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Abstract 
 

Northern ecosystems are experiencing dramatic changes due to anthropogenically 

accelerated climatic warming. Understanding the impacts of this on fauna and flora is key to 

predicting the long-term sustainability of northern environments. This requires long-term data 

sets of ecosystem response to environmental change from environments and climates contiguous 

to contemporary conditions. One event is the climatic warming recorded at the Pleistocene-

Holocene transition that resulted in the extinction of 35 megafaunal genera and loss of the 

mammoth steppe biome in East Beringia. Previous studies have relied on spatially and 

temporally correlating bone remains, but coprophilous fungi preserved in lake sediments have 

recently been used as a complimentary proxy for reconstructing megaherbivore populations. 

A high-resolution record spanning this transition has been reconstructed using a sediment 

core collected from Gravel Lake, central Yukon Territory. Pollen and coprophilous fungi were 

complimented by radiocarbon-dated bone remains from Alaska and Yukon Territory. Results 

indicate the local extirpation of megaherbivores at the beginning of the Holocene (ca. 11,000 to 

10,400 cal yr BP) by a decline in coprophilous fungi and a lack of bone remains from Yukon 

Territory. However, skeletal records indicate the loss of mammoths and horses at ca. 13,000 cal 

yr BP, 2000 years prior to the fungi records. At this time, pollen assemblages from Gravel Lake 

indicate the last environments contiguous with the mammoth steppe from this region. The data 

highlight a faunal turnover at ca. 13,000 cal yr BP with the proliferation of browsing taxa, but it 

is still unclear why only mammoth and horse populations are lost and not other grazing taxa such 

as bison and muskox.  

A secondary study analysed remains preserved in mastodon dung dated to the marine 

isotope stage 5a/4 transition of Nova Scotia. Results indicate a wetland rich in charophytes, 
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sedges, cattails, bulrushes and bryophytes in a spruce-dominated boreal forest. The limited 

diversity and abundance of coprophilous fungi in the dung could be attributed to a browser 

feeding habit. If so, this could have a considerable impact on understanding the influence of 

feeding ecologies on the presence of coprophilous taxa in lake sediments, and thus inferences of 

megaherbivore abundance. 
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Chapter 1  
 

1.1 Introduction 

Northern ecosystems are experiencing dramatic change due to the impact of 

anthropogenically induced climatic warming. Therefore, understanding the impacts of a warming 

climate on vegetation and the associated fauna is of the utmost importance to predict the long-

term sustainability of these ecosystems. One area of weakness for conservation science is the 

lack of long-term perspectives of faunal and floral response to climatic change. The Pleistocene-

Holocene transition in east Beringia was marked by the considerable restructuring of both faunal 

and floral communities in response to climatic warming and the subsequent loss of ecosystems 

such as the mammoth steppe (Guthrie, 2013). This period can provide a suitable analogue for the 

rapidly warming global climate of today to help identify drivers of biodiversity change. 

However, there is an increasing need to recognise regions of cryptic refugia as they can 

significantly alter model projections of biotic response to climatic change (Rull, 2010).  

Cryptic refugia are notoriously difficult to detect using traditional palaeoecological 

methods which previously resulted in the conclusion that spruce populations in east Beringia are 

the product of northern migration once warming opened the ice-free corridor between the 

Laurentide and Cordilleran ice sheets. The rapid migration rates of southern tree populations 

relied on the absence of suitable refugia for boreal species during prior glacial periods (Clark et 

al., 1998). The pioneering work of Anderson et al. (2006) refuted this conclusion through 

identification of modern unique Alaskan DNA haplotypes dissimilar to those from southern 

refuge, suggesting the survival of white spruce (Picea glauca) in this region during the last 

glacial maximum. Their study indicated that modern tree populations may be more limited in 

their ability to track anthropogenic warming than previously thought. 

Similar issues occur when traditional methods such as radiocarbon dating bone remains 

are used to analyse megafaunal dynamics at the Pleistocene-Holocene transition. These records 

can often be poorly represented in the fossil record both spatially and temporally. Subsequently, 

recent studies have focussed on coprophilous fungi preserved in lake sediments as an additional 

proxy for the presence of megaherbivore populations (Davis, 1987; Gill et al., 2012). This 

analysis typically utilises Sporormiella due to the proposed obligatory ecological needs of this 

taxon to grow on a dung substrate (Davis, 1987; Raczka et al., 2016; Perrotti, 2018), but several 
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recent studies have also indicated the utility of other taxa such as Sordaria and Podospora to 

track megaherbivore population declines (Johnson et al., 2015). The presence of these spores in 

palynological samples allows plant and megaherbivore populations to be reconstructed to 

understand their combined response to climate where bone remains are often rare. Consequently, 

analysing palynomorphs will aid conservation efforts by expanding the temporal and spatial 

limits of our current datasets to better understand long-term trends in northern ecosystem 

biodiversity. 

 

1.2 Objectives 

 The main objective of this thesis was to test the reliability of coprophilous fungi records 

from late Quaternary environments as indicators of the presence or absence of megaherbivores. 

Two separate studies were completed within this thesis.  

The first study, Chapter 3, analysed pollen and coprophilous fungi from sediment cores 

covering the Pleistocene-Holocene transition in Gravel Lake in the central Yukon Territory. 

Based on the vegetation records from Gravel Lake, an additional objective was identified: to 

determine if the area surrounding Gravel Lake served as a refugium for Picea during the late 

Pleistocene.  

Chapter 4 analysed the faunal and floral contents of preserved dung remains to 

reconstruct the palaeoenvironmental conditions and palaeodietary preferences of the ca. 70 000 – 

80 000-year-old East Milford mastodon from central Nova Scotia. A further objective was 

identified as a result of this work: to understand whether the feeding ecology of megaherbivore 

taxa could impact the occurrence of coprophilous fungal spores in sedimentary records. 

 

1.3 Thesis Format 

 This thesis follows the integrated article format. Chapter 2 provides a literature review 

covering basic principles in palaeoecology, palaeolimnology and pollen analysis. This chapter 

also includes a review of late Quaternary conditions from the Yukon Territory, including a brief 

glacial history, palaeoenvironmental conditions deduced from pollen and insect records and the 

end Pleistocene megafaunal extinctions. This chapter is concluded by a review of the ecology of 

coprophilous fungi and their application in late Quaternary studies and finally a brief review of 

the modern ecosystems of the Yukon Territory. Chapter 3 is one of two main research chapters 
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and includes research findings from Gravel Lake, central Yukon Territory. This chapter is 

formatted as a manuscript that will be modified and submitted for publication in a peer-reviewed 

journal. Chapter 4 is the other main research chapter and includes findings from the East Milford 

mastodon. This chapter is also formatted as a stand-alone manuscript and will be submitted to the 

Canadian Journal of Earth Sciences for publication. Chapter 5 includes the main conclusions 

from the thesis, including the limitations of this work and recommendations for the direction of 

further research. Appendices follow after Chapter 5. 
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Chapter 2  

Literature Review 
 

2.1 Quaternary Palaeoecology and Palaeolimnology 

Quaternary palaeoecology concerns the reconstruction of past fauna, flora, communities 

and environments. Despite origins within the fields of geology and ecology, palaeoecology, and 

ecology have evolved as separate disciplines but invoke the same biological principles (Birks 

and Birks, 1980). Palaeoecology and ecology are intrinsically linked as they provide essential 

background information that can be utilised to solve contemporary problems and to deepen our 

understanding of biotic interactions throughout the Quaternary (Blois et al., 2013; Jackson and 

Blois, 2015). Palaeoecological proxies including, but not limited to, pollen, stomata, fungi, 

diatoms, and chironomids are recorded in both marine and terrestrial environments resulting in 

preservation of long-term natural archives. Palaeolimnology is the study of these archives 

preserved within lake systems. Lakes sediments are important aquatic records of environmental 

change, with a range of timescales that can successfully record dynamics occurring on a 

catchment-wide or regional scale. They can provide long and continuous high-resolution 

archives, particularly in situations such as the ‘Lake Suigetsu 2006 Varved Sediment Core’ 

project which records a 40,000-year varve chronology (Kitagawa et al., 1998, Nakagawa, 2012). 

Material within lakes can be allochthonous and/or autochthonous. Allochthonous material is 

transported to lakes through hydrological processes within the catchment or through aeolian 

processes. This component includes pollen from non-aquatic plant species, stomates and 

charcoal, to name a few. The autochthonous constituent comprises biogenic material or 

deposition of inorganic precipitates (Fig. 2.1) (Smol et al., 2001). This can include particulate 

organic matter or living organisms such as zoo- and phytoplankton, algae and plant material 

(McGowan et al., 2016).  
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Figure 2-1 Diagram of various allochthonous and autochthonous sources of lake sediment 

proxies used to determine environmental change over long time scales (Smol et al., 2001). 

 

2.1.1 Chronology  

 

Establishing a chronology for a sediment core allows researchers to determine rates of 

change, and to determine correlations between records over large spatial distances (Cohen, 

2003). In unique situations, like Lake Suigetsu, Japan or Crawford Lake, Canada, a chronology 

is established through varved sediments that represent annual layers (Dickman, 1985; Nakagawa, 

2012). In most lakes, varves are not present and so studies rely on radiometric dating techniques 

of organic matter preserved within the sediments.  

