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ABSTRACT

A paleoecological study was carried out on a 4.7 m peat core from Anderson Fen on central
Vancouver Island, using a multi-proxy approach. Pollen, non-pollen palynomorphs, and
physicochemical analyses were used to document past vegetation, peatland developmental
history, and carbon and nitrogen accumulation rates over the last 14,000 years. Lake sediment
and aquatic plant remains at the base of the core indicate a shallow pond was present at the site
after deglaciation. By ~11,700 calendar years before present (cal yr BP), the shallow pond
became a herb-dominated wetland (marsh) through terrestrialization. Bog formation started
around 10,500 cal yr BP with decreasing water levels, as indicated by high C:N, Sphagnum and
fungal remains, and testate amoebae such as Archerella flavum and Heleopera. A fen developed
by ~9400 cal yr BP with fluctuating water levels through the rest of Holocene. Carbon
accumulation rates were highest towards the surface and during the early Holocene warm period,
with an overall mean rate of 12.9 g/m?/cal yr, which is low compared to continental and northern
peatlands. Pollen analysis reveals that non-arboreal communities dominated by Salix prevailed
soon after deglaciation before the expansion of Pinus forests 13,200 cal yr BP. Pseudotsuga
menziesii dominated forests between ~10,700 and 8400 cal yr BP under warm and dry
conditions. Tsuga heterophylla rainforest was established by ~7000 cal yr BP under increasingly
cool and wet conditions. Overall, Anderson fen and the surrounding area experienced major and
rapid changes in environmental conditions and vegetation in response to climate change during
the late glacial and early Holocene, while mid- to late Holocene changes have been more subtle

and relatively gradual.
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INTRODUCTION

Peatland Distribution and Importance

Peatlands are intermediate ecosystems between aquatic and terrestrial environments that support
accumulation of plant materials over long periods of time, from centuries to millennia (e.g.,
Martini et al., 2006; Wieder and Vitt, 2006; Rydin and Jeglum, 2013). The accumulation of plant
materials in peatlands is fostered by low oxygen and high water tables, which slow down
decomposition (e.g., Martini et al., 2006; Rydin and Jeglum, 2013). For a wetland to be called a
peatland, the accumulated peat must reach a certain depth, but this depth differs among countries
(Joosten and Clarke, 2002). In Canada and Russia, the depth benchmark is at least 30 - 40 cm
due to the variability in peat accumulation rate and formation process in different areas (National
Wetlands Working Group, 1997; Martini et al., 2006).

Peatlands cover about 3% of the total global land area with most of this area in Eurasia
and North America (Joosten and Clarke, 2002; Martini et al., 2006); however, the largest
peatland area in the world is found in Siberia (e.g., Smith et al., 2004). Topography, temperature,
water table depth, and oxygen levels are the major drivers of peatland distribution, and
variability in these factors result in the formation of peatlands in different geographical areas,
ranging from tropical to high latitudes. Peatlands are common in areas where water supply is
greater than water loss and where accumulation of organic matter exceeds decomposition
(Martini et al., 2006; Wieder and Vitt, 2006; Rydin and Jeglum, 2013). Peatlands hold about
30% of the total global carbon contained in the pedosphere, and northern peatlands contain most
of this carbon (Roulet, 2000; Joosten and Clark, 2002; Martini et al., 2006). In addition to the
role of peatlands as a carbon sink, peatlands also play an important role in the terrestrial

hydrological cycle by improving water quality and serving as reservoirs. Peatlands also house a



myriad of invertebrate species and unique plant species, contributing to global biodiversity

(Rydin and Jeglum, 2013).

Types of Peatlands

Peatlands are classified based on their sources of water, nutrient contents, water movement
(lentic or lotic), dominant plant community, water table depth, and pH. Based on these
characteristics, peatlands are classified into bogs, fens, swamps, and marshes (National Wetlands
Working Group, 1988; Martini et al., 2006; Rydin and Jeglum, 2013). Bogs and fens tend to
accumulate more peat of greater depths than other types of wetlands.

Compared to fens, low water tables and lack of mineral nutrients typify bogs. They have
low pH and high carbon-nitrogen ratios. Water or moisture in bogs is directly sourced from the
atmosphere through rain, snow, and fog (ombrotrophic). Bogs occasionally support trees, but
they are primarily characterized by Sphagnum mosses and ericads, and in some cases lichens
(National Wetlands Working Group, 1988, 1997; Martini et al., 2006; Rydin and Jeglum, 2013).
Sphagnum plays an important role in contributing to low pH in bogs due to its high cation
exchange capacity (Weider and Vitt, 2006; Rydin and Jeglum, 2013). The upper layer of bogs
(acrotelm) is separated from the deeper layer (catotelm) by the water table; however, some bogs
can have higher water tables close to the surface (National Wetlands Working Group, 1997;
Rydin and Jeglum, 2013). Generally, a bog's surface can be raised, flat or sloped (e.g., Turunen
and Turunen, 2003; Huntley et al., 2013; Lacourse and Davies, 2015).

Fens are characterized by high water tables, near or above the surface, in addition to
extremely low oxygen, and alkaline to slightly acidic mineral-rich water. The sources of water

include surrounding lotic waters, channels, and periodic inundation by streams. Nitrogen is a



major nutrient in fens and mainly sourced via fixation by algae and bacteria, but also from run-
off and directly from the atmosphere (Martini et al., 2006; Rydin and Jeglum, 2013). Phosphorus
and sulfur are also present in fens due to influx from surrounding water bodies (Wieder and Vitt,
2006). Water table and physicochemical contents mostly determine the plant community found
in fens (Martini et al., 2006; Rydin and Jeglum, 2013). Cyperaceae, brown mosses, and other
bryophytes typically occupy rich fens with high water tables, and when the water table drops,
shrubs can become dominant. In typical poor fens, which have lower mineral nutrients,
Sphagnum mosses and ericaceous shrubs dominate. Fens can develop on flat topographies or
steep slopes (National Wetlands Working Group, 1997; Weider and Vitt, 2006; Rydin and
Jeglum, 2013).

Swamps are usually characterized by trees but can also house floating plant communities.
Water in swamps can be lentic or lotic and mineral-rich, and the pH ranges from acidic to above
neutral. Swamps are usually inundated and mostly composed of ligneous peat (National
Wetlands Working Group, 1988, 1997; Weider and Vitt, 2006; Rydin and Jeglum, 2013).

Marshes accumulate less peat due to high productivity and decomposition, in addition to
unstable water tables caused by daily-seasonal-annual fluctuations. The water in marshes is
lentic to semi-lotic, ranging from fresh, brackish to salt, which determines the plant community
type. Found in marshes are Poaceae, Cyperaceae, bryophytes, macro-algae and macrophytes

(National Wetlands Working Group, 1997; Weider and Vitt, 2006; Rydin and Jeglum, 2013).

Development of Peatlands
Peatland development can take different forms including terrestrialization, paludification, and

primary peat formation. Terrestrialization involves the conversion of an already existing water



body to peatland via infilling. Paludification is the establishment of peatland on moist to dry
grounds, such as scrub, forest (Turunen and Turunen, 2003; Rydin and Jeglum, 2013) and tundra
(Rydin and Jeglum, 2013; Ruppel et al., 2013) following an increase in the water table. Primary
peat formation occurs on exposed wet sites without prior dryness, such as exposed sites after sea
regression or ice retreat (Ruppel et al., 2013). However, these developmental pathways also
overlap (Rydin and Jeglum, 2013; Ruppel et al., 2013). Peatland development is accompanied by
steady modifications in plant communities over time as well as the elements that drive peat
formation. These elements can be allogenic or autogenic, coming into play at different phases of
peatland development (Wieder and Vitt, 2006). Peatland succession leads to greater acidity over
time, which results in an ombrotrophic condition (Rydin and Jeglum, 2013). One especially
important plant taxa in peatland development is Sphagnum. Its ability to resist decay and modify
its environment, and its high cation exchange capacity contribute significantly to peat formation
(Wieder and Vitt, 2006).

Peatland succession and development can be progressive or retrogressive, depending on
autogenic factors such as inundation and allogenic factors related to climate (e.g., Shiller et al.,
2006; Rydin and Jeglum, 2013; Lacourse and Davies, 2015). Many peatlands especially fens
eventually transition into bogs. For example, a marshy site can turn into a rich fen, followed by a
poor fen phase and then a bog. This is referred to as the common hydrosere succession (National
Wetlands Working Group, 1988; Wieder and Vitt, 2006; Shiller et al., 2014). In this process,
peat accumulation occurs beneath the water table, separating the surface from the impact of
groundwater over time. This promotes the lowering of pH and organic buildup, usually resulting

in a Sphagnum-dominated peatland. When the peatland has less water drainage, peat



accumulation can also commence in the uppermost portion of the water table over time,

especially in maritime environments (e.g., Martini et al., 2006; Rydin and Jeglum, 2013).

