysis, nearby weather stations (presented in Figure 32), pollen lake cores used
for Holocene temperature reconstruction of the western Arctic region (Gajewski, 2015; presented in
Figure 32). Boundaries between permafrost zones and the northern extent of the tree line are also shown
(Brown et al., 2002). Lower panel shows photographs taken from each site.
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| selected sites to be representative of the main wetland types in the Canadian High Arctic. |
study two wetlands on northern Banks Island, Northwest Territories: a Polygon Mire (74.459°N,
121.04°E) and a Valley Fen (74.05°N, 118.429°E). The Polygon Mire is a broadly flat expanse with
distinctive microtopography consisting of more sparsely vegetated raised centre mounds and
surrounding vegetated troughs. This distinctive microtopography was captured by extracting a
monolith from each of these areas. The Valley Fen is a wet sedge meadow with a large moss
fraction situated in a topographic depression. My third site is a Coastal Fen (68.65°N, 105.455°E)
located on an island approximately 50 km south of Cambridge Bay, Nunavut, where two
monoliths were sampled to serve as replicate palaeo-records. The site was characterised by large

patches devoid of vegetation, areas of moss-cover and sedge-cover towards the wetland edge.

The average annual temperature for my wetland sites is typically below -10°C with a short
summer growing season from July to August or early September. Precipitation is relatively low
and consistent between weather stations proximal to my sites with around half annual
precipitation falling in the summer (Figure Al). Average annual precipitation at Mould Bay is

116.3 mm; at Sachs Harbour is 142.9 mm; and at Cambridge Bay is 148.9 mm (Figure Al).

2.2 GROWING DEGREE DAY CALCULATION AND CALIBRATION

Monthly temperature and annual growing degree days above 0°C (GDDo) estimates from climate
re-analysis (Compo et al., 2011) for each site were validated against records from the nearest
weather stations (Figure 7). Annual GDDo were calculated from monthly temperature values

using the following equation:
GDDO = TO * D
Where Ty is monthly temperature values above 0°C and D is days is respective calendar months.

Mould Bay (76.23°N, 119.35°W, 2 m above sea level) was the nearest weather station for the
northern Banks Island sites, situated around 180 km north northeast of the Polygon Mire and
around 225 km north northwest of the Valley Fen. For the Mould Bay weather station complete
monthly temperature records were available for the periods AD 1949-1992 and AD 1994-1996.
The Polygon Mire re-analysis data demonstrated a strong relationship with monthly
temperature (r? = 0.9718; Figure 7.1a) and annual GDDy (r? = 0.8206; p < 0.001; Figure 7.1b) from
Mould Bay. A timeseries of annual GDDo from the Polygon Mire re-analysis dataset and the

Mould Bay record show comparative magnitudes, with re-analysis long-term average GDDy as a
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proportion of the measured GDD, at 0.84 (Figure 7.1c). Similarly, the Valley Fen re-analysis data
showed a strong relationship with monthly temperature (r?> = 0.9768; Figure 7.2a) and annual
GDDo (r? = 0.8261; p < 0.001; Figure 7.2b) from Mould Bay. A timeseries of annual GDDo shows
the Valley Fen re-analysis dataset to have consistently more GDD, than the Mould Bay record,
with re-analysis average GDDg as a proportion of measured GDDo = 1.43 (Figure 7.2c). | attributed
the higher GDDg values for the Valley Fen to the more southern latitude compared to Mould Bay

combined with a more sheltered position from the Beaufort Sea than the Polygon Mire.

The Cambridge Bay weather station (69.1°N, 105.12°W, 27 m above sea level) around 50 km
north northeast of the Coastal Fen site was used for validation of the re-analysis data. Complete
monthly temperature records were available for the periods AD 1940-1941, AD 1949-2003 and
AD 2007-2010. | expected very similar records because of the proximity of the weather station
to the site. The Coastal Fen re-analysis data demonstrated a strong relationship with monthly
temperature (r? = 0.9746; Figure 7.3a) and moderate relationship with annual GDDy (r? = 0.4918;
p < 0.001; Figure 7.3b) from Cambridge Bay. However, a small overestimation in re-analysis
monthly temperature (Figure 7.3a) resulted in a large overestimation in annual GDD,, by a
magnitude of over two (Figures 7.3b and 7.3c). Consequently, | calibrated the re-analysis
monthly temperature estimates for the Coastal Fen site with the Cambridge Bay record. To do
this | used the strong relationship between re-analysis (Coastal Fen) and measured (Cambridge
Bay) monthly temperatures (r* = 0.9746; p < 0.001; n = 732; Figure 8.A), represented in this linear

regression model:
Miemp = 0.9221R;epmy, — 4.0703

Where Miemp is measured monthly temperature (°C) and Reemp is re-analysis monthly temperature

(°C).

This linear regression model equation was applied to the Coastal Fen re-analysis monthly
temperature dataset (Figure 8.B) which was subsequently used to calculate annual GDDo (Figure
8.C). The calibrated re-analysis annual GDD, dataset demonstrates a moderately strong
relationship (r? = 0.45; p < 0.001; Figure 8.C) with measured values and now of a comparable

magnitude (calibrated re-analysis average GDDy as a proportion of measured = 1.14; Figure 8.D).
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Figure 8. Calibration of Coastal Fen re-analysis monthly temperature with Cambridge Bay measurements
and resultant annual GDDo from calibrated re-analysis monthly temperature. In the A, B and C and panels
the red line represents a one to one relationship and the black line represents the linear trend-line of the

data.

The original re-analysis annual GDD, for the Polygon Mire and Valley Fen sites, and the calibrated

re-analysis annual GDDy for the Coastal Fen site were used in my analysis. Changepoint analysis

(Killick & Eckley, 2014) was conducted in R version 3.4.3 (R Core Team, 2018) on annual GDDg

timeseries data for each of the three sites. The changepoint was calculated using the function

for a change in mean and variance (cpt.meanvar) under the default settings, including an At Most

One Change (AMOC) approach to determine the singular main change in the data.
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2.3 PALAEOENVIRONMENTAL ANALYSIS

Peat monoliths were dug to the base of the active layer at each site, sealed in plastic wrap and
stored at 4°C prior to palaeoenvironmental analysis. The Banks Island samples were collected in
July 2016, while the Elu Inlet samples near Cambridge Bay were collected in August 2017. In the
laboratory at Leeds a central core was cut from these monoliths and sliced at 1 cm intervals with
a band saw while frozen for fibrous samples and with a long-serrated knife for the more
consolidated samples. At all stages of peat sub-sampling, tools were cleaned after every use with

deionised water to avoid contamination (De Vleeschouwer et al., 2010).

2.3.1 AGE-DEPTH MODELS

A combination of above ground plant macrofossil remains and bulk peat samples (where above-
ground macrofossils were not present) were extracted from each core and submitted to the A.
E. Lalonde AMS Laboratory for *C radiocarbon dating. Pre-1950 dates were calibrated in R
version 3.4.3 (R Core Team, 2018) with Clam version 2.2 (Blaauw, 2010) using the IntCal13
(Reimer et al., 2013) calibration curve. Negative (post-bomb era) radiocarbon ages were
calculated by first converting the fraction of modern carbon (F**C; Reimer et al., 2004) into
percentage modern carbon (pMC) normalized to 100%. The pMC values were then converted
into an equivalent *C age before being calibrated using the Hua et al. (2013) northern
hemisphere zone 1 calibration curve. Where possible, cubic spline or polynomial regression age-
depth models were applied to avoid unrealistic abrupt changes in peat accumulation, however

where this induced age reversals in the chronology linear interpolation was applied.

2.3.2 PEAT PHYSICAL PROPERTIES

Loss-on-ignition analysis was carried out following Chambers et al. (2011). A volume of 4 cm?3
material was extracted from each 1 cm slice with a custom cutter, again the more fibrous peat
was cut while frozen to avoid compression and to improve the consistency of bulk density
estimates (Vardy et al., 2000). This known total volume of peat (Vi) was placed in labelled
crucibles of known weight. Each crucible and sample were weighed to determine wet mass (Mw).

Samples were dried overnight at 105°C, placed in a desiccator until cooled and then reweighed

to determine dry mass (Mg).
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Bulk density (p; g/cm?) was calculated by the following:

Where My = dry mass (g) and V; = volume (cm™3). These dry samples were placed in a furnace at
550°C overnight to combust all organic matter, cooled to room temperature in a desiccator and

the remaining ash was weighed (M,).

