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Abstract
The Holocene Thermal Maximum (HTM) was a period of enhanced warmth during the early-tomid Holocene period largely caused by enhanced solar insolation. In northwestern Ontario, the
HTM was characterized by a lower abundance of Picea pollen and an increase in Cupressaceae
and Ambrosia pollen. Pollen-based inferences suggest HTM temperatures were elevated by
approximately 2-3°C, and lake levels were regionally lower than today, suggesting warmer and
more arid conditions than today. This warming resulted in increased algal production and
associated cyanobacteria blooms in lakes in northwestern Ontario. In northeastern Ontario,
climate projections suggest the HTM was 2-3°C warmer. However, to date, there has been little
research on the impact of the HTM on boreal lakes in northeastern Ontario, creating a gap in our
understanding of the effects of climate change on aquatic ecosystems. A pollen study conducted
previously suggests the HTM was warm and wet in northeastern Ontario, and his pollen
framework is used to infer past changes in climate for this study. In this thesis a
paleolimnological approach is used to assess how algal assemblages changed over the Holocene
from a sediment core from Charland Lake, a boreal lake in northeastern Ontario near Timmins,
and if the proxy data supports a conclusion of higher levels of algal production during the
warmer HTM. A carbon-dated sediment core taken from the deep-water flat central basin of
Charland Lake was examined for sedimentary pigments, diatom assemblages, and percent
organic matter. Statistical analysis revealed diatom and pigment assemblages and concentrations
varied throughout the Holocene, broadly coinciding with changes in the regional climate as
inferred from past research. Lake-water production was low after deglaciation and through the
HTM, potentially attributable with an unstable landscape and associated contributions of fine
clastic material to the lake. Lake-water production was highest during the post-HTM period
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(~4460-2590 cal yr BP), but before the onset of modern conditions. The results also suggest that
the last ~4500 years had higher levels of lake-water production, than during the HTM, likely
related to interactions that depend on location and landscape characteristics. In comparison to
northwestern Ontario, changes in the proxies of production were not very large.
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Chapter 1
1.1 General introduction
The Holocene Thermal Maximum (HTM) was a period of enhanced warmth during the
early- to mid-Holocene period largely caused by enhanced solar insolation (Renssen et al. 2012),
which resulted in substantial changes in terrestrial and aquatic ecology. The HTM period can
serve as a possible analog of future change, as future temperatures are projected to warm
between 2 and 5°C by the end of the 21st century, surpassing the warming that occurred during
the HTM period (Intergovernmental Panel on Climate Change (IPCC) 2007; Collins et al. 2013).
In northwestern Ontario the HTM period was characterized by a lower abundance of
Picea pollen and an increase in Cupressaceae and Ambrosia pollen (McAndrews 1982; Lewis et
al. 2001; Moos and Cumming 2011). Pollen-based inferences suggest HTM period temperatures
were elevated by approximately 2 to 3°C, and lake levels were regionally lower than today,
suggesting conditions were more arid than today (Moos et al. 2009; Moos and Cumming 2011;
Karmakar et al. 2015). The HTM also resulted in an increase of algal production and associated
cyanobacteria blooms in lakes in northwestern Ontario (Karmakar et al. 2015). In northeastern
Ontario, climate projections suggest the HTM period was 2 to 3°C warmer than today (Renssen
et al. 2012). However, to date, there has been little research on the impact of the HTM period on
boreal lakes in northeastern Ontario, creating a gap in our understanding of large-scale changes
in climate on freshwater lakes. Exploring the characteristics of boreal lakes during the HTM will
assist in determining the susceptibility of lakes to climate.
This chapter contains a review of literature on: the usefulness of diatoms and pigments
used in paleolimnological analyses of boreal lakes and their relation to climate change;
information on climate conditions during the HTM period in northeastern Ontario; the ecological
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implications of climate change on boreal lakes; and an outline of my research.

1.2 Diatoms in paleolimnological analyses
Diatoms (class Bacillariophyceae) are single-celled microscopic algae found in a wide
range of freshwater and marine environments. Species can be identified based on their uniquely
ornamented cell wall, which are generally well preserved in lake sediment because of their
siliceous composition (Dixit et al. 1992; Hall and Smol 1999). Diatoms generally have known
tolerances and optima for many important environmental variables, thereby allowing estimates of
past limnological conditions to be inferred based on the species composition from lake sediments
(Stevenson et al. 1991; Yang and Dickman 1993).

1.3 Diatoms response to climate change
Diatoms are good indicators of past climate conditions largely because of their relatively
rapid response to physical and chemical changes in lakes (Douglas and Smol 1999; Lotter et al.
1999). There are many physical and chemical properties of lakes that influence the structure and
composition of diatom assemblages that can be mediated through changes in light, nutrients, and
water-column mixing (Smol 1988). Climate-induced changes can influence these limnological
factors resulting in changes in the diatom assemblages (Rühland and Smol 2005). For example,
Moos et al. (2009) analyzed the diatom assemblages in a deep-water core from the central basin
of Lake 239 in northwestern Ontario and observed a shift in diatom assemblages during the
HTM period (∼8500-4500 cal yr BP). They observed an increase in several eutrophic planktonic
taxa, including Aulacoseira subarctica and Fragilaria crotonensis, and a doubling in total
diatom concentrations (Moos et al. 2009). A. subarctica and F. crotonensis have higher optima
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for phosphorus compared to the species that they replaced, indicating a shift likely caused by an
increased availability of phosphorus and/or warmer temperatures (Moos et al. 2009). Karmakar
et al. (2015) showed that increases in lake-water production was regional in headwater lakes
from northwestern Ontario based on changes in diatoms and pigments based on a west-east
transect of three lakes across a ~300 km region. These results suggest that during the HTM
period, large limnological changes occurred that enhanced lake-water production in headwater
boreal lakes (Moos et al. 2009; Karmakar et al. 2015).

1.4 Pigments in paleolimnological analysis
Chlorophylls, carotenoids, and their derivatives make up the sedimentary pigments that
are ubiquitous in aquatic systems and are useful bioindicators in paleolimnological studies.
Sedimentary pigments enable researchers to quantify the past production of non-siliceous groups
of algae that do not necessarily leave behind morphological fossils (Millie et al. 1993; Leavitt
and Hodgson 2001). Pigments can be used as indicators of changes in algal composition, which
can be related to changes in limnological conditions (Leavitt et al. 1989; Yacobi et al. 1990;
Guilizzoni et al. 1992; Leavitt et al. 1997; Hodgson et al. 1998). Pigments are particularly useful
at detecting ecological impacts in freshwater ecosystems induced by stressors including climate
change and eutrophication (Leavitt et al. 1994; Hall et al. 1999). Certain pigments can be used to
infer total algal abundance (e.g. β-carotene and chlorophyll a + derivatives), whereas others are
more taxonomically specific and can indicate changes at the level of phyla and/or classes
(Hodgson et al. 1998; Leavitt and Hodgson 2001).

1.5 Pigments response to climate change
Algal communities are one of the main sources of pigments to lake sediments, and
3

therefore have been used as key indicators to infer changes related to climate change in the past,
because the success of algae is often temperature dependent (Carpenter et al. 1986). An increase
in temperature can increase algal production in aquatic systems and accelerate the physiological
rates of photosynthesis, growth, and/or respiration in most species (Jones 1977; Ahlgren 1978;
Takamura et al. 1985; Sommer and Lengfellner 2008). However, the indirect effects associated
with climate change, such as changes in the physical and chemical characteristic of lakes, also
play a role in determining algal production and dominance (Fogg 1975; Smith 1986). As a result,
the influence temperature has on algal communities can be complex and related to direct and
indirect factors.
Analysis have revealed that increasing temperature may cause a shift in the dominant
algal species from diatoms or green algae to cyanobacteria (Reynolds 2006; Paerl and Huisman
2008). Cyanobacterial pigments, like myxoxanthophyll and echinenone, are indicative of past
eutrophic conditions associated with temperature increases (Züllig 1960; Karmakar et al. 2015).
For example, Karmakar et al. (2015) analyzed sedimentary pigments from boreal lakes from
northwestern Ontario during the HTM period and found an increase in overall production and
cyanobacteria production in two of the three study lakes. In Lake 239, there was an observed
increase in myxoxanthophyll as well as diatoxanthin (a pigment primarily found in diatoms)
during the HTM period (∼8500-4500 cal yr BP) (Karmakar et al. 2015). Similarly, an initial
increase in myxoxanthophyll, canthaxanthin, and echinenone was observed in Gall Lake and
concentrations were high throughout the HTM period (Karmakar et al. 2015). During the HTM,
the pigment okenone (purple-sulphur bacteria) was high between 9000 and 7000 years ago,
suggesting a period of at least seasonal anoxia or permanent stratification causing anoxia
(Karmakar et al. 2015). The observed increases in algal pigments for a number of studies during
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the HTM period support an inference of higher production at this time (Guilizzoni et al. 1982;
Swain 1985; Johnk et al. 2008; Karmakar et al. 2015).

1.6 Evidence of warm and arid conditions across the boreal region of Ontario during the
HTM
Evidence from Lake 239 in northwestern Ontario, within Ecoregion 4S, suggests that
conditions during the HTM period were warmer, but experienced increasing levels of
precipitation (Moos and Cumming 2011). Pollen-inferred data suggest summer precipitation
increased by ∼20% and temperatures were 2 to 3°C higher than today (Moos and Cumming
2011). Increases in precipitation, however, were not enough to counteract the increase in
evapotranspiration that resulted in lower lake levels, compared to today (Moos and Cumming
2011; Karmakar et al. 2015). Long-term data suggests evapotranspiration is more influential than
changes in precipitation, in causing lower lake levels and reduced stream flow (Schindler 2006).
The lake level of Lake 239 was estimated to be ∼8 m lower than today during the HTM period,
based on inferences from a transect of near-shore cores (Laird and Cumming 2008). The lower
water levels coincide with the inferences of warmer temperatures inferred by changes in pollen
between 8500 and 4500 cal yr BP (Moos and Cumming 2011). Compared to the early Holocene,
there was an observed decrease in the abundance of Picea and an increase in Pinus strobus,
Cupressaceae, and Ambrosia pollen that defines the HTM period (Moos and Cumming 2011).
Picea suggest cool and wetter conditions, whereas Cupressaceae species are able to thrive during
more arid and warmer conditions (Björck 1985; McAndrews 1982; Moos and Cumming 2011).
In northeastern Ontario, the boundary between the boreal forest and Great Lake-St.
Lawrence forest ecotone was displaced during the HTM period due to the warmer climate (Liu
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1990). Conditions may have been similar to northwestern Ontario (Moos and Cumming 2011)
and the northern Midwest United States where HTM temperatures are estimated to have been
warmer (Bartlein et al. 1984). Such conditions are favourable for white pine (Pinus strobus),
potentially driving its expansion north over 140 km north, replacing other boreal species between
7500 and 2500 cal yr BP, before Neoglacial cooling caused the forest to retreat (Liu 1990). In
northwestern Quebec, Terasmae and Anderson (1970) found evidence of white pine ∼100 km
north of its current range. Thuja occidentalis is another conifer species typically found in Great
Lakes/St. Lawrence ecotone, but expanded north into the Clay Belt during the HTM period (Liu
1990). The temperate and moderately moist climate in the Great Lakes/St. Lawrence ecotone is
usually an ideal habitat for T. occidentalis; however, its expansion north infers wetter conditions
in the north during the HTM period (Fowells 1965; Liu 1990).

1.7 Aquatic effects of climate change in boreal lakes
Algal communities in freshwater systems can be influenced greatly by a warmer climate.
Temperature can effect organisms directly by altering physiological processes or indirectly
through temperature-mediated changes to physical, chemical and biological factors. Although,
future climate change will be driven by an increase in greenhouse gases, the biological
implications to previous warmer periods may be similar (Moos et al. 2009). Observed changes
during the HTM period, thought to reflect possible future climate patterns, included an increase
in summer temperatures (McFadden et al. 2005; Allen et al. 2007). Eutrophication may cause a
shift in algal communities where diatoms are outcompeted by larger cyanobacteria because
warmer temperatures contribute to the success of cyanobacteria, both directly by increasing their
growth rate and indirectly by altering the aquatic environment (Tilman et al. 1982; O’Neil et al.
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2012).
Increases in cyanobacteria have been recorded during the HTM period in northwestern
Ontario and have important implications to aquatic ecosystems and human health (Moos et al.
2009). For example, higher temperatures can decrease surface-water viscosity, making it difficult
for phytoplankton with weak buoyancy regulation to remain at the surface (Paerl and Huisman
2009; Wagner and Adrian 2009). Cyanobacteria can regulate their buoyancy more effectively
than larger non-motile diatoms, causing them to sink, giving cyanobacteria a competitive
advantage (Paerl and Huisman 2009; Wagner and Adrian 2009). The dominance of
cyanobacteria in an aquatic ecosystem may lead to the formation of harmful algal blooms
(HABs). Mycrocystis is one of the most common genera of cyanobacteria associated with the
formation of blooms globally. Certain hepatotoxic microcystin peptides are toxic to cladocerans,
larval invertebrates, copepods, and zooplankton (Wiegand and Pflugmacher 2005). They are
especially dangerous because they can remain present in open water once a bloom has dissipated,
leading to bioaccumulation in some aquatic macrophytes and primary producers (Kotak et al.
1996; Yin et al. 2004). Microcystins do not bioaccumulate in dreissenids and fish, but can bind
to their tissues possibly causing large fish kills and/or making these organisms a possible vector
for human exposure (Ibelings et al. 2005). For example, Tencalla et al. (1994) found that during
cyanobacteria blooms, rainbow trout may ingest microcystin leading to hepatic necrosis damage
(Tencalla et al. 1994). They concluded if a 60 g fish consumed 0.1-0.4 g of algae (wet weight)
twice daily, that it would be enough to result in massive liver damage and would be likely to
occur in the natural environment (Tencalla et al. 1994). Therefore, climate change could impact
multiple aspects of the freshwater ecosystems, causing adverse changes, possibly leading to
eutrophic conditions and fish kills. However, other factors are also important, including earlier
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thaw and later freeze up dates, which extends the open-water period of the lake (Straile et al.
2003; Cahill et al. 2005).
In northwestern Ontario, changes in lake-level in conjunction with warmer conditions
have been suggested to result in more productive lakes as a result of lower lake levels. Lower
lake levels can impact the littoral zone and its inhabiting species, change habitat availability, and
increase the susceptibility of organisms to desiccation (Gasith and Gafny 1990). Additionally,
lake levels can influence mixing and nutrient regimes leading to a shift in community structure
and abundance (Adrian et al. 2006). For example, Findlay et al. (2001) suggested lower lake
levels can enhance the recycling of phosphorus from deeper nutrient-rich water by mixotrophs,
increasing the likelihood of harmful algal bloom formation. A reduction in water levels could
also impact fish species by changing spawning habitats, egg mortality, and ultimately
reproductive success (Gafny et al. 1992).