The basic principles of radiometric dating rely on the decay of elements such as 14C that 

occurs naturally in living organisms (Lowe and Walker, 2015). As long as the organism is alive, 

carbon is incorporated into new tissue and therefore the isotopic nature of carbon will be in 

equilibrium. However, after death, 14C within the tissue will begin to decay and as the rate of 14C 
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decay is known and an approximate date of death can be calculated (Bowman, 1990). Rate of 

decay is established using 14C half-life, which was calculated as 5,568 ± 30 years by Libby 

(1955) and subsequently updated to 5,730 ± 40 years by Godwin (1962). However, due to 

extensive numbers of publications prior to Godwin’s update in 1962, it has become a convention 

to use the former half-life value, and the Before Present (BP) reference as prior to 1950, to 

enable continuity between studies (Lowe and Walker, 2015). Dates produced from this method 

simply represent conventional ages that are subsequently corrected by radiocarbon calibration 

curves.  

There are several sources of error with radiocarbon dating. Radiocarbon has a usable 

range from 150 years to 50,000 years BP. The upper limit is attributed to the half-life of 14C 

(Libby, 1955) and the lower is caused by significant alterations to atmospheric 14C as a result of 

excess production of CO2 with the burning of fossil fuels (Lowe and Walker, 2015). Similarly, 

atomic bomb testing during the 1950s led to significant anomalies of 14C values in subsequent 

decades. de Vries (1958) recorded, between November 1953 and June 1957, a 4.3% increase in 

the 14C content of snail flesh; a small but significant example of atomic bomb induced 14C 

irregularities. However, 14C variations are not exclusively caused by humans. Pre-bomb, 

radiocarbon dating requires the assumption that 14C concentrations have been consistent over 

time, which is known to not be the case. Irregularities have been recorded pre-history due to 

variations in Earth’s magnetic field (Vogel, 1983), increased rates of oceanic upwelling 

impacting carbon cycle equilibria (Toggweiler and Samuels, 1993) and from solar period 

variation (Sonett, 1984). Variations in atmospheric radiocarbon content can cause age plateaus 

where the 14C/12C ratio declined at a rate equal to that of radiocarbon decay. Events that fall 

within these plateau’s therefore become impossible to date precisely. Two examples of these 

radiocarbon plateaus occur during the Younger Dryas (12 900 - 11 700 years BP) and have 

subsequently made it difficult to discern whether climatic change occurred synchronously across 

the globe at this time (Guilderson et al., 2005). It therefore becomes important for researchers to 

approximate the age of their sediments prior to radiocarbon dating in attempt to reduce the 

possible loss of funds associated with dating samples that lie within these plateau periods. In 

northern latitudes, the old carbon effect can skew radiocarbon dating as organic matter has 

slower decomposition rates and can reside in permafrost for long periods of time before being 

eroded into the lake basin (Oswald et al., 2005). Older carbon can also be introduced to lake 
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systems from glacial meltwaters (Hågvar and Ohlson, 2013; Hågvar et al., 2016) that carry and 

preserve both carbonate and organic material. Hågvar and Ohlson (2013) radiocarbon dated 

modern predatorial invertebrate taxa from glacially fed lakes in northern Norway. Uptake of old 

carbon by chironomid larvae with subsequent consumption of the larvae resulted in the 

overestimation of radiocarbon dates of up to 1100 years from the predatorial taxa. Further issues 

for radiocarbon dating can occur within the lab and are attributed dominantly to sample 

preparation and sample size. Wohlfarth et al. (1998) highlighted the negative impact of long 

term, > 6 months, storage of wet samples, small samples sizes, and fungal growth, through 

processing within a non-sterile environment that can result in CO2 assimilation. These situations 

can result in radiocarbon ages hundred to thousands of years younger than expected. 

Nevertheless, radiocarbon dating is not the only method for establishing chronologies within lake 

sediments.  

Following the discovery of Icelandic cryptotephra, which are invisible to the naked eye, 

within a peat sequence in northern Scotland by Dugmore (1989), cryptotephra has become an 

invaluable technique for precise dating within Quaternary research. Tephra deposits, produced 

from volcanic eruptions, represent time equivalent horizons through instantaneous deposition of 

geochemically distinct ash. Cryptotephras, that can be found 1000(s) of kilometres from their 

source expand the geographic range of isochrons (Davies, 2015). Through the application of 

tephrochronology principles (Fig. 2.2) and developments in geochemical analysis, cryptotephras 

can further the establishment of regional tephrochronological frameworks (Lane et al., 2014). 

Cryptotephra deposits are subsequently preserved within lake sediments enabling time 

correlative horizons to be established at high resolutions of 1cm or less. 
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2.1.2 Pollen 

 

Reconstructing terrestrial environments during the Quaternary owes greatly to the 

development of techniques such as pollen analysis. First developed in the early 1900s, Quaternary 

palynology has enabled quantitative analysis of long-term pollen records from lake sediments, peat 

bogs, and marine sediments to reconstruct past floral dynamics (Lowe and Walker, 2015). 

Biogeographic changes accompanying climate transitions are reflected upcore, allowing the use of 

regional pollen zones as a stratigraphic correlation tool (e.g., McAndrews 1994). 

Four general characteristics of pollen grains enable their application: (1) most pollen is 

produced in excessive numbers by wind-pollinated plants, predominantly coniferous taxa 

(Molina et al., 1996) and can be distributed great distances as a result; (2) key morphological 

characteristics are preserved over time enabling identification to low taxonomic levels; often 

genus and sometimes species; (3) due to high content of sporopollenin, pollen grains are resistant 

to decay in low oxygen environments (Campbell, 1999); and (4) pollen deposition represents a 

mosaic of natural vegetation at a given point in time from which statistical analysis can 

determine palaeoenvironmental, climatic and ecological significance (Seppä and Bennett, 2003). 

Vegetation not only responds dynamically to fluctuations in climate, fire, insect outbreaks and 

anthropogenic modification also play a key role in ecosystem disturbances (Western, 2001; 

Figure 2-2 Schematic representation of how distal tephra deposits can be dated and correlated to infer on 
sediment accumulation and erosion rates. 
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Thonicke et al., 2008; Montoro Girona et al., 2018). Scale related issues can be alleviated 

through proper selection of temporal and spatial working scales from which pollen analysis can 

isolate important climatic signals from surrounding noise (Bradshaw, 1994).  

Differences in pollen production are dominantly attributed to interspecific variation. This 

is simply attributed to the mechanism in which a given genus sexually reproduces. 

Anemophilous species rely on pollination by wind and will produce large amounts of pollen. For 

example, Quercus may produce up to 108 individual pollen grains in a given year (Molina, 

1996). When considered in the scenario of a forest, pollen production numbers are extremely 

high. However, variation occurs between and within anemophilous taxa. Genera such as Alnus, 

Betula, and Pinus are recognised as consistently high pollen producers in comparison to low 

pollen producers Salix, Ulmus and Fraxinus (Broström et al., 2008). Intraspecies variation can 

also occurs based on the age, health and growing conditions for any given individual with the 

latter two factors predominantly influenced by climate (Oberhuber et al., 1998. Other methods of 

sexual reproduction result in lower numbers of pollen produced. Autogamous individuals are 

self-pollinating and so require no vector for dispersal. Entomophilous taxa such as Tilia sp., that 

utilise insects as vectors for transport, produce significantly less pollen than their anemophilous 

counterparts (Janssen, 1966). As a result, pollen production and consequently dispersal have 

considerable weighting regarding pollen preservation in a lake system. 

Pollen dispersal is governed by individual species which must be considered when 

interpreting a pollen assemblage. A focus remains on the regional picture produced by 

anemophilous species due to the production of the pollen rain. However, pollination can also 

occur through animal vectors (zoophily) such as insects, birds, and bats. Subsequently, pollen 

preservation of these species relies on the vector dying within a lake or some unusual 

circumstance leading to pollen deposition. Nonetheless, the pollen component from 

anemophilous species produces uniform deposition of the pollen rain enabling a regional 

interpretation of past communities to be established (Faegri et al., 1989). 

The deposition and preservation of pollen grains within Quaternary sediments are 

predicated on individual pollen grains landing on a lake surface, sinking to the water-sediment 

interface, and ultimately, preserving. Pollen preservation is a function of the outer layer, the 

exine, which is composed of the organic biopolymer, sporopollenin (Wiermann and Gubatz, 

1992). Although resistant to chemical and physical degradation, pollen grains are still susceptible 
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to oxidation. This remains significant for pollen analysis as it allows the use of harsh chemical 

processing typically applied to remove unwanted, amorphous material around the pollen grains. 

However, not all pollen grains preserve equally. Populus is typically more susceptible to 

corrosion over time attributed to low sporopollenin content (Campbell, 1999). As a result, a lake 

could be surrounded by a forest of Populus, but the representation of that community within the 

sediments could be minimal, if not completely absent. The deposition of pollen grains must also 

consider vegetation surrounding a given lake. More vegetation will result in higher levels of 

roughness that may ultimately hinder the deposition of long-distance transported grains (Jackson 

and Lyford, 1999).  

 

2.1.3 Stomata 

 

Stomata are the guard cells on the surface of leaves that help to regulate the exchange of 

gases within plants. Conifer stomata, with a high lignin content, appear to have relatively good 

preservation potential in lake sediments (Froyd, 2005). Due to their short dispersal distance in 

comparison to pollen and spores, stomata have been utilised in palaeoecological studies to 

indicate the local presence of vegetation (MacDonald, 2001). This is particularly beneficial in 

small basins where up to half of the deposited pollen may represent vegetation within a 300 m 

radius (Sugita, 1994) or in environments where taxa that rely heavily on wind-dispersed pollen 

can travel large distances away from the source (Froyd, 2005). In these situations, the 

overrepresentation of local or distal pollen can hinder reconstructions and subsequently distort 

fluctuations in pollen abundance over time (Parshall, 1999). Stomata can alleviate some of these 

issues, but despite success in providing an unambiguous tool for the presence of coniferous taxa, 

fossil stomata cannot aid fully in analysis of forest composition due to the degradation of 

deciduous taxa (Froyd, 2005). Furthermore, low levels of production in contrast to pollen result 

in inconsistencies that do not enable the calculation of relative or absolute abundance 

(MacDonald, 2001). Rather, stomata should be presented as presence against absence of taxa.  