Organic matter content (OM; %) was calculated by the following:

M, —M
OM = 100 (u)
My

Where Mg = dry mass (g) and M, = ash mass (g). Organic matter bulk density (pom; 8/cm?) was
calculated using the following equation:

Md - Ma
Pom =P ( M, )
Where p = bulk density of dry peat (g cm™), Mg = dry mass (g) and M, = ash mass (g). The long-
term apparent rate of carbon accumulation (LORCA; g m? yr) was calculated - assuming the

carbon content of organic matter was 50% - from the following:
LORCA = r(0.5p)

Where r = net rate of height addition (mm yr), p = bulk density of dry peat (g cm?).

2.3.3 PLANT MACROFOSSILS

Plant macrofossils were analysed contiguously at 1 cm intervals by Mariusz Gatka. Samples of 4
cm were washed and sieved under a warm-water spray using a 0.2 mm mesh sieve. Initially,
the entire sample was examined with a stereomicroscope to obtain volume percentages of
individual subfossils of vascular plants and mosses. The subfossil carpological remains and
vegetative fragments (leaves, rootlets, epidermis) were identified using identification keys
(Hadenas, 2003; Smith, 2004; Flora of North America Editorial Committee, 2007; Mauquoy & van
Geel, 2007). See Gatka, et al., (2017a) for a more detailed methodology for plant macrofossil

analysis in peatlands.
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2.3.4 TESTATE AMOEBAE

A modified version of the method outlined by Booth et al. (2010) was followed to extract testate
amoeba. Samples were boiled in water for around 10 minutes and mixed with a glass rod. This
solution was passed through a 300 um sieve and back-sieved through a 15 um mesh. Sub-
samples were left to settle before slides were made up for microscopy. A minimum of 50 testate
amoeba sub-fossils were counted per sub-sample using a high-power light microscope at a
magnification of 200—400. A count of 50 was deemed representative considering the lower
diversity in testate amoeba taxa observed at high latitudes (Beyens & Chardez, 1995). Testate
amoeba and ciliates were identified using a range of reference material (Kralik, 1961; Bick, 1972;

Corliss, 1979; Charman et al., 2000; Microworld, 2018).

In this study, the ciliate family Vaginicolidae have been incorporated as an additional
hydrological indicators because of: high abundance levels across study sites and unambiguous
aquatic hydrological preferences (Kralik, 1961; Bick, 1972; Corliss, 1979). The Vaginicolidae
classification in this case primarily consists of the species Platycola truncata (de Fromentel, 1874;
Figure 9), however a broader taxonomic classification to family level has been applied for

accuracy.

N Fe(OH),
B;—g/
\substrate

— lorica

— ma

Figure 9. Sketches of Platycola truncata (de Fromentel 1874) sourced from (Bick, 1972), typically 65-145
um (Kralik, 1961). Alongside are photographs of subfossil lorica (70—100 um) from my samples. A) Ventral
view, c.v. = contractile vacuole, f.v. = frontoventrals, lorica = organism casing, ma = macronucleus, mi =
micronucleus. B) Lorica longitudinal section.

Including the ciliate family Vaginicolidae alongside testate amoeba is comparable to the inclusion
of the rotifer Habrotrocha angusticollis (Warner & Chengalath, 1991), that has previously been
included in reconstruction of past hydrology alongside testate amoeba in peatlands across the

northern hemisphere (e.g. Warner & Chengalath, 1991; Booth, 2008; Qin et al., 2013). P.
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truncata attaches to bare substrate or vegetation (Kralik, 1961; Bick, 1972) and therefore
subfossils are assumed to be in situ and indicative of hydrological conditions at the time of

deposition in the peat.

In the absence of contemporary ecological data, testate amoebae were grouped into categories
of hydrological preference based on a detailed literature review (Table 1). The hydrological
indicator classification (8) was determined by consulting the literature on the optimal
hydrological conditions of each testate amoeba taxon or grouping. From each study the taxa
were classified into the category wet, intermediate, dry or variable. The 0 value (wet = -1,
unclear/wide-tolerance = 0, dry = 1) was assigned when = 75% of the references agreed on the
classification, however if optimum hydrological conditions of a particular taxon or type were at
all ambiguous then a classification of ‘unclear/wide-tolerance’ was assigned e.g. Centropyxis

III

aerophila type and Difflugia “small” type. The literature cited is largely composed of transfer
function development studies for the reconstruction of past wetland conditions, however these
are typically not specific to permafrost regions. Transfer functions that are specific to permafrost
regions include Lamarre et al.,, (2013), Swindles et al. (2015b) and Taylor et al. (2019).
Contemporary ecology resources were used to assess the favoured hydrology conditions of the

ciliate family Vaginicolidae (Bick, 1972; Corliss, 1979).
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Table 1. Summary of the hydrological indicator classification (wet, unclear/wide-tolerance [U/WT], dry) of
testate amoeba taxon. The following references are represented in the table below by the corresponding
superscript numbers: Amesbury et al. 2013 }(*), Beyens et al., 19907 (+), Bick, 19723, Bobrov et al., 1999%(*),
Booth, 2008°(*), Charman et al., 20075(*), Charman et al., 20007(*), Corliss, 19798, Lamarre et al.,
2013°(*+), Lamentowicz et al., 2008%(*), Mitchell et al., 1999}(*), Smith, 1992'?, Swindles et al.,
2015%3(*+), Warner & Charman, 1994 and Taylor et al., (2019)*(*+). Key: * = study with transfer function,
+ = Arctic or Subarctic study.

Classification Hydrological Wet Intermediate Dry Variable
indicator
classification
C)]
Arcella discoides type 2,4,5,6,7,9, 13, 10 7
Wet 14,
Arcella hemisphaerica Wet 5, 10, 14, 15 13
Centropyxis aculeata Wet 1,2,6,7,9, 10, 4,5
type 11, 12, 13, 14, 15
Centropyxis gasparella Wet 2
Conicocassis Wet 2
pontigulasiformis
Difflugia globulosa 1,2,5,7,9, 10,
Wet 13, 15
Difflugia oblonga type 4,5,6,7,10, 13,
14
D. bacillifera Wet 2,4,6,7,9,13
D. bryophila 2,4
D. lithophila 1
Netzelia sp. Wet 10, 15
Paraquadrulairregularis Wet 2,12
Vaginicolidae Wet 3,8
Arcella catinus type U/WT 1,5,13,15 6,9, 10 2
A. arenaria U/WT 4
Centropyxis aerophila
type
C. cassis 7 9,13 4,6 1,5
C. platystoma U/WT 1, 6,10, 11, 15 5
C. sylvatica 4,15
C. aerophila 4,10, 15 2,12
C. constricta 2 4,15
Centropyxis
plagiostoma type uwT
Cyclopyxis arcelloides UMWT 11,9 6, 10, 15 4,5 1
type
Difflugia "small" spp.
D. pulex 1, 12 6,9 7,13
D. lucida uwT 1,5,6,7,9, 12 2,13
D. pristis type 1,7 6,9
Euglypha compressa U/WT 6,7 4,11, 13 1
Euglypha degraded UWT
Euglypha laevis U/WT 2 11
Euglypha rotunda U/WT 9 2,5,6,7,14 1,15
Euglypha strigosa U/WT 1,5,6,10 11, 14,15 2,7,9
Euglypha tuberculata U/WT 9 5,6,7,10, 14 1,15
Heleopera petricola UWT 1,2,6,9 4,5, ilz(l) 11, 7
Nebela tincta type U/WT 4,9, 10, 13 6, 15 2,57
Phryganella acropodia U/WT 1,4,5,9 13 15 2,11,14
Assulina muscorum Dry 5 1,6,7,9, 10, 13, 12
14, 15
Corythion-Trinema type 1,6,7,9 5
T. lineare Dry 15 2 1,4,7,10
C. dubium 2,4,11,13, 14,15 12
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2.3.5 STATISTICAL ANALYSIS