1.8 Summary
A number of paleolimnological investigations have suggested that the changes in the
aquatic environment of boreal lakes in northwestern Ontario during the HTM period were
related, directly or indirectly, to climate and resulted in lower water levels and increased
production. However, there is a gap in our understanding concerning the HTM period and how it
impacted the boreal lakes in northeastern Ontario. To date, the majority of previous paleoclimate
research has focused on boreal lakes within Ecoregion 4S, leaving a gap spanning ~1000 km
across the boreal region of central and eastern Ontario (Crins et al. 2009). In northeastern
Ontario, changes in pollen assemblages in dated sediment cores suggested climate conditions
were warmer during the HTM period. These findings paired with on-going isotopic research
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from northeastern Ontario (Boreux, Ph.D in progress) suggest an initial warm-dry period,
followed by a warm and wet mid-Holocene. However, many gaps in our understanding of
limnological changes in northeastern Ontario remain. The objective of this thesis is to use
inferences of climate inferred from pollen assemblages to assess the climate-production linkage
in a boreal lake from northeastern Ontario, through the analysis of proxies of production
(pigments and diatoms) in a dated sediment core. More specifically, this thesis aims to (1) assess
how subfossil pigments and diatom assemblages have changed over the Holocene from a welldated sediment core from a boreal lake in northeastern Ontario; and (2) determine if the proxy
data supports inferences of increased lake-water production during the warmer HTM period.
Exploring the impact of the HTM period on boreal lake in northeastern Ontario will enhance our
understanding of the susceptibility of lakes to limnological changes driven by climate.
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Chapter 2 – Paleolimnological Assessment of Algal Production during the Holocene
Thermal Maximum from the Sediment Record of a Boreal Lake in Northeastern Ontario
2.1 Introduction
The boreal region spans ~1500 km across the Boreal Shield of northern Ontario and is
broadly represented by three ecoregions (4S, 3W and 3E) that largely vary in terms of increasing
moisture from west to east. Ecoregion 4S, on Ontario’s western border, falls within the
Subhumid Transitional Low Boreal Ecoclimatic Region, and is characterized by a cool and dry
climate (Ecoregions Working Group 1989; Crins et al. 2009). Ecoregion 4S is influenced by the
neighbouring prairie climate and mean annual temperatures ranging between 0.1 and 2.6°C
(Mackey et al. 1996). Ecoregion 3W is classified as a Moist Mid-Boreal Ecoclimatic Region,
characterized by a cold and moist climate, and is distinct from Ecoregion 4S because of its cooler
climate, shorter growing season, lower mean annual temperatures (-1.7 to 2.1°C) (Ecoregions
Working Group 1989; Mackey et al. 1996). Ecoregion 3E is characterized as a Humid MidBoreal Ecoclimatic Region, with mean annual temperatures ranging between 0.5 and 2.5°C, and
is wetter and warmer than Ecoregion 3W (Ecoregions Working Group 1989; Mackey et al.
1996). Ecoregion 3E has warm and short summers, while winters are cold, snowy, and long
(Crins et al. 2009).
To date, the majority of previous paleoclimate research has focused on boreal lakes
within Ecoregion 4S, leaving a gap spanning ~1000 km across the boreal region of central and
eastern Ontario. Sediment cores from a ~300 km transect across Ecoregion 4S show that the
lakes across this Ecoregion were warmer and more arid than present during the Holocene
Thermal Maximum (HTM), as inferred from changes in pollen assemblages (Moos and
Cumming 2011). In headwater lakes regionally-lower water levels occurred, and lakes were
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generally more productive based on inference from sedimentary pigments and diatom
assemblages (Moos and Cumming 2011; Karmakar et al. 2015). Similarly, research on the
adjacent prairies to the west, indicate warm and dry conditions during the HTM period (Laird et
al. 1996; 2007) as well as in the Great Lakes region (Lewis et al. 2001; Yu et al. 1997). However
little research has been done on the hydrological conditions in Ecoregion 3E (Terasmae and
Anderson 1970; Liu 1990).
Liu's (1990) pollen study of three lakes located along a ~200 km north-south transect in
northeastern Ontario, with a lake from near Timmins being the most northerly location, showed
white pine expanded northward between ~7,500 and ~2,500 cal yr. BP. Boreux (Ph.D., in
progress) found enriched levels of δ18O (calcite) in two kettle lakes (Charland Lake and
Irrigation Lake) near Timmins Ontario (Ecoregion 3E) during the early-Holocene period (10,000
to 7,000 cal yr BP), which was interpreted as representing low water levels at this time. The
isotopic values in his cores were rapidly diluted in both lakes from 7,000 to 5,500 years ago,
remaining isotopically depleted for the remainder of the Holocene. This evidence, when
combined with the pollen data (Liu 1990), suggests an initial warm-dry period, followed by a
warm-wet mid-Holocene period. However, many gaps in our understanding of limnological
changes in Ecoregion 3E remain, including understanding the climate-production linkage in
lakes during the HTM. This study will use biological indicators from a sediment core taken from
the deep-basin of Charland Lake to increase our understanding of changes in lake production
over the Holocene.

2.2 Methods
2.2.1 Study Area
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Charland Lake (N 48°34' 50.8", W 80°53' 46.5) is located to the east of Timmins Ontario,
just west of Kettle Lake Provincial Park (Figure 1). Lakes in this region formed when glaciers
retreated ~12,000 to 10,000 years BP (Terasmae and Hughes 1960), with many lakes being
formed from blocks of ice that remained imbedded in the landscape. As such, many lakes in this
region are relatively small and deep. Charland Lake falls within Ecoregion 3E outlined by
Environment Canada, which is characterized by a Humid Mid-Boreal Ecoclimatic Region
(Ecoregions Working Group 1989; Mackey et al. 1996). Today, the boreal forest in the area is
dominated by white spruce (Picea glauca) and black spruce (Picea mariana) in lowlands, with
some jack pine (Pinus banksiana) and white birch (Betula papyrifera) on upland sites (Rowe
1972).

2.2.2 Sample Collection
A pair of sediment cores were collected from a depth of ~16 m on June 19th, 2014 from
Charland Lake near Timmins, Ontario (N 48°34' 50.8", W 80°53' 46.5; Figure 1) using a 1-m
square-rod Livingstone piston corer with an internal diameter of 5.1 cm (Glew et al. 2001). Two
cores were taken to bridge any potential gaps between drives. However, minimal gaps occurred
and the second core was selected for analysis. A gravity core was also taken at the same site
using a modified gravity corer with an internal diameter of 7.62 cm (Glew 1989). The coring
location was chosen based on the location being in a relatively flat region near the deepest
location in the lake. The sections of each piston core were wrapped in 1-m sections on site and
transported in a cooler to the Paleoecological Environmental Assessment and Research
Laboratory (PEARL) at Queen’s University where they were stored horizontally in a cold room
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at ~4°C. Half of the core was then sectioned into 1-cm intervals, while the other half is stored
intact.

2.2.3 Analyses
Subsamples from sediment intervals were analyzed for: 14C by accelerator mass
spectroscopy (AMS), pigments by using high performance liquid chromatography (HPLC),
organic matter content via loss-on-ignition (LOI), and diatoms using light microscopy (See
below for details).

2.2.3.1 Chronology
The chronology for the sediment core from Charland Lake is based on accelerator mass
spectrometry (AMS) estimates of age based on pollen (Figure 2). Eight AMS 14C dates were
obtained along the cumulative depth of the sediment core. Carbon from pollen isolated from lake
sediments by LacCore using a procedure similar to Brown et al. (1989), and measured for 14C at
the Lawrence Livermore National Laboratory by T. Brown. Radiocarbon ages of subsamples
were rounded to the nearest decade. An age–depth relationship based on these radioisotopic data
was constructed using Bayesian age modeling with the BACON (v. 2.2) modeling package in R
with the IntCal13 14C calibration curve (Blaauw and Christen 2011; Reimer et al. 2013). Default
settings outlined by Goring et al. (2012) were used to determine the gamma distribution of the
accumulation rate, which were in agreement with the posterior distribution (Blaauw and Christen
2011). The prior memory was set to a mean of 0.4 and shape of 25 to accommodate small shifts
in accumulation rates. The sensitivity of prior memory parameters was tested and changes in
mean and shape did not result in large changes to the model.

19

Inferences of past changes in climate are based on pollen analyses from a sediment core
from Lake Six (Liu 1990). Using the uncorrected 14C dates in Liu (1990) we developed an agedepth model with the BACON (v. 2.2) modeling package in R, using the same settings and
procedures, as outlined above.

2.2.3.2 Pollen
Raw pollen counts from nearby Lake Six in Liu (1990) were used to infer the regional
climate near Charland Lake. Raw pollen data was obtained through the Neotoma database
(Grimm 2004; Goring et al. 2015). Relative abundances were calculated for the most abundant
pollen species.
A commonly used constrained clustering technique (CONISS; Grimm 1987) was
performed using the software R (R Core Team 2015) with the packages rioja (Juggins 2015) and
vegan (Oksanen et al. 2015) to determine the main zones within the pollen data adapted from Liu
(1990). CONISS is an agglomerative, hierarchical-clustering method that examines distances
between samples in multivariate space. Pollen abundances were Hellinger-transformed prior to
CONISS analysis as an alternative to untransformed Euclidean distances to minimize distortions
in Euclidean distance that can occur with species abundance data (Rao 1995; Legendre and
Gallagher 2001). A broken stick model of the CONISS results was used to determine the number
of significant zones in the stratigraphic sequence (Bennett, 1996).

2.2.3.3 Pigments
Subsamples of wet sediment were used for determination of photosynthetic pigment
concentrations from 59 intervals throughout the core at the University of Regina. Sedimentary
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pigment analysis was, undertaken following procedures outlined in Leavitt and Hodgson (2001).
Frozen samples were freeze dried and approximately 0.05 g of dried sediment were placed in an
acetone solution to extract pigments. Extracted samples were allowed to dry in the absence of
oxygen, prior to being dissolved in a mobile solvent for HPLC analysis. Pigments were
differentiated on the basis of chromatographic position and light absorbance characteristics using
detailed monographs and comparison with authentic standards (Leavitt and Hodgson 2001).
Pigment concentrations are reported as nmol per gram organic matter.

2.2.3.4 Determination of dry weight, organic matter, and carbonate content
Percent organic matter was determined through standard loss-on-ignition procedures
(Heiri et al. 2001) on 60 intervals throughout the sediment core. Briefly, ~0.4 g of wet sediment
in a crucible was dried in a muffle furnace at 105°C for 18-24 hours. Following measurement,
samples were then combusted at 550°C in the muffle furnace for four hours. And left to cool in a
desiccator prior to being weighed. Organic content was determined by weight loss. Samples
were then heated to a temperature of 950°C for two hours, cooled in a desiccator and weighed to
determine carbonate content.

2.2.3.5 Diatoms
Diatom slurries were prepared using an acid digestion procedure (Moos et al. 2005).
Diatom samples were prepared using ~0.2-0.3 g of wet sediment, taken every 8.0 cm, for a total
of 59 subsamples. Weighed subsamples were digested in 20 ml glass vials using a 50:50 (molar)
solution of sulphuric and nitric acids. Slurries were then placed in a hot water bath at 70°C for
eight hours. Diatoms were left to settle for 24 hours before aspiration of the acid above the
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settled diatoms. After aspiration, vials were refilled with double-deionized water and left to settle
for a minimum of 12 hours. Samples were rinsed approximately eight times, until litmus paper
indicated the same pH as the distilled water. The diatom slurry was reduced to a volume of ~5
ml, and spiked with a solution of microspheres of known concentration (4 ml of a 2.0 × 107
spheres/ml solution were added to organic samples and 0.2 ml of a 2.0 × 107 were added to the
samples containing clay). Samples were plated on coverslips in a series of four dilutions and
allowed to evaporate, after which they were heated and fixed permanently to slides using
Naphrax®, a mounting medium with a high refractive index (>1.7). Diatoms valves were
identified and enumerated using a Leica DMRB microscope under a 100× Fluotar objective (NA
of objective = 1.3) and differential interference contrast optics at 1000× magnification. For most
diatom samples a minimum of 400 valves were counted, or, if the concentration of valves was
exceptionally low, until 5 transects were completed. Diatoms were typically identified down to
the species level or lower using the standard taxonomic references (Krammer and Lange-Bertalot
1986, 1988, 1991a, 1991b; Cumming et al. 1995).