In Quaternary studies, stomates are commonly used to understand the expansion and 

retreat of treelines in response to climatic variability (Hansen, 1995; Hansen et al, 1996; Pisaric 

et al., 2003) or to test hypotheses of glacial refugium and postglacial colonisation (Froyd, 2005). 

Stomata are sometimes found in lake sediments where plant macrofossils are absent. This is 
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likely due to their small size and subsequently the ability of stomata to be resuspended and 

deposited in the centre of a basin in a very similar manner to that of the pollen grains 

(MacDonald, 2001). Stomata are particularly useful in situations where taxa such as Juniperus, 

Thuja and Chamaecyparis pollen are present. These cupressacean taxa produce morphologically 

indistinguishable aporate pollen, but distinctive stomata, allowing increased taxonomic 

resolution (MacDonald, 2001; Lacourse et al., 2012). Overall, analysis of stomata can provide a 

unique insight into local vegetation dynamics where the overrepresentation of local or distal 

pollen grains can limit palaeoenvironmental interpretations. However, there is a distinctive bias 

towards coniferous taxa which limits the use of stomata where deciduous taxa are dominant. 

 

 

 

2.2 Late Quaternary of Northwest Canada  

2.2.1 Yukon Territory (ca. 40 000 – present) 

 

Northwest Canada forms the eastern extent of Beringia and is recognised as a 

glaciological anomaly during the late Quaternary. Despite a significant proportion of Canada and 

the northern United States experiencing full ice sheet cover, areas of eastern Beringia, 

specifically the Alaskan interior and parts of the Yukon, remained ice-free providing glacial 

refugia for high-latitude biota (Elias, 1992; Fedorov and Stenseth, 2002; Cook et al., 2005; 

Zazula et al., 2006). As a result, northwest Canada provides a unique study region to test current 

hypotheses of rates of post-glacial species migration (Brubaker et al., 2005). Biotic response 

fluctuated throughout Canada with delays in deglaciation and the reestablishment of flora 

varying from west to east (Fig. 2.3). With deglaciation in the Canadian northwest, shrub tundra 

colonised at 12,500 cal yr BP and persisted into the Early Holocene (Greenlandian). With 

climatic warming (warmer and wetter conditions), the treeline expanded northwards with an 

initial influx of Picea in southern Yukon Territory recorded at Spindly Pine Lake around 10,000 

yr BP (Prince et al., 2018). This succession of vegetation was delayed eastward towards central 

Canada and Québec-Labrador as the Keewatin and Labradorean lobes of the Laurentide Ice 

Sheet persisted for 2000 and 2500 years longer, respectively, in the central Canadian Arctic 

(MacDonald and Gajewski, 1992). The continental ice sheets formed a biotic barrier between 
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northwest Canada/Alaska and the central United States until the ice sheets retreated at the 

Pleistocene-Holocene transition. This had notable impacts on the migration of megafaunal 

populations which resulted in widespread extinctions across North America (Guthrie, 2006). 

 

2.2.2 Glacial Extent in the Yukon 

 

Despite poor records of North American Early and Middle Wisconsinan ice extents, 

studies have successfully established ice extents from the Yukon during the Late Wisconsinan 

glaciation (Jackson et al., 1991; Dyke et al., 2002; Margold et al., 2013). The Laurentide Ice 

Sheet (LIS) reached maximum extent approximately 22 ka B.P., 4,000 years prior to the 

Cordilleran Ice Sheet (CIS) (Ehlers and Gibbard, 2004). During this period of glacial maxima, 

North America experienced very comparable climatic and vegetational fluctuations to those of 

northern Eurasia, with the main difference being a greater ice extent in North America. The LIS 

covered the vast majority of North America with the exception of the Alaskan interior and parts 

of Yukon Territory. As a result, the movement of biota between Alaska/Yukon and the rest of the 

North American continent was considerably limited. However, opening of the ice-free corridor at 

around 12,000 ka BP between the eastern and western extents of the Laurentide and Cordilleran 

ice sheets, respectively, enabled migration to initiate (Stuart, 2015).  
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Identification of pre-Reid (>200 ka), Reid (140 ka) and McConnell (18 ka) glaciations 

recognises glacial activity of the CIS in central Yukon Territory with subsequent retreat through 

southern regions of the province (Fig. 2.3). The Hungry Creek glaciation also occurred in this 

region with culmination at ca. 30 ka resulting in the diversion northward of the Peel river into the 

Porcupine river drainage basin (Hughes, 1989). Gravel Lake (study site examined in this thesis 

denoted in Figure 2.3 by the star), within the central Yukon occur within the wider region of 

interplay between all three glacial advances. Gravel Lake is situated within the pre-Reid age 

glacial deposits which imply ice free conditions since 200,000 yr BP (Bond, 2004). This has 

significant implications for longer term re-establishment of vegetation within the central Yukon 

and may account for spatial variation in the migration of taxa from other ice-free regions of east 

Beringia. The McConnell glaciation initiated at approximately 23,900 yr BP and persisted until 

Figure 2-3 Glacial extent of the Cordilleran Ice Sheet highlighting the 
northernmost extent of the McConnell glaciation (From Bond, 2004 after Duk-
Rodkin, 1999). Star denotes location of thesis study site. 



 15 

the onset of climatic warming at the Pleistocene-Holocene Transition (10,700 yr BP). This is 

recorded through radiocarbon dates in conjunction with macrofossil remains in lake sediments 

recording the re-establishment of vegetation around Whitehorse (Anderson et al., 2002) and 

geomorphological mapping of moraine and other ice-marginal deposits around central and 

southern Yukon (Bostock, 1966).  

 

2.2.3 Palaeoenvironmental reconstructions in the Yukon  

 
In modern climatology, emphasis is placed on the ability of models to successfully 

account for variability in climatic systems and predict future change (Anderson et al., 2006). 

Palaeoenvironmental data, with emphasis on biological proxies, has been recognised to provide a 

unique method of reconstructing past ecosystem change and climatic instability. Insect remains 

and pollen are the dominant biological proxies from terrestrial ecosystems that have been 

successfully applied to palaeoenvironmental research (Coope and Lemdahl, 1995; Battarbee, 

2000). 

Fossil insects, particularly Coleoptera, are easily recovered from sediment and prove 

useful indicators of fluctuations of climate and environments. Coleoptera have been in 

morphological and evolutionary stasis for much of the Quaternary allowing direct comparison 

between fossil and extant species (Coope and Wilkins, 1994). Mutual climatic ranges (MCR) are 

established based on coleopteran assemblages, both spatially and temporally across the Yukon 

(Morlan and Matthews, 1983; Zazula et al., 2007; Kuzmina et al., 2014). Around 37,000 yr BP 

(mid-Wisconsinan), within the interior Yukon Territory at the upper Porcupine River, TMAX 

(summer maximum) temperatures reached 11.2°C, typical of interstadial conditions, and a 

considerable 5°C colder than modern temperatures at the same location. TMAX values of 

approximately 11°C remained steady for the next 16,000 years throughout the interior Yukon 

Territory (Hughes et al., 1981). Temperatures are consistent with a tundra environment, further 

reinforced with an abundance of stenothermic coleoptera such as Amara alpina and a complete 

omission of bark beetles (Matthews et al., 1990). Early Holocene conditions at Clarence Lagoon 

in northern Yukon were characterised by temperatures comparable to the mid-Pleistocene of the 

interior Yukon (Matthews, 1975). Despite this, TMAX was almost 5°C warmer than current 

temperatures in the far northwest (Elias, 2000). During the Last Glacial Maximum, eastern 
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Beringia records indicate relatively dry and cold conditions. Coleopteran records from the Late 

Wisconsinan have poor temporal and spatial resolution within Yukon Territory with only a 

couple of sequences (Matthews, 1974; Elias, 1992) noted from the western and interior regions 

of Alaska. Yet, the coleopteran records from the Canadian northwest highlight a distinctive fauna 

for the late Pleistocene of a tundra dominated environment with a notable lack of trees. An open 

environment is also suggested from pollen records across the region through a concomitant 

dominance of Betula, Salix and Shepherdia shrubs (Ritchie, 1984). Several Coleoptera species 

pervasive throughout late Pleistocene deposits in eastern Beringia including Amara glacialis, 

Pterostichus caribou and Trichocellus mannerheimi are exclusively found above the modern-day 

tree line and remain as absolute indicators of tundra conditions (Elias, 2000). Pollen records from 

the northern Yukon also indicate a treeless landscape between 28 – 14 ka BP (Ritchie et al., 

1982). Coleoptera can follow and track appropriate climates can occur across great distances. 

However, this is not to say that the geographical range of species is untouched, but rather they 

can be restricted or expanded in response to climatic cyclicity (Andersen, 1993). Consequently, 

fossil Coleoptera remain as detailed records of local and environmental variation through much 

of the Quaternary epoch and should be utilised in conjunction with pollen records to highlight 

trends in local and regional climatic variation. 