Shannon’s Diversity Index (SDI) was calculated from the testate amoeba percentage abundance
data and non-metric multidimensional scaling (NMDS) was performed in Past version 3.19
(Hammer et al., 2001). SDI was calculated using a percentiles bootstrap (9999 permutations) to
investigate diversity and evenness with depth. NMDS was completed using Bray-Curtis
dissimilarity index to provide a trend in the testate amoeba abundance data with depth to
complement the interpretation of testate amoeba hydrological indicator abundances.
Constrained hierarchical clustering was performed in R version 3.4.3 (R Core Team, 2018) with
the packages vegan (Oksanen et al.,, 2017) and rioja (Juggins, 2018) using the Bray-Curtis
dissimilarity index and constrained incremental sum of squares cluster analysis (CONISS; Grimm,
1987). This clustering was completed on both testate amoeba and plant macrofossil data for
each site and provides comparable quantitatively defined stratigraphic zones. Stratigraphic
diagrams of abundance values were plotted for all individual testate amoeba and plant

macrofossil records using the C2 software package version 1.7.7 (Juggins, 2007).
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3. RESULTS
3.1 GROWING DEGREE DAYS

Re-analysis data demonstrates that there is a pronounced increase in GDDo across all three
wetland sites during the twentieth century, with changepoints in the data detected 1931-1940
(Figure 10). Following respective changepoints, mean GDDy at the Polygon Mire increased from
49 + 50 to 152 + 46 GDDo (changepoint: 1940) and at the Valley Fen, from 105 + 76 to 260 £ 6
GDDy (changepoint: 1936) (error terms indicate standard deviation). At the Coastal Fen after the
1931 changepoint mean GDDg increased from 400 + 132 to 605 + 68.3 GDD,. These increases in

GDDo have occurred from lengthening and slight warming of the growing season.

1000
o 900 - — Coastal fen

‘% good — Valley fen

% 7004l — Polygon mire
©

9 600 1
5 900 -
()

'g 400
300 A 1936
200 1 1940
100

0 1 1 1
1850 1900 1950 2000

Year (cal. AD)

1931

Growin

Figure 10. Growing degree days above 0°C for each wetland site 1851-2011 calculated from monthly
temperature re-analysis data (Compo et al., 2011), stepped lines indicate the main changepoint in the
mean and variance of the data for each site.
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3.2 PALAEOENVIRONMENTAL RESULTS

Here | present the palaeoenvironmental results from each of the five monoliths (across the three
wetland sites) in turn, before a summary stratigraphic diagram at the end of the results section
(Figure 31). This includes age-depth models, physical properties, testate amoebae and plant

macrofossils.

3.2.1 POLYGON MIRE RAISED CENTRE

3.2.1.1 AGE-DEPTH MODEL

The Polygon Mire raised centre monolith has three radiocarbon dates with calibrated mean 4C
dates ranging from 1117-228 BP (Table 2). The monolith demonstrated an age reversal with the
lower two dates in the chronology. The lowest date (6—7 cm, 492 BP) was excluded from the
cubic spline age-depth model (Figure 11). Cryoturbation in shallow permafrost soils can lead to
downwards stratigraphic mixing of organic matter and an accumulation at the permafrost table,
i.e. the base of the active layer (Bockheim & Tarnocai, 1998). Consequently, in this and
subsequent age reversals unless otherwise stated | have assumed the younger basal date has
been contaminated with younger material. Therefore, the age-depth model suggests the top 4—
5 cm of material has accumulated since AD 935 (1015 BP).

Table 2. Radiocarbon *C dating summary table from the Polygon Mire raised centre monolith, including
individual date calibration plots. # = Suess effect.

Calibration Calibrated

Site/ range median age Age-
) 1 I
D(grp::)h Lab ID  Material C age + (years BP or (years BP Calibration plots rcrig%tgl
AD) or AD)
309-270 cal. BP est
Polygon (48.2%) 199 BP Z
Mire 187-149 cal. BP &
raised | SO0 Bg‘,'i'i 208BP | 24 (38.3%) OR og Yes
centre P 12calBP-
2-3 >Modern (8.9%) AD 1751
* 400 300 200 100
cal BP
- 111725
Polygon 1015 BP =
Mire | uoc- | Buk 1117 | . | 1071959 cal oR tg Ves
0 B
centre 6180 peat BP BP (95.4%) - A
4-5 AD 935 < ‘ ‘ ‘
1200 1100 1000
cal BP
41824
P(,’\%?eo” 519-453 cal. BP | 492BP | g
. uocC- Bulk (90.8%) o8
raised 6179 peat | 8BP | 24 519335 cal BP O T A
centre (4.6%) 5
6-7 ’ AD 1458 o
550 500 450 400 350 300
cal BP
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Figure 11. Age-depth model for the Polygon Mire raised centre monolith. The model was constructed
using a cubic spline between dates. Black line = best age-depth model, grey = 95% confidence interval of
age-depth model, blue = calibrated distributions of 1*C dates.
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3.2.1.2 PHYSICAL PROPERTIES

In the Polygon Mire raised centre monolith (11 cm; Figure 12) the material was light-brown in
appearance and fibrous in texture. The record shows little change over time with the bulk density
remaining relatively high (0.36 + 0.1 g cm), moisture content moderate (49.4 + 5.6%) and
relatively low organic matter content (29.8 + 9.4%). The bulk density of organic matter is stable
until ~AD 1700 (0.09 + 0.01 g cm?3), where there is a slight increase (0.15 + 0.002 g cm?).
Modelled carbon accumulation is very low prior to ~AD 1900 (2.8 + 2.3 g m yr'!) before showing

recent increase to 31.4 g m?2 yr™.
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Figure 12. Physical properties summary stratigraphic diagram for the Polygon Mire raised centre monolith.
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3.2.1.3 TESTATE AMOEBAE

The testate amoeba record from the Polygon Mire raised centre (Figure 13) suggests a gradual
drying up the core with a reduction in wet taxon (max: 42%, min: 2%). Centropyxis aerophila type
is the dominant taxon throughout the core, increasing gradually from the base of the monolith
(max: 84.3%, min: 44%). Vaginicolidae — a wet indicator — gradually decreases up the monolith
(max: 30%, min: 0%). Another wet indicator, Difflugia oblonga type demonstrates low relative
abundance throughout the record, except for zone 2 (~AD 950-1350) where relative abundance
increased to 22-24%. In zone 1 (0-3 cm) the dry indicator Assulina muscorum appears in low

abundance (0-3.9%).
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Figure 13. Relative abundance (%) of testate amoebae for the Polygon Mire raised centre monolith. Hydrological indicator values classified in Table 1.
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3.2.1.4 PLANT MACROFOSSILS

The monolith from the raised centre of the Polygon Mire shows little change in plant macrofossils
(Figure 14). The record is comprised of partially-decomposed Scopodium cossonii (80-90.5%)

with some herbs (4.76-5%) and Calliergon richardsonii (4.76—-10%).
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Figure 14. Abundance (%) of plant macrofossils for the Polygon Mire raised centre monolith.
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3.2.2 POLYGON MIRE TROUGH

3.2.2.1 AGE-DEPTH MODEL

The Polygon Mire trough monolith has seven radiocarbon dates with calibrated mean C dates
ranging from AD 677-1998 (Table 3). The monolith demonstrates two age reversals in the
chronology, both from bulk peat dates that are removed from the linear interpolation age-depth
model (Figure 15). The age-depth model suggests the top 4-5 cm of material has accumulated

since ~AD 1998.

(=T Polygon mire trough - Linear interpolation

Depth {cm)

10

15

1200 1000 800 600 400 200 0
cal BP

Figure 15. Age-depth model for the Polygon Mire trough monolith. The model was constructed using linear
interpolation between dates. Black line = best age-depth model, grey = 95% confidence interval of age-
depth model, blue = calibrated distributions of *C dates.
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Table 3. Radiocarbon *C dating summary table from the Polygon Mire trough monolith, including
individual date calibration plots. # = Suess effect.