2.2.3.5 Numerical analyses
Fossil pollen, pigment, and diatom data were graphed using the computer program Tilia
v.2.0.2 (Grimm 2004). Diatom species with greater than 5% abundance in at least three samples
were included in the plots. A depth-constrained cluster analysis (CONISS, Grimm, 1987) from
the pollen record of Liu (1990), but with a new dating model, was superimposed onto pigment
and diatom stratigraphies to define a priori pollen-inferred climate zones (Fig. 2; Zones A1, A2,
B1, B2, B3). For diatoms, both percent relative abundance and concentration data were
calculated at a resolution of 8.0 cm intervals. The chrysophyte scale to diatom index (scale to
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diatom index) was calculated using the formula: scales/ (diatoms + scales) × 100 (Moos et al.
2005). For pigments, both concentration (nmol/g) per organic matter and concentration (nmol/g)
per dry weight were plotted at a resolution of every 8.0 cm intervals throughout the core.
Analysis of similarities (ANOSIM) analysis, a nonparametric multivariate statistical test,
was used to test the null hypothesis that there was no difference in diatom and pigment
composition between the a priori pollen-inferred climate zones (Clark and Warwick 1994).
ANOSIM uses a rank similarity or dissimilarity matrix to calculate within-group and acrossgroup differences (Clark and Warwick 1994). A Bray-Curtis similarity coefficient was used as
the similarity coefficient. Analyses were performed using both non-transformed and square-root
transformed species data. For diatom data, ANOSIM tests were performed on the relative
abundance and concentration data. For pigment data, ANOSIM tests were performed on all
pigment concentrations (HPLC), and category-1 pigments (i.e. the most stable pigments) and
category-2 pigments (i.e. lesser stable pigments). ANOSIM tests were calculated using the
statistical package PRIMER 6.0 (Clarke and Gorley 2006). Between sample pairs, within- and
across-group rank dissimilarities were calculated, shuffled and re-calculated 999 times, and
compared with the original rank dissimilarities to determine a p-value. ANOSIM produced a
global R value for each analysis (between 1 and -1), indicating the strength of the statistical
relationship. An R statistic near zero indicates that the null hypothesis is likely true (e.g., the
within- and between-group differences are similar), whereas an R of 1 indicates that samples are
more similar to one another than any replicates from other groups (Clarke and Warwick 1994).
The sample from a depth of 440 cm was an outlier and was removed prior to any statistical
analyses. This sample was removed as it may have been a product of error. Following the
ANOSIM analysis, the program SIMPER in the statistical package PRIMER 6.0 (Clarke and
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Gorley 2006), was used to calculate the contribution of each species to the average dissimilarity
between the two groups. Post-hoc t-tests assuming unequal variance were then performed to
identify the significant difference between the pollen-inferred climatic zones for category-1 and
category-2 pigments using Microsoft Excel. Zone A2 was excluded in post-hoc analyses due to
insufficient data.
Two-dimensional non-metric multidimensional scaling (nMDS) diagrams were produced
for the five ANOSIM tests using square-root transformed species data. The diagrams are based
on Bray-Curtis dissimilarity matrices between pollen-inferred climate zones and were produced
using PRIMER 6.0 (Clarke and Gorley 2006). Although, nMDS has not been commonly used to
summarize paleolimnological data, there are few assumptions in the structure of species data and
the interrelationship between samples (Clarke and Warwick 2001). In nMDS ordinations a BrayCurtis dissimilarity is well suited for species data containing many zero values (Clarke and
Warwick 2001), and relationships can be easily visualized in low-dimensional space (Clarke and
Warwick 2001).

2.3 Results
2.3.1 Age Model
For Lake Six, a Bayesian model was used with corrected 14C dates, whereas Liu (1990)
used uncorrected 14C ages. Liu (1990) stated the basal date of 6970 ± 100 14C years BP was in
agreement with basal dates obtained from stratigraphies of nearby bogs (Ignatius 1956, Terasmae
and Hughes 1960). The Bayesian model, although based on only three dates, is approximately
linear with depth and provides a dating model that broadly allows us to define pollen-derived
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climate zones that form the basis for our investigation of the relationship between climate and
lake production over the Holocene.
In Charland Lake, the activity of 210Pb was low in the gravity core. However, a
pronounced-peak in 137Cs activity occurred between a depth of 9 and 12 cm. Coring notes
indicate the piston core started at a depth of 10 cm, allowing us to confidently assign the top of
the piston core an age of -10 cal yr BP with BP = 1950. The moisture content of the core
remained relatively stable throughout the organic layers, but decreased in the clay bands. A
Bayesian model was used to determine sediment ages and sedimentation rates. Overall, the errors
of the inferred ages for intervals in the sediment core appear to be relatively low with error
estimates ranging between ±30 and ±40 years. The calibrated 14C dates increased in age with
increasing depth and follows an approximately near-linear trend with cumulative core depth (Fig.
2).

2.3.2 Pollen
Changes in the pollen assemblage from Lake Six are outlined based on the five
significant zones identified through the CONISS analysis and broken stick model. These zones
occur at cumulative depths of 105, 175, 285 and 327 cm, and result in 5 distinct zones: A1, A2,
B1, B2, and B3 were delineated from the bottom to the top of the core (Fig. 1B). These five
zones identified span a depth of 380 cm and date back to ∼9530 cal yr BP.
The zones identified broadly follow the climate-defined zones outlined by Liu (1990).
The oldest, Zone A1 (327-380 cm; ∼9530-8450 cal yr BP), is dominated by Picea (>75%
abundance) with some Betula (10-20% abundance). Towards the A1 and A2 boundary, Picea
slightly decreases and Betula increases (Fig. 1B). Zone A2 (285-327 cm; ∼8450-7510 cal yr BP)
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is characterized by a decrease in Picea and an increase in Betula, Pinus strobus and Populus.
Picea decrease in abundance from Zone A1, while Betula becomes more dominate, increasing by
~2.5x from Zone A1. P. strobus increases from Zone A1 and Cupressaceae and Populus reach
high and sustained abundances (Fig. 1B). Zone B1 (175-285 cm; ∼7510-4460 cal yr BP) is
characterized by an increase in Cupressaceae and P. strobus and a further decrease in Picea.
Zone B1 is dominated by P. strobus, Betula and Cupressaceae. P. strobus increases from ∼8 to
∼40% at the A2 and B1 boundary and remained relatively high and stable throughout this zone
reaching its highest value (∼46%). Cupressaceae increases through the majority of Zone B1,
reaching a maximum value of ∼20%. Betula remains relatively high and stable throughout Zone
B1, and Picea declines to its lowest value in the core, reaching ∼12% at a depth of 260 cm (Fig.
1B). Zone B2 (105-175 cm; ∼4460-2590 cal yr BP) is dominated by Betula, P. strobus and
Picea. Betula increases slightly in Zone B2 in comparison to the previous zone and reaching its
highest abundance in the core at a depth of 160 cm (∼54%), while P. strobus decreases and
remains relatively stable (∼17-30%). Both, Picea and Cupressaceae increase at the B2 and B3
boundary (Fig. 1B). Zone B3 (0-105 cm; ∼2590-100 cal yr BP) is characterized by an increase in
Picea pollen and a decrease in P. strobus. Picea initially increases at the B2 and B3 boundary
and remains high and stable through Zone B3 at ∼40-55%. Betula is also dominant in Zone B3,
and remains stable at ∼32-43%, but at lower abundances than the previous zone. P. strobus
decreases steadily to <10% abundance before stabilizing at the top of the core (Fig. 1B).

2.3.3 Pigments
The a priori defined pollen climate zones from Liu (1990; Fig. 2) were used as a
framework on the Charland Lake core to assess the relationship of changes in pigment
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assemblages to climate (Fig. 4). Pigments were categorized and examined based on their
characterization as being stable (category-1 pigments) or less stable (category-2 pigments)
according to Leavitt and Hodgson (2001). Zone A2 (420-448 cm; ∼8450-7510 cal yr BP) was 28
cm in length with only four intervals measured, which consisted of mainly zero values; therefore,
Zone A2 was not included in the statistical analyses (Fig. 4).
All category-1 pigments in Zone B1 (239.5-421 cm; ∼7510-4460 cal yr BP) had lower
concentrations compared to pigments in zones B2 and B3 (Fig. 5). Concentrations of alloxanthin
and echinenone and canthaxanthin were significantly lower (Figure 4; Table 4). Similarly,
category-2 pigments, were generally significantly lower compared to pigment concentrations in
zones B2 and B3 (Fig. 5; Table 4). Zone B2 (141.5-239.5 cm; ∼4460-2590 cal yr BP) has
concentrations of category-1 pigments, including β-carotene, lutein-zeaxanthin and
canthaxanthin that are significantly different between zones. β-carotene and lutein-zeaxanthin
were significantly higher in Zone B2 in comparison to zones B1 and B3, while canthaxanthin
was significantly higher in Zone B2 than Zone B1, but lower than Zone B3 (Fig. 5; Table 4). Of
the category-2 pigments, concentrations of fucoxanthin and diatoxanthin were also significantly
higher in Zone B2 in comparison to Zone B1 (Fig. 6; Table 4). In Zone B3 (0-141.5 cm; ∼2590100 cal yr BP) category-1 pigment concentrations of okenone and canthaxanthin were
significantly higher than preceding zones (Fig. 4; Table 4), and alloxanthin and echinenone had
similar concentrations in both zones B2 and B3 (Fig. 5; Table 4). Out of the category-2
pigments, concentrations of fucoxanthin, diatoxanthin and myxoxanthophyll were significantly
higher in Zone B3 compared to zones B1 and B2 (Fig. 6; Table 4).
Chlorophyll a plus derivatives had concentrations that increased from Zone B1 to B3
with changes between each zone that were significantly different (Table 4). The ratio of
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chlorophyll a to phaeophytin a remained relatively stable throughout the core with some
variance within and between the clay bands of zones B1 and A2 (Fig. 4). Similar patterns in
pigments were also found when expressed as concentration (nmol/g dry weight) (Appendix A1).

2.3.4 Diatoms
The a priori defined pollen-derived climate zones from Lake Six (Liu 1990; Fig. 2) were
used as a framework on the Charland Lake core to assess the relationship between diatom
assemblages and climate (Fig. 8). From the bottom of the core, diatom concentrations remained
low through the two clay bands, increasing in the organic layer between the clay bands to
approximately 23 x 108 valves per gram dry weight (Fig. 8). Diatom concentrations increase after
the second clay band and remained relatively stable between 284 to 145 cm depth
(approximately 8.9 x 108 to 21.6 x 108 valves per gram dry weight). There were small increases
in concentration at depths of 212, 177, 169, and 153 cm with approximate concentrations of 39.7
x 108, 26.2 x 108, 29.9 x 108, and 38.5 x 108 valves per gram dry weight, respectively (Fig. 8).
The scale-to-diatom index was low within the two clay bands, with an increase in scaled
chrysophyte abundance in the organic layer between the clay bands to approximately 14.5%. The
abundance of scaled chrysophytes increases during the second clay band and continued to
increase throughout zones B1 and B2 (Fig. 8). After this peak in abundance in Zone B2, scaled
chrysophyte abundance decline to lower values again by Zone B3 and remain low to the top of
the core (Fig. 8).
Throughout the Charland Lake core, changes in the diatom assemblage were seen
between the four a priori defined pollen zones. The largest shift in diatom assemblages occurs
after the second clay band, before the boundary of zones B1 and B2. Prior to this point zones A2
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and B1 are dominated largely by benthic taxa, while zones B3 and B2 were dominated by
planktonic taxa. Smaller-scale changes occur between each pollen defined zone. In Zone A2
(421-437 cm; ∼8450-7510 cal yr BP) the dominant taxa include Stuarosirella construens,
Cyclotella michiganiana, Stuarosirella pinnata and Cyclotella bodanica var. lemanica. The
relative abundances of both C. michiganiana and S. construens peak in Zone A2 at ∼50% (Fig.
8). Prior to the clay band in pollen Zone B1 (239.5-421 cm; ∼7510-4460 cal yr BP)
Stuarosirella pinnata, Pseudostaurosira brevistriata, and S. construens dominate (Fig. 8).
Within this clay band S. pinnata and P. brevistriata reached their peak abundances of ∼35% and
∼26%, respectively. In the organic layer between 346 and 386 cm depth these taxa decrease in
abundance and C. bodanica var. lemanica becomes the most dominant taxa, reaching its peak
abundance of ∼56%. In the second clay band, diatom dominance reverts to S. pinnata, P.
brevistriata, and S. construens. The second organic layer beginning after the clay band is
dominated by C. bodanica var. lemanica before becoming dominated by Stephanodiscus
minutulus and Stephanodiscus parvus for the remainder of the zone (Fig. 8). Zone B2 (141.5239.5 cm; ∼4460-2590 cal yr BP) is dominated by Discostella stelligera with S. minutulus
showing an elevated abundance across the B1 and B2 zone boundary, before declining at a depth
of 220 cm. The dominance of D. stelligera was interrupted by S. minutulus between 161 and 185
cm of depth, where it slightly resurged reaching a maximum abundance of ∼31% before
declining. Slight increases were also observed in C. bodanica var. lemanica and Asterionella
formosa across Zone B2 (Fig. 8). The most recent zone, Zone B3 (0-141.5 cm; ∼2590-100 cal yr
BP), is dominated largely by S. minutulus and S. parvus, however D. stelligera abundance
remained high across the B2 and B3 zone boundary (∼75%) before declining around 105 cm of
depth to ∼1%, being replaced by S. minutulus and S. parvus. S. minutulus and S. parvus remained
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high throughout this zone reaching peaks of ∼66% and ∼26%, respectively. Abundances in these
taxa decrease towards the top of the core as D. stelligera began to resurge slowly beginning
around 72 cm of depth (Fig. 8).