 

2.2.4 Late Quaternary Vegetation Dynamics in the Yukon 

 

Termination of full-glacial conditions from Yukon Territory is defined by the recession 

of late Quaternary glaciers and the increase of Betula populations (Schweger, 1997). Between 

14,600 – 11,100 yr BP, an abrupt increase in Betula marked a rapid expansion of dwarf birch, 

converting the landscape from a discontinuous to a closed shrub tundra resembling what we see 

today (Cwynar, 1982). The expansion of Betula responding to these warmer and wetter 

conditions replaced the mammoth steppe biome, resulting in the extirpation and in some cases, 

extinction of megafauna (Guthrie, 1984; Schweger, 1997). Across northwest Canada, Early 

Holocene climatic warming is noted in pollen records by a substantial increase in several taxa 

including Picea, Populus, Cupressaceae (assumed to be Juniperus) and the ericads. These taxa 

increase in abundance from zero or near zero during the Late Wisconsinan to the maximum 

recorded extent to date from Yukon Territory. Climatic warming during the early Holocene also 
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enabled a northern establishment of Larix and Populus in areas such as Inuvik, NWT, where they 

are still found today (Ritchie, 1984). Around 10,250 cal yr BP in southwest Yukon Territory, 

Betula populations began to decline in response to increasing Holocene aridity, which enabled 

the expansion of Picea and Populus forest stands as noted by increases in pollen and the 

presence of coniferous stomata (Lacourse and Gajewski, 2000; Prince et al., 2018). Despite 

Populus counts appearing relatively low, their representation is still considered as a significant 

component of the vegetation. Two species of Populus, P. tremuloides and P. balsamifera, are 

abundant in the modern Kluane Lake region and exhibit significantly low representations in 

modern surface samples attributed to taphonomic sensitivity of Populus pollen (Lacourse and 

Gajewski, 2000). However, these trends were not recorded in the northern Yukon. Hanging 

Lake, northeast Yukon, records Populus communities declining in the region around 10,000 cal 

yr BP with Betula and Salix shrub tundra prevailing and a complete lack of forest taxa (Cwynar, 

1982). This is not surprising considering the treeline was only fully established in the northern 

Yukon between 9500 and 6000 yr BP (McDonald and Gajewski, 1992). Around 9500 yr BP in 

the southern Yukon, small communities of Picea were present, but it was not until 8400 yr BP 

that Picea became dominant on the landscape (Lacourse and Gajewski, 2000; Prince et al., 

2018). The accumulation of Picea, Populus, Betula, Salix and Juniperus indicate the 

establishment of boreal forest that is found in the Yukon today (Lacourse and Gajewski, 2000). 

Around the central and southern Yukon during the mid-Holocene, Picea mariana along with 

Alnus crispa saw notable expansion in response to establishment of a more mesic and cooler 

climate (Cwynar and Spear, 1995). The Late Holocene is characterised in northwest Canada by 

an abrupt rise in Alnus populations and a slow decrease in the herbaceous component. A. crispa 

is the dominant alder species from northwest Canada and has remained stable since the initial 

influx during the late Holocene. It extends 20 – 40 km north of the Picea treeline, but only 

occurs as scattered shrub communities interspersed within Betula heath tundra (Ritchie, 1984). In 

the south and central regions of the Yukon, pollen from forest species such as Pinus contorta, 

initially increase in abundance around 3500 cal yr BP and reached a maximum by 1500 cal yr BP 

(Prince et al., 2018). With establishment in the southwest, P. contorta forests have gradually 

moved north with warming and reach a current northerly maximum south of Dawson City 

(Schweger et al., 1987). However, Johnstone and Chapin (2003) argue that there is no evidence 

to support a current climatic limitation of the northward migration of P. contorta, instead 
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suggesting that this species represents a population not in equilibrium with modern climate and 

will continue a northern expansion that was initiated in the early Holocene (MacDonald and 

Cwynar, 1985). 

 

2.2.5 Late Quaternary Megafauna 

 

In Beringia, several species of megafauna dominated the environment before their 

extinction at the end of the Pleistocene. This faunal assemblage was dominated by the woolly 

mammoth (Mammuthus primigenius), American mastodon (Mammut americanum), short-faced 

bear (Arctodus simus), lion (Panthera spelaea), Yukon horse (Equus lambei) and the steppe 

bison (Bison priscus) (Stuart, 2015). However, not all megafaunal lineages terminated with the 

end of the Pleistocene, with several species still extant including muskox (Ovibos moschatus) 

and brown bears (Ursus arctos). With a prevalence of large mammalian grazers during the 

Pleistocene, the mammoth steppe environment provided a particularly different vegetation 

structure from the chemically defended trees and shrubs that are distinctive of the Arctic and 

sub-Arctic today (Bryant et al., 1992; Post, 2003). Consequently, this shift in environmental 

conditions, with the onset of the Holocene, towards a boreal forest dominated landscape persist 

as a main hypothesis responsible for driving the extinction of the Beringian megafauna. 

 

2.2.6 End Pleistocene Megafaunal Extinctions 

 

The Pleistocene-Holocene transition produced extreme changes to fauna and flora around 

North America. This transition included the extinction of 35 megafaunal genera, accounting for 

approximately 70 species (Faith and Surovell, 2009). Despite a ‘Blitzkrieg’ model of 

simultaneous human overkill dominating the early literature (Martin and Wright, 1967; Martin 

and Klein, 1984), the Pleistocene-Holocene transition climatic warming may also remain as a 

driving mechanism for these widespread extinctions (Haynes, 2009). This transition presented 

dramatic ecological restructuring, redistribution of species and in some cases, led to extinctions 

(MacDonald et al., 2012). With the onset of the Holocene (ca. 11 000 yr BP), the Bering land 

bridge became inundated, separating east and west Beringia and closing a key pathway for 

human and animal migration into northwest Canada (Elias et al., 1996). Several radiocarbon 
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records from Yukon Territory provide insight into megafaunal migrations and extinctions during 

the late Pleistocene (Ehlers and Gibbard, 2004; Shapiro et al., 2004; Guthrie, 2006, Zazula et al., 

2014). The late Pleistocene Yukon fauna included mammoths, bison, horse, and camel; a 

dominantly grazing biota which inhabited the mammoth steppe biome (Harington, 2011). The 

faunal assemblage recorded from Old Crow Basin Locality CRH 15 was exceptionally diverse 

and typical of the Rancholabrean land mammal age (Morlan, 1996). Morlan (1996) continued to 

recognise Old Crow as a region of refugia for megafauna. Other regions face the issue of 

insufficient data regarding well-dated large mammalian remains from this transitional period 

which has vastly impeded progress in understanding various causative links between people and 

climatic induced extinctions (Guthrie, 2006). The woolly mammoth (Mammuthus primigenius) is 

perhaps the best known of the megafauna lost at the Pleistocene-Holocene transition. Several 

modes of extinction have been proposed, but Lorenzen et al. (2011) discuss an isolation-by-

distance scenario by northern retreat of the woolly mammoth during the last 1000 years of its 

existence. This is likely driven by climatic warming resulting in reduction of the mammoth 

steppe (Guthrie, 2001). This is reinforced by stagnation of genetic diversity within woolly 

mammoth populations. Genetic diversity would inherently increase if the mammoth populations 

were able to expand and ultimately interbreed, but here we see consistency through time and the 

dominance of isolated subpopulations exhibiting inbreeding (Lorenzen et al, 2011).  

Profound climatic changes and biotic disruption at the Pleistocene-Holocene transition 

appears to provide a suitable explanation for the late Quaternary extinctions. Ecological 

restructuring resulted in replacement of the mammoth steppe with expansive boreal forests 

(Allen et al., 2010). However, there may be no one simple explanation to the question of late 

Quaternary megafaunal extinctions. Rather, a complex picture of the relative contributions of 

environmental changes and human induced ‘overkill’ continues to be established with further 

research required to spatially and temporally confine the extinction period and recognise 

additional factors driving megafauna decline.  
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2.2.7 Modern Ecosystems of the Yukon 

 

Understanding ecological restructuring following climatic warming at the Pleistocene-

Holocene transition requires an understanding of modern ecosystems in Yukon Territory. 

Ecoregions are areas that represent large ecological systems that are separated by 

physiogeographical properties but have common characteristics (Bailey, 1998). The Yukon 

exhibits five distinctive ecoregions dominated by Taiga and Boreal Cordilleras that comprise 

almost 90% of the landscape (Smith et al., 2006). Taiga Plain, Pacific Maritime and Southern 

Arctic constitute the rest, but are restricted to the northeast, southwest and northern extents, 

respectively (Fig. 2.5). 

Figure 2-4 Ecoregions of the Yukon (Smith et al., 2006). Star 
denotes location of thesis study region. 



 21 

 

2.2.7.1 Taiga Cordillera 

 

The Taiga Cordillera, which constitutes most of the northern half of the Yukon, comprise 

diverse landscapes from topographic highs of the Selwyn Mountains to the lakes and wetlands of 

the Old Crow Flats. The mountainous areas of this ecozone are characterised by treeless, shrub-

dominated tundra in the northern reaches and taiga in southern, plateau regions of the ecozone. 

These forests consist of taxa such as white spruce (Picea glauca), paper birch (Betula 

papyrifera), willow (Salix sp.) and often trembling aspen (Populus tremuloides) (Ritchie, 1984; 

Smith et al., 2004). Northern tundra permafrost results in wetlands characterised by dominance 

of plateau bogs and collapse scar fens (Smith et al., 2006). These bogs are typified by shrub 

vegetation, lichens and saxifrages. 