Peatland Paleoecology

Peatlands archive several types of information on past environmental conditions (Rydin and
Jeglum, 2013). Evidence drawn from peats is used in reconstructing peatland development,
carbon sequestration, and vegetation and fire history (e.g., Turunen and Turunen, 2003; Turetsky
et al., 2004; Squeo et al., 2006; Gorham et al., 2007; Shiller et al., 2014; Lacourse and Davies,
2015). Evidence drawn from peatlands can also help in restoration by providing information
regarding peatland succession history (Lavoie et al., 2001). Major proxies analyzed in peats for
paleoecological studies include pollen and spores, plant macrofossils, carbon and nitrogen,
testate amoebae, and charcoal. Accurate reconstruction of site history can be achieved when
more than two proxies are combined simultaneously and treated independently, as shown in the
studies of Huntley et al. (2013) and Lacourse and Davies (2015).

Plant macrofossils are very useful in understanding the history and development of
peatlands (Loisel and Garneau, 2010), and particularly used for *C dating (Birks, 2007). They
can be used to support hydrological proxies by providing information regarding past peatland
nutrient status, and to support paleoclimate evidence (e.g., Blaauw et al., 2004; Loisel and
Garneau, 2010). Plant macrofossil analysis is usually used to complement other paleoecological
evidence, especially when the information provided by pollen analysis is unclear (Birks, 2003,
2007).

Pollen and spore analysis is useful in reconstructing vegetation history, as well as

determining past environmental conditions at both regional and local scales, including peatland



succession history (e.g., Faegri and Iversen, 1975; Turunen and Turunen, 2003; Lacourse and
Davies, 2015). Pollen analysis can also be used to determine disturbance and to support peatland
hydrological proxies (e.g., Williams et al., 2004; Lacourse and Davies, 2015).

Information regarding peatland hydrological history is mostly obtained from testate
amoebae analysis (e.g., Lamentowicz and Mitchell, 2005; Payne et al., 2006; Loisel and
Garneau, 2010; Swindles et al., 2015) due to their short generation time and high preservation
potential (Loisel and Garneau, 2010). Inferences drawn from testate amoebae can be made
quantitative with the application of transfer functions, which make use of the modern abundance
of testate amoebae taxa in relation to their environments (e.g., Lamentowicz and Mitchell, 2005;
Swindles et al., 2015; Taylor et al., 2019).

Charcoal occurs in peat as a result of partial burning of plants at about 280-500° C
(Whitlock and Larsen, 2001). Analysis of charcoal remains are mainly used to investigate fire
history and the influence of fire on peatlands and vegetation, which can be related to
paleoclimate or human activities (e.g., Brown and Hebda, 2002; Shiller et al., 2014). Charcoal
analysis involves macroscopic and microscopic charcoal remains, which offer local and regional

fire information, respectively (Whitlock and Larsen, 2001).

Paleoecology of Peatlands in British Columbia

Peatlands in British Columbia occupy about 1% of the total land area and the majority are
situated in isolated sites with progressive peat accumulation (Maynard, 1988). The major
peatland areas in the province include the central north, coastal areas, the inland plateau with
more concentration in the northeastern part of BC, and they include bogs, fens, swamps, and

marshes (Maynard, 1988; National Wetlands Working Group, 1988; Warner and Asada, 2006).



However, bogs are the most common peatland type in British Columbia (National Wetlands
Working Group, 1988). Some of these peatlands are being disturbed by agricultural activities
(Maynard, 1988). Based on land use inventory data, about 79% and 76% of wetlands have been
lost in and around Vancouver and Victoria, respectively, as of 1981 (National Wetlands Working
Group, 1988). These wetlands can be better conserved and restored by understanding their
developmental history with respect to climate and anthropogenic factors, but unfortunately, not
many studies have been carried out on British Columbia peatlands.

Hansen (1940) studied two bogs in the southern part of British Columbia in order to
reconstruct the paleoecology and paleoclimate of this area. This study recorded major flooding
events in this environment, as well as changes in vegetation composition after deglaciation.
However, this study only made use of fossil pollen evidence of trees, and peat cores lacked
radiocarbon dating. Hansen (1950) conducted another palynology study of three bogs on
Vancouver Island. The study established the history of only a few plant taxa in this environment
with few inferences regarding paleoclimate, and also lacked radiocarbon dating.

Hebda (1977, PhD Thesis) reconstructed past changes in plant communities,
paleoclimate, and developmental history of Burns Bog in the Fraser Valley. This study made use
of different pollen analyses, including surface pollen rain analysis, pollen productivity, and
pollen tetrad diameter analysis, and also examined the effect of fire and human activity on the
bog development. Hebda (1983) studied another bog on northeastern VVancouver Island to
reconstruct post-glacial vegetation history and paleoclimate. This study successfully documented
post-glacial changes in plant communities in this area.

Warner et al. (1984) in their paleoecological study of an excavated peatland on Haida

Gwaii used vegetation history to infer changes in precipitation during the mid-Wisconsin. This



study also revealed glacial movements during this period and when Abies became extirpated
from Haida Gwaii.

Brown and Hebda (2002) carried out a paleoecological study on southern Vancouver
Island that included peat formation and plant community, paleoclimate, and fire history since
deglaciation. The ratio of indicator tree species such as Pseudotsuga menziesii and Tsuga
heterophylla was used as a precipitation index, which was integrated with peat formation,
vegetation and fire history in order to make inferences regarding the paleoclimate of southern
Vancouver Island.

Turunen and Turunen (2003) conducted a paleoecological study at a slope bog along the
north coast of British Columbia to determine the history of formation and carbon accumulation.
According to the authors, carbon accumulation in the bog was low compared to continental
peatlands due to slow forest paludification triggered by climatic and local factors. Banner et al.
(2005) also carried out a brief investigation in the same environment to understand the ecology
of bogs in this area.

Sanborn and Jull (2008) determined the initiation timing of peat accumulation in four
neighboring bogs in the east central area of British Columbia, showing that there was variability
in depth and buildup of these bogs despite their close proximities. However, this work did not
include the use of proxies such as pollen and spores, macrofossils, and charcoal amongst others
as supporting evidence or to infer paleoecology.

Huntley et al. (2013) carried out a detailed study on a 90 cm peat core from Haida Gwaii
and reported evidence of some key paleoclimatic events such as the Little Ice Age and post-Little

Ice Age warming. Anthropogenic influence on the bog was also revealed with respect to peat



development. This study clearly reconstructed the history of the bog over the last 1800 years and
also made use of non-pollen palynomorphs to support their interpretations.

Lacourse and Davies (2015) carried out the most recently published paleoecological
study on a British Columbia bog, on northern Vancouver Island, and made use of various lines of
evidence including palynomorphs and non-palynomorphs as well as physicochemical
measurements. This study was able to determine the bog formation history over the last 10,400
years with respect to hydrological dynamics, carbon sequestration and vegetation history, and

paleoclimate in the Holocene.

Research Objectives
In general, there are very few comprehensive paleoecological studies in British Columbia
peatlands. The main goal of this study is to use a multi-proxy approach to analyze peat cores
from Anderson Fen on central Vancouver Island to reconstruct the paleoenvironment of this area
since deglaciation. This multi-proxy approach includes the use of pollen, non-pollen
palynomorphs, and carbon and nitrogen analyses, as well as peat composition analysis carried
out by Stewart (2018, BSc Thesis). The paleoenvironmental reconstruction includes:
i.  Long-term changes in regional and local vegetation;

ii.  Developmental history of the peatland and local conditions such as hydrology; and,

iii.  Changes in carbon and nitrogen accumulation rates through time.
The results from the aforementioned objectives will be discussed in the context of long-term
changes in climate. This will help us understand the links between changes in vegetation,
peatland developmental history and local conditions, as well as carbon accumulation with respect

to paleoclimate.



ENVIRONMENT OF THE STUDY AREA AND SITE DESCRIPTION
Glacial History of VVancouver Island
Much of Vancouver Island was submerged under the Late Wisconsinan Cordilleran ice sheet that
covered most of British Columbia until around ~18,000 — 17,000 cal yr BP and had an ice
thickness of up to 3000 m (Blaise et al. 1990; Clague and James, 2002; Clague, 2017). The
melting ice sheet was responsible for isostatic changes near Vancouver Island and in other parts
of south-west British Columbia (Clague and James, 2002). This resulted in a sharp drop in
relative sea level on the east side of central Vancouver Island from a high of about 150 m asl
about 14,000 cal yr BP to a low of about —15 m asl by 11,500 cal yr BP (Clague and James,
2002; Hutchinson et al., 2004). Modern relative sea level was reached in the early to mid-
Holocene (Hutchinson et al., 2004). In general, ice on Vancouver Island starting retreating to

higher elevations after 15,600 yr BP (Blaise et al., 1990).

Vegetation History
Previous studies have reported open Pinus woodland vegetation on Vancouver Island between
~16,500 and 13,000 cal yr BP (Hansen, 1950; Hebda and Haggarty, 1997; Hebda, 1983;
Lacourse, 2005). However, it has also been reported that non-arboreal communities were present
before the arrival of Pinus (Hebda, 1983). Matthews and Clague (1982) and Lacourse et al.
(2005, 2012) have recorded non-arboreal communities on the Queen Charlotte Islands (Haida
Gwaii) before the arrival of Pinus.