. Calibration Calibrated
Site/ range median age Age-
Depth Lab ID Material “Cage #* 9 9 Calibration plots depth
(cm) (years BP (years BP model
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3.2.2.2 PHYSICAL PROPERTIES

The record from the Polygon Mire trough monolith (17 cm; Figure 16) is more dynamic in
comparison to the raise centre. The lower phase (7-17 cm) consists of a light-brown, slightly
peat-like soil where carbon accumulation is very low (6.2 + 2.1 g m2yr?), organic matter is low
(27.8 £ 8.7%), bulk density is relatively high (0.51 + 0.16 g cm™) and organic matter bulk density
remains relatively high (0.13 £ 0.02 g cm). In the upper phase (0—7 cm) organic matter increases
(max: 77.4%) and bulk density decreases (min: 0.04 g cm?3) shifting to more peatland-like
conditions. Moisture content correlates with these trends in organic matter content. Carbon
accumulation increased dramatically ~AD 2000 with recent rates ranging from 45.7-102.8 g m*

yr'l. Coincident with this increase carbon accumulation from ~AD 2000 is the start of a steady

decrease in organic matter bulk density until present (max: 0.09 g cm3, min: 0.03 g cm).
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Figure 16. Physical properties summary stratigraphic diagram for the Polygon Mire trough monolith.
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4.2.2.3 TESTATE AMOEBAE

The testate amoeba record represents the upper phase of the monolith (0—7 cm; Figure 17),
below which was barren of sub-fossils. In zone 3 (5-7 cm) prior to ~AD 1950 unclear/wide-
tolerance taxa dominate, primarily C. aerophila type (33.8-38.6%) and Difflugia “small” type
(19.3-26.2%). In zone 2 (2-5 cm) Corythion-Trinema type and C. aerophila decrease from 37% to
7.5% and from 50% to 32.1% respectively, while Vaginicolidae and D. oblonga type increase from
5.6% to 1.8% and 0% to 24.5% respectively — indicating wetting conditions from ~AD 2000. Zone
3 (0-2 cm) is dominated by the wet taxa: Arcella hemisphaerica (15.7-28.3%), D. oblonga (11.3—
25.5%) and Vaginicolidae (27.5-47.2%).
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Figure 17. Relative abundance (%) of testate amoebae for the Polygon Mire trough monolith. Hydrological indicator values classified in Table 1.
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4.2.2.4 PLANT MACROFOSSILS

Zones 3 and 4 of the Polygon Mire trough monolith (7-17 cm) represents the gradual transition
(~AD 750-1800) from S. cossonii (40—-85%) and Warnstorfia sarmentosa (0—35%) moss to a more
Cyperaceae (0—30%) and herb-dominated (0—30%) wetland (Figure 18). In zone 2 (4-7 cm) from
~AD 1800-2000 the vegetation is Cyperaceae (20—40%) and herb-dominated (30-40%), with a
Brown moss sp. fraction (10—30%). Then there is a rapid shift in zone 1 around ~AD 2000 to a
moss-dominated ecosystem of mainly S. cossonii (20-70%), Callergon spp. (10-30%) and

Campylium cf. stellatum (10-20%).
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3.2.3 VALLEY FEN

3.2.3.1 AGE-DEPTH MODEL
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The Valley Fen monolith has four radiocarbon dates with calibrated mean *C dates ranging from

AD 1735-1956 (Table 4). The base date (9—10 cm; AD 1850) is an age reversal and is excluded

from the polynomial regression age-depth model (Figure 19).

Table 4. Radiocarbon C dating summary table from the Valley Fen monolith, including individual date

calibration plots. # = Suess effect.

Site/ Calibration Calibrated Age-
Depth LabID Material ¥Cage # range median age Calibration plots depth
(cm) (years BP or (years BP model
AD) or AD)
-153+24
Valley Lo
UOC- Bulk 1955-1956 cal. og
F;e; 6189 peat Modern | 24 AD (95.4%) AD 1956 E: D 1 Yes
§ T T T T T
' 1960 1970 1980 1990 2000
cal BC/AD
270.186 cal 122+24
70-186 cal. BP
Valley Brown (32.1%) HoBP 38
m
Fen UoC- moss 122BP | 24 | 149:55cal.BP OR L8 Yes
fipd 6190 | ctems) (48.6%)
48-11 cal. BP AD 1835 2
(14.7%) * 300 250 200 150 100 50 0O
cal BP
305-268 cal. BP
(35.5%) 215=24
213-198 cal. BP 169 BP 3
Valley 3 (3.4%) &
Fen "é%c::l 5’:2: 215BP | 24 | 189-147 cal. BP OR L& Yes
8-9 (42.0%) .
14calBP- AD 1781 “ w0 w0 o0 100 o
>Modern cal BP
(14.6%) *
78+ 24
Valley Brown 257.222cal.BP | 100BP | g
_ o =y
Fen | YO8 | moss | 78BP | 24 (24.4%) OR £8 No
9-10 6192 (stems) 139-31 cal. BP -
(71.0%) * AD 1850

300 250 200 150 100
cal BP

50

0
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Figure 19. Age-depth model for the Valley Fen monolith. The model was constructed using a polynomial
regression (2" order smoothing) between dates. Black line = best age-depth model, grey = 95% confidence
interval of age-depth model, blue = calibrated distributions of C dates.
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3.2.3.2 PHYSICAL PROPERTIES

The Valley Fen monolith (13 cm) has three main phases. At the base of the record (9—13 cm) is a
pale-coloured mineral layer of extremely low organic matter content (7.2—11.6%) and high bulk
density (1.08-1.52 g cm™) (Figure 20). The low organic matter content in this phase suggests that
conditions caused plant productivity to be lower than decomposition rates. The transition to the
middle section of the record (4-9 cm) shows a sharp increase in organic matter content ~AD
1800 (11.6% to 33.4%) and a decrease in bulk density (1.08 g cm™ to 0.38 g cm™3). Throughout
the middle section there is a gradual increase in organic matter content to 56.5%, an increase in
carbon accumulation (10.9 to 20.1 g m™? yr?) and a decrease in bulk density to 0.23 gcm3. In
the top phase of the monolith (0-4 cm) from ~AD 1950 onwards, the wetland demonstrates
properties more characteristic of a peatland. This is in terms of increased organic matter content
to 78.8% and increased carbon accumulation to 61.3 g cm? yrl. Additionally, bulk density

decreases further to 0.06 g cm3alongside a decrease in organic matter bulk density to 0.05 g cm’

3
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Figure 20. Physical properties summary stratigraphic diagram for the Valley Fen monolith.



48

3.2.3.3 TESTATE AMOEBAE

The Valley Fen testate amoeba record (Figure 21) spans the majority of the monolith (0-10 cm),
excluding the minerogenic sediments at the base. The record demonstrates a general increase
in both wet and dry indicators up the monolith. Zone 3 (6—10 cm) prior to ~AD 1850 is dominated
by C. aerophila type (51.9-70%) and Centropyxis plagiostoma (9.6-16.4%). Zone 2 (3—6 cm) from
~AD 1850-1950 experiences an increase in wet taxa, primarily in the form of Centropyxis
aculeata from 2% to 22% and the limited occurrence of the dry taxa classification of Corythion-
Trinema (2—6%). In zone 1 (0—3 cm) from ~AD 1950 onwards the wet taxon Paraquadrula

irregularis dominates (28.8—40.8%), Corythion-Trinema increases to a maximum of 13.7%.
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3.2.3.4 PLANT MACROFOSSILS

The base of the Valley Fen monolith in zone 3 (9—13 cm) before ~AD 1750 is dominated by sedge
(Cyperaceae) vegetation (> 75%) (Figure 22). Zone 2 (4-9 cm) from ~AD 1750-1950 is dominated
by Brown moss spp. (60-75%), Calliergon moss (< 20%) and Hamatocaulis vernicosus (< 10%). In
zone 3 (0-4 cm) from ~AD 1950, Tomentypnum nitens (30-50%), Cinclidium stygium (0-20%)
and Aulacomnium palsture (< 5%) now dominate. These mosses (including T. nitens, C. stygium
and A. palsture) may have been present within the Brown moss spp. classification, however

decomposition made species-level identification impossible.
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Figure 22. Abundance (%) of plant macrofossils for the Valley Fen monolith.




3.2.4 COASTAL FEN A

3.2.4.1 AGE-DEPTH MODEL
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The Coastal Fen A monolith has four radiocarbon dates with calibrated mean C dates ranging

from AD 1956-1991 (Table 5). The base date (11-12 cm; AD 1977) is an age reversal and is

excluded from the cubic spline age-depth model (Figure 23).

Table 5. Radiocarbon C dating summary table from the Valley Fen monolith, including individual date
calibration plots. # = Suess effect.