 

2.2.7.2 Boreal Cordillera 

 

The Boreal Cordillera ecozone expands from Dawson City in the central Yukon to the 

Hyland Highlands in the southeast, dominating the southern Yukon. This ecozone is considered 

an extension of the boreal forest but modified due to steep elevational, temperature and 

precipitation gradients over significantly short distances (Smith et al., 2004). The mountainous 

regions of this ecozone include vast swathes of glacial and fluvioglacial sediments that support 

diverse wetland habitats (Pregitzer et al., 1983). In the northwest portion of the Boreal 

Cordillera, forest stands are typically mixed and dominated by black and white spruce (P. glauca 

and P. mariana) with balsam fir (Abies balsamea), trembling aspen (P. tremuloides) and paper 

birch (B. papyrifera). This region is recognised by the highest frequency of lightning strikes in 

the Yukon that inherently alter distribution and age of stands around the ecoregion. 

Subsequently, seral stands are more common than mature stands creating a patchwork mosaic of 

fire disturbance (Smith et al., 2004). Within the Yukon, lodgepole pine (Pinus contorta) and 

trembling aspen are typically thought to represent fire dependent species as they are often the 

first to recolonise areas of burn. Lodgepole pine has serotinous cones that open in response to 

fire and can subsequently become reestablished quickly after a fire event (Scudder, 1997). 
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2.2.7.3 Yukon Plateau-North 

 

As the largest ecoregion within the Yukon, located within the Boreal Cordillera, the 

Yukon Plateau-North hosts a range of vegetation from boreal to alpine. Up to 1500 m elevation 

are well established northern boreal forests consisting of open growing white spruce and 

subalpine fir (Abies lasiocarpa) stands. This composition is predominantly found on north facing 

slopes which are typically cooler and wetter and associated with permafrost soils. On south 

facing slopes, where drainage is more efficient, and temperatures are typically warmer, white 

spruce in conjunction with lodgepole pine appear to remain as the dominant taxa.  Several 

grasslands occur in this ecoregion, with Artemisia frigida-grass communities occurring on steep, 

well-drained, south-facing slopes. This is particularly the case around banks of the Yukon River 

(Scudder, 1997). Smith et al. (2004) note that these grasslands exist in unglaciated, high 

elevation regions and may be comparable to vegetation from the last glacial maximum. These 

present as unique habitats within the Yukon containing several rare plant species as noted by 

Batten et al (1979). These habitats could also have provided important refugia during the 

Pleistocene for endemic insects such as the weevil, Connatichela artemisiae (Anderson, 1984). 

The areas surrounding bodies of water and wetlands within the Yukon Plateau-North are 

dominated by willow and sedges (Cyperaceae) and other shoreside semi-aquatic species. To the 

south east of the ecoregion, lowland areas typically contain black spruce bogs interspersed with 

several genera of sedges and mosses (Smith et al., 2004). 

 

2.3 MIS 5 – MIS 4 Fauna and Flora in North America 

In North America, there are a limited number of sites from MIS 5 (130-74 ka) and MIS 4 

(74-60 ka). MIS 5/4 records are currently limited to deep sea core pollen assemblages from the 

California/Oregon and South Carolina/Georgia coast (Miller et al., 2014). Subsequently, our 

understanding of MIS 5/4 in North America, particularly midcontinental regions, is fragmentary. 
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2.3.1 Eastern Canada 

 

In eastern Canada, the Don Brickyard section in Toronto is a sequence suggested to span the 

MIS 5a to MIS 4 transition in the Don and Scarborough Formations. However, due to poor 

chronological constraints, there is still contention to whether the record could represent earlier 

Sangamonian cooling transitions (MIS 5e to 5d or 5c to 5b) (Karrow, 1990; Westgate et al., 

1999). The Don Formation is a sequence indicating a deciduous forest dominated by oak 

(Quercus), hickory (Carya) and elm (Ulmus) being replaced by a coniferous forest rich in spruce 

(Picea glauca and P. mariana) and jack pine (Pinus banksiana), likely in response to 

Wisconsinan glacial initiation (Radforth and Terasmae, 1960). Molluscan studies provide further 

evidence of interglacial conditions in the lower sediments of the Don Formation. The molluscs 

assemblage is dominated by Valvata perdepressa, amongst 10 other extant taxa from the Great 

Lakes region all supporting deposition during one of the warm phases of the Sangamonian 

interglaciation (Kerr-Lawson et al., 1992). A similar interpretation is obtained from analysis of 

Don Formation cladoceran microfossil assemblages. Hann and Karrow (1993) confirm a 

disparity in community composition between the Don and Scarborough Formations with an 

assemblage from the Don Formation of warmer taxa resembling communities found in southern 

Ontario today in comparison to the colder Scarborough assemblage indicative of deeper, 

oligotrophic, subarctic lakes. Pollen records from the Scarborough Formation are initially 

dominated by jack pine, spruce, birch and alder that are subsequently replaced by white pine 

(Pinus strobus), larch and large abundances of grasses (Poaceae) and low lying ericales for the 

first time (Radforth and Terasmae, 1960), typical of a colder and more open landscape. Williams 

et al. (1981) further reiterate a cooler climate through analysis of Trichoptera, Diptera and 

Coleoptera remains from the Scarborough Formation. The authors indicate mean July 

temperatures of approximately 15 oC indicated by northern boreal and tundra taxa in comparison 

to the 20.5 oC of present-day southern Ontario. These values corroborate palynological based 

temperature reconstructions and a lack of deciduous taxa as recorded in the Scarborough 

Formation by Terasmae (1960) and more recent additions to the Westgate et al. (1999) the 

palynological assemblages by Jock McAndrews (Fig. 2.5). With the addition of transfer 

functions from Bartlein and Whitlock (1993), the transition from the Don Formation into the 

Scarborough Formation indicates climatic deterioration from a possible mixed forest 
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environment with average summer temperatures of 19.5 oC to a boreal scrubland averaging at 

approximately 18 oC. 

 

Figure 2-5 Tree pollen diagram from the Don Brickyards (Modified from Westgate et al., 1999). 
Secondary pollen analysis completed by Jock McAndrews with the additions of transfer 
functions of Bartlein and Whitlock (1993) by Jock McAndrews to indicate the gradual climatic 
deterioration recorded from the base of the Don Formation into the Scarborough Formation. 
Consistently cooler temperatures are recorded from the transfer functions with mean July 
temperatures declining from ~ 23oC at the base of the sequence to 18oC at the top and winter 
temperatures dropping from ~ -5oC in the Don Formation to as low as -15oC in the Scarborough 
Formation (CAP Newsletter 39). 

 

Records of the late Sangamonian and early Wisconsinan (MIS5a/4 transition) are limited in 

Atlantic Canada due to the fragmentary occurrence of organic rich deposits (Mott and Grant, 

1985) and the practical upper limit of ca. 50 000 years of radiocarbon dating. Most studies rely 

on the floral, particularly the palynological content, to determine chronological placement 

through determination of assemblages analogous to interglacial or glacial periods (Mott, 1990). 

However, it is difficult to discern whether interglacial records represent the older and warmest 

MIS5e or the younger and cooler, MIS 5a. Mott et al. (1982) analysed organic sediments from 

the East Milford gypsum quarry in central Nova Scotia. The pollen initially records the 

dominance of thermophilous hardwood taxa including beech (Fagus), elm (Ulmus), maple 
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(Acer), oak and basswood (Tilia). As the climate cools, birch (Betula) increases and becomes the 

dominant pollen type with spruce and fir replacing the hardwood taxa further up sequence. 

Evidence from the East Milford site indicates that the vegetation likely represents the transitional 

zone between MIS5a and MIS 4 from a shift between warmer hardwood taxa of the 

Sangamonian (MIS5a) to cooler coniferous taxa associated with the onset of climatic 

deterioration into the Wisconsinan glaciation (MIS 4) (Mott et al., 1982). A similar transition 

from warmer to colder conditions is recorded from the Addington Forks locality located 

approximately 10 km southwest of Antigonish in Nova Scotia. A mixed hardwood forest 

comprised of birch, oak and hornbeam (Carpinus) is characteristic of the oldest sediments 

recorded from this site. Oak is subsequently replaced by hickory and other thermophilous 

hardwood taxa and eventually the mixed forest is replaced by a conifer forest dominated by 

balsam fir (Abies balsamea). Again, this locality reiterates climatic deterioration into the 

Wisconsinan glacial period with the older records indicating temperatures warmer or comparable 

to present day with subsequent replacement by an assemblage that may reflect boreal to subarctic 

climatic conditions (Mott and Grant, 1985; Hillaire-Marcel and de Vernal, 1989). 

 

2.3.2 North America Mastodons 

 

Mastodons are extinct proboscideans of the genus Mammut (family Mammutidae) that 

originated in the early Miocene, inhabited North and Central America and went extinct during 

the end Pleistocene extinction event. The remains of American mastodons (M. americanum) are 

widely distributed across almost every US state and Canada, with numerous fossils sites 

concentrated in the Great Lakes region (Widga et al., 2017) Comparatively, in the west, fewer 

mastodon specimens were documented until the construction of the Diamond Valley Lake 

reservoir in California that uncovered over 700 skeletal remains comprising more than 100 

individuals (Springer et al., 2009), the Ziegler Reservoir in Colorado that produced 35 

individuals from MIS 5 (Miller et al., 2014). Both sites identify monospecific records of M. 

americanum, however this was not the only species present in North America during the 

Pleistocene. Dooley et al. (2019) identified a new species, the Pacific mastodon (M. pacificus) 

from sites in California and Idaho that differs from M. americanum by variations in dental 

morphology, skeletal form and the distinctive lack of mandibular tusks. Many of the Californian 
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specimens comprised the Diamond Valley Lake reservoir assemblage and subsequently all 

specimens from this site were identified as M. pacificus and not M. americanum as previously 

stated. The results from Dooley et al., (2019) indicate that all specimens of mastodon from 

California represent this new taxon and that M. americanum was not present in California. 