A period of cooler and perhaps wetter conditions characterized by increases in Tsuga
mertensiana between ~13,400 and 11,500 cal yr BP followed the development of Pinus forests

(Hebda, 1983; Lacourse, 2005). Tsuga mertensiana has also been recorded at high elevations on

10



central Vancouver Island (Mazzucchi, 2010 — PhD Thesis) and has been suggested to indicate a
brief return to cool conditions that occurred at about the same time as the Younger Dryas cooling
event (Mathewes, 1993; Lacourse, 2005). Alnus spp. have also been recorded to be an important
component of the vegetation on northern VVancouver Island during the late glacial and early
Holocene period (Lacourse, 2005). Alnus crispa (Alnus viridis-type; May and Lacourse, 2012)
was abundant on central Vancouver Island during the late glacial period, and the vegetation was
reported to be open at this time (Mazzucchi, 2010 — PhD Thesis).

Following this brief cool period, temperatures rose within ~1000 years, leading to the
early Holocene warm period. Mixed coniferous forests dominated in the early Holocene with the
expansion of Picea and Tsuga heterophylla as early as ~13,500 cal yr BP in northern areas of
Vancouver Island (Hebda, 1983; Lacourse, 2005). Early Holocene forests have been described as
closed and the increase in temperature allowed the expansion of Pseudotsuga menziesii towards
its northern limit between ~10,000 and 8000 cal yr BP (Hebda, 1983; Lacourse, 2005; Lacourse
and Davies, 2015). Abies spp. were an important component of forests on northwestern
Vancouver Island at this time (Hebda and Haggarty, 1997) and in central areas especially at
higher elevations, where Abies lasiocarpa still persists (Mazzucchi, 2010 — PhD Thesis).

Tsuga heterophylla has dominated forests on central and northern VVancouver Island since
the middle Holocene (~8000 cal yr BP — present), as the climate became cooler and wetter
(Hebda, 1983; Lacourse, 2005; Lacourse and Davies, 2015) and T. mertensiana has persisted at
middle to high elevations in central areas (Mazzucchi, 2010 — PhD Thesis). At low elevations,
the presence of other shade tolerant taxa such as Abies and Thuja plicata indicate the vegetation

has remained closed during this period (Lacourse, 2005; Lacourse and Davies, 2015). Thuja
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plicata and Chamaecyparis nootkatensis have also dominated forests alongside T. heterophylla

since ~2500 cal yr BP on northwestern Vancouver Island (Hebda and Haggarty, 1997).

The vegetation history of southern VVancouver Island shares some similarity with changes
in forest composition on central and northern VVancouver Island. Brown and Hebda (2002, 2003)
and Heusser (1983) recorded that open Pinus woodland also prevailed on southern Vancouver
Island in the late-glacial period. Mixed coniferous forest then replaced Pinus forests between
~14,000 and 10,000 cal yr BP. The mixed forest was closed and composed of more shade-
tolerant taxa such as T. heterophylla, T. mertensiana (at high elevations) and Picea sitchensis,
under cool, moist conditions (Heusser, 1983; Brown and Hebda, 2002, 2003). A similar increase
in T. mertensiana from ~14,000-13,000 cal yr BP likely reflects a period of colder or wetter
conditions (Brown and Hebda, 2003).

In the early Holocene, Pseudotsuga menziesii-dominated forest prevailed on southern
Vancouver Island as temperatures rose, although mixed coniferous forests were still present in
moist areas during this time (Brown and Hebda, 2002, 2003; Lucas and Lacourse, 2013). In the
mid-Holocene, there was an expansion of T. heterophylla and Thuja plicata alongside P.
menziesii, Picea and Abies on southeastern VVancouver Island, which indicates an increase in
wetness during this period (Brown and Hebda, 2002). Quercus garryana also became an
important component of forests on southern VVancouver Island by about 7500 cal yr BP (Heusser,
1983; Allen, 1995 — MSc Thesis; Lucas and Lacourse, 2013). Closed forests dominated by T.
heterophylla, P. menziesii and Cupressaceae have prevailed on southern Vancouver Island for
the last several thousand years, although open forests are also present in some areas (Heusser,

1983; Brown and Hebda, 2002, 2003; Lucas and Lacourse, 2013).
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Modern Climate and Vegetation

Generally, a mild, moist climate prevails on Vancouver Island and this allows temperate
coniferous forests to dominate. In general, areas with abundant precipitation support Tsuga
heterophylla-dominated forests, while areas on the east side of the island in the rainshadow of
the Vancouver Island Ranges support Pseudotsuga menziesii-dominated forests. Higher elevation
areas have Tsuga mertensiana forest and alpine tundra.

The Coastal Western Hemlock zone dominates most of the coast of British Columbia at
low to mid-elevations, as well as north and south along the Alaska and Washington coasts
(Meidinger and Pojar, 1991). The elevation of this zone ranges from 0 - 1050 m in the south and
middle coast, and from 0 - 300 m towards the north (Meidinger and Pojar, 1991). This zone has
one of the wettest climates in Canada with mean annual temperature and rainfall of 8°C and 2230
mm, respectively (Meidinger and Pojar, 1991). Temperate coniferous rainforest is the dominant
vegetation type. Aside from the dominant T. heterophylla, Picea sitchensis is abundant on
coastlines, Abies spp. are present mostly at higher elevations, and P. menziesii occupies dry parts
or areas after fires.

At higher elevations above the Coastal Western Hemlock zone is the Mountain Hemlock
zone, which is mainly characterized by a subalpine climate. Cool summers, prolonged cold
winters and short growing seasons prevail in this zone. The elevation ranges from 900 to 1800 m
towards the south and 400 to 1000 m towards the north. Most precipitation falls as snow. The
dominant species are Tsuga mertensiana, Abies amabilis and Chamaecyparis nootkatensis.
Alpine tundra dominated by dwarf shrubs is present at higher elevations. Summer temperature is
less than 10 °C, mean annual precipitation ranges from 700-3000 mm, and frost is present almost

year-round (Meidinger and Pojar, 1991).
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The Coastal Douglas-fir zone is mainly dominated by Pseudotsuga menziesii and is
present across the lowlands of southeastern VVancouver Island, generally below 150 m, with the
prevalence of warm, relatively dry summers, and moderately wet, cool winters. The mean annual
temperature and precipitation ranges from 9.2 to 10°C and 650 to 1300 mm, respectively

(Meidinger and Pojar, 1991).

Study Site: Anderson Fen

Anderson Fen (49° 44.1° N, 125° 11.6° W; 554 m asl) is a poor fen (pH 4.6) located along
Strathcona Parkway to Mt. Washington, approximately 15 km northwest of Courtenay on central
Vancouver Island, British Columbia (Figure 1). The fen sits in the Leeward Island Mountain
Ecosection at a higher elevation to the west of the Nanaimo Lowlands, in the Georgia
Depression. Anderson Fen is located within the moist maritime subzone of the Coastal Western
Hemlock biogeoclimatic zone (Meidinger and Pojar, 1991) but forests surrounding the fen also
contain species such as Tsuga mertensiana and Chamaecyparis nootkatensis that are more
typical of the Mountain Hemlock biogeoclimatic zone, which occurs at higher elevations. The
closest climate station (Black Creek), which is 13 km to the northeast at an elevation of 46 m,
has a mean annual temperature of 9.2°C and a mean annual precipitation of 1645 mm
(Environment Canada, 2018).

Anderson Fen is approximately 950 m long and 100 m wide at its widest point, with a
surface area of 5.5 ha (Figures 2 and 3). The fen is part of the Courtenay River watershed and is
connected to Anderson Lake and other surrounding wetlands at its western and eastern edges.
Surface vegetation at Anderson Fen is dominated by Sphagnum mosses (Sphagnum

angustifolium, S. papillosum), sedges (Eriophorum angustifolium, Rhynchospora alba), and
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ericaceous shrubs such as Vaccinium oxycoccos and Kalmia microphylla var. occidentalis
(Figures 4, 5 and 6; Golinski, 2004 — PhD Thesis). Other common taxa include Sphagnum
fuscum, S. pacificum, Carex pauciflora, Rubus chamaemorus (Figure 6), Menyanthes trifoliata,
Drosera anglica, D. rotundifolia (Figure 4), Rhododendron groenlandicum (Figure 6), and
Vaccinium uliginosum (Figure 6). At the time of sampling (August 2016), the water table was 20
cm below the surface at the coring location, although standing pools of water were present in

some areas (Figure 7).
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Figure 1: Location of Anderson Fen on central Vancouver Island, British Columbia, Canada.
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Figure 2: Aerial view of Anderson Fen and surroundings on central Vancouver Island, BC. Star
shows the coring location.