2.3.5 ANOSIM and nMDS
The difference in pigment assemblages between the four pollen zones was assessed using
ANOSIM. The null hypothesis of no difference between pigment concentration in the 4 zones
could not be accepted in three of the pairwise tests comparing Zone A2 to B1, A2 to B2 and A2
to B3 (Table 1). ANOSIM results show a significant shift in pigment assemblages between Zone
A2 and Zone B1 (R = 0.69, p = 0.008, n = 58). SIMPER post hoc test identified luteinzeaxanthin as the predominant pigment contributing to ∼23% of the difference in composition
seen between the zones (Table 2). There was also a significant shift in pigment assemblages
between Zone A2 and Zone B2 (R = 0.96, p = 0.002, n = 58). SIMPER post hoc test identified
lutein-zeaxanthin as the predominant pigment contributing to ∼23% of the difference in
composition seen between the zones (Table 2). A significant shift in pigment concentrations was
also observed between Zone A2 and Zone B3 (R = 0.98, p =0.001, n = 58). SIMPER post hoc
test identified lutein-zeaxanthin as the predominant pigment contributing to ∼18% of the
difference in composition seen between the zones (Table 2).
Changes in the pigment concentrations within the four pollen-derived climate zones were
summarized by nMDS plots (Fig. 9A). In general, the four climate-defined pollen zones were not
distinct in their assemblages when all pigments were considered, as the zones overlap with one
another in ordination space (Fig. 9A). Little difference is apparent between zones B3, B2 and B1.
However, Zone B1 had some intervals with similar assemblages and some that were different.
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Zone A2 did not overlap with the other zones, but has high variability. When category-1
pigments, were analyzed independently, similar spacing in the ordination space occurred (Fig.
9B), with little separation seen between zones with greater variability in the pigment
assemblages in zones B1 and A2. When category-2 pigments were analyzed independently, there
was less similarity seen between zones (Fig. 9C). In ordination space the assemblages of Zone
B3 became more separated from Zone B2 assemblages, with some overlap, but with high
variability within Zone B1.
The difference in diatom assemblages between the four pollen-derived climate zones was
assessed using ANOSIM. The null hypothesis of no difference between diatom assemblages in
the four zones could not be accepted in two of the pairwise tests comparing Zone A2 to B2 and
A2 to B3 (Table 2). ANOSIM results show a significant shift in species composition between
Zone A2 and Zone B3 (R = 0.78, p = 0.003, n = 58). SIMPER post hoc test identified S.
minutulus as the predominant species contributing to ∼14% of the difference in species
composition seen between the zones (Table 2). There was also a significant shift in species
composition between Zone A2 and Zone B2 (R = 0.64, p = 0.004, n = 58). SIMPER post hoc test
identified D. stelligera as the predominant species contributing to ∼14% of the difference in
species composition seen between the zones (Table 2).
Changes in the diatom assemblage relative abundances within the four pollen-derived
climate zones were summarized by nMDS plots (Fig. 6). In general, the four zones were distinct
in their assemblages as there was little overlap of the zones in ordination space. However,
variability was high within each zone. Zone B3 had the tightest clustering of all the zones,
representing the greatest similarity within its assemblages. Zone B3 overlapped with Zone B2
and with part of Zone B1 in ordination space, while Zone A2 only overlapped with Zone B1
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(Fig. 10A). Diatom concentrations plotted similarly to the relative abundance data; although,
clustering within zones was less variable. The assemblages within Zone B1 were more similar
based on concentrations, creating closer clustering in ordination space. Zone B3 and B2 still
overlapped, but there were more similarities between the assemblages within the samples. The
increasing in clustering and similarities between zones resulted in less division between the
different diatom taxa (Fig. 10B).

2.4 Discussion
The boreal forest of northern Ontario is one of the largest intact forest and wetland
ecosystems left on Earth. According to pollen interpretations by Liu (1990) the boreal forest was
susceptible to climate warming during the HTM period, similar to results seen in the boreal
forest of northwestern Ontario. In the northwest, the warm and dry climate was associated with
an increase in lake-water production and a decrease in lake-water levels (Moos et al. 2009; Moos
and Cumming 2011; Karmakar et al. 2015). However, in the northeast, Liu (1990) put the HTM
period between ~7500 and 2500 cal yr BP and characterized the HTM as being a warm and wet
period. Here we consider the HTM to occur from ~8500 to 4500 cal yr BP (or Zone A2 and B1)
and a post-HTM period, where climate was cooling, but still warmer than present, occurring until
~2500 cal yr BP (post-HTM). Given this difference in climate patterns across the boreal forest,
the goal of this study was to assess if increased lake-water production occurred during the HTM
period, when temperatures were projected to have been 2 to 3°C warmer in northeastern Ontario
(Renssen et al. 2012). Additionally, this study aimed to assess the limnological changes that have
occurred over the Holocene based on within lake, or autochthonous biological proxies. The
estimated ages of sediments in the core from Charland Lake based on AMS 14C-dating of pollen,
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provide strong evidence of continuous sedimentation and chronological control in the cores.
Algal proxies indicated that primary production was low during the first phase of the Holocene
under a warm and wet climate, suggesting variability in lake-water production and aquatic
conditions due to complex interactions between the surrounding landscape, water balance and
climate. Fossil pigments suggest that algal production increased in the post-HTM period during
an intermediate period of warm and wet conditions. Changes in the algal assemblages included a
shift in algal dominance and indication of increased seasonality or stratification. Over the last
~2500 years, lake-water production remained low, with diatoms dominating the algal assemblage
under a cooler and wet environment. A summary of the major proxies in relation to the polleninferred climate zones indicates complex changes have occurred in lake-water production of
algal assemblages over the Holocene (Fig. 11).

Assessment of the pollen framework as a climatic proxy
Pollen was used in this study as an independent means to define five climate zones in
northeastern Ontario over the Holocene. Although, pollen was not analyzed for Charland Lake,
nearby Lake Six was used as being representative of pollen in the region. The pollen from Lake
Six was used due to the close proximity to Charland Lake (∼30 km), morphometric similarities,
and similarities to other reconstructions in the area. Five major zones of pollen were identified,
each indicative of a different vegetation zone and reflective of past climate and environmental
conditions (Fig. 11). Lake Six seems representative of regional climate trends, and zones A2 to
B3 were used as a framework to assess the relationship between climate and algal response from:
Zone A2 (the early-HTM), Zone B1 (the HTM), Zone B2 (the post-HTM period) and Zone B3
(the Modern period) (Fig. 11).
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The beginning of the pollen record at Zone A1 (∼9530-8450 cal yr BP) was characterized
by a high abundance of Picea and a small abundance of Betula (Liu 1990). Moderate pollen
peaks in heliophytic herbs and shrubs indicated a more open boreal forest present, while the
dominance of Picea suggested cool and wetter conditions (Björck 1985; Liu 1990; McAndrews
1982). Richard (1980) reconstructed pollen in the adjacent Barlow-Ojibway lowlands of Quebec
and found a similar structure in the young boreal forest. Pollen recovered from Lake Yelle (N
48°30', W 79°38') and Lake Clo (N 48°29', W 79°21'), led to the reconstruction of an open boreal
forest dominated by Picea species ∼8,900 years BP (Richard 1980). Picea was also found as the
dominant species occupying the vegetation of the Temagami region, south of Lake Six, after the
retreat of the Laurentide Ice Sheet (Hall et al. 1994). The forest then remained relatively
unchanged for approximately the next 1,000 years, which is synchronous with other pollen
records from the area (Richard 1980).
After the initial deglaciation and the drainage of Lake Ojibway, vegetation moved into
the lowlands between 7,900 and 7,200 years BP and became dominated by Betula species,
alongside Picea (Richard 1980). This was similar timing to the vegetative changes seen in Zone
A2 (∼8450-7510 cal yr BP) in Lake Six, where Picea declined, however still abundant, and there
was a shift to a more heavily dominant birch forest (Liu 1990). There was also an increase in the
abundance of Populus, which peaked in this zone, likely because it was one of the dominant
hardwood species in the area after Lake Ojibway drained, proliferating during the afforestation
period on upland terrain, before being outcompeted by other hardwoods (Richard 1980; Liu
1990). Similar reconstructions from Quebec found Populus was abundant following deglaciation,
as it was able to colonize openings in the boreal forest (Richard 1979; Richard et al. 1982;
Garralla and Gajewski 1992; Carcaillet et al. 2010). Additionally, Labelle and Richard (1982)
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found evidence suggesting Populus proliferated 1,000 years after deglaciation, supporting the lag
seen between the Populus peak and deglaciation in Lake Six.
In Zone B1 (∼7510-4460 cal yr BP), Picea continued to decline and P. strobus and
Cupressaceae increased. P. strobus and Cupressaceae species are both absent in the vicinity of
Lake Six today, but reached their peak abundance in the mid-Holocene (Liu 1990). One of the
defining characteristics was the observed expansion of P. strobus into the Clay Belt. P. strobus is
believed to have expanded northward under a favourable climate, causing a northward advance
of the boreal forest/Great-Lakes St. Lawrence ecotone boundary by at least 140 km (Bartlein et
al. 1984, Liu 1990). This displacement is thought to be a result of a warmer and drier climate
(Bartlein et al. 1984; Liu 1990). Relatively arid conditions were also inferred from the lack of
population expansion among other thermophilous species (Bartlein et al. 1984; Liu 1990). This
migration was further supported to the north of Lake Six at a site near Val St. Gilles, Quebec,
where Terasmae and Anderson (1970) found evidence of P. strobus 100 km north of its current
range around 5000 years BP. Terasmae and Anderson (1970) attributed the northern migration to
the warmer climate and longer growing seasons associated with the HTM period. Similarly, two
lakes near Lake Abitibi showed comparable reconstructions, where P. strobus migrating into the
area around ∼7200 years BP, occupying hills and more xeric sites (Richard 1980).
The interpretation of the Cupressaceae peak is not as straight forward. Cupressaceae
pollen was determined to be representative of Thuja instead of Juniperus by Liu (1990).
However, Thuja and Juniperus pollen cannot be easily distinguished based on morphological
criteria (McAndrews et al. 1973). Liu (1990) inferred that Thuja represented Cupressaceae pollen
based on the occurrence of two fossil seeds of Thuja. Additionally, the presence of a well
preserved Thuja macrofossil was observed near Manitoulin Island around 10,000 yrs BP,
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suggesting Thuja likely immigrated to northern Ontario (Warner 1982). However, the age
assignment from Warner (1982) has been called into question based on methodological concerns
(Warner et al. 1984; Yu 1997). Other pollen reconstruction studies nearby Lake Six inferred the
Cupressaceae pollen peak to represent Juniperus, which were speculated to increase in forest
openings resulting from fire driven by a warm and dry climate (Richard 1980). Liu (1990)
suggested the pollen data does not support a scenario where Juniperus proliferated in an open
upland forest under drier conditions, stating that at both Lake Six and at Richard’s (1980) sites,
there was no substantial increase in the pollen of species expected to increase in a forest
maintained by a higher frequency of forest fires (Liu 1990). More recent evidence from
Carcaillet et al. (2001) inferred, based on charcoal analysis, that the forest fire frequency in the
area did not increase in the HTM period. At the Lake Abitibi sites, compared to Lake Six, there
was a lack of coherency between the peaks in Cupressaceae and P. strobus pollen. At these sites,
the Cupressaceae rise coincided with a decline in P. strobus, contradictory to what Liu (1990)
observed. Liu (1990) suggested that the synchronicity of P. strobus and Cupressaceae peaks
support the presence of Thuja. Liu (1990) stated that if Cupressaceae was represented by
Juniperus, instead of Thuja, habitat competition on upland sites would have prevented
coexistence with P. strobus; as seen by Richard (1980). Thuja prefers warm and wet conditions
and would have had minimal habitat competition with P. strobus, allowing the species to coexist
(Fowells 1965; Liu 1990). Therefore, it was inferred that under a warmer climate, Thuja
proliferated in the widespread wetlands of the Clay Belt lowlands, while P. strobus occupied
upland sites (Liu 1990). Based on these results it seems reasonable that the Cupressaceae pollen
peak at Lake Six was indicative of Thuja instead of Juniperus.
Similar indications of the HTM period were seen to the east of Lake Six. Carcaillet et al.
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(2001) found a similar pattern in P. strobus and Cupressaceae to Richard (1980) between ∼7500
and 4600 cal yr BP. However, at the Lac Pessiére site, located ∼120 km to the northeast of Lake
Six, Carcaillet et al. (2001; 2010) concluded Cupressaceae pollen was likely representative of
Thuja. Furthermore, Carcaillet et al. (2001) also analyzed Lac Francis, a small kettle lake ∼60
km closer to Lake Six and located along a more similar latitudinal band, where they found a
higher degree of overlap between P. strobus and Thuja pollen peaks between 6600 and 4600 cal
yr BP. The authors concluded that the synchronicity seen in the Thuja expansion between these
two sites suggests the effect of a broad-scale environmental process (Carcaillet et al. 2010). A
process that appears to have driven different vegetative changes based on location. Because Lac
Francis is closer to Lake Six, and both lakes are located within the mixed boreal forest, instead of
the coniferous boreal forest like Lac Pessiére, Lac Francis may be more representative of the
regional pollen during this period. However, additional research surrounding Lake Six has
documented peaks in Cupressaceae and P. strobus pollen of similar timing, attributed to the
HTM period. This has included evidence from Crates Lake, north of Lake Six, and the
Temagami region, south of Lake Six (Liu 1982; Boudreux et al. 2005).
Zone B2 (∼4460-2590 cal yr BP), a period when conditions begin to cool, but still
warmer than today (the post-HTM period) (Fig. 11), is characterized by a decrease in P. strobus
and Cupressaceae, and an increase in Picea. This Zone is thought to represent the transition from
the mid-Holocene to modern conditions (Richard 1980; Liu 1990). Picea prefer a cool, wet
climate indicating a transition from warmer conditions to a cooler and more mesic environment
(Bjork 1985; McAndrews 1982; Liu 1990). An increase in water levels has been well
documented in Quebec and generally in northeastern North America around 3900 years BP,
aligning with this Zone and supporting the movement to a cooler and more mesic climate
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(Harrison 1989; Yu et al. 1997; Lavoie and Richard 2000).
Zone B3 (∼2590-100 cal yr BP) was characterized by an increase in Picea and a decline
in P. strobus, signaling Neoglacial cooling (Liu 1990). Betula species remain unchanged and
abundant through this zone. Similar changes were observed by Richard (1980) who described a
resurgence of Picea species, a decrease in P. strobus and a Betula community that remained
almost unchanged on mesic sites. Evidence of heavy Picea abundance within this zone has also
been seen in the coniferous-boreal forest, 300 km east of Lake Six, and also in southern Quebec
(Comtios 1982; Garralla and Gajewski 1992).
Based on the evidence from Lake Six and the surrounding area, it is reasonable to assume
that the pre-existing vegetation around Lake Six was indicative of regional pollen patterns. Zones
A2, B1, B2 and B3 all had distinct pollen assemblages that were reflected in pollen
reconstructions from the surrounding lakes. Given this evidence, we conclude that the vegetation
around Lake Six would have been similar to that of Charland Lake throughout the Holocene, and
use this framework to infer the climate zones used in his thesis.