In Atlantic Canada, few mastodons have been recorded with almost 80% of all Canadian 

mastodon specimens occurring in southern Ontario (Dreimanis, 1987). Ten individuals have 

been recorded from Nova Scotia and New Brunswick with around half of the occurring in early 

to late Wisconsinan deposits. The Hillsborough mastodon of New Brunswick and the East 

Milford Mastodon from Nova Scotia are the most complete skeletons from the Maritimes. The 

Hillsborough mastodon was placed at the MIS 5a – MIS 4 by Harington et al. (1993) based on 

palynological assemblages. Pollen from coprolite remains and surrounding sediment suggest a 

vegetation assemblage in agreement with pollen spectra from the last interglacial period from the 

Canadian Maritimes at MIS 5a. However, radiometric dating of the Hillsborough mastodon only 

yielded a radiocarbon ages of 13 600 ± 200 (bone), 37 200 ± 310 (wood in coprolite), 51 500 ± 

270 (coprolite cement), and >43 000 BP (peat) (Harington et al., 1993) that would suggest 

chronological placement between the mid-Wisconsinan and latest Pleistocene and likely 

represent the MIS 3 interstadial. The East Milford mastodon presents the most complete 

mastodon skeleton from the Maritimes. Dates associated with this individual more reliably place 

it at the MIS 5a – MIS 4 transition with an electron spin resonance (ESR) dating of tooth enamel 

yielding a date of 74 900 ± 5000 yr BP (Godfrey-Smith et al., 2003). Reconstruction of the 

environment and diet associated with dung remains from the East Milford mastodon will 

comprise chapter 4 of this thesis. 

 

2.4 Coprophilous Fungi 

 

Fungi that develop on the dung of herbivores are termed coprophilous (dung-loving) 

fungus. These fungi play an important role in the recycling of nutrients from faecal matter back 

into the local ecosystem (Richards, 2001). Coprophilous fungi typically reproduce sexually with 

a resulting discharge of ascospores from a substrate. Evolutionary development of the 

coprophilous fungi has resulted in the formation of a gelatinous sheath that encases individuals 

or groups of ascospores which protect them during passage through the herbivore gut and enable 



 27 

the spores to adhere to plant material in order to be consumed. The preservation of fungal spores 

within Quaternary sediments can therefore enable reconstructions of megaherbivore populations 

(Gill, 2014; Perrotti and van Asperen, 2019). 

 

2.4.1 Factors Governing Fungal Reproduction 

 

Before interpretations of spore abundance in sedimentary sequences can be made, an 

understanding of the factors controlling fungal reproduction must be established. The genera 

Podospora and Sporormiella are the only coprophilous fungi to be classed by most as those that 

are obligate to a dung substrate (Gelorini et al., 2011). However, there is significant ambiguity 

and contention surrounding the substrate preference and required lifecycles of these coprophiles. 

Several genera of coprophilous fungus (i.e., Sporomiella sp., Sordaria sp. and Preussia sp.) have 

been recorded to also grow on decaying plant material which would class them as epiphytic 

(Newcombe et al., 2016) and would subsequently rule out their classification as purely obligate 

taxa. Nevertheless, the composition of herbivore dung should be considered with a significant 

component of the dung being comprised of partly digested plant remnants and so an 

opportunistic nature of coprophilous fungal growth should not be surprising (Perrotti and van 

Asperen, 2019).  

A prevailing requirement of coprophilous fungi lifecycles is passage through the gut of 

an herbivore. Following consumption and subsequent expulsion via herbivore dung, the spores 

can germinate and disperse spores from the dung onto surrounding vegetation. The spores are 

then inadvertently consumed, and the lifecycle begins again (Fig. 5). Several studies have 

discussed a coprophilous fungi and dung substrate relationship that would possibly establish a 

preference of certain species to specific dung types (Richardson, 2001; Mungai et al., 2011; van 

Asperen 2017). Despite all taxa being recognised as cosmopolitan, there is a strong relationship 

surrounding the probability of finding certain fungal species on specific dung types in notable 

abundance (Richardson, 2001).  
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Despite ubiquitous distribution, environmental controls can result in growth limitation or 

enhancement. This is significant as it may imply variations in spore abundance and accumulation 

irrelevant of the local occurrence of herbivores, particularly within sedimentary sequences. 

Nevertheless, this variation can be buffered through analysis of several taxa of coprophiles in 

palynological reconstructions (Perrotti and van Asperen, 2019). Laboratory experiments of 

fungal growth have highlighted that coprophilous ascomycetes are not successful if humidity or 

temperature levels are excessively high or low (Asina et al., 1977). Competition between 

ascomycetes may also result in limited growth of individual genera. Sporormiella was observed 

by Angel and Wicklow (1983) to appear later in the incubation period which may suggest 

outcompeting by other genera that germinate in conditions more favourable to their growth.  

A minimally discussed factor affecting spore reproduction and growth is the presence of 

coprophilous organisms, namely insects. Adults and larvae of several coleoptera of the families 

Figure 2-6 Simplified schematic highlighting the lifecycle of obligate coprophilous 
fungi, in this case, Sporormiella sp. (Perrotti and van Asperen, 2019). 
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Geotrupidae and Scarabaeidae exhibit significant interactions with dung in the warm and wet 

regions of temperate latitudes. Bertone et al. (2005) noted a concomitant reduction in dung beetle 

activity when temperatures dropped below 10oC, during periods of aridity or of heavy rainfall. 

Similarly, it was noted by Wicklow and Yocom (1982) that the presence of fly larvae within 

dung samples reduced the overall diversity of the coprophilous fungi. Others have noted a 

reduction in spore production by up to 68% due to the presence of fly larvae (Lussenhop and 

Wicklow, 1985). We may then consider the seasonal occurrence of these coprophilous 

organisms. In the Czech Republic, flies are recorded to be most abundant in the summer with 

beetles dominating the spring and autumn assemblages. This separation may be attributed to 

competition or temperature tolerance-based factors which in turn can result in seasonal variation 

of insect-dung interactions (Sladecek et al., 2017). These organisms may directly consume the 

dung fungi or can inadvertently reduce dung availability through grazing. This can result in 

fragmentation of the dung, interfere with fungal hyphae (the main structure required for fungal 

growth) and ultimately affect the reproductive pathway of coprophilous fungal spores. 

 

2.4.2 Influence of Catchment Size, Spore Production and Dispersal on Spore Recovery 

 

Unlike mass deposition from the pollen rain, coprophilous spores are produced in 

comparatively small numbers with a resulting lower weighting of the spores in stratigraphic 

records. It is consequently difficult to assess factors influencing the propagation and deposition 

of coprophilous spores with most spore counts representing a statistically insignificant 

proportion of the record. Nevertheless, studies of modern fungal records highlight key issues that 

can be addressed when interpreting megaherbivore presence or absence from the late Quaternary 

(Nyberg and Persson, 2002; Raper and Bush, 2009). 

Spores of coprophilous fungi are recognised in palaeoecological studies as indicators of 

local presence of megaherbivores attributed to their small dispersal radii (Gill et al., 2013). As 

the dung substrate decompose and reduce in size, coprophilous fungi must retain the ability to 

disperse their spores efficiently to a fresher substrate or surrounding vegetation (Graf and 

Chmura, 2006). This is achieved through ballistic discharge (Deacon, 2006) and subsequent 

dispersal by wind, or, by attachment to arthropods (Malloch and Blackwell, 1992). Such methods 

of dispersal are required by the fungi due to the location of the fruiting bodies close to the ground 
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where wind dispersal is less efficient. Gill et al. (2013) carried out an experiment on modern 

bison with a conclusive dispersal radius maximum of 100 m. This subsequently queries the 

ability of coprophilous spores to reach the centre of a lake system and will affect the resulting 

proportion of spores within the pollen record. Dispersal radius appears to remain the key factor 

controlling preservation in the sedimentary record through the ability or inability of spores to 

reach the lake centre.  

It has been recognised by Raper and Bush (2009) that spore percentages remain higher 

within shoreline sediments in comparison to lake centres. Pollen records are typically obtained 

from the lake centre to maximise sediment thickness, reduce shoreline mixing of the sediment 

and reduce time averaging. Hence, cores taken from the lake centre may not provide the best 

representation of megaherbivore presence. Similarly, having previously discussed the short 

dispersal radii of coprophilous fungus, fungal records would be best documented from lakes with 

a smaller surface area or lakes that have large catchment areas susceptible to slope wash. Raczka 

et al (2016) highlighted this spore to distance from shoreline relationship with conclusive 

evidence highlighting a significant decline in Sporormiella percentages towards the lake centre, 

even within a controlled environment with high cattle use (Fig. 6). Overall, there is clearly an 

inverse relationship between distance from dispersal source and spore recovery. As distance 

towards the lake centre increases, spore recovery decreases. As such, reconstructions of 

megaherbivore presence and abundance should consider the position of the palaeoshoreline and 

palaeostreams that could have altered spore transport when collecting a sediment core. 
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2.4.3 Taxonomy and Related Issues 

 

Several studies have tested the ability of coprophilous fungi to be accurate proxies for 

megaherbivore presence (Davis and Shafer, 2006; Raper and Bush, 2009; Feranec et al. 2011; 

Baker et al., 2013) as there is much debate surrounding taxonomic identification of fungal spores 

and relative quantification of data within Quaternary records (Woods and Wilmhurst, 2013). 