Site/ Lab Calrlakl)r:atelon Calibrated Age-
Depth Material 14C age + 9 median age Calibration plots depth
ID (years BP or
(cm) AD) (years AD) model
-979+24
1957-1958 cal. ]
Coastal =
uoC- AD (5.9%) 08
Fg?sA o195 | Bulkpeat | Modem | 24 | o0 S | AD1994 | s ! ZV Yes
AD (89.5%) 2 T T T ‘Lﬁ
' 1960 1970 1980 1990 2000
cal BC/AD
2125+25
Coastal Selaginella 1961-1962 cal. 0o ]
uoc- | (leaf); bud AD (4.3%) 08 -
Fenit | 6104 | scale, salix | MU | 2 | 1g7g.1080cal | APTO® 17T i ves
sp. (leaf) AD (91.1%) g 14 ol ; ‘
' 1960 1970 1980 1990 2000
cal BC/AD
85224
Coastal =] '
uoC- 1954-1956 cal. 0g
Fgerl] éx oros | Bulkpeat | Modem | 24 | 1SR AD 1956 | =7 V Yes
§ T T T T T
' 1860 1970 1980 1990 2000
cal BC/AD
2219224
Carex sp. 7
Coastal UOoC- (fruits); 196(3_) g?/l')AD bhg ]
Fen A Cyperacea | Modern | 24 570 AD1978 | £7 ] No
6196 1976-1979 cal. ]
11-12 e stem o 3 J{
bases AD (89.7%) g8 ‘ . . ‘

1960 1970 1980 1990 2000
cal BC/AD
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Figure 23. Age-depth model for the Coastal Fen A monolith. The model was constructed using a cubic
spline between dates. Black line = best age-depth model, grey = 95% confidence interval of age-depth
model, blue = calibrated distributions of **C dates.
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3.2.4.2 PHYSICAL PROPERTIES

The Coastal Fen A monolith indicates two distinct phases in terms of physical properties (Figure
24). The lower phase (12—17 cm) occurring at least before AD 1956 is characterised by a pale-
coloured minerogenic layer, with a low organic matter content (3.4-25.6%), and a high bulk
density (max: 1.28 g cm™) which decreases up the succession (min: 0.38 g cm3). The upper phase
(0—12 cm) is characterised by a darker-coloured peaty layer of poorly decomposed plant material.
This upper phase experiences a sharp rise in organic matter content that remains consistently
high (86.7 + 5.6%) alongside a relatively low bulk density (0.11 + 0.02 g cm™). Carbon
accumulation is modelled from 0-10 cm and is consistently high (84.5 + 24.4 g m™ yr!) peaking

~AD 1980 at 122.2 g m2 yr™.
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Figure 24. Physical properties summary stratigraphic diagram for the Coastal Fen A monolith.
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3.2.4.3 TESTATE AMOEBAE

The testate amoeba record for the Coastal Fen A monolith spans 0—12 cm (Figure 25), excluding
the extremely minerogenic base. The record is consistently composed of a high percentage of
unclear/wide-tolerance taxa (79 * 8.1%), complicating interpretation of trends in past hydrology.
Zone 3 prior to ~AD 1970 is dominated by C. aerophilia type (21.2 £ 9%) and increasing N. tincta
type (3.4-30.8%). The wet indicator Vaginicolidae gradually decreases from 13.8% to 3.8%. In
zone 2 from ~AD 1970-2000 C. aerophila type abundance drops and remains low (5.8 + 3.4%),
N. tincta type abundance drops and sporadically increases (5.9—42.3%) and wet taxon C. aculeata
is generally low (4—9.6%), but peaks ~AD 1975 at 21.6%. The Euglphya genus increases in zone
2, including E. rotunda (1.9-17.6%), E. tuberculata (7.4—-16%) and Euglypha degraded (2-9.2%).
In zone 1 since ~AD 2000 the record is dominated by E. tuberculata and Netzelia sp. increasing

to 42% and 24% respectively.
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3.2.4.4 PLANT MACROFOSSILS

The vegetation in Coastal Fen A consists of three main zones (Figure 26). In zone 3 (9-16 cm)
prior to AD 1956 there is a dominance of Cyperaceae (50-75%) and herbs (20—45%). In zone 2
(2—9 cm) ~AD 1960 there is a spike in the moss Calliergon richardsonii to 70% and from ~AD
1960-2000 a transition to shrub-dominance (0-80%) alongside a moderate herb abundance
(22.1 £ 9%). Since ~AD 2000 in Zone 1 (0-2 cm) there is a shift to moss-dominance in the form

of C. richardsonii (50%) and Brachythecium mildeanum (10—40%).
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Figure 26. Abundance (%) of plant macrofossils for the Coastal Fen A monolith.



3.2.5 CoASTAL FEN B

3.2.5.1 AGE-DEPTH MODEL
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The Coastal Fen B monolith has four radiocarbon dates with calibrated mean *C dates ranging

from AD 1892-1987 (Table 6). The base date (9—10 cm; AD 1955) is an age reversal and is

excluded from the cubic spline age-depth model (Figure 27), overall demonstrating similar

chronology to the Coastal Fen A monolith (Table 5; Figure23).

Table 6. Radiocarbon **C dating summary table from the Coastal Fen B monolith, including individual date
calibration plots. # = Suess effect.

. Calibration Calibrated
Site/ Lab range median age Age-
i 14, . .
D(gr[;t)h D Material C age + (years BP or (years BP Calibration plots i%[ggl
AD) or AD)
1137+ 24
1957-1958 cal. ]
Coastal 58 ]
uocC- AD (12.1%) ne
FggB o197 | Bulkpeat | Modem | 24 | oo tesY | AD1991 | : W/ Yes
AD (83.3%) RV
" 10 2 30 40 5O
cal BP
187 £30
Calliergon ]
Coastal : - 2o
UOC- | richardsonii 1955-1956 cal. 0g
FZZB 6106 | (loaves + | Modem | 30 | ToSroE S AD 106 | £ V Yes
stems) § T T T T T
' 1960 1970 1980 1990 2000
cal BC/AD
255-223 cal s
-223 cal. 2
Coastal Calliergon BP (21.3%) 55 27 o
UOC- | richardsonii 138-96 cal. BP 62
ey 6199 | (eaves+ | o°r |2 (19.1%) S L VES
stems) 83-31 cal. BP
(55.0%) * AD 1885 300 250 200 150 100 50 O
cal BP
-18+24
Coastal o
uoc- 1954-1957 cal. o8
Fge_rIOB 6200 | Bulkpeat | Modem | 24 | TN R AD 1955 | % V‘ No
T T T T T

-6000

1960

1970

1980 1980 2000

cal BC/AD




61

o — Coastal fen B - Cubic spline
o
E~
=
L
=
ui]
o
© -
[+e]
T T T T
100 50 0 -50

cal BP

Figure 27. Age-depth model for the Coastal Fen B monolith. The model was constructed using a cubic
spline between dates. Black line = best age-depth model, grey = 95% confidence interval of age-depth
model, blue = calibrated distributions of **C dates.
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3.2.5.2 PHYSICAL PROPERTIES

The Coastal Fen B monolith indicates two distinct phases in terms of physical properties (Figure
28) and is very similar to the Coastal Fen A record (Figure 24). The lower phase (10-16 cm)
occurring prior to ~AD 1900, is characterised by a pale-coloured minerogenic layer with a low
organic matter content (mostly 3.4—-25.6%), and a high bulk density (max: 2.44 g cm™) decreasing
up the monolith (min: 0.27 g cm?3). There is a spike in organic matter content (45.6%) at 10-11
cm and in bulk density (1.29 g cm™) at 9—10 cm. The upper phase (0-10 cm) is characterised by
a darker-coloured peaty section of partially decomposed plant material and a marked increase
in organic matter content that remains consistently high (87.3 + 3.9%) alongside a relatively low
bulk density from 0-9 cm (0.12 + 0.02 g cm3). Carbon accumulation is modelled from 0-9 cm

and is consistently high (50.9 + 25.1 g m2 yr!), peaking ~AD 1980 at 98.2 g m2 yr.
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Figure 28. Physical properties summary stratigraphic diagram for the Coastal Fen B monolith.
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3.2.5.3 TESTATE AMOEBAE

The testate amoeba record for the Coastal Fen B monolith spans 0—10 cm (Figure 29), excluding
the extremely minerogenic base. The record is consistently composed of a high relative
abundance of unclear/wide-tolerance taxa (75.6 + 12.6%). As with the Coastal Fen A monolith,
this complicates interpretation of trends in past hydrology. Zone 3 prior to ~AD 1950 is
dominated by C. aerophilia type (16—25.5%) and increasing N. tincta type (6—-54%). In zone 2
from ~AD 1950-2000, C. aerophila type peaks at 35.3% and gradually decreases to 2%. N. tincta
type drops before increasing (11.8-44%) and wet taxon C. aculeata is generally relatively low (2—
18%), but peaks ~AD 1970 at 29.4%. The Euglphya genus increases in zone 2, including E. rotunda
(0-19.6%), E. tuberculata (0-5.9%) and Euglypha degraded (9.8-23.5%). In zone 1 since ~AD
2000 the record is dominated by Corythion-Trinema, E. rotunda and Netzelia sp. increasing to