Figure 3: Landscape view of Anderson Fen looking northwest with Mount Washington in the
background. (Photo by T. Lacourse)
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Figure 4: Plants growing on the surface of Anderson Fen: Sphagnum spp., Vaccinium
oxycoccos, Kalmia microphylla, Drosera rotundifolia. July 2016. (Photo by T. Lacourse)

Figure 5: Plants growing on the surface of Anderson Fen: Eriophorum angustifolium. July 2016.
(Photo by T. Lacourse)
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Figure 6: Plants growing on the surface of Anderson Fen: Vaccinium uliginosum, Rubus
chamaemorus, Rhododendron groenlandicum. July 2016. (Photo by T. Lacourse)

Figure 7: Standing water on the surface of Anderson Fen. July 2016. (Photo by T. Lacourse)
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MATERIALS AND METHODS

Field Methods

In August 2016, a complete peat and sediment sequence was obtained from Anderson Fen using
a 50-cm long Russian peat sampler. Two adjacent holes were cored and samples were collected
50 cm at a time, alternating between the two holes with 10 cm overlap. The uppermost 30 cm of
peat was collected as a large block using a keyhole saw and shovel. Samples were packaged
tightly in plastic wrap and aluminum foil for storage and ex-situ analysis. Samples were then
brought to the University of Victoria and stored at 4°C. The pH of the fen’s standing water was

measured using a YSI multimeter.

Radiocarbon Dating and Chronology

AMS radiocarbon ages (}*C yr BP) were obtained from Beta Analytic Inc. (Miami, Florida) on
peat and plant macrofossils from eight depths in the core and were calibrated to calendar years
(cal yr) using the IntCal13 calibration data set (Reimer et al., 2013). A smooth spline function
with a 0.25 smoothing parameter and 10,000 iterations was used by T. Lacourse to create an age-
depth model to predict unknown ages, using the ‘clam’ package (Blaauw, 2010) in R (R Core
Team 2017). The model made use of an age of —66 cal yr BP for 0 cm, based on the year of
collection (2016), and calendar ages for specific depths were estimated based on the weighted

averages of all age-depth curves.

Loss-on-Ignition and Bulk Density Analysis
Loss-on-ignition followed the method outlined in Dean (1974) and Heiri et al. (2001). A total of

230 samples (1-3 cm®) were taken along the core at 2 cm intervals, except for the last two
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samples at the base of the core, which were taken at 3 and 4 cm intervals. Samples were weighed
on an analytical balance (Metter Toledo-XSE105) in ceramic crucibles of known weights, and
then dried in a HERAtherm OGH60-S oven at 105°C for 20 h. After determining dry weight,
samples were ignited in a Vulcan 3-550 muffle furnace at 550°C for 4 h and then weighed again.
Samples were transferred into a desiccator for 30 min to cool to room temperature after every
heat treatment and before weighing. Weight loss measurements (wet, dry and ignition weights)
and initial wet volume (cm?®) were used to determine water content (%), organic content (%) and

ash-free bulk density (g/cm?).

Carbon and Nitrogen Analysis

A total of 88 samples of 1-3 cm®each were taken along the core at 100-200 cal yr intervals and
dried at 50°C for 48 h. Samples were then homogenized by reducing each to fine powder using a
steel ball mill. C and N content were determined on 3-5 mg of dried homogenized peat, which
was packaged in 5 x 8 mm tin capsules for analysis. In addition, replicate analyses were
performed on 15% of samples. Analysis was done at the Pacific Center for Isotopic and
Geochemical Research (PCIGR) at the University of British Columbia, using an Elementar
Americas vario MICRO cube elemental analyzer. PCIGR provided %C and %N. Carbon and
nitrogen accumulation rates (g/m?/cal yr) were calculated using %C, %N, ash-free bulk density

(g/cmq) and estimated deposition time (cal yr/cm).

Pollen and Non-pollen Palynomorph Analyses
For this analysis, 116 samples of 1 — 2 cm? were taken along the core at 4 cm intervals except the

last two depths of pure clay, which were sampled at 3 cm intervals. Samples were treated with
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warm 10% KOH for 8 min to remove humic materials. Samples were then sieved with a 150-um
mesh to separate materials >150 um for peat composition analysis by Stewart (2018, BSc Thesis)
and the <150 um fraction for pollen and non-pollen palynomorph analyses. Samples were further
treated with warm acetolysis solution (sulphuric acid and acetic anhydride at 1:9) for 2.5 min to
remove pollenkitt and cellulosic materials for clear observation. Prior to chemical treatment, one
Lycopodium tablet (Batch No. 177745 with 18,584 + 829 spores) was added to each subsample
in order to estimate microfossil concentrations. Finally, subsamples were dehydrated with 95%
ETOH and stored in 2000 cs silicone oil. Five samples from below 455 cm that consisted of clay
were also treated with hydrofluoric acid to break down silica in the samples and sieved with a
10-um mesh to remove any remaining small particles.

A minimum of 400 terrestrial pollen and spores were identified in each subsample at a
magnification of 400x using Zeiss Axio Lab.Al and Axiolmager.A2 compound microscopes. A
minimum sum of only 100 was used in the four basal samples in the clay portion of the core due
to extremely low pollen concentrations. Pollen and spores were identified to the lowest possible
taxonomic level using dichotomous keys, photographs and other texts (Helmich, 1963; Richard,
1970; McAndrews et al., 1973; Bassett et al., 1978; Hebda, 1985; Moore et al., 1991; Kapp et al.
2000) and a modern reference collection in the Paleoecology Lab in the Department of Biology
at the University of Victoria. Pinus pollen were typed to Pinus contorta, Pinus monticola or
Pinus undifferentiated based on the presence or absence of visible verrucae on the distal surface.
Alnus pollen were typed into Alnus rubra, Alnus viridis and Alnus undifferentiated based on arci
thickness, wall thickness, distance of arci from the wall, and general size and shape, following

the criteria outlined by May and Lacourse (2012).
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Pollen percentages were calculated using a base sum of all terrestrial pollen and spores
(trees, shrubs, herbs and ferns), excluding Sphagnum spores and aquatic pollen, which include
Nuphar, Isoétes, Typha and Potamogeton. Sphagnum and aquatic group percentages were
calculated by adding the base sum to each group’s sum. Pollen and spore concentrations were
calculated using Lycopodium marker spores, which were counted along with fossil pollen and
spores. Pollen diagrams were created using Tilia 2.0.41 and pollen assemblage zones were
determined based on taxa with a minimum occurrence of 2% using CONISS cluster analysis
after square root transformation (Grimm, 1987).

Non-pollen palynomorphs (NPPs) were counted and identified along with fossil pollen

and spores. These include testate amoebae, aquatic plant microfossils, fungal spores, copepod

and algal remains. Testate amoebae were identified using the key and diagrams in Charman et al.

(2000) and Payne et al. (2012). Fungal spores and other NPP types were identified using van

Geel (1978), van Geel et al. (1981), Round et al. (1990), Kuhry (1997), Chmura et al. (2006),

and Montoya et al. (2010). NPP concentrations were determined using the Lycopodium counts as

in the case of pollen, and the concentration diagram was created using Tilia 2.0.41. NPP zones
were also determined using the cluster analysis method stated above, but based on the
concentrations of all NPPs in this case. Samples at the base of the core that were treated with
hydrofluoric acid were excluded from NPP analysis, as most NPPs are destroyed by this

treatment.
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RESULTS

Peat Chronology and Stratigraphy

A total of 470 cm of peat and sediment was collected at Anderson Fen, and eight AMS
radiocarbon ages were obtained on peat and plant macrofossils from the core (Table 1). The
resulting calibrated ages and an age of —66 cal yr BP for the surface were used (by T. Lacourse)
to create an age-depth model based on a smooth spline function (Figure 8). The age-depth model
predicted a basal age of 13,938 cal yr BP (13,473 — 14,117 cal yr BP). The estimated
accumulation rates and deposition times range from 0.02 to 0.41 cm/yr and 2 to 52 yr/cm,
respectively. The highest peat accumulation rates and lowest deposition times were recorded in
the uppermost samples (0-45 cm) and between about 365 and 325 cm (~10,700 — 10,400 cal yr
BP).