Assumptions associated with the pollen framework
The analysis and interpretation of the pollen at Lake Six is associated with some
assumptions. The first assumption is that the pollen dates from Liu (1990) are correct. Liu used
uncorrected dates in his research and no age-depth model was applied, creating potential
inconsistencies in the timing of pollen events. Age-depth models are only considered meaningful
and useful when calculated using calibrated dates (Bartlein et al. 1995). Using uncalibrated
radiocarbon dates make the assumption that variation in the calibration curve cancel out the
sedimentation rate (Telford et al. 2004a). Prior to ∼1990 CE, calibration has not been common
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practice, and it has been argued that calibration is not essential when comparing a selection of
records controlled by radiocarbon ages alone (Bartlein et al. 1995). However, without the use of
statistics to calibrate ages and determine an age-depth model, the inherent uncertainties of
isolated 14C dates cannot be overcome. As a result, the lags, leads and synchronicity between
different events cannot be properly determined (Blaauw and Heegaard 2012). To correct for
potential inconsistencies and error in dating, the dates from Liu (1990) were calibrated and a
Bayesian age-depth model was developed (see Methods), although only three dates were
available from this core (Liu 1990). Using only three dates to create an age-depth model leaves
room for more potential error when estimating the sediment accumulation rates (Bennett 1994).
However, the use of a Bayesian age-depth model helps to reduce the uncertainty around each
date and account for variation within the calibration curve (Biasi and Weldon 1993). The agedepth model for Charland Lake was based on 8 age determinations, making it a more trustworthy
model, which resembled a similar curve to the age-depth model as developed for Lake Six.
The second assumption is that the dating and models used in supporting research were
correct. Much of the research from supporting studies was done over two decades ago, well
before considerable advances in age-depth modelling were available (Telford et al. 2004b). Age
estimates can vary by hundreds of years depending on the choice of age-depth model, causing
the potential for inaccurate comparisons (Bennett 1994). However, all age-depth models struggle
to produce reliable sediment accumulation rates and models are susceptible to change, even with
minor adjustment of parameters (Trachsel and Telford 2017). Therefore, the dating of a similar
event between studies is unlikely to align perfectly; although, low frequency variation such as
millennial scale changes will not be greatly affected. Additionally, because time transgressive
lags were observed in the regional pollen record, variation in the timing of events is not

39

unexpected (Terasmae and Anderson 1970; Richard 1980; Liu 1990; Carcaillet et al. 2001).

ZONE A2: Lake response following the drainage of Lake Ojibway (∼8450-7510 cal yr BP)
Glacial Lake Ojibway formed after deglaciation, and then drained around ~9500 cal yr
BP (Terasmae and Hughes 1960), which is broadly consistent with the formation of Charland
Lake around ~8000 cal yr BP. Following the drainage of Lake Ojibway, Liu (1990) identified a
vegetative landscape dominated by Picea and Betula (Zone A1), which was consistent with
pollen reconstructions from the area suggesting cold and wet conditions, with movement towards
a warmer climate (Richard 1980). Cold and wet conditions are often associated with low
evaporative rates and high effective moisture, leading to high lake-water levels. However,
isotopic research from the region suggests lake-water was isotopically enriched, inferring low
lake-water levels after lake formation (Boureux, in prep). Charland Lake was heavily influenced
by clastic material interrupting the signal of isotopes and algal production. However, isotopes
from nearby Irrigation Lake show an enrichment and strong covariance between !18O (calcite)
and !13C (calcite), providing convincing evidence of a lower lake-water stand (Boureux, in
prep). Evidence from the diatom assemblage supports the inference of lower lake-water levels
with clastic material indirectly limiting production by influencing light, and largely benthic
diatom assemblages at this time.
Benthic assemblages dominated by S. pinnata and S. construens are commonly seen in
the early history of many lakes (Haworth 1976; Bradshaw et al. 2000; Fritz et al. 2004). A
predominantly benthic assemblage is often attributed to the turbid and unproductive nature of
lakes initially after deglaciation (Fritz et al. 2004). An increase in turbidity may have occurred in
Charland Lake, indicated by the high level of clastic material during this period, which may have
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limited light penetration and as a result, algal production. In turbid conditions, algal production is
most dependant on the amount of available light (Guilford et al. 1987). The observed low
concentrations of diatoms and pigments may be related to the lack of available light, limiting
algal growth. The benthic diatoms that were present, are tolerant to low-light and fluctuating
chemical and physical conditions, allowing them to inhabit this environment (Punning and
Puusepp 2007; Kingsbury et al. 2012).
The benthic diatoms were found to dominant over planktonic species, except for C.
michiganiana, which had a relative abundance of up to 50%. In lakes, benthic diatoms tend to
dominant over planktonic taxa when lake water-levels are low (Laird et al. 2011; Kingsbury et
al. 2012). Furthermore, the planktonic taxa C. michiganiana is known to have a subsaline optima
and a wide tolerance to salinity (Wilson et al. 1994). Salinity may have increased due to
evaporative concentration, suggesting its abundance among benthic taxa may have been possible
due to an other environmental conditions. Additionally, lower water levels may have increased
the ability of clays to become re-suspended in the water column due to mixing from wind. The
aquatic environment during this period was characterized by limited algal grow due to
suboptimal conditions for most algal species.
The high level of clastic material in Charland Lake may have been driven by an increase
in erosional influence due to an undeveloped landscape. Liu (1990) mentioned the landscape
surrounding Lake Six was likely sparsely vegetated, indicated by the absence of macrofossils.
Vegetation around Charland Lake was likely developing, increasing the potential for clays to
become suspended in the water column through erosional processes. An increase in forest
openings can increase the influence of aeolian inputs, sediment re-suspension, shoreline erosion,
runoff and consequently effect lake levels (Dearing 1983; Dearing and Foster 1986; Almquist-
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Jacobson 1992). Research has suggested that changes in production of kettle lakes can be
influenced by the amount of wind exposure, related to the organization of terrestrial vegetation
(Almquist-Jacobson 1992). Sparsely vegetated landscapes have been found to be associate with
an increase in inorganic sediment fractions and turbidity due to erosion by wind and runoff
(Dearing 1983; Almquist-Jacobson 1992). A lack of vegetation and undeveloped soil
surrounding Charland Lake may have increased erosion of the shoreline by wind and wind
aeolian processes. Additionally, the abundance of clay-rich soils on the landscape could have
contributed to increased runoff due to lower infiltration rates (Ben-Hur and Letey 1989).
Therefore, the abundance of clastic material in the water column may have resulted from an
increase in erosion through wind exposure and run-off, associated with a sparsely vegetated
landscape.