29.6%, 22.2% and 14.8% respectively.
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3.2.5.4 PLANT MACROFOSSILS

The vegetation in Coastal Fen B consists of three main zones (Figure 30), as in Coastal Fen A. In
zone 3 (9—16 cm) prior to ~AD 1900 Cyperaceae (75%) and herbs (20-25%) dominate. In zone 2b
(6—9 cm) from ~AD 1900-1960, shrubs (20-55%) begin to dominate and C. richardsonii (30-40%)
is present in moderate abundance. From ~AD 1960-2000 in zone 2a (1-6 cm) shrubs dominate
(80—90%) with minimal herbs (5%). In zone 1 (0—1 cm) since ~AD 2000 there is a shift to the
mosses C. richardsonii (70%), Campylium cf. stellatum (10%) and Drepanocladus polygamous

(5%).
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3.2.6 PALAEOENVIRONMENTAL SUMMARY

All palaeoenvironmental data from each monolith is summarised below and the stratigraphic
location of the changepoint in GDD, for each site is highlighted (Figure 31). This summary aims
to allow for clearer and more holistic interpretation. All three wetland sites (4/5 monoliths)

experienced some form of ecosystem shift following a mid-twentieth century increase in GDDo.
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4. DISCUSSION

4.1 TWENTIETH CENTURY GROWING SEASON LENGTHENING AND WARMING IN THE
WESTERN ARCTIC

In contrast to lower latitudes, the Arctic tundra north of the tree line and in the continuous
permafrost zone (Figure 5) experiences a short, cool growing season that limits plant growth -
although the area is warming rapidly. Twentieth century climatic warming has been documented
in historical weather station records (beginning ~AD 1950) near to my study sites, and across the
Arctic (Hassol et al., 2004). The Cambridge Bay and Sachs Harbour stations show the most
pronounced warming rates of 0.03°C yr'* and 0.05°C yrl, in contrast to 0.01°C yr! at the highest
latitude station of Mould Bay (Figure 32a). Re-analysis data demonstrates that there is a
pronounced increase in GDDy across all three wetland sites, with changepoints in the data
detected 1931-1940 (Figures 10 and 32b). These increases in GDDo have occurred from
lengthening and slight warming of the growing season. Elsewhere in the Canadian High Arctic (n

= 4) increases in GDDo have been observed over the past few decades (Woo & Young, 2014).
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Figure 32. Climatic data showing recent warming for my sites in the western Canadian Arctic study region.
A) Historical temperature data from nearby weather stations, see Figure 5 for station locations — data
sourced from Climate Explorer and Environment Canada websites. B) GDDo = Growing degree days above
0°C for each wetland site 1851-2011 calculated from monthly temperature re-analysis data (Compo et al.,
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2011), stepped lines indicate the main changepoint in the mean and variance of the data for each site. C)
Mean July temperature for the western Arctic during the Holocene reconstructed from pollen analysis of
lake bed cores interpolated to 200-year intervals. The shaded area representing one standard deviation
(Gajewski, 2015; see Figure 5 for core locations).

During previous warm periods there is evidence of substantial peat formation in the High Arctic.
Pollen-based temperature reconstructions for the western Arctic show that following a warm
period from 10-7 Ka BP there was a general cooling trend through the majority of the Holocene
(Gajewski, 2015; Figure 32c). During the early Holocene warm period there is stratigraphic
evidence of peatland formation in the Canadian High Arctic (Garneau, 2000) and on Banks Island
specifically during previous interglacial periods (Vincent et al., 1983; Evans et al., 2014). The
cooling experienced in the latter half of the Holocene - before recent anthropogenic warming -
appears to coincide with reduced peat accumulation or a hiatus in the High Arctic, although data

is patchy (Ovenden, 1988; Bradley, 1990; Garneau & Alt, 2000).

Future increases in GDDo alongside climatic warming may facilitate increased High Arctic
peatland formation. In the presence of adequate moisture, GDDo and PAR have demonstrated a
positive relationship with carbon accumulation in northern peatlands and over the last
millennium (Charman et al., 2013; Gallego-Sala et al., 2018). Future Arctic precipitation may
increase alongside warming (Kattsov et al., 2007 ;Bintanja & Selten, 2014; Kopec et al., 2016)
improving moisture availability, although since ~AD 1950 there was no clear shift in precipitation
at the closest weather stations to my sites (Figure Al). Nonetheless, the increase in GDDo across
all study sites may represent a transition to conditions that are more favourable to peat
formation and support the notion for the northern expansion of peatland extent with future

warming (e.g. Charman et al., 2015; Gallego-Sala et al., 2018).

4.2 POLYGON MIRE — AUTOGENIC AND ALLOGENIC ECOSYSTEM PROCESSES WITH

INCREASED THAW

The response of the Polygon Mire to warming was dictated by wetland microtopography i.e.
differing in the raised centre and the surround trough. The raised centre showed a reduction in
wet testate amoeba taxa up the core suggesting drying conditions for potentially over 1 Ka
(Figure 31.5a). This drying is characteristic of a raised centre within an ice-wedge polygon system
(Liljedahl et al., 2016). Although, the raised centre is a very consistent record in terms of S.

cossonii-dominated vegetation, relatively high bulk density and relatively low organic matter
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content (Figure 31a). Carbon accumulation does appear to increase recently, but this could be
an artefact of the age-depth. Increased organic matter bulk density (max: 0.15 g cm; Figure 12)
in the top 2 cm of the monolith is likely to represent greater decomposition of peat (Chambers
et al., 2011) and therefore could indicate a lack of recent peat accumulation. A cessation in peat
accumulation is supported by limited contemporary vegetation observed in the field on the
raised centre mounds (see Figure 33). Ultimately, the raised centre shows no clear response to

twentieth century warming.

A possible explanation for the lack of an obvious response to recent warming in the palaeo-
record and for possible surface compaction is the cessation of peat accumulation following
formation of the raised centre — as can occur with palsa mound formation (Blyakharchuk and
Sulerzhitsky, 1999). The drying associated with the formation of raised centres and evidenced by
the testate amoeba record may have exposed carbon to aerobic decomposition (Schadel et al.,
2016), which could explain the low organic matter content, high bulk density and potential

degradation of the palaeoenvironmental archive.

In the Polygon Mire trough, the response to increased GDD, was clear, but non-linear. My
analysis detected a marked increase in GDDy at the Polygon Mire in 1940 (Figures 10 and 32b).
A further increase in GDDo from 1956—2016 at Sachs Harbour on southern Banks Island has been
documented and linked to increasing active layer thaw depth on central Banks Island (Fraser et
al., 2018). The trough experienced an abrupt transition ~AD 2000 from sedge and herb-
dominance to a moss-dominated (S. cossonii) vegetation, alongside a dramatic increase in
wetness (Figure 31b). | suggest these shifts in vegetation and hydrology are likely because of ice-
wedge degradation with warming. This theory is evidenced by the findings of Jorgenson et al.
(2015) from a contemporary study in Alaska of ice-wedge polygon degradation with warming.
Under initial ice-wedge degradation Jorgenson et al. (2015) observed sedge-dominated troughs
and with advanced ice-wedge degradation wetter aquatic moss-dominated troughs. The
timescale of this ecosystem shift suggests a delayed response in the Polygon Mire to an increase
in GDD,, perhaps indicating a threshold of ice-wedge thaw was reached ~AD 2000 to initiate
trough wetting and moss-dominance. This decadal or sub-decadal timescale of trough wetting
in polygon landscapes in response to warming is supported by observations from across the
Arctic since the mid-twentieth century (Jorgensen et al., 2015; Liljedahl et al., 2016; Fraser et al.,

2018).