The basal portion of the Anderson Fen core is composed of clay with sand and gravel
(470-454 cm), followed by lake sediment (454-411 cm) that gradually transitions to limnic peat
(Figures 9 and 10). Peat composition analysis by Stewart (2018, BSc Thesis) indicates that the
limnic peat is composed primarily of herbaceous plant remains with abundant Nuphar sclereids.
This herbaceous peat (411-334 cm) is replaced by Sphagnum-dominated peat (334-286 cm) and
then mixed peat (286-162 cm) with Sphagnum, herbaceous and woody remains in similar
proportions. The top of the core (162-0 cm) is Sphagnum-dominated peat (Figures 11 and 12). In
addition, seeds of Nuphar polysepala, Menyanthes trifoliata, and Potamogeton were recovered in

the lower part of the core (Figure A4).
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Figure 8: Age-depth model and calibrated radiocarbon ages for the Anderson Fen core. Model
was built by T. Lacourse using a smooth spline in the ‘clam’ package (Blaauw, 2010) in R. Grey
areas show 95% confidence intervals based on 10,000 iterations of the model.
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Figure 9: Generalized stratigraphy of the Anderson Fen core, based in part on peat composition
analysis by Stewart (2018, BSc Thesis). Mixed peat consists of varying amounts of moss,
herbaceous and woody remains.
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Figure 10: The basal 50 cm of the core (420-470 cm) collected from Anderson Fen showing the
transition from freshwater lake sediment to clay. (Photo by T. Lacourse)
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Figure 11: One of the 50-cm peat sections (70-120 cm) collected from Anderson Fen. (Photo by
T. Lacourse)
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Figure 12: Uppermost peat (0-40 cm) collected from Anderson Fen showing a gradual increase
in decomposition with depth. (Photo by T. Lacourse)
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Loss-on-Ignition and Bulk Density Analysis

The mean water content, organic content and ash-free bulk density (AFBD) of the peat are
89.4%, 95.8% LOI and 0.09 g/cm?, respectively. The water and organic content of the peat are
fairly constant; however, both are low at the base of the core (470 — 455 cm), which corresponds
to the inorganic portion of the core (Figure 13). AFBD ranges from 0.07 — 0.10 g/cm® in most

parts of the core but is slightly lower at the very top and bottom of the core.
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Figure 13: Physicochemical records from Anderson Fen (LOI= Loss-on-ignition; AFBD=Ash-
free bulk density). See Figure 9 for stratigraphy legend.



Carbon and Nitrogen Analysis

Carbon and organic content (% LOI) follow similar patterns in the Anderson Fen core with the
lowest %C in the inorganic portion of the core at the base (Figure 14). Carbon content is high
and relatively stable from about 11,250 cal yr BP to the present, ranging from 46 — 54%.
Nitrogen content is generally low with an overall mean of 1.5% (Figure 14). N content is lowest
at the base of the core, between ~10,200 and 9600 cal yr BP and in the uppermost 67 cm, with
values ranging from 0.8 to 1.0%. Conversely, C:N is highest between ~10,300 and 9600 cal yr
BP, and towards the uppermost portion of the core. C:N exceeds 80 during accumulation of
Sphagnum peat at the top of the core, at about 2000 cal yr BP and around ~10,000 cal yr BP
(Figure 14). C:N is at or below 20 at depths below 400 cm.

Overall, carbon accumulation rates (CAR) in the Anderson Fen core mostly range
between about 10 — 22 g/m?/cal yr (Figure 15) with a time-weighted mean of 12.9 g/m?/cal yr.
The highest CAR is recorded in the upper 50 cm (~200 cal yr) and early Holocene (~11,500 —
9600 cal yr BP), reaching 116 g/m?/cal yr and 80 g/m?/cal yr, respectively. Also, CAR are very
low below 408 cm (~11,500 cal yr BP), which is the least organic portion of the core. Similarly,
nitrogen accumulation rates (NAR) follow the same trend reported for CAR with a time-
weighted mean of 0.39 g/m?/cal yr. The highest NAR (3 g/m?/cal yr) is recorded at 10,500 cal yr

BP (Figure 15).
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Figure 14: Stratigraphy, carbon (%), nitrogen (%) and C:N at Anderson Fen. See Figure 9 for

stratigraphy legend.
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Figure 15: Anderson Fen C and N accumulation rates and mean rates of C and N accumulation
in 500 cal yr bins.
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Non-pollen Palynomorphs (NPP)

In total, 57 different NPPs were identified in the Anderson Fen record and they include testate
amoebae and fungal, algal, aquatic plant and invertebrate remains (Figures 16, 17, Al, A2, and
A3). NPP assemblages are divided into three major zones based on cluster analysis, which are

described below.

NPP Zone 1: 453 — 330.5 cm (~13,280 — 10,500 cal yr BP)

This zone corresponds with the lake sediment and limnic peat in the deepest part of the core and
is primarily characterized by freshwater diatoms, Nymphaeaceae leaf hair basal cells and
chironomid remains (Figure 17). Other NPPs present in this zone are Pediastrum algae and
Dactylobiotus-type remains. Diatoms and Pediastrum algae decrease in abundance through
subzone 1a (at the base of the core) and are more or less absent from the rest of the record. The
recorded diatoms include Pinnularia, Navicula and Eunotia. Nymphaeaceae leaf hair basal cells
increase through the zone from about 10,000 to >100,000 cells/cm?®. Subzone 1b is marked by
increases in fungal groups including Gelasinospora (Figures 17, A2, and A3) and minor
occurrences of testate amoebae including Archerella flavum and Assulina muscorum (Figure 16),

which do not occur in subzone 1a.
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NPP Zone 2: 330.5 —194.5 cm (~10,500 — 5100 cal yr BP)

Fungal remains, especially Entophlyctis lobata generally dominate this zone with an average of
over 3900 cells/cm? (Figure 17). Other fungal remains (e.g., Gaeumannomyces hyphopodia) are
generally less abundant. Microthyriaceae fruiting bodies are mostly restricted to subzone 2a.
Testate amoebae are also abundant in subzone 2a. Archerella flavum and cf. Heleopera are most
abundant, reaching over 6000 and 2000 tests/cm? respectively. Assulina muscorum, A.
seminulum and Hyalosphenia papilio are also present. Testate amoebae are mostly absent in

subzone 2b although A. muscorum and H. subflava occur in a few samples.

NPP Zone 3: 194.5 — 0 cm (=5100 cal. yr BP — Present)

This uppermost zone is characterized by an abundance of both testate amoebae and fungal
remains. Compared to zone 2, E. lobata is less abundant and fungal ascospores (type 19) are
more abundant (Figure 17). Archerella flavum and Assulina muscorum reappear in subzone 3a.
Other testate amoebae including cf. Heleopera and Arcela artocrea are also present in a few
samples in subzone 3a. Copepod spermatophores and Dactylobiotus-type tardigrade eggs also
increase in subzone 3a but are absent from subzone 3b. In subzone 3b (~600 cal yr BP — present),
several other testate amoebae appear in addition to Archerella flavum and Assulina muscorum
including species of Arcella and Hyalosphenia as well as Trigonopyxis arcula type and cf.
Heleopera. Archerella flavum and Hyalosphenia spp. dominate subzone 3b with concentration

peaks of over 3000 tests/cm? (Figure 16).
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Pollen and Spore Assemblages

In total, 58 pollen and spore taxa were identified in the Anderson Fen record, including
angiosperms, gymnosperms, ferns and fern allies, and bryophytes (Figures 18, 19, Al and A4).
Overall, gymnosperm pollen dominate the record except at the base where pollen from Salix
shrubs are abundant (Figure 18). The pollen percentage data are divided into five major zones,

which are described below.

Pollen Zone 1: 470 — 450.5 cm (~14,000 — 13,200 cal yr BP)

The basal portion of the pollen record is dominated by Salix and Pinus contorta. Salix accounts
for between 30-50% of the sum and then decreases abruptly at the transition to zone 2, whereas
P. contorta increases from 27% to 48% (Figure 18). The pollen concentrations of both taxa
increase over the course of the zone, with P. contorta increasing from <2000 to over 32,000
pollen/cm?® and Salix increasing from <2000 to 17,000 pollen/cm?® (Figure 20). Alnus viridis is
also present in this zone, accounting for about 10% with a concentration of about 6900
pollen/cm?®. Trace amounts (<3%) of pollen from other conifers such as Abies and Picea (Figure
18) and Shepherdia canadensis (Figure 19) are also present. Cyperaceae is also present in this
zone, reaching up to 8% and then decreasing to <5% (Figure 19). Other non-arboreal taxa such
as Artemisia, Isoétes, Athyrium filix-femina and Cryptogramma were also recorded in small
amounts (<6%). This zone, which corresponds with the clay portion of the core, has the lowest

total pollen and spore concentration with a mean of 16,695 pollen/cm®.

37



Q
‘uajjod ®

9Ba0RIIIT pajenualayipun pue adA1-wnpa ‘edAi-wniuidde A sspnjaul 8101 seadedls] ‘sebejuadiad mo| Yiim exel 10) (Kaib
1yb11) uonelabbexa xg pue sqniys pue saaJy Jolew Buimoys ‘us4 uosiapuy Joj sebejuadlad a1ods pue uajjod 8T a4nbi4

sauenbs Jo wns [ejo] us|iod %
09 OoF 02 0 09 0oF 0c¢ o 0cC 09 0¥ 0cC 08 09 0¥ 0OC 09 0¥ 0C o 0C 08 09 0O 0OcC
| S I E— F | B I N R 1 1 1 Il 7 L | Il 1 _ L I | 1.1 | I 14 1yl 1.1 rl‘ Lol Lol 1ol | - M L Il 1 _ L 1 1 1 1 1 1 1 Iooovr
] M -ooogL [0SV
¢ /L -000Z}
00t
€ F000L L
r0Geg
0000} +00g
- 14
0006
— &
He 0008 o Losz %
s o g
lc A r000L 2 =
— | I = =
0009 @ 2
~ r0oc
0008
g -000%
L m | ooos r0ogl
0002
000} o0t
Lo oG
i ,
§SINCO | su0Z 2 A & AR QA & 40 2 b
3 N Q (R N B At O N
& & S P &P 2 &
@@@ o £ &P
O R 4
o o @ K O
& > & X
3 2 2 /v,é >
v F ?