Fungal taxa remain almost impossible to identify to species level, with concerns even to genus, 

due to a loss of key characteristics such as the hyaline spore appendages which are required for 

full identification (van Geel et al., 2007). Some species of Podospora have very similar sized 

pores but differ in having asci with varying numbers of individual ascospores; 8 remains typical, 

but there are 4, 16, 32, 64 spored asci. There are also variations in perithecal characters such as 

wall structure, hairy or not, and unique ostiolar appendages; all which contribute to identification 

issues of even modern assemblages (M. Richardson, pers. comm., 2018). The same applies for 

the widely utilised Sporormiella sp. with variations in spore length. Through taphonomic 

processes, Sporormiella ascospores become disarticulated and make discerning the original 

number of cells impossible; a feature required for species identification. However, Baker et al. 

(2013) discussed the importance of noting the ratio between distal and proximal cells of 

Sporormiella. Typically containing two of each, as it may reduce confusion with the 

Figure 2-7 Percentage Sporormiella with distance from shoreline and variation in 
surrounding pasture grazing intensity. H = High cattle use; M = Medium cattle use; L = Low 
cattle use (Raczka et al., 2016). 
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taxonomically similar group Spormia sp. that typically consist of 16 or 32 cells. Therefore, a 

ratio close to one would suggest Sporormiella rather than Spormia, for example.  

Substrate preference can be specific to certain species of coprophilous fungus. Several 

taxa are thought to be exclusive to cervids, lagomorphs and rodents (among other groups) that 

can help fungi serve as a proxy for certain animal species (Cain et al., 1974). However, few 

studies have focused on applying this relationship to Late Quaternary mammalian groups due to 

an overriding lack of understanding of fungal ecology through time and the inability to identify 

spores to species level. Due to a consistent loss of characteristics required for fungal taxonomy, 

it is unlikely that taxa specific conclusions can be obtained from spores preserved in Late 

Quaternary sediments. However, the occurrence of coprophilous spores, namely Sporormiella sp. 

is still regarded as a reliable indicator for local megaherbivore presence and results pertaining to 

the specific animals is best obtained through multi-proxy analysis with techniques such as 

sedimentary ancient DNA (sedaDNA) (Graham et al., 2016). 

 

2.4.4 Application in Quaternary Studies 

 

Studies aiming to temporally constrain the extinction of megaherbivores in North 

America have previously relied on the dating of palaeontological remains. However, in lieu of 

such remains, palynological studies are becoming standard procedure in order to reconstruct both 

the climate and environment of a given region. The application of coprophilous fungi as a proxy 

for megaherbivore presence has similarly seen a notable increase in recent decades with a global 

focus on the easy to identify and often numerous Sporormiella sp. preserved within lake 

sediments and peat bogs, first noted by Davis (1987). Nonetheless, Podospora, Cercophora, 

Sordaria, Gelasinospora and Delitschia-type. have also proven to be reliable proxies and can be 

expected in Pleistocene and Holocene material (van Geel et al., 2007). Perrotti (2018) analysed 

two cores from an archaeological site in Florida, covering the Pleistocene-Holocene transition. 

By 12,700 cal BP, there is a complete absence of Sporormiella, which is temporally consistent 

with terminal Pleistocene megafauna extinctions elsewhere in North America. However, there is 

an unusual resurgence of Sporormiella between 10,750-10,200 cal BP which was interpreted as 

an Early Holocene incursion of extant megaherbivore populations such as Bison bison, as it 

postdates the period of extinction. If this secondary increase in Sporormiella truly represents a 
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post-extinction resurgence of large herbivore populations, it is surprising that the question of a 

refugium has not been assessed. This may be countered by the known historic distribution of B. 

bison which reaches 450 km south of Page-Ladson (Rostlund, 1960), but without remains dating 

the species to at least 10,000 cal BP, it is difficult to draw this conclusion. Nevertheless, absence 

of Sporormiella at Page-Ladson presents a time-equivalent marker of herbivore extinctions 

which correlates with numerous sites around North America.  

Several populations of woolly mammoth survived in refugia on Beringian islands such as 

St. Paul Island into the Holocene, several thousand years after extinctions of mainland 

populations (Guthrie, 2004). Graham et al. (2016) conducted a multidisciplinary study on St. 

Paul Island, highlighting five independent indicators of extinction of which one was the 

coprophilous fungal spores Sporormiella, Sordaria and Podospora. Due to the multiproxy nature 

of the study, the authors could confidently attribute the presence of the coprophilous fungi to the 

occurrence of mammoths. This was verified through the presence of mammoth sedaDNA 

occurring temporally with the fungal taxa and numerous bone assemblages occurring at similar 

depths. Magnetic susceptibility values around the proposed extinction period highlight a 

reduction in watershed erosion. In conjunction with a decline in both diatoms and pelagic 

cladocerans, it becomes apparent that the extinction event occurred as a result of a reduction in 

fresh-water availability on the island. Multiproxy studies that utilise a number of sensitive 

palaeoecological indicators in conjunction with robust dating techniques create the basis for a 

study that can confidently attribute coprophilous spores to a megaherbivore origin. 

To validate the use of coprophilous fungi as a proxy for past herbivore abundance further 

studies regarding taxonomic identification, spore taphonomy and finally the mechanisms for 

spore dispersal during the Late Quaternary are required. Modern analogues are needed to 

understand spore-dung preference for given species in order to calibrate herbivore abundance, 

but the plausibility of this depends on the ability of identifiable characteristics to be preserved 

over time. Coprohilous fungi are best utilised as part of a multiproxy study from which several 

proxies can verify patterns, both temporally and spatially of megaherbivore populations.  
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3.1 Abstract 

 The Pleistocene-Holocene transition is a long-recognised feature of North American 

megafaunal loss. One major challenge of reconstructing megaherbivore dynamics at this 

transition is the scarcity of skeletal remains. Subsequently, the spores of coprophilous fungi 

preserved in lake sediments have been shown to successfully indicate the presence of 

megaherbivore populations. This study presents the first multiproxy analysis from Yukon 

Territory combing coprophilous fungi and pollen records from Gravel Lake (ca. 15 000 – 9400 

cal yr BP) with radiocarbon dated megaherbivore remains from East Beringia spanning the last 

25 000 years. A decline in spores of Sporomiella, Sordaria, Cercophora, Delitschia, 

Gelasinospora and Coniochaeta from Gravel Lake indicate the local extirpation of 

megaherbivores at ca. 11 000 – 10 400 cal yr BP. Bone records concur with this conclusion with 

the exception of mammoth and horse populations that are lost from the record 2000 years earlier 

at ca. 13 000 cal yr BP when palynological assemblages indicate some of the last environments 

contiguous with the mammoth steppe in this region. The remaining taxa (bison, caribou, elk, 

moose and muskox) are all extant in Yukon Territory indicating the reestablishment of their 

populations despite dramatic restructuring of northern ecosystems at the end of the Pleistocene. 
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3.2 Introduction 

The Pleistocene-Holocene transition in East Beringia was marked by the considerable 

restructuring of both faunal and floral communities in response to climatic warming and the 

subsequent loss of ecosystems such as the mammoth steppe (Guthrie, 2013). The mammoth 

steppe, which during the Last Glacial Maximum (LGM) represented the planet’s largest biome, 

was almost entirely lost with the onset of the warmer and wetter Holocene Epoch (Guthrie, 2001; 

Schirrmeister et al., 2002; Zimov et al., 2012). The mammoth steppe was replaced by modern 

tundra, taiga, and steppe belts and resulted in the extinction of over 35 genera of Pleistocene 

megafauna in North America (Faith and Surovell, 2009). The causal factors leading to loss of the 

mammoth steppe and ultimately the Pleistocene megafaunal extinctions are still contentious with 

climatically induced change (Guthrie, 2001) or over-hunting by humans resulting in the loss of 

keystone species (Nogués-Bravo et al., 2008; Zimov et al., 2012) remaining as the key 

arguments.  

Analysis of Late Quaternary megafauna in North America, particularly east Beringia, has 

focused on radiocarbon dates of skeletal material and increasingly frequently, aDNA from 

preserved permafrost specimens (Haile et al., 2009; Orlando et al., 2011; Pederson et al., 2015) 

However, in lieu of such material, palynological studies can be applied to temporally constrain 

North American megaherbivore extinctions by tracking long-term trends of pollen and 

coprophilous fungi preserved in lake sediments (Davis, 1987). Although the modern mycological 

literature identifies numerous coprophilous taxa, Sporormiella has been considered as one of the 

few that is wholly obligate to a dung substrate and thus has become a standard taxon for 

reconstructing the presence or absence of megaherbivores in Quaternary studies (Gill et al., 

2009; Baker et al., 2013; Wood and Wilmshurst, 2013). The ascospores of coprophilous fungi 

sporulating on dung are released through ballistic discharge in gelatinous sheaths to encourage 

attachment to surrounding vegetation (Krug et al., 2004). These ascospores are then 

inadvertently consumed by herbivores, pass through the digestive tract, and complete their 

lifecycle once defecated out (Perrotti and van Asperen, 2019). Subsequently, obligate 

coprophilous taxa requires passage through the gut of an herbivore to complete the lifecycle. 

Analysis of Sporomiella from lake sediments has been shown to be a successful indicator of 

megaherbivore presence whereas Sordaria, Cercophora, Podospora, Delitschia, Gelasinospora 

and Coniochaeta have seen intermittent success in Pleistocene to Holocene material (van Geel et 
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al., 2007; Johnson et al., 2015; Graham et al., 2016). Although often described as obligate to 

dung, all of these taxa have also been shown to sporulate successfully following incubation on a 

non-dung substrate (Gelorini et al., 2012; Newcombe et al., 2016; Goethals and Verschuren, 

2019; Richardson, pers. comms). All of the named taxa have been recorded from modern 

herbivore dung, but Richardson (2001) notes that there is a distinctive latitudinal gradient in 

spore diversity with lower latitudes producing a greater species richness. This may account for 

the lack of several coprophilous genera from northern localities, particularly Ascobolus and 

Saccobolus, that are consistently recorded from modern dung but are yet to be recorded from 

Quaternary sediments.  