72

The establishment of moss vegetation under wetter conditions (Figure 31b) may represent a
negative ecological feedback to ice-wedge thaw. Since ~AD 2000 with the establishment of moss
vegetation, organic matter content (53.8—77.4%) and carbon accumulation (45.7-102.8 g m2 yr
1) have increased to high levels. The moss and peat accumulation may act an insulating layer
alongside slumped material from trough banks to retard further thaw (Jorgenson et al., 2006;
2015). The slumping process was observed onsite (Figure 33) and is evidenced by an older bulk
peat “C date (1-2 cm; AD 1956 * 1) that is likely to have been influenced by the addition of older
slump material, above a reliable plant macrofossil **C date (4-5 cm; AD 1998 + 2; Table 3). Under
advanced ice-wedge degradation and the establishment of hydrological connectivity between
troughs, landscape scale drainage can be initiated (Liljedahl et al., 2016). Drainage could then
expose partially decomposed carbon to increased aerobic decomposition — elevating CO;
emissions (Schadel et al., 2016). However, these negative autogenic ecological (vegetation) and
allogenic geomorphological (slumping) feedbacks could contribute to the deceleration of ice-
wedge degradation and delay the associated increase in carbon emissions. These feedbacks
highlight the importance of considering autogenic factors in polygon mires alongside climate

change (Vardy et al., 2005).

Figure 33. Site photo taken mid-July 2016 at the Polygon Mire site (74.46 °N, 121.04 °E) showing slumping
of raised polygon centres into adjacent troughs.
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The previous periods of sedge and herb-dominance and moss-dominance in the trough record
(Figure 31.6b) may relate to previous ice-wedge degradation and stabilisation cycles. However,
accurate interpretation of these previous trough vegetation shifts in this active
geomorphological system is limited by the absence of a testate amoeba hydrological record
(monolith barren of testate amoeba below 7 cm) and an extremely precise dating chronology.
Further work is required to quantify how these dual-state systems will continue to change in
response to continued warming, however my results demonstrate a clear ecosystem shift in

response to twentieth century warming.

4.3 VALLEY FEN - INCREASING EXTREMES IN GROWING SEASON HYDROLOGY

The short growing season of around three months in the High Arctic results in a highly seasonal
hydrological cycle, which my results suggest is being influenced by warming. An increase in GDDg
at the Valley Fen from AD 1936 (Figure 10 and Figure 32b) is followed ~AD 1950 by a marked
increase in wet testate amoeba taxon and slight increase in dry taxon (Figure 31.5c). At the start
of the summer when temperatures rise above 0°C there is a large influx of water to the
catchment from the thaw of ice and snowbanks that have accumulated over the winter (Glenn
& Woo, 1997). The increase in wet testate amoeba taxa is likely as a result of increased ice and
snow pack melt under recent warming conditions — a process that has been observed in other
Arctic and alpine regions (Fontana et al., 2010; Woo & Young, 2014). Increased groundwater
flow to the wetland through the surrounding Devonian limestone bedrock of the Mercy Bay
Member is evidenced by the increased abundance of the calcite based testate amoeba
Paraquadrula irregularis since ~AD 1980 (28.8—40.8%; Figure 21). The increase in dry testate
amoeba taxa may represent increasingly dry conditions towards the end of the growing season
as a result of increased evapotranspiration over the course of a longer and warmer summer
(Oechel et al., 1998; Woo & Young, 2014). This increased variability in seasonal hydrology ~AD
1950 following the GDD, changepoint is further supported by the presence of the hummock
mosses T. nitens (30-50%) and of A. palsture (< 5%). These mosses have broad climatic and
ecological ranges (Nicholson & Gignac, 1995; Minke et al., 2009) making them suitable for the
increasingly variable growing season hydrology. T. nitens specifically has been observed in both
wet High Arctic (Steere & Scotter, 1979) and dry Boreal fens (Gignac et al., 1991), suggesting a

certain resilience to warming temperatures alongside more variable hydrology.
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Under the likely scenario of further Arctic warming in the twenty-first century (Christensen et al.,
2013), alterations to the hydrology of patchy wetlands may threaten future persistence. Greater
summer snow melt may increase inundation in the short term. However, there is likely to
become a point where snow banks become sufficiently depleted to no longer have the capacity
to sustain wetlands (Woo & Young, 2006). Snow patches were still present at the Valley Fen in
July 2016 (Figure 34) suggesting this point of depletion may not yet have been reached, although
guantifying the extent and rate of change of snow bank extent over time requires retrospective

remote sensing analysis and monitoring.

Figure 34. Site photo taken mid-July 2016 at the Valley Fen site (74.05 °N, 118.43 °E) showing snow patches
on the hilltops of the surrounding catchment.

Furthermore, increased future permafrost thaw and thickening of the active layer may increase
permeability and compromise wetland water retention capacity (Avis et al., 2011). Under this
scenario of drying, CO, emissions from aerobic decomposition are likely to increase and the
wetland is likely to become a carbon source (Oechel et al., 1998). Carbon accumulation rates
since ~AD 1950 remain consistent around 20 g m2 yr! before a dramatic recent increase to 61.3
g m2yr! (Figure 31.4c. This increase hints at a potential increase in productivity with increased
GDDy, but this increase should be treated with caution because incomplete decomposition was

not accounted for. Nonetheless, stable carbon accumulation indicates that the wetland
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ecosystem has not reached a moisture limited point where carbon loss to aerobic decomposition

outweighs carbon input from litter.

My results demonstrate a clear ecosystem shift in response to twentieth century climate
warming. The testate amoeba record suggests a clear shift in hydrology with increased early
growing season inundation from snowmelt, followed by increased drying towards the end of the
growing season with increased evapotranspiration. This complex hydrological cycle is supported
by the presence of generalist mosses that may also have been influenced by warming conditions.
The balance of possible increases in twenty-first century Arctic late-autumn and winter
precipitation (Kattsov et al., 2007; Bintanja & Selten, 2014) against summer evapotranspiration
losses and permafrost thaw alterations to the water retention capacity of wetland systems is
likely to determine the future sustainability and carbon accumulation capacity of this Valley Fen

and other Arctic patchy wetlands.

4.4 COASTAL FEN — WARMING AND GRAZING INDUCED ECOSYSTEM STATE SHIFTS

The timing and magnitude of the ecosystem shift from sedges to shrubs is well established in
both Coastal Fen records by ~AD 1950 and is likely to be linked to both climate and isostatic
uplift. The shrubification of this coastal wetland ~AD 1950 (Figure 31d and 31e) is coincident with
an increase in GDDo from AD 1931 (Figure 10 and 32b). The northern expansion of shrub
communities and increase in plant growth in response to recent climatic warming has been
widely documented across the tundra (Tape et al., 2006; Myers-Smith et al., 2011; EImendorf et
al.,, 2012). Furthermore, climatic warming has been directly linked to increased shrub and
decreased sedge abundance in an Alaskan coastal wetland (Carlson et al., 2018). Isostatic uplift
is relatively rapid in northern Canada, and has been estimated at 4.2 mm yr! at the Coastal Fen
site (Peltier, 2004; Geruo et al., 2013). This isostatic uplift may have played a role in lowering the
water table, increasing dryness to facilitate sedge to shrub succession (Klinger & Short, 1996).
However, in my testate amoeba data, any hydrological shift associated with an increased
abundance of shrubs is unclear. | hypothesise that the increase in GDDy in combination with
ongoing isostatic uplift are the most plausible mechanisms driving this ecosystem shift. The
climatic element of this mechanism is further supported by evidence of a recent increase in
shrub taxa in Subarctic permafrost peatlands in Sweden (Gatka, et al., 2017b) and Alaska (Gatka
et al., 2018) - areas of limited isostatic uplift (Peltier, 2004; Geruo et al., 2013).
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The contemporary wetland ecosystem demonstrates minimal shrub cover and contains several
large bare vegetated sections and patches of dead moss (Figure 35A and 35B). Both Coastal Fen
monoliths demonstrates a recent shift to mosses ~AD 2000. In the absence of any obvious shift
in precipitation from the nearby Cambridge Bay weather station since AD 2000 (Figure A1) |
suggest that moss-dominance has resulted from an external forcing factor and the apparent
increase in wetness suggested by the plant macrofossil record — not corroborated by the testate
amoeba record - is an autogenic response to this establishment of a moss-dominance. Wildfire
has previously been seen to reduce shrub cover in similar environments (Higuera et al., 2008;
Mack et al., 2011), but the absence of macro-charcoal indicates that fire was not an important

driver of this marked vegetation shift.