Lake response during the HTM (∼7510-4460 cal yr BP)
The HTM, or Hypsithermal period characterized by Liu (1990), marked the onset of
warmer and wet conditions in the region. This period was composed of shifts in the vegetation
that appear to broadly coincide with shift in limnological conditions. Based on our results, the
HTM was characterized by a period of variable low lake-water production and complex
interactions between climate, limnological processes and the surrounding environment.
Clay band continuation
At the onset of the HTM there was an abrupt increase in P. strobus indicating movement
to a warmer climate; however, there was a slight lag in the increase in Cupressaceae pollen,
which did not increase substantially until ∼7000 cal yr BP. Therefore, the climate appeared to be
warming without the onset of wetter conditions. Isotopic research from adjacent Irrigation Lake
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indicated isotopes remained enriched and strongly correlated, inferring water-levels remained
low (Boureux, in prep). Additionally, a high amount of clastic material persisted in the water
column until ∼7000 cal yr BP. The pollen-inferred climate suggests conditions were not overly
wet during the beginning of Zone B1; therefore, increased run-off likely was not influencing the
high amount of clastic material in the water column. However, the continuation of high amounts
of clastic material into the beginning of the HTM suggests the landscape may not have stabilized
until ∼7000 cal yr BP. High amounts of clastic material are common in cold, turbid water after
deglaciation, however these conditions often only persist for several hundred years (Wetzel
1983; Manny et al. 1978; Sanger and Crowl 1979). As vegetation and soil development stabilize,
turbidity in the lake begins to decrease erosion and production increases (Manny et al. 1978;
Sanger and Crowl 1979). Therefore, the vegetative landscape surrounding the lake may have
remained unstable until ∼7000 cal yr BP.
Results indicate that aquatic conditions until ∼7000 cal yr BP were similar to the earlyHTM period, however a warming climate may have increased pigment concentrations. The
diatom assemblage was similar between the early-HTM period and the beginning of the HTM,
indicated by a ANOSIM test. The influence of clay likely contributed to the similarity in the
diatom assemblage between the early-HTM period and the beginning of the HTM. Benthic
diatoms continued to dominate in the low-light environment. A decrease in the abundance of C.
michiganiana and an increase in S. pinnata may suggest movement to a less saline environment
(Wilson et al. 1994). Pigment production appeared to increase at the boundary between the earlyHTM and the HTM, supported by the ANOSIM. This increase in pigment concentrations aligns
with the abrupt shift to warmer temperatures, suggesting algal groups began to increase under a
warmer temperature. The ratio of chlorophyll a to phaeophytin a, an index of pigment
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preservation, also increased synchronously with pigment concentrations (Leavitt and Hodgson
2001). The increase in pigment concentrations at the boundary between the two groups suggests
that a slight shift to warmer temperatures promoted the increase in pigment concentrations.
However, an increase in the ratio of chlorophyll a to phaeophytin a indicates high preservation of
pigments (Leavitt and Hodgson 2001). Pigments degrade in both the water column and
sediments; however, degradation occurs more rapidly before deposition. During sinking, as much
as 99% of algal pigments can be degraded through degradation processes, like photo-oxidation
(Furlong and Carpenter 1988; Hurley and Armstrong 1990, 1991; Leavitt et al. 1993). Clastic
material is known to limit light penetration in the water column, which could have decreased the
influence of photo-oxidation and potentially allowed for better preservation of pigments.
Additionally, if water-levels were lower, then the amount of time spent in the water column
would have decreased, further increasing preservation (Swain 1985). Therefore, the increase in
pigment concentrations is both a consequence of increased production and preservation.
Cupressaceae rise: ∼7000 and 5000 cal yr BP
After ∼7000 cal yr BP, warm and wet climate conditions were inferred by Liu (1990), as
P. strobus pollen remained high and Cupressaceae pollen, inferred as Thuja, increased.
Cupressaceae pollen remained high until ∼5000 cal yr BP. In Charland Lake, the period between
∼7000 and 5000 cal yr BP encompassed an organic layer and the second clay band, resulting in
marked changes in algal assemblage and concentrations. The organic layer persisted from ∼7000
to 6100 cal yr BP, characterized by an increase in both algal concentrations, a shift in the diatom
assemblage to planktonic taxa and an increase in chrysophyte scales. Isotopic data from Charland
Lake indicated a strong covariance between !18O (calcite) and !13C (calcite), with a trend toward
decreased enrichment suggesting water levels were rising during this period (Boureux, in prep.).
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Isotopic data from adjacent Irrigation Lake shows a sharp decrease in enrichment in both !18O
(calcite) and !13C (calcite) beginning around ∼7000 cal yr BP, supporting this trend (Boureux, in
prep.). The onset of wetter conditions supports the rise in water levels as suggested by isotopic
depletion, which enabled lake-water production to increase slightly. During this period, it
appears the small increase in algal production may have been associated with a reduction of
clastic material in the water column, increasing light and water levels.
Water levels were rising slowly and turbidity decreased in the water column, possibly
associated with a stabilization of the terrestrial landscape. Stabilization of the terrestrial
landscape may have decreased erosional processes associated with lake turbidity, allowing algal
production to increase. Changes in the pollen assemblage suggest the forest began to fill-in and
soil began to develop after ∼7800 cal yr BP , which broadly corresponds to this period of
stabilization (Liu 1990). The difference in timing between this period at Lake Six and Charland
Lake may have arisen from a lag in the aquatic environment or a difference in dating models.
Soil development at Lake Six corresponded to a change in the ratio of Picea pollen to a
dominance of P. mariana over P. glauca. P. glauca can proliferate on inorganic soils, while P.
mariana flourishes well in wetlands and is better adapted to more mature organic substrates
(Black and Bliss 1980). This change in vegetation coincided with a change in sediment from
clay-rich silty sediment to gyttja, indicated by soluble nutrients leaching from fresh soils (Liu
1990). A similar change occurred in Charland Lake, where sediments shifted from inorganic to
organic around ∼7000 cal yr BP, indicating the change may have been influenced by the onset of
landscape stabilization. Other lakes in the boreal forest of Labrador have indicated a similar
timing in vegetative and soil development around ∼8000-7000 years BP (Engstrom and Hansen
1985). The density of plant cover increased and organic soils began to develop, causing a
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reduction in the amount of clastic input from runoff (Engstrom and Hansen 1985). Runoff rich in
clastic material can adsorb limiting nutrients, rendering them biologically unavailable to
phytoplankton (Froelich 1988; Cuker 1987). Therefore, less clastic material in runoff may have
reduced the constrain on incoming nutrients, contributing to an increase in lake-water
production. The development of soil and movement to a closed boreal forest may have decreased
the influence of factors, like shoreline erosion and runoff, contributing to the suspension of
clastic material.
The second clay band occurred between ∼6100 and 5500 cal yr BP, characterized by a
decrease in algal concentrations and a shift in the diatom assemblage back to benthic dominance.
The highest water levels inferred from Irrigation Lake, correspond well with the peak in
Cupressaceae abundance, centered around the clay band, suggesting a re-suspension or influx of
clastic material into Charland Lake was associate with high water levels (Boreux, in prep.).
Water levels may have increased enough to join Charland Lake with surrounding systems,
including nearby Fredrick House Lake. Charland lake and Fredrick House Lake are only
separated by an elevation of ~2m; therefore, a small rise in water levels under a wetter climate
could have joined the lakes (Boreux, in prep.). In the field Fredrick House Lake was observed to
be a turbid environment (personal observation), which may have persisted since lake formation.
The suspension of fine clay particles in Fredrick House Lake is likely due to its location within
the Northern Clay Belt and shallow nature (Seyler 1997).
The joining of the two lakes may have circulated clastic material from Fredrick House
Lake into Charland Lake, resulting in the second clay band and a reversion back to a poor
environment for primary production. Aquatic conditions in this clay band were similar to the
conditions in the first clay band, where benthic diatoms dominated the diatom assemblages and
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algal concentrations were low. The revert back to poor conditions for algal growth and low
production coincide with a turbid environment, suggesting clastic material in the water column
has been the main factor constraining lake-water production in Charland Lake in the HTM.
Increased clastic material in the water column can change the amount of available light,
restructure the phytoplanktonic community and decrease available nutrients. Research has found
that high levels of clastic material in the water column can limit light penetration, as clastic
material reduces the amount of available light in the water column and impedes algal growth
(Smith 1990). In turbid conditions, algal production has been found to be most dependant on the
amount of available light (Guilford et al. 1987). A reduction in light has been found to shift the
phytoplanktonic community to a dominance in diatoms and flagellates from more typical
eutrophic genera (Hergenrader and Hammer 1971). In less eutrophic systems, suspended clays
can cause a shift in the phytoplanktonic assemblage from dominant blue-green algae to
flagellated euglenoids (Cuker 1987). In Charland Lake, there was no distinct shift to flagellated
algae, however diatom assemblages differed between organic and clastic layers, suggesting the
suspension of clay contributed to restructuring of the diatom community. The influence of
sediments suspended in the water column is dependant on the loading rate of incoming material,
physiological conditions, ion content of the water and chemical history (Avnimelech et al. 1982;
Sonzogni et al. 1982; Cuker et al. 1990). Therefore, many additional factors may have
contributed to the influence of suspended clays on algal production. Either way, similar trends in
the two clay bands give evidence that indication of clastic material in the water column was
associated with low lake-water production in early parts of the HTM.
Last phase of HTM: ∼5000-4460 cal yr BP
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The decrease in Cupressaceae pollen around ∼5000 cal yr BP appears to correspond to
marked changes in water balance and algal assemblages. A reduction of Thuja pollen shortly
after ∼5000 cal yr BP indicates a decrease in moisture, and the onset of cooler, but still warmer
than present conditions. At this time, increases in Picea and Betula pollen occur. This change in
climate corresponded to a change towards more productive lake-water conditions. The diatom
assemblage shifted back to a dominance in planktonic species, similar to the assemblage present
within the organic layer between clay bands, however eutrophic taxa become increasingly
abundant.
The lack of covariance between !18O (calcite) and !13C (calcite) suggests that the lake
basin has undergone a transition from a closed system to an open flow through lake (Boreux, in
prep.). Decreases in !13C (calcite) have been found to be associated with change in the amount of
production of plankton and submerged macrophytes (Håkansson 1985). However, the variation
was not large enough to elicit a change in the type of plants contributing to primary production
(Cerling 1984).
Higher water levels than before may have also contributed to algal production through
higher amounts of available nutrients in the water column, available to algae after suspended
sediments had settled. High levels of nutrients and paired with the movement towards cooler
temperatures may have created an ideal environment for S. minutulus and S. parvus to proliferate
over C. bodanica (Bradbury and Megard 1972; Yang et al. 1993). In lakes with increased
phosphorus loading, Stephanodiscus taxa are common since they have a higher phosphorus
optimum (Cumming et al. 2015) and compete for silica better than other planktonic species
(Mechling and Kilham 1982). Past research has associated higher water levels with lower Si:P
ratios and an associated dominance of Stephanodiscus (Kilham and Kilham 1990). The shift to a
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dominance in Stephanodiscus may have occurred due to ideal conditions for their proliferation
associated with climate and hydrological factors. However, the interpretation of increased
production and eutrophic conditions appears amplified based on relative abundances alone.
Whereas when expressed by diatom concentration the signal of increased production of eutrophic
conditions appears weaker. Additionally, there was a lack of corroboration from pigment
indicators of overall production. Therefore, lake-water production may have only increased
slightly under more favourable limnological conditions influenced by climate.

Algal response during intermediate warmth (4460-2590 cal yr BP)
The post-HTM period was characterized by a lower abundance of P. strobus compared to
the preceding period, and a slow resurgence of Picea as time progressed. Characterizing a period
that was warmer than present, although cooler than the HTM, progressively moving towards a
cooler climate. This period broadly coincided with a change in algal groups. Concentrations of
diatoms and pigments increased moderately and fossil pigment concentrations signaled an
increase in overall production. Additionally, the diatom assemblage shifted towards more
oligotrophic taxa and the chrysophyte scale to diatom index increased. The limnological
conditions in this period outlined by algal proxies suggest weak correspondence with
temperature changes, however other climate elements may have played a role. A shift in algal
assemblages and lake-water production may have been associated with a change in seasonality
driven by climate. Thermal stratification varies seasonally and plays an important role in
determining the seasonal growth of algal groups (Reynolds 1984). Planktonic diatoms generally
tend to bloom in the spring before the lake reaches maximum water temperatures (Reynolds
1984; DeNicola 1996). However, reduced diatom biomass in late spring has been related to an
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increase in thermal stratification (Knoechel and Kalff 1975; Miyajima et al. 1994; Webb et al.
1997). Thermal stratification has been found to inhibit the growth of most planktonic diatom
species (Zhang and Prepas 1996). The timing of thermal stratification might interact with the
date of ice-out, influencing the growth of the spring diatoms (Bradbury 1988).
Research shows a high abundance of D. stelligera with weaker circulation in the spring
and stratification in the summer, but these relationships can be complex and vary between lakes
(Dean et al. 1994; Bradbury et al. 2002; Wiltse et al. 2016). In Charland Lake, a change in
seasonality may be indicated by the shift in the diatom assemblage to D. stelligera. Furthermore,
a change in seasonality is supported by the chrysophyte scale to diatom frustule index, which
reached its highest values during this period. In stratified conditions, chrysophytes have a
competitive advantage over diatoms (Eimers et al. 2009). Past research has suggested an
observed increase in chrysophyte production may indicate seasonal summer stratification, short
spring and fall circulation periods and less eutrophic conditions (Moss 1979; Sandgren 1988;
Brabury et al. 2002). Therefore, the changes in the diatom assemblage indicate a change in
seasonality under a cooling climate may have occurred.
The associated increase in overall production during this period, indicated by β-carotene,
may be a result of changes in seasonality favoring the production of algal groups other than
diatoms. In Charland Lake, there was a weak indication of an increase in diatom production
during this period, suggesting this increase in production may have been from other algal groups.
Both lutein-zeaxanthin, a stable indicator of green and blue-green algae, and alloxanthin, a stable
indicator of cryptophytes, had significantly higher concentrations during this period compared to
the HTM (Leavitt and Hodgson 2001). The interpretation of alloxanthin (cryptophytes) is more
straight forward than lutein-zeaxanthin (green and blue-green algae). It is difficult to differentiate
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the signals of lutein and zeaxanthin, as they tend to coelute from chromatographic columns,
hence they are frequently reported as one group (Hurley and Armstrong 1991). However, the
contribution of cyanobacteria to pigment composition may be small given the lack of increase in
echinenone, an indicator of total cyanobacteria (Leavitt and Hodgson 2001). Additionally, there
was a scarcity of other carotenoid character of cyanobacteria (i.e. canthaxanthin,
myxoxanthophyll); therefore, it is more likely that lutein-zeaxanthin was indicative of green
algae (Leavitt and Hodgson 2001; Brock et al. 2006). Species of green algae under stratified
conditions have been found to replace diatoms due to their motility and buoyancy (Reynolds
1973; Hickman 1974). Whereas, cyanobacteria proliferate in warm and eutrophic conditions,
making conditions during this period unideal (Reynolds 1984; Smith 1986).
A higher abundance of lutein-zeaxanthin and alloxanthin may have resulted due to
phytoplankton succession. In general, phytoplankton succession begins with diatoms increasing
after ice-out and declining in late spring when chlorophytes species increase. Filamentous
cyanobacteria tend to become dominant during summer months and are then replaced by
chlorophytes and colonial cyanobacteria in the fall (Lin 1972). Cryptophytes often become
dominant after the decline of diatoms in late spring and remain abundant until cyanobacteria
biomass begins to increase (Zhang and Prepas 1996). The decrease in success of diatom growth
may have been a result of changes in seasonality. For example, thermal stratification can lead to
conditions that are less favourable for diatoms compared to other small phytoplankton (Bopp et
al. 2005). Stratification early in the spring has coincided with dominance by algal groups other
than diatoms in oligomesotrophic lakes (Webb et al. 1997). In some European lakes the early
onset and longer duration of stratification can result in a collapse of the spring diatoms through a
depletion in reactive silicon and sinking of frustules (Adrian et al. 1995; Padisák et al. 2003).
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Therefore, diatom recruitment may have been limited during its growing season from thermal
stratification. Cryptophytes are able to grow rapidly under a wide range of light-temperature
conditions, allowing them to proliferate with variable seasonality (Ramberg 1979; Reynolds
1984). Chlorophytes also have high growth rates and compete well for nutrients, better than other
slower-growing algal groups like cyanobacteria (Reynolds 1988). Perhaps reduced diatom
recruitment under stratified conditions increased the availability of nutrients for algal groups
following diatom succession. Cryptophytes and chlorophytes may have been able to proliferate
by out-competing slower growing algal groups for nutrients. The higher levels of phytoplankton
activity may have been in the lower layers of the water column, as seen in some oligotrophic
lakes (Wetzel 1983). Based on an increase in concentrations of cryptophytes and chlorophytes,
these algal groups may have been influenced by a change in seasonality associated with the
timing in phytoplankton succession. However, changes in lake morphometry through time,
including depth and degree of stratification, can influence the correlation of fossil pigment
concentrations with algal production (Cuddington and Leavitt 1999; Leavitt and Hodgson 2001).
In Charland Lake, both depth and seasonal stratification may have changed, creating a complex
lake basin that may be less suitable for comparisons (Vinebrook et al. 1998; Brock et al. 2006).
There was an inconsistency seen between indicators of overall algal production that may
have resulted due to differences in susceptibility to degradation processes. β-carotene indicated
production was highest during Zone B2, however chlorophyll a indicated production was
intermediate and highest after the onset of Neoglacial cooling (the Modern period). There is
some controversy surrounding the topic of which pigment is a more accurate indicator of overall
production. Good relationships have been observed between lake production and both
sedimentary carotenoids and chlorophylls. Chlorophyll a is widely used to estimate
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phytoplankton biomass as it can be determined with a high degree of certainty and is less time
consuming (Foy 1987). However, research suggests β-carotene may be the more reliable
indicator of the two, reflecting more accurate trends over a wide range of lake production
(Adams et al. 1978; Leavitt and Carpenter 1990; Leavitt and Findlay 1994). According to Leavitt
and Hodgson (2001) chlorophyll a is the most unstable of the pigments presented, while βcarotene is one of the most stable. In a direct comparison between lakes and laboratory studies,
carotenoid concentrations have fared better as an indicator of algal volume, compared to
chlorophyll a (Foy 1987). The concentration of chlorophyll a can be compromised by rapid
degradation, while β-carotene is more stable and less variable (Leavitt and Carpenter 1990). As a
result, chlorophyll a is more susceptible to factors that influence degradation processes. For
example, past research has suggested that chlorophyll a concentrations may not accurately
indicate past algal biomass when the phytoplankton have experienced seasonal variations in
temperature, nutrients and light (Healey 1975; Foy 1987). In a lake experiencing seasonal
variation, β-carotene may be a better indicator, as it is less susceptible to factors accelerating
degradation and has been shown to remain relatively stable when oxygen levels vary (Leavitt and
Carpenter 1990). Charland Lake experienced seasonal variation and, based on pigment data, had
changes occur within the aquatic environment, making β-carotene a better proxy of lake
production. Therefore, although it is more likely that the trends in β-carotene are indicative of
production and trends in chlorophyll a are related to both production and degradation processes
that can be complex.