‘91dwies fenpiAlpul ue ul suref uajjod G> yiim exel Jo aduasald ayedalpul sajoIID
‘Sabejusdtad moj yiim exe) 1o} (Aai6 1ybip) uonessbbexs xg yim sqniys Jaylo pue ‘exe}
J1enbe ‘sulay ‘sgiay Buimoys ‘us4 uosIapuy o) sabejuadlad alods pue uajjod 6T 94nbi4

salenbs Jo wns [ejo]

09 or O0cC

08 09 0¥ OcC

| I E I I Y

0¢

0c

[

uajlod %

0c

[ ——

[ 1] .’—

AT

2]

o

|
L

AD o MA

EgﬁjﬁﬁrjﬁﬁFfE%HﬁijﬁtLﬁj,ﬁﬁr%ﬂ

SSINOD auoz

P NDUAN

T 1w

sqnuys 18y

rooovi
roooct
r000ct
r000L 1
r0000}
0006
0008
r000.
0009
000§
r000¥
r000¢€
r000c¢

000l

(4g 1A |e2) aby

39



‘wnubeyds pue salzenbe apnjoul 10U SB0P UOITRIIUBIUOI [B10] ‘SoXe-X
a1 U0 3Jeas ul sabueyd a10N "Ajuo exel Jolew Buimoys ‘Us- UOSISPUY W) SUOITRIIUBIUOI 310dS pue uajjod :0Z :a4nbi4

¢ woslod

00004 0O00F 0000 0009 ,oooov 00005¢ 0000¢C _ooooo 00000¢ 000SE 000G¢  000SL 0000Sl 0000SC _ooooom
L L L L L L L L L L L L

r r||4 _ _ ~000¥}

-000€}

~000cl

€ 000} L

{ ~00001

~0006

p { ~0008

. -0002
4 -0009
} -0005

§ -000%
-000€
-000Z
-0001

|

40

(dg A |e0) eby



Pollen Zone 2: 450.5 — 402.5 cm (~13,200 — 11,500 cal yr BP)

Pinus contorta pollen percentages increase dramatically at the beginning of this zone to 81% and
then decrease to about 30% for the remainder of the zone (Figure 18). Pinus concentrations
follow a similar pattern (Figure 20). In general, A. viridis is the dominant pollen type in this
zone, accounting for about 40 - 60% with a concentration peak of over 228,000 pollen/cm?®
(Figures 18 and 20). Abies and Tsuga mertensiana also increase in this zone, reaching up to 25%
and 9%, respectively with corresponding increases in concentrations. Picea and Pteridium
aquilinum were recorded in this zone at <5% and Alnus rubra remains more or less constant at
6%. In addition, Tsuga heterophylla appears for the first time towards the end of this zone. Total
pollen and spore concentration increase in this zone to a mean of 305,244 pollen/cm?, which is

the highest concentration for the entire record.

Pollen Zone 3: 402.5 — 362.5 cm (~11,500 — 10,700 cal yr BP)

Pinus contorta increases to 60 — 80% in this zone for about 800 years; however, Pinus
concentrations remain more or less the same as in zone 2 (Figures 18 and 20). Alnus viridis
decreases to <30% and <20,000 pollen/cm?®. Pollen from other conifers such as T. mertensiana,
Picea and Abies decrease through this zone as well. Cupressaceae pollen is present, although it
remains below 3%. Pseudotsuga menziesii appears towards the end of the zone. Pteridium
aquilinum increases from about 5% to almost 20%, and Nuphar polysepala pollen was also
recorded at about 5%. The mean total pollen and spore concentration decreases in this zone to

about 108,000 pollen/cm?.
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Pollen Zone 4: 362.5 — 258.5 cm (~10,700 — 8400 cal yr BP)

Pseudotsuga menziesii increases abruptly in this zone (59%) until about 10,000 cal yr BP, and
then decreases gradually over the course of the rest of the zone (Figure 18). Tsuga heterophylla
increases more gradually, accounting for up to 34% and then dropping to <15%. Pinus contorta
drops sharply to 10-15% and remains at or below this level for most of the remainder of the
record. Abies, Picea, Tsuga mertensiana and Cupressaceae are present at levels similar to the
previous zone, while Alnus rubra increases to about 15%. Pteridium aquilinum is also abundant,
accounting for 10 — 22%. Cyperaceae pollen accounts for about 5%, although an isolated peak of
26% was recorded at ~10,500 cal yr BP. Ericaceae becomes consistently present by ~10,400 cal
yr BP and accounts for up to 27%. Sphagnum is well represented by the same time, reaching up
to about 40% in this zone (Figure 19). Mean total pollen and spore concentrations decrease

further in this zone to about 61,500 pollen/cm?®.

Pollen Zone 5: 258.5 — 0 cm (~8400 cal yr BP — Present)

This is the uppermost and largest zone, which accounts for more than half of the entire pollen
record. Tsuga heterophylla dominates this zone, increasing from about 30% to 70%, with Abies
an important secondary component (10-40%). Pseudotsuga menziesii decreases compared to the
previous zone to <10% by ~5000 cal yr BP. Pollen from other trees are similar to the previous
zone, although there are slight increases in Pinus contorta, Pinus monticola, Picea and T.
mertensiana over the last 3000 - 2000 cal yr (Figures 18 and 20). Alnus rubra increases to 56%
in the uppermost samples; however, this increase is not reflected in the concentration data.
Sphagnum also varies greatly from trace levels to almost 80%, while Ericaceae and P. aquilinum

decrease somewhat over the last 7000 cal yr. The mean total pollen and spore concentration of
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this zone is about 118,000 pollen/cm?; however, concentrations decrease in the uppermost

samples.
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DISCUSSION

Developmental History of Anderson Fen

The Anderson Fen record spans ~14,000 cal yr BP to the present. The basal portion of the record
begins with the deposition of clay until about 13,300 cal yr BP and then organic lake sediments
until ~11,700 cal yr BP. The presence of Nuphar polysepala and chironomid larval remains, as
well as 1-2% N, suggest a shallow pond was present at the site (Figure 21). Pediastrum algae and
the eggs of Dactylobiotus, a freshwater tardigrade, were also recorded, which further indicate the
presence of a water body during this period (Kaczmarek et al., 2008; Montoya et al., 2010).
Nuphar polysepala suggests the pond was not only shallow but also lentic (Pojar and
MacKinnon, 1994). Potamogeton is also present in the record, starting from ~13,900 cal yr BP,
which also indicates an aquatic environment prevailed at this site after deglaciation.

Limnic peat, dominated by herbaceous remains (Stewart, 2018 — BSc Thesis),
accumulated at the site between ~11,700 and 10,500 cal yr BP. Herbaceous plants especially
Cyperaceae have been used to infer the presence of shallow water during peat initiation in fens
(Foster and King, 1984). This period also has the highest nitrogen content, which suggests a
relatively high water level at this time compared to the rest of the peat record. It is most likely
that peat formation began with the advancement and formation of herbaceous mats on the surface
of the shallow pond during this period. The presence of aquatic plants such as Nuphar polysepala
and Potamogeton as well as algal remains likely explains the increase in nitrogen content at this
time (Pichrtova et al., 2016).

Between ~ 10,500 and 9400 cal yr BP, Sphagnum peat with high C:N and low %N
characterized Anderson Fen, which suggests a bog was formed during this interval (Figure 21).

Increases in Entophlyctis lobata sporangia and Microthyriaceae fruiting remains reflect nutrient-
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poor Sphagnum peat formation and also suggest a low water table during this period (van Geel,
1981; Kuhry, 1997; Yeloff et al., 2007). Gelasinospora ascospores also suggest relatively dry
conditions prevailed (van Geel, 1981). The presence of Archerella flavum, Heleopera, and
Assulina muscorum during this period reflect the ombrotrophic condition that prevailed with low
water level at this time (Tolonen et al., 1992; Charman and Warner, 1997; Charman et al., 2000;
Lamentowicz and Mitchell, 2005; Booth and Zygmunt, 2005; Qin and Xie, 2011; Payne et al.,
2016; Glime, 2017; Taylor et al., 2019). Cyperaceae and Ericaceae shrubs were present locally in
addition to Sphagnum, which dominated the site. The recovery of Menyanthes seeds and pollen
confirms it was also growing locally at the site. An isolated peak in Cyperaceae pollen is
recorded during this period. It likely includes Dulichium arundinaceum, which inhabits wetlands
and shallow areas in aquatic environments, as Stewart (2018, BSc Thesis) recorded the seeds of
this plant around this period in her analysis of the Anderson Fen core. Peat formation during this
time is likely via terrestrialization (Weider and Vitt, 2006; Rydin and Jeglum, 2013) driven, in
part, by early Holocene temperature increases. The formation of a Sphagnum bog in the early
Holocene warm period has been recorded on northern Vancouver Island as well, with associated
decreases in the water table (Lacourse and Davies, 2015).