An alternative theory for the reappearance of moss since ~AD 2000 (Figure 31d and 31e) is linked
to increased grazing by Arctic geese e.g. lesser snow geese (Chen caerulescen) and Ross’s geese
(Anser rossi). My Coastal Fen site is located ~20 km northwest of Queen Maud Gulf Migratory
Bird Sanctuary (QMBS), a major summer nesting site for Arctic geese (Cooch et al., 2001).
Similarly, bird presence is unambiguously confirmed at the Coastal Fen site by an abundance of
tracks and excrement (Figure 35C and 35D). Arctic geese populations have been increasing
alongside improved food provision from increased agricultural production in the wintering
grounds of the southern United States (Jefferies et al., 2004; Fox et al., 2005). This increased
agricultural production is driven primarily by non-climatic factors such as widespread application
of nitrogen fertiliser and agricultural subsidy policies (Jefferies et al., 2004). Arctic geese
populations appear to continue increasing despite population reduction efforts in the form of

relaxed hunting regulations (Alisauskas et al., 2011).

The QMBS has seen Arctic geese nesting populations rise from an estimated 44,300 in 1965 to
2,251,900 in 2006, with over 50% of this increase occurring since 1998 (Kerbes et al., 2014),
albeit concentrated to eastern half of the sanctuary further from my site. Increasing snow geese
populations in eastern QMBS have been correlated with decreasing vegetation cover. In
particular an increasing snow geese numbers have been linked with a reduction in shrub cover
relating to foraging and nest construction demands, and increasing areas of bare peat (five-fold
increase in extent 1988-2011) or mineral substrate (Alisauskas et al., 2006; Conkin & Alisauskas,

2017). Consequently, snow geese may seek out more pristine and warming habitats further
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north — such as my site — and begin to degrade them, providing a credible explanation for the

presence of large bare patches or dead vegetation (Figure 35A and 35B).

Moss
recolonization

Figure 35. Site photos taken mid-August 2017 at the Coastal Fen site (68.65 °N, 105.45 °E). A) Large bare
patch including some dead vegetation with the early stages of moss recolonization in the top right. B)
Moss recolonization towards edge of the disturbed area. C) Clear avian footprints in a bare patch. D) Avian
excrement and a feather observed at the site.

Moreover, snow geese have demonstrated a preference for herbivory of vascular plants and
therefore across the coastal wetlands of northern Canada, areas subjected to destructive grazing
often experience an increase in moss vegetation abundance (Abraham & lefferies, 1997;
Alisauskas et al., 2006). However, conversions of moss-cover to bare peat have also been
documented in response to intensifying snow geese herbivory (Conkin and Alisauskas, 2017),
perhaps suggesting an ecological threshold. Nonetheless, vegetation recolonization in disturbed
wetlands is typically concentrated to smaller patches towards the edge of the disturbance
(Speed et al., 2010). Either edge recolonization following snow geese disturbance or selective
snow geese herbivory provides a plausible explanation for the dramatic shift from a shrub to

moss-dominance ecosystem ~AD 2000 (Figure 31d and 31e; Figure 35 A and 35B).
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At the Coastal Fen site, the clear ecosystem state shift to shrub-dominance is coincident with
high carbon accumulation that peaks ~AD 1980 at over 100 g m yr (Figure 31.4d and 31.4.e).
This ecosystem shift provides evidence for an increase in carbon accumulation at high latitudes
and for the potential of a northward migration of peatlands with longer and warmer growing
seasons under twenty-first century warming — as is predicted by Charman et al. (2015) and
Gallego-Sala et al. (2018). Similarly, regional isostatic uplift (Peltier, 2004; Geruo et al., 2013)
may further increase the area of coastal wetlands. This may to some extent mitigate losses from
degrading peatlands further south (Charman et al., 2015; Gallego-Sala et al., 2018). However,
subsequent destructive grazing by Arctic geese from ~AD 2000 appears to have curtailed carbon
accumulation rates since ~AD 1980 (Figure 31d and 31e), highlighting the complexity of Arctic
wetland systems. The recolonization of moss consists mainly of C. richardsonii (> 50%) and in
CFA also Brachythecium mildeanum (up to 40%). Calliergon spp. mosses are typical of High Arctic
conditions and characteristic of pools or lawns under wet rich fen conditions (Vitt & Chee, 1990).
B. mildeanum is rare in northern Canada, typical of low hummocks in Boreal moderate rich fens
(Chee & Vitt, 1989; Nicholson & Gignac, 1995), suggesting that despite grazing pressures climatic

warming is pushing the distribution of this species northwards.

My results demonstrate a marked response in this coastal wetland to twentieth century warming,
with a shift to a more productive shrub-dominated ecosystem with increased GDD,. However,
potential recent increases in bird grazing appear to have reduced vegetation cover, curtailed
carbon accumulation and facilitated a degree of moss recolonization - highlighting the
complexity of Arctic wetland systems. Wetter habitats have demonstrated greater resilience to
grazing pressures (Speed et al., 2010), therefore if adequate moisture is retained in the fen there
may be potential for a moss-dominated wetland system to continue accumulating carbon
(Charman et al., 2013). The future carbon balance of Arctic coastal wetlands is likely to be
dependent upon the ability of mosses and other vegetation to recolonize bare patches, changes
to precipitation and the trajectory of future Arctic geese populations - | suggest these areas are

a priority for future research.
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5. CONCLUSION

The findings of this study have shown that twentieth century warming of the western Canadian
Arctic has caused an increase in growing degree days above 0°C (GDDy) across all my study sites.
All sites demonstrated a marked ecosystem shift in response to this warming, however the
pathways of these responses were diverse between different wetland types. In the absence of
long-term monitoring data my high-resolution palaeoecological approach —the first of its kind in
the High Arctic - allowed me to identify a diverse array of marked ecosystem shifts at each of my

Arctic wetland sites in response to this recent warming.

The raised centre of the Polygon Mire was the only monolith across all study sites not to
demonstrate a clear response to increased GDDy. A cessation of peat accumulation coincident
with drying following the formation of the raised centre structure may have occurred prior to 1
Ka BP and could explain the absence of an ecological response to recent warming in the raised
centre palaeo-record. In contrast, the Polygon Mire trough shows a marked shift ~AD 2000 from
a sedge, herb and moss ecosystem to one dominated by brown mosses - likely in response to
wetting from ice-wedge degradation under warming conditions. This moss establishment may
represent a negative ecological feedback limiting further ice-wedge degradation via insolation,
reducing or delaying the influence of climate warming and potentially mitigating carbon losses.
This diversity in responses between the two sections of the wetland highlights the importance

of considering the microtopography of ice-wedge polygon systems.

Inthe Valley Fen, a marked increase in GDDo from ~AD 1950 appears to have altered the seasonal
hydrology. | hypothesise elevated melt with warming has increased inundation early in the
summer, but greater evaporation losses have led to drying towards the end. This hydrological
trend is supported by coincidence with generalist mosses (T. nitens and A. palsture) tolerant to
these conditions. Changing wetland hydrology has so far not been detrimental to carbon
accumulation rates, but adequate water retention is likely to be key in the future sustainability

of Arctic patchy wetlands under a warming climate.

The Coastal Fen site experienced an ecosystem shift ~YAD 1950 from a minerogenic sedge-
dominated fen to an organic-rich shrub-dominated fen with high carbon accumulation and is
coincident with a dramatic increase in GDDo, alongside more gradual isostatic uplift. This

provides evidence for the northern migration of ecotones and highlights the potential for
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warming Arctic wetlands to mitigate carbon loses from degrading peatlands further south.
However, increased destructive grazing by Arctic snow geese at the Coastal Fen since ~AD 2000
may have reduced vegetation cover and facilitated a degree of moss recolonization. This
recolonization includes a predominantly Boreal moss (B. mildeanum), evidencing the influence
of warming on ecology despite changing grazing pressures. Although, large uncertainties remain

over the future trajectory of Arctic coastal wetlands.

The findings of this study provide direction to future contemporary studies and should be tested
by further palaeoenvironmental investigations. Longer and warmer growing seasons in the
twenty-first century are likely to cause increased carbon accumulation in wetlands if adequate
moisture can be maintained and may facilitate the transition of High Arctic wetlands to
productive peatland systems. Although, while my results clearly identify marked ecosystem
shifts in High Arctic wetlands in response to twentieth century warming, they also highlight the
complexity and diversity in the pathways of these responses across wetland types. The clear, yet
complex response of Arctic wetlands to climate warming and non-climate factors (e.g. bird
grazing) recorded in this study should be considered in the prediction of twenty-first century

peatland distribution and carbon accumulation under further climate warming.
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Figure Al. Available precipitation data for my study sites in the western Canadian Arctic study region: 1)
Mould Bay, 2) Sachs Harbour and 3) Cambridge Bay. A) Annual precipitation trends. B) Average monthly
precipitation. Source: Climate explorer site and Environment Canada.