Algal response after the onset of Neoglacial cooling (2590-0 cal yr BP)
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The Modern Period after the onset of Neoglacial cooling until within 50 years of when
the core was taken was characterized by a cold and wet environment. The abundance of P.
strobus decreased, becoming replaced by Picea, which dominated this period. Algal proxies
from Charland Lake suggest the onset of more eutrophic conditions, which corresponds broadly
with this climate period. Concentrations of diatoms and pigments characteristic of diatoms were
highest during this period. Statistical analyses of individual pigments also revealed that
canthaxanthin and okenone increased significantly, indicating an abundance of colonial
cyanobacteria and purple sulfur bacteria, respectively (Leavitt and Hodgson 2001).
The movement towards colder and wet conditions during this period may have promoted
more lake mixing allowing eutrophic algal species to proliferate. The inference of lake-water
production based on climate alone would not suggest eutrophic conditions existed. However,
past research indicates that cooler and stormy conditions could promote the growth of S.
minutulus (Bradbury et al. 2002). Increased cold and wet conditions may have promoted cooler
spring weather followed by a slow transition to summer favors extended lake mixing.
Stephanodiscus taxa can proliferate during periods of mixing where water is more turbid and
light limited, enabling them to take advantage of conditions during periods of lake mixing
(Reynolds and Reynolds 1985; Kilham et al. 1986; Makulla and Sommer 1993). Therefore, the
high nutrient requirement for Stephanodiscus taxa may have been largely satisfied by the
regeneration of phosphorus from nutrient-dense water to the photic zone during spring
circulation, resulting in large blooms of S. minutulus and S. parvus (Kilham and Kilham 1978;
Bradbury et al. 2002). The inference of extended periods or vigorous lake-mixing may be
supported by the decrease in the chrysophyte scale to diatom index, suggesting less stratification
(Reynolds 1984; Rott 1984).
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Diatom concentrations in sediments can be influenced by silica dissolution, however
covariance with pigment indicators of diatoms supports the inference of this pattern. Poor
preservation of diatoms as a result of silica dissolution and valve fragmentation can occur in both
freshwater and saline systems, although the latter are particularly susceptible (Barker 1992;
Gasse et al. 1997; Ryves et al. 2003). Past research on freshwater lake assemblages has shown
that effects can lead to unpredictable errors in quantitative reconstructions (Barker 1992). Partial
diatom dissolution can bias assemblages to more resistant taxa and cause significant distortion in
ecological interpretations. In Charland Lake, the diatom concentration covaried with both
fucoxanthin and diatoxanthin pigments. Fucoxanthin and diatoxanthin are both found in
dinoflagellates, diatoms and chrysophytes and showed similar trends through the core (Leavitt
and Hodgson 2001). However, fucoxanthin has been cautioned against using as a fossil indicator,
because it is susceptible to heavy degradation in surface sediments (Hurley and Armstrong
1991). Carotenoids containing epoxides in their structure, like fucoxanthin, degrade more rapidly
than those without epoxide substitutions (Repeta and Gagosian 1987). However, the patterns
seen in these pigment concentrations covaries well with diatom concentrations suggesting
dissolution and fragmentation were minimal or occurred at similar rates of silica dissolution.
The interpretation of climate influence on canthaxanthin and okenone is not as straight
forward, as both of these algal groups would be expected to decrease under cooler and wet
conditions. Canthaxanthin and okenone together are indicative of a warmer climate and more
eutrophic conditions (Lami et al. 2009). Okenone, found in anaerobic purple sulfur bacteria, are
deep blooming bacteria that prefer habitats typical of the oxic-anoxic interface in lakes (Massé et
al. 2002). Higher concentrations of okenone have been related to permanent stratification and
anoxia, or seasonal anoxia in lakes (Wetzel 2001). On the other hand, low concentrations of
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okenone have been related to cool and wet conditions, likely coupled with increased mixing of
the water column (Schmidt et al. 2002). Furthermore, canthaxanthin, an indicator of colonial
bacteria or herbivore tissues, is often associated with high nutrients in the water column (Kleppel
et al. 1988; Lami et al. 2009). Deep water-column mixing has been found to restrict the growth
of colonial cyanobacteria species, while filamentous cyanobacteria favour episodes of mixing
(Reynolds et al. 1984; Visser et al. 1996). In order for conditions to be ideal for these algal
groups to proliferate, factors other than climate may be contributing to limnological conditions.
In the current study, algal production was found to be variable over the Holocene in
relation to climate, inferred through fossil pigment concentrations and diatom concentrations.
After lake formation, during the early-HTM (~8450-7510 cal yr BP), algal production was low
possibly due to the influence of clastic material associate with the cool and wet climate and
lower lake-levels. During the HTM, variability in lake-water production appeared to coincide
broadly with changes in the pollen assemblage. Terrestrial vegetation stabilized and lake-water
levels fluctuated, in conjunction with the pollen assemblage, which broadly coincided with shifts
in the diatom and pigment assemblages. Lake-water production was not high throughout the
HTM as expected, instead it varied between low and slightly eutrophic. Production appeared
highest during the post-HTM period, with indications of more oligotrophic conditions and
changes in seasonality, possibly allowing algal groups other than diatoms to proliferate. The
Modern period, after the onset of Neoglacial cooling, was dominated by diatoms under a wellmixed aquatic environment associated with the cooler and wetter climate. Overall, the interaction
between climate and limnological conditions were complex within Charland Lake, indicating
that lakes in northeastern Ontario may be influenced by climate differently than lakes in
northwestern Ontario.
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Figures
Figure 1. (A) Bathymetric map of Charland Lake with 2 m contours. The black star represents
the location of the piston core that was taken from a depth of ~16 m. (B) A reference map of
Ontario with the Charland Lake coring site indicated by a black star.
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Figure 2. (A) Age-depth model run for the Liu pollen data using BACON (v2.2). Top left panel:
Markov Chain Monte Carlo model iterations. Top middle panel: Prior (heavy green line) and
posterior (solid gray) distribution of accumulation rate. Top right panel: Prior (heavy green line)
and posterior (solid gray) distribution of model memory. Bottom panel: calibrated 14C dates and
the age-depth model. The outer dotted lines indicate 95% confidence intervals. The central
dotted red line is the ‘best’ model based on the weighted mean age. (B) Relative abundance of
selected pollen types adapted from Liu (1990) by year inferred through the age-depth model.
Dotted lines indicate the significant pollen zones outlined by the broken stick model and
constrained incremental sum of squares. These pollen-derived climate zones are used as an a
priori climate framework for this thesis.
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Figure 3. Age-depth model run for the Charland Lake core using BACON (Version 2.2). Top left
panel: Markov Chain Monte Carlo model iterations. Top middle panel: Prior (heavy green line)
and posterior (solid gray) distribution of accumulation rate. Top right panel: Prior (heavy green
line) and posterior (solid gray) distribution of model memory. Bottom panel: calibrated 14C dates
and the age-depth model. The outer dotted lines indicate 95% confidence intervals. The central
dotted red line is the ‘best’ model based on the weighted mean age.
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Figure 4. Concentration of photosynthetic pigments (per gram organic matter) in Charland Lake
sediment core over time (cal yr BP). Green pigments: more labile pigments, defined as category
2 (Leavitt and Hodgson, 2001). Blue pigments: more stable pigments, defined as category 1
(Leavitt and Hodgson, 2001). The ratio of chlorophyll a to phaeophytin a, an indicator of
preservation, and organic matter (%) are also shown. The dotted lines indicated the a priori
pollen-derived climate zones (Fig. 1) from pollen in a nearby lake (Liu 1990). Grey highlighted
areas represent clastic material.
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Figure 5. Boxplots of category-1 pigment concentrations (nmol/g OM) within the a priori
defined pollen-derived climate zones (B1 (n= 23), B2 (n= 13), B3 (n= 19)). ANOVA tests were
run to test for significant differences between zones for A) β -carotene (F(2, 52) = 9.7, p-value <
0.01) B) Lutein-zeaxanthin (F(2, 52) = 7.2, p-value < 0.01) C) Alloxanthin (F(2, 52) = 10.0, pvalue < 0.01) D) Echinenone (F(2, 52) = 6.1, p-value < 0.01) E) Okenone (F(2, 52) = 9.8, pvalue < 0.01) F) Canthaxanthin (F(2, 52) = 20.8, p-value < 0.01). Asterisks indicate zones that
are significantly different based on post-hoc t-tests. Zone A2 omitted due to the small number of
samples in this zone.
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Figure 6. Boxplots of category-2 pigment concentrations (nmol/g OM) within the a priori
defined pollen-derived climate zones (B1 (n= 23), B2 (n= 13), B3 (n= 19)). ANOVA tests were
run to test for significant differences between zones for A) Chlorophyll b (2 outliers removed in
Zone B3) (F(2, 52) = 21.6, p-value < 0.01) B) Fucoxanthin (F(2, 52) = 80.1, p-value < 0.01) C)
Diatoxanthin (F(2, 52) = 39.7, p-value < 0.01) D) Myxoxanthophyll (F(2, 52) = 7.3, p-value <
0.01). Asterisks indicate zones that are significantly different based on post-hoc t-tests. Zone A2
omitted due to the small number of samples in this zone.
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Figure 7. Boxplots of the concentration (nmol/g OM) of Chlorophyll a plus its derivatives within
the a priori defined pollen-derived climate zones (B1, B2, B3). An ANOVA test was run to test
for significant differences between zones (F(2, 52) = 37.3, p-value < 0.01). Asterisks indicate
zones that are significantly different based on post-hoc t-tests. Zone A2 omitted due to the small
number of samples in this zone.