By about 9400 cal yr BP, C:N dropped, Sphagnum decreased in abundance and
herbaceous macro-remains increased, reflecting the formation of a fen with the accumulation of
mixed peat. The formation of a fen may be driven by an increase in precipitation towards the end
of the early Holocene. In addition, Spiraea pollen recorded in the early to mid-Holocene may
reflect fluctuating water levels or periodic inundation of the fen (Golinski, 2004 — PhD Thesis).

Around 6000 cal yr BP, herbaceous plants dominated Anderson Fen although Sphagnum

and Ericaceae shrubs were still present. Archerella flavum and Assulina muscorum are
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intermittently present in the mid- to late Holocene and may suggest a moderate to fluctuating
water table (Payne et al., 2012). This is also suggested by high variability in the nitrogen content
of the peat during this period. The increase in copepod spermatophores from about ~5000 to
1000 cal yr BP compared to the rest of the record may reflect the presence of standing water at
some times, as precipitation increased through the mid- to late Holocene (Huntley et al., 2013;
Lacourse and Davies, 2015). Drosera anglica type pollen recorded during this period also
suggests relatively wet, nutrient-poor conditions in the fen (Klinka et al., 1989).

From ~3800 cal yr BP to the present, the site was characterized by Sphagnum-dominated
peat, accumulating in a poor fen with fluctuating C:N, which is likely due to variable water table
(Rydin and Jeglum, 2013). The slight increase in Pinus pollen percentages and concentrations
over the last ~2000 years may reflect a gradual increase in the acidity of this peatland. Lacourse
and Davies (2015) also reported the colonization of an acidic bog by Pinus around 3500 cal yr
BP on northern Vancouver Island. Over the last ~500 cal yr, various testate amoebae including
Assulina spp., Trigonopyxis arcula, Arcella spp., Hyalosphenia spp., and A. flavum increase.
Because these taxa have different moisture requirements, the increases may reflect hydrological
and nutrient variability in the peatland, such that some areas had standing water, while other
areas remained dry, as is the case now at Anderson Fen (Charman et al., 2000; Booth, 2002;
Payne et. al. 2006; Taylor et al., 2019). However, the dominance of A. flavum and Hyalosphenia
papilio likely reflects the fen's nutrient poor condition during this period (Taylor et al., 2019).
Generally, hydrological instability driven by climate has been reported to play a major role in fen

development in the Holocene (Thompson and Bettis 111, 1994).
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Carbon and Nitrogen Accumulation at Anderson Fen

The overall long-term carbon accumulation rate (CAR) at Anderson Fen (12.9 g/m?/cal yr) is low
compared to the mean for northern peatlands (22.9 g/m?/cal yr) estimated by Loisel et al. (2014)
and that recorded at Port McNeill Bog on northern VVancouver Island (Lacourse and Davies,
2015), which is estimated to be 16.1 g/m?/cal yr. It is also low compared to the accumulation rate
(32.5 g/m?/cal yr) in some continental fens in western Canada (Yu et al., 2014). However, CAR
at Anderson Fen is higher than that recorded by Turunen and Turunen (2003) at a slope bog on
the north coast of British Columbia (8.6 g/m?/cal yr).

CAR is highest at the surface (116 g/m?/cal yr) of Anderson Fen and between ~11,000
and 10,000 cal yr BP with a peak of about 80 g/m?/cal yr. This early Holocene peak in CAR has
also been recorded in other northern and continental peatlands (Loisel et al., 2014; Smith et al.,
2004; Yu et al., 2010; Jones and Yu, 2010; Yu et al., 2014; Lacourse and Davies, 2015). This
period falls within the early Holocene Thermal Maximum, which promoted peat accumulation
due to warm summers that increased productivity, while respiration loss of carbon was low due
to cold winters (Loisel et al., 2014; Yu et al., 2014; Lacourse and Davies, 2015). Loisel et al.
(2014) suggested that peat type, growing season length, and other environmental factors
contributed to high CAR in the early Holocene aside from the increased summer temperatures
during this period.

Following the early Holocene peak, CAR decrease to a mean of 11.5 g/m?/cal yr for most
of the rest of the Holocene (Figure 21). This decrease has also been recorded in northern and
continental peatlands, and has been suggested to be as a result of the onset of cool, moist
conditions with increasing precipitation in the mid- to late Holocene (Loisel et al., 2004; Yu et

al., 2010; Yu et al., 2014; Lacourse and Davies, 2015). Over the last ~200 cal yr, CAR increase
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towards the surface, reaching about 116 g/m?/cal yr, due to the presence of undecomposed plant
matter in the acrotelm, which has not yet been transferred to the catotelm (Loisel and Yu, 2013).
Nitrogen accumulation rates (NAR) follow a pattern similar to CAR. NAR was highest in
the early Holocene warm period between ~11,000 and 10,000 cal yr BP with a mean
accumulation of 1.3 g/m?/cal yr and a maximum of 3 g/m?/cal yr. However, the overall long-term
NAR in Anderson Fen record is low (0.39 g/m?/cal yr), which is typical of peatlands. The low
NAR at this mid-elevation site reflects a more or less terrestrial condition with a low water table
for most of the Holocene. In general, peat development at Anderson Fen follows a herbaceous to
Sphagnum peat direction, as documented in most peatlands (Hughes, 2000), with higher CAR

and NAR during accumulation of herbaceous peat than Sphagnum peat.

Postglacial Vegetation History of Central VVancouver Island

Late-glacial period

The pollen record from Anderson Fen begins at ~14,000 cal yr BP with Pinus contorta and Salix
recorded as the dominant species until ~13,200 cal yr BP. Salix likely formed dense thickets near
the site, which could have inhibited regeneration of Pinus and other conifers (Klinka et al., 1989;
Forest Practices Branch, Ministry of Forests, 1997). The presence of non-arboreal communities
before the arrival of Pinus has been recorded on northern and southern Vancouver Island
(Hebda, 1983; Brown and Hebda, 2002; Lacourse, 2005; Lacourse et al., 2005). Late Pleistocene
— Holocene records from Haida Gwaii have also revealed that non-arboreal communities with
Salix characterized the late-glacial environment before the establishment of Pinus woodland
(Mathewes and Clague, 1982; Lacourse et al., 2005, 2012). Salix species are known to be early

seral species that inhabit disturbed sites and floodplains, and grow best in moderately nitrogen-
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rich soils (Klinka et al., 1989). Alnus viridis and Shepherdia canadensis, two nitrogen-fixing
shrub species, were also present in these late-glacial plant communities. The low amount of
Abies and Picea pollen in the record at this time suggests that these conifers occurred as scattered
individuals or that the pollen was transported from larger populations elsewhere.

This late glacial early seral phase coincides with deposition of inorganic sediments at
Anderson Fen with low pollen concentrations, which suggests sparse vegetation and low
productivity (Cwynar, 1987; Brown and Hebda, 2003; Lacourse, 2005). Artemisia, Cyperaceae
and other herbs also suggest the vegetation was open. Cryptogramma and Athyrium filix-femina
were also present, suggesting it was relatively moist at this time as well, at least locally (Klinka
et al., 1989; Pojar and Mackinnon, 1994). Isoétes, Potamogeton and Typha were also growing
locally.

Pinus contorta populations expanded between ~13,400 and 12,800 cal yr BP, forming
Pinus forest as temperatures began to increase. Between ~12,900 to 11,500 cal yr BP, other
conifers (Abies, Picea, Tsuga mertensiana) and Alnus rubra became part of the Pinus forest,
suggesting an increase in forest density and canopy cover. The Abies species recorded
throughout the late-glacial record likely include Abies lasiocarpa, as suggested by Heinrichs et
al. (2002) in their study of A. lasiocarpa in the late-glacial period in British Columbia.
Mazzucchi (2010, PhD Thesis) also recorded needles of Abies lasiocarpa at high elevations on
central Vancouver Island in the early Holocene. However, the most striking change during this
time is the massive increase in Alnus viridis that appears to be accompanied by a decrease in
Pinus contorta. The abundance of Alnus viridis around this period has also been recorded at high
elevation sites on central and northern Vancouver Island by Mazzucchi (2010, PhD Thesis). This

period also has the highest overall pollen concentration for the entire Anderson Fen record,
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which is likely due in part to the lacustrine nature of the site at this time, which would have
effectively trapped deposited pollen. The late glacial increase in T. mertensiana has been
reported in other studies on Vancouver Island and nearby sites as evidence of Younger Dryas-
aged cooling (12,900-11,750 cal yr BP), which is now recognized as a near global event (Hebda,
1983; Brown and Hebda, 2003; Lacourse, 2005; Leopold et al., 2016). The decrease in air
temperature during the Younger Dryas was estimated to be 2-3°C in a recent paleo-temperature
study on southern VVancouver Island by Lemmen and Lacourse (2018). Generally, T. mertensiana
is underrepresented in pollen assemblages compared to its extent on the landscape, which
suggests its recovery at Anderson Fen means its presence in the local environment (Hebda, 1983;
Allen et al., 1999). It is mostly found in sub-alpine and mountainous terrains, and in fossil pollen
records, it suggests a maritime climate of cool and moist conditions with substantial snowpacks
(Heusser, 1977; Klinka et al., 1989; Pojar and Mackinnon, 1994). Alnus has also been used to
infer solifluction disturbance during the Younger Dryas cooling event on southern and northern

Vancouver Island (Brown and Hebda, 2002).