63

Figure 8. Relative abundance of dominant (>5% found in 3 sections of the core) diatom taxa in
Charland Lake arranged by age (cal yr BP). The diatom taxa are arranged by their weightedaverage optima based on cumulative depth in the core. The scale to diatom index and total
diatom concentrations (valves/g dry weight x 10^8) are also shown. The dotted lines indicate the
a proiri defined pollen-derived climate zones from Fig. 1. Grey highlighted areas represent
clastic material.
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Figure 9. Two-dimensional non-metric multidimensional scaling (nMDS) based on Bray-Curtis
dissimilarities between a priori defined pollen-derived climate zones (Green: B3, Blue: B2,
Aqua: B1, Red: A2) for A) Relevant pigment concentrations (nmol/g OM) square root
transformed B) Category-1 pigment concentrations (nmol/g OM) square root transformed C)
Category-2 pigment concentrations (nmol/g OM) square-root transformed. Pigments have been
superimposed onto graph for enhanced visualization. Sample 440 removed as an outlier.
Abbreviations: B-caro = β-carotene, Lute = Lutein-Zeaxanthin, Echi = Echinone, Allo =
Alloxanthin, Cant = Canthaxanthin, Oken = Okenone, Diat = Diatoxanthin, Myxo =
Myxoxanthophyll, Chl b = Chlorophyll b, Chl a = Chlorophyll a.
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Figure 10. Two-dimensional non-metric multidimensional scaling (nMDS) based on Bray-Curtis
dissimilarities between a priori defined pollen-derived climate zones (Green: B3, Blue: B2,
Aqua: B1, Red: A2) for A) Diatom relative abundances (%) square-root transformed and B)
Diatom concentrations (valves/g dry weight x 108) square-root transformed. Taxa have been
superimposed onto graph for enhanced visualization. Sample 440 removed as an outlier.
Abbreviations: S. minu = S. minutulus, S. parv = S. parvus, P. brev = P. brevistriata, S. pinn =
S. pinnata, A. pedi = A. pediculus, S. cons = S. construens, P. unkn = P. unknown, C. boda = C.
bodanica var. lemanica, C. ocel = C. ocellata, C. mich = C. michiganiana, D. stel = D.
stelligera, A. form = A. formosa, F. crot = F. crotonensis.
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Figure 11. Summary of broad-scale changes in all proxies of past production over the Holocene in relation to the a priori defined
pollen-derived climate zones (Fig. 1) from pollen in a nearby lake (Liu 1990). Asterisks indicate significant changes in algal
assemblages according to the ANOSIM tests.
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Table 1. Summary of the 14C-dating results on pollen isolated from selected intervals from the sediment cores from Charland Lake. All
analyses were performed based on pollen isolated at the LacCore Facility at the University of Minnesota, and dated at Lawrence
Livermore National Laboratory.
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Table 2. Summary of the one-way ANOSIM pairwise tests on Charland Lake diatom relative abundances, diatom concentrations and
HPLC data between the a priori defined pollen-derived climate zones from Liu (1990). Significance levels indicated in brackets. Bold
cells indicate significance.
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Table 3. Summary of the one-way SIMPER tests on Charland Lake diatom relative abundances, diatom concentrations and HPLC data
between the a priori defined pollen-derived climate zones from Liu (1990). Percent contribution of driving taxa indicated in brackets.
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Table 4. Summary table of the results from a series of two sample posthoc t-tests assuming
unequal variance conducted to identify significant differences between zone B3, B2 and B1 for
category-1 pigments. Bold cells indicate significance.

Table 5. Summary table of the results from a series of two sample posthoc t-tests assuming
unequal variance conducted to identify significant differences between zone B3, B2 and B1 for
category-2 pigments. Bold cells indicate significance.
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Chapter 3 - General Discussion and Conclusions
Across North America, the Holocene Thermal Maximum (HTM) has been well
documented, characterized by a warmer climate (Webb et al. 1983; Wright 1992; Yu and
McAndrews 1994; Karmakar et al. 2015). Research on lakes from the boreal forest in
northwestern Ontario provides clear evidence that during the HTM there was an increase in lakewater production and lower lake-water levels (Laird and Cumming 2008; Moos and Cumming
2011; Karmakar et al. 2015). These limnological changes coincided with a shift in terrestrial
vegetation further supporting a warmer and more arid climate during the HTM (Moos and
Cumming 2011). In northeastern Ontario, limnological conditions during the HTM are not as
well understood, but pollen-inferred evidence from Liu (1990) suggests a climate that was warm
and wet, which may have influenced the aquatic conditions differently than lakes in northwestern
Ontario. This study aimed to assess how the conditions during the HTM influenced the aquatic
conditions of a lake in northeastern Ontario.
The objective of this thesis was to assess how subfossil pigments and diatom assemblages
have changed over the Holocene in Charland Lake and if the evidence supports inferences of
increased lake-water production during the warmer HTM period. To answer this question,
paleolimnological techniques were employed. The results of the analyses presented in Chapter 2
indicate that lake-water production was variable through the Holocene, with no distinct increase
in the HTM. Statistical analyses revealed some variation between diatom and pigment
assemblages between the early-HTM period and the HTM, however this was likely due to
indirect effects of climate. Assemblages between the HTM and the cooler period, that was still
warmer than today, following the HTM (post-HTM period) were similar, and the later period had
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the highest production in the core, which may have been associated with direct or indirect effects
of climate.
This work represents one of the first investigations in northeastern Ontario assessing the
relationship between potential changes in algal production and climate through the Holocene
period. It has informed us how algal assemblages are responding to regional warming in the
Boreal region of northeastern Ontario, which are fundamentally different than Holocene changes
in algal assemblages that have been observed in other areas of the Boreal region in Ontario.
Although the relationship between past limnological conditions and climate are complex, we can
confirm with some certainty that limnological conditions were more optimal for algae over the
last ~4500 years. This is in contrast to northwestern Ontario, where paleolimnological studies
have linked the warmer HTM to enhanced lake-water production (Moos and Cumming 2009;
Karmakar et al. 2015). In northwestern Ontario, during the HTM, the warmer climate was
associated with an increase in production and was coherent across multiple proxies. In Charland
Lake, changes were evident, but small in comparison, and did not indicate the warmer
temperatures of the HTM directly influenced lake-water production. These results suggest that
lakes in northeastern Ontario may be less susceptible to the direct and indirect influences of
climate change. Therefore, lakes in northeastern Ontario may be influenced differently by future
climate change than lakes in northwestern Ontario, and that the response and susceptibility of
lakes to climate change can vary across an ecozone.
The results of this thesis also stress the importance of using multiple proxies in
paleolimnological studies. Diatom assemblage composition expressed as relative abundances
alone would have indicated increases in production following the onset of neoglacial cooling;
contrarily, evaluating only photosynthetic pigments would not have indicated the shift in
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assemblage composition that coincided with pollen-inferred climate zones and the influence of
clastic material. Without the diatom concentration signal paralleling that of the pigments, it
would have been harder to interpret limnological changes. It has also demonstrated that
importance in lake morphology in mediating biological response to regional warming. More
research is needed to understand the influence of climate on lake-water production, and nature of
algal assemblages and/or abundance changes in Boreal lakes of northeastern Ontario.

3.1 Future research
The difference in the timing of limnological changes and a priori pollen-derived climate
zones may have resulted from the use of two cores from different sites. In this study, due to lack
of resources and time, the pollen from nearby Lake Six was used as a framework for the study
and appeared coherent with the regional climate. However, changes in the pollen assemblage
were slightly different than changes in the algal assemblages in Charland Lake. From a
palynological perspective, the difference in coherency between the pollen from Lake Six and the
algal assemblages from Charland Lake may have resulted from a slight difference in local
vegetation surrounding the lake. In older pollen reconstructions, interpretations can be hampered
by the lack of well-developed understanding of the spatial distribution of trees and the
percentage of pollen in the sediment (Davis 2000). Until more recently, interpretations of the
past landscape represented by pollen diagrams have been intuitive and vague (Davis 2000).
However, within the past 20 years the development of new models, theory and empirical data has
increased the accuracy of past reconstructions of vegetation. For example, the Prentice-Sugita
dispersal/depositional model can distinguish between local and regional pollen, and predict the
size of the relevant source area (Sagita 1993), enabling researchers to more accurately predict
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past local and regional vegetation. Additionally, regional pollen may be better represented by the
analysis of multiple cores from Charland Lake. Circulation patterns can influence pollen
distribution by sorting pollen based on size, density and shape (Davis and Brubaker 1973).
Pollen grains that deposit more slowly may not be expressed in a single core and may have been
carried to the downwind side of the lake (Davis and Brubaker 1973). This could potential distort
pollen stratigraphies, leading to the under or over representation of certain species.
Additionally, the difference in timing between Lake Six pollen and Charland Lake algae
may have resulted from less accurate age estimation in Lake Six. The dates calculated for Lake
Six were estimated 20+ years ago, before substantial advances in dating protocols. Furthermore,
using only three dates to create an age-depth model can lead to potential errors when estimating
the sediment accumulation rates (Bennett 1994). If pollen was analyzed from Charland Lake a
more accurate and coherent understanding of the relationship between climate and lake
production could be produced, shedding light on the differences between shifts in the pollen and
algal assemblage. Therefore, future research should analyze pollen from Charland Lake, to rule
out influences from circulation patterns and determine the local and regional vegetation. With
advancements in the field since Liu’s (1990) analysis, a more spatially accurate and coherent
pollen stratigraphy of past vegetation could be established.
Additional analyzes of other cores from Charland Lake or lakes within northeastern
Ontario may help to solidify the interpretation of algal assemblage shifts and their relationship
with climate. Charland Lake is a complex system, and the relationship between climate and
limnological processes is not straight forward. Future research could use paleo-techniques to
determine the degree of influence from factors, such as, runoff, zooplankton grazing, and thermal
stratification. Understanding the influence of runoff could help to tease apart the mechanism
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behind variable lake-water production. Through paleolimnological techniques, geochemical
indicators could be used to tease apart the relationship between aquatic conditions and climate.
The measurement of magnetic susceptibility and/or titanium input could be used to assess the
influence of terrestrial runoff, which has been used in past research to determine the source of
clastic material and erosional history (Evan and Heller 2003; Rodysill et al. 2012). Additionally,
the ratio of organic carbon to total nitrogen could be used in conjunction with magnetic
susceptibility to assess the source of organic matter (Thornton and McManus 1994). This ratio
could help solidify if nutrients supporting lake-water production were coming from aquatic or
terrestrial sources (Kaushal and Binford 1999). Another factor that influences pigment
concentrations is zooplankton grazing. Zooplankton graze on algae influencing the deposition
and degradation rates of fossil pigments, which may distort historical concentrations. For
example, zooplankton graze upon cryptophytes, which become incorporated into rapidly sinking
feces (Leavitt and Carpenter 1990). The increased deposition of feces leads to less degradation
via photo-oxidation and a misrepresentation of algal production (Leavitt and Carpenter 1990).
Paleo-techniques assessing the past community structure of zooplankton could help determine
the amount of potential grazing influencing algal concentrations, leading to a more
comprehensive interpretation. Lastly, thermal stratification can change algal dominance by
impacting growing seasons and is an important factor in aquatic production (Wetzel 1983).
Future research should analyze the potential changes in seasonality, associated with climate, that
may have influenced lake-water production. Thermal stratification is more difficult to interpret
accurately in long cores where empirical data is unavailable: however, mechanistic models have
been proven to produce comparable results (Robertson and Ragotzkie 1990). Models can be
developed to predict long-term changes using simulated meteorological data predicted by general
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circulation models (Robertson and Ragotzkie 1990; Hondzo and Stefan 1993). Inferred thermal
stratification from algal proxies could then be cross-referenced with models to increase the
strength of interpretation. These factors, along with others, influence algal assemblages and
concentrations; therefore, determining the level of their influence is an important step in
understanding the past aquatic environments.
Collecting more sediment cores from the same basin in Charland Lake would also be
useful for evaluating the impacts of water level changes. Based on the re-occurring influence of
clastic material and a warm and wet HTM it is apparent that water-levels through the Holocene
may have varied in Charland Lake. Isotopic data was unable to detect water-level changes
accurately after the lake became a flow through system. However, it may be possible to evaluate
water-level changes and their impact on algal assemblages through the collection of sediment
cores in a transect perpendicular to shore. Diatom stratigraphies from cores collected at gradually
increasing depths could be compared to determine potential influences of changes in depth
versus changes in water level stability. This would allow for a deeper understanding of waterlevel fluctuations and increase our understanding of the relationship between climate and shifts
in algal assemblages.
Future research should focus on developing our understanding of climate influences on
lakes in northeastern Ontario. Northeastern Ontario is a relatively understudied region that needs
to be studied further to help develop a more comprehensive understanding of the relationship
between climate and limnological processes. A further understanding of this relationship would
help to create management plans to protect the Boreal region as climate continues to warm.
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Appendix A – Supplementary Figures for Chapter 2

Appendix A – Figure A1. Concentration of photosynthetic pigments (per gram dry weight) in
Charland Lake sediment core over time (cal yr BP). Green pigments: less stable pigments,
defined as category-2 (Leavitt and Hodgson, 2001). Blue pigments: more stable pigments,
defined as category-1 (Leavitt and Hodgson, 2001). The dotted lines indicated the a priori
pollen-derived climate zones (Fig. 1) from Liu (1990). Grey highlighted areas represent clastic
material.
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Appendix A – Figure A2. Concentration of dominant (>5% found in 3 sections of the core)
diatom taxa in Charland Lake arranged by age (cal yr BP). The diatom taxa are arranged by their
weighted-average optima based on cumulative depth in the core. The scale to diatom index and
total diatom concentrations (valves/g dry weight x 10^8) are also shown. The dotted lines
indicate the a proiri pollen-derived climate zones from Liu (1990). Grey highlighted areas
represent clastic material.
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Appendix A – Figure A3. 2-dimensional non-metric multidimensional scaling (nMDS) based on
Bray-Curtis dissimilarities between a priori defined zones (Green: B3, Blue: B2, Aqua: B1, Red:
A2) for A) Diatom relative abundances (%) B) Diatom concentrations (valves/g dry weight x
108) C) All pigment concentrations (nmol/g OM) D) Category 1 pigment concentrations (nmol/g
OM) E) Category 2 pigment concentrations (nmol/g OM). Sample 440 removed as an outlier.
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Appendix B: Pigment concentrations (nmol/g organic matter) for the pigments identified in
the sediment core from Charland Lake.
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Appendix C: Estimates of the percent organic matter (% Organic) and carbonate content
(Carbonates (g)) of the sediments from Charland Lake sediment core
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Appendix D: Raw data of the diatom counts in the intervals analyzed from the Charland Lake sediment core
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Appendix E. The relationship between the cumulative depth (cm) in the Charland Lake core and the
corresponding core section and depth of the interval in the section (cm)
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