Early Holocene

Following the Younger Dryas cool period, by ~11,400 cal yr BP, Alnus viridis, Abies, T.
mertensiana, and Picea decreased, and Pteridium aquilinum and A. rubra increased. The major
increase in Pinus contorta pollen percentages at this time is not accompanied by an increase in P.
contorta concentration. This suggests that the abundance of P. contorta remained more or less
the same during this period. By ~10,700 cal yr BP, a Pseudotsuga menziesii-dominated forest
took over this mid-elevation environment as temperatures increased. The high percentage of P.

menziesii in the early Holocene shows it was an important component of forests surrounding this

o1



site, considering its underrepresentation in fossil pollen records (Hebda and Allen, 1993; Allen et
al., 1999). Pteridium aquilinum was also abundant at this time, and likely growing in the forest
gaps. Tsuga heterophylla and Cupressaceae (Chamaecyparis nootkatensis, Thuja plicata, or
both) were probably present locally at this time as well. Small amounts of Acer macrophyllum
pollen between ~11,200 and 10,400 cal BP suggest its local presence in association with P.
menziesii. Pseudotsuga menziesii forests have also been reported to dominate southern
Vancouver Island landscapes in the early Holocene (Brown and Hebda, 2002; Lucas and
Lacourse, 2013). The expansion of P. menziesii on Vancouver Island and at nearby sites in
Washington in the early Holocene reflects a warm and dry period (Barnosky, 1983; Brown and
Hebda, 2002; Lacourse, 2005; Leopold et al., 2016). This also agrees with the paleo-temperature
study from Saltspring Island, which shows temperature was 2-3° C warmer during this period
than today (Lemmen and Lacourse, 2018). As temperature decreased into the mid-Holocene, P.

menziesii decreased in abundance throughout much of the region, as recorded at Anderson Fen.

Mid- to late Holocene

The establishment of forest dominated by Tsuga heterophylla started around 8400 cal yr BP. The
expansion of T. heterophylla, a shade-tolerant and late seral species suggests closed coniferous
forests on acidic, nutrient poor soil under cool and wet conditions (Fowells, 1965; Klinka et al.
1989). Abies was an important secondary component of this Tsuga heterophylla forest. The
abundant Abies pollen in the mid-to late Holocene portion of the Anderson Fen record is likely
mostly from Abies amabilis. Tsuga mertensiana and Cupressaceae were also present, although in

higher abundance over the last 5000 cal yr. Pseudotsuga menziesii decreased in abundance in the
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mid-Holocene but continued to be present locally. The presence of Pteridium in low percentages
suggests it continued to be present as well, likely in association with P. menziesii.

Over the last ~2500 years, the abundance of other conifers including Picea increased,
leading to forest with an increasingly mixed composition as is the case today near Anderson Fen.
The increase in P. contorta has been observed at a number of paleoecological sites in the region
and has been linked to an expansion of peatlands in the mid- to late Holocene (Heusser, 1960;
Hebda, 1983; Cwynar, 1987; Lacourse, 2005; Lacourse and Davies, 2015). The increase in Pinus
monticola, a shade-intolerant species that regenerates after disturbance at high elevations and
sometimes at lower elevations (Klinka et al., 1989; Pojar and Mackinnon, 1994; Harvey et al.,
2008), may reflect cooler climate or disturbance, or both during this period.

The large increase in Alnus rubra pollen percentages over the last 100 years likely
reflects disturbance in the region (Klinka et al., 1989; Huntley et al., 2013). Intensive logging
activities occurred on central Vancouver Island between 1910 and 1945 (Mackie, 2000). This
increase in A. rubra pollen has also been recorded on northern Vancouver Island, where it was
associated with logging activities that commenced in the 1930s (Lacourse and Davies, 2015).

In general, non-arboreal communities dominated the landscape near Anderson Fen by
14,000 cal yr BP, before the establishment of Pinus woodland ~13,200 cal yr BP and extensive
Alnus viridis populations between ~13,000 and 11,500 cal yr BP. The early Holocene (~10,700 —
8400 cal yr BP) was characterized by forest dominated by Pseudotsuga menziesii under warm
and dry conditions. The modern forest was established in the mid-Holocene, and is composed of

mixed coniferous rainforest under cool, wet conditions, primarily dominated by T. heterophylla.

53



CONCLUSIONS

Summary

The Anderson Fen record spans the late and post-glacial period (~14,000 cal yr BP — present). A
shallow pond was present at the site before terrestrialization/infilling began about 11,700 cal yr
BP, leading to the formation of a herb-dominated marsh and then at about 10,500 cal yr BP a
Sphagnum bog. A poor fen developed about 9400 cal yr BP and continues at the site today.
Carbon accumulation at Anderson Fen is low compared to continental and northern peatlands,
and N content is low in the record as well. The overall low CAR at this middle elevation site may
be as a result of slow accumulation and low productivity due to relatively cool, dry summers.

The vegetation history from Anderson Fen is similar to other records from central and
northern Vancouver Island. Salix-dominated non-arboreal communities prevailed before the
establishment of Pinus woodland around 13,200 cal yr BP. Alnus viridis then became abundant
in the local environment until about 11,500 cal yr BP. The early Holocene was dominated by P.
menziesii forests under warm, dry conditions. The development of P. menziesii-dominated forest
shows that P. menziesii not only expanded its range towards the north during the early Holocene
warm period but also to higher elevations. Tsuga heterophylla-dominated forest was established
by 7000 cal yr BP under increasingly cool, wet conditions and has been relatively stable in
composition since then. This stability reflects a relatively stable climate over this period. Overall,
the late glacial and early Holocene was characterized by rapid and substantial changes in climate
and vegetation, while the mid- to late Holocene changes in climate and vegetation have been

relatively gradual.
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Significance of the study and Future Research

This study is the first mid-elevation, paleoecological peatland study in coastal British Columbia,
adding to the very few paleoecological studies on peatlands in British Columbia as a whole. This
peatland study will help in future conservation and restoration plans in British Columbia by
providing baseline data for future investigation of peatland carbon budgets and restoration. This
study also provides more insight into the existing knowledge of late glacial vegetation history
and Pseudotsuga expansion during the early Holocene.

Comparing the peatland record from a lower elevation on VVancouver Island (Lacourse
and Davies, 2015) to the Anderson Fen record suggests that peatlands at low elevations tend to
have higher CAR than peatlands at middle to high elevations. Lacourse and Davies (2015) in
their study of Port McNeill Bog recorded higher CAR at their lower elevation site compared to
what is recorded at Anderson Fen. In order to better understand this difference, there is a need
for more peatland paleoecological studies at middle to high elevations on Vancouver Island to
investigate if cooler climates consistently result in lower carbon accumulation in coastal BC
peatlands.

Future studies should also make efforts to separate Sphagnum spore types into different
morphological types and if possible identified to species level, in order to better understand the
role of different Sphagnum species in peatland ecology and formation through time. In addition,
future studies on British Columbia peatlands should also focus more on non-pollen
palynomorphs, as there are some non-pollen palynomorphs in Anderson Fen peat that have not
been explored previously in Vancouver Island peatlands. For example, tardigrade eggs are
common in peat samples but have not been given attention in Vancouver Island peatlands and

British Columbia generally.
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APPENDIX

Non-pollen palynomorphs

Pollen & spores

Archerella flavum, Hyalosphenia papilio,
Assulina muscorum, and other testate amoebae

Archerella flavum
Fungal spores
Other fungal remains
Copepod spermatophores

Entophlyctis lobata sporangia
Gaeumannomyces hyphopodia

Archerella flavum
Heleopera

Tsuga heterophylla
Abies
Sphagnum

Pseudotsuga menziesii
Tsuga heterophylla
Sphagnum
Pteridium aquilinum

Freshwater diatoms
Nymphaeaceae leaf hair basal cells
Chironomid remains

Pinus contorta, Nuphar polysepala

Alnus viridis
Pinus contorta, Abies
Tsuga mertensiana
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Figure Al: Summary diagram comparing stratigraphy, and non-pollen palynomorph and pollen
and spore zones from Anderson Fen. See Figure 9 for stratigraphy legend.
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