Addressing the above issues, adopting a single proxy analysis approach of using 

coprophilous fungi as a record of past megaherbivore populations is unlikely to be successful. 

Instead, we aim to highlight the success of coprophilous taxa as indicators of megaherbivore 

abundance from Quaternary sediments by combining records of coprophilous fungi with 

radiocarbon-dated skeletal material. The objectives of this study are as follows: 

I. To identify the timing of extirpation of large herbivores from central Yukon Territory by 

combining records of Sporormiella and radiocarbon-dated megaherbivore remains. 

II. To assess the potential of coprophilous fungi other than Sporormiella to successfully 

record the extirpation of megaherbivores from the landscape. 

 

3.3 Study Site 

 
Gravel Lake is located in the Boreal Cordillera of the central Yukon Territory (Fig. 3.1), 

approximately 80 km southeast of Dawson City along the Klondike Highway and was sampled 

in April 2017. Gravel Lake (63o48’34.6” N, 137o 53’38.6” W) is situated at ~630 m as.l with a 

water depth of at least 3.5 m, has a surface area of ~40 ha and is typically a closed basin system 

linked only by several ephemeral streams.  

Gravel Lake is located in the low-lying valleys of Yukon Plateau-North ecoregion within 

the Boreal Cordillera ecozone. Yukon Plateau-North is the largest ecoregion within the province 

and contains deposits recording at least seven Pleistocene glaciations (Smith et al., 2004). The 

central Yukon Territory was glaciated by the Cordilleran Ice Sheet, but the study lake is situated 

within pre-Reid age glacial deposits which imply ice free conditions as early as 200 000 yr BP 
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(Bond, 2004). The underlying geology is dominated by metasedimentary rocks of the Selwyn 

Basin, a fault-controlled epicratonic basin that formed in response to subsidence accompanying 

extension of the continental margin of northwestern Canada during the early Palaeozoic 

(Goodfellow and Jonasson, 1984; Smith et al., 2004). 

Climate records from the last 30 years indicate that precipitation in Yukon Plateau-North 

ecoregion typically varies from 300 mm to 600 mm per year, with July and August being the 

wettest months (Environment Canada, 2020). There is an increase in precipitation moving west 

to east due to upslope conditions on the high terrains and elimination of rain shadow influence 

along the Tintina Trench (Smith et al., 2004). The region has an average annual temperature of -

5°C, however, strong seasonal variation occurs due to small changes in elevation. Temperature 

inversions occur in this region with mean winter temperatures ranging from -30°C in the valleys 

to above -20°C on topographic highs (Smith et al., 2004). These inversions are likely facilitated 

by the maintenance of anticyclonic conditions by the Saint Elias barrier (Burn 1993). Vegetation 

of Yukon Plateau-North ecoregion ranges from boreal to alpine with the northern boreal forest 

reaching elevations of up to 1,500 m (Smith et al., 2004). Above this elevation, herbaceous shrub 

tundra consisting of dwarf willows (Salix spp.), Ericaeae and lichen are dominant. Low lying 

areas of the ecoregion are dominated by the boreal zone and consist mainly of the conifers such 

as black spruce (Picea mariana), white spruce (Picea glauca) and more infrequently, lodgepole 

pine (Pinus contorta) and subalpine fir (Abies lasiocarpa) (McCoy and Burns, 2005). Hardwood 

taxa include birch (Betula spp.), and disturbed sites are often colonised by trembling aspen 

(Populus tremuloides) and balsam poplar (Populus balsamifera) (Smith et al., 2004). 

 

3.4 Methodology 

3.4.1 Sediment cores, pollen and coprophilous fungi 
 

Using a vibracorer, a 2.23 m was recovered from Gravel Lake (Fig. 3.1) in April 2017. A 

multi-proxy analysis was used for this study to investigate the environmental response associated 

with the extirpation of megaherbivores from the central Yukon Territory at the end of the 

Pleistocene. The core is housed at the University of Alberta and was sub-sampled at contiguous 1 

cm intervals for analysis of pollen and non-pollen palynomorphs. Whole core loss-on-ignition 

(LOI) records were established at 1 cm intervals alongside the non-destructive analysis of 
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magnetic susceptibility using a Bartington MS3 magnetic susceptibility system and a MS2B 

sensor. 

Analysis of subfossil pollen and coprophilous fungi was initially conducted at 5 cm intervals 

with areas of interest examined at 1 cm resolution to reconstruct past changes in vegetation and 

the presence of megaherbivores. Palynological methods followed slightly modified procedures of 

Faegri et al. (1989). Each 1 cm3 sample was spiked with two Lycopodium spore tablets of known 

quantity (Batch Number: 483216; 18,582 spores per tablet ± 3,820) before processing to allow 

calculations of pollen, stomata and coprophilous fungi concentrations. Sediment was processed 

with 10% hydrochloric acid, 10% potassium hydroxide, 50% hydrofluoric acid, acetolysis (10:1 

acetic anhydride: concentrated sulphuric acid), dehydrated using 95% ethyl alcohol and tert-

butanol and mounted in silicone oil. Several samples containing excessive amorphous organic 

material received a secondary KOH bath following acetolysis to reduce clumping of the residue. 

A minimum sum of 300 pollen grains were counted for each subsample using a Nikon Eclipse 

80i microscope at 400 x magnification. Pollen was identified using reference collections held at 

the Brock University Water and Environment Laboratory and dichotomous keys of (McAndrews 

et al., 1973; Bassett et al., 1978). Grains of Picea mariana and P. glauca were differentiated 

where possible using the methods described in Hansen and Engstrom (1985), but they are 

combined in total counts for the purpose of this study. To reconstruct the presence of 

megaherbivores, coprophilous fungi were identified using published material from van Geel et 

al. (2003), van Geel and Aptroot (2006), Perrotti and van Asperen (2019), van Asperen et al., 

(2020) and Schlütz and Shumilovskikh (2017). Sporormiella, Sordaria, Podospora, Cercophora, 

Delitschia, Gelasinospora and Coniochaeta ascospores were identified in all samples to test their 

reliability as indicators of megaherbivore presence. Chronology was established by wiggle 

matching the LOI record from Gravel Lake with the GISP2 ice core (Grootes and Stuvier, 1997) 

and with a single bulk sediment radiocarbon date from the base of the core dated to 14 475 ± 798 

cal yr BP. 
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Figure 3-1 Map of Canada showing Gravel Lake located in the central Yukon 
Territory. Map data provided from Natural Earth. 
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3.4.2 Megaherbivore Radiocarbon Records 
 
 A database of radiocarbon dated megafaunal remains from Alaska and Yukon Territory 

was compiled for the last 25 000 calibrated radiocarbon years to cover populations prior to and 

after the end Pleistocene megafaunal extinctions. Conroy et al. (2020) assembled 430 Alaskan 

records that are used in this study. Yukon and Alaska records were compiled from the published 

works of Harington and Clulow (1973), Harington (1977, 1980, 1989, 2011), Harington and 

Morlan (1992, 2002), Harington et al. (1997) Guthrie (2006), Fox-Dobbs et al. (2008), Debruyne 

et al. (2008), Campos et al. (2010), Lorenzen et al. (2011), Mann et al. (2013), Meiri et al. 

(2014), Martindale et al. (2016) and Zazula et al. (2017). This database includes the remains of 

the following taxa: bison (Bison), caribou (Rangifer), elk (Cervus canadensis), horse (Equus), 

mammoth (Mammuthus), moose (Alces) and tundra muskox (Ovibos). All dates were calibrated 

using IntCal13 (Reimer et al., 2013) and are presented as calibrated years before the present (cal 

yr BP). 

 

3.5 Results 

3.5.1 Gravel Lake- Chronology 

 
 A radiocarbon date of 12 160 ± 530 14C yr BP was acquired from the core catch material 

of Gravel Lake. The large error associated with this date is probably related to the small sample 

size of 0.019 mg C. This was calibrated using the IntCal13 calibration curve (Reimer et al., 

2013) to give a date of 14 475 ± 798 cal yr BP. The rest of the core is chronologically 

constrained by correlation of the LOI record with the oxygen isotope records of the GISP2 ice 

core (Fig. 3.2) (Grootes and Stuvier, 1997). An average sedimentation rate of ~ 61 yr cm-1 was 

calculated and therefore, the section of the sediment core from Gravel Lake used in this study is 

estimated to provide a continuous record from ca. 15 000 cal yr BP to ca. 9400 cal yr BP. 
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Figure 3-2 Chronological correlation between the GISP2 oxygen isotope record and the 
full 2.2 m Gravel Lake loss-on-ignition (LOI) record. The LOI record from 124 to 0 cm 
(shaded grey) does not contain correlatable horizons. GISP2 record adapted from 
Grootes and Stuiver (1997). 
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3.5.2 Sporomorph Record 
 

Constrained cluster analysis of pollen data from Gravel Lake was completed in Tilia 

(Grimm, 1991) and identified 5 zones from the late Pleistocene (ca. 15 000 cal yr BP) to the 

early Holocene (ca. 9400 cal yr BP) (Figures 3.3 and 3.4). These zones are summarised as 

follows. 

 

Zone 1: ca. 15 000 to 14 500 cal yr BP (215 – 206 cm) Zone 1 is dominated by shrub Betula 

accounting for up to 85% of the pollen rain, the highest relative abundance that this taxon 

reaches throughout the entire record. This sample also records the lowest values of pollen 

concentration from the Gravel Lake record. Salix pollen is also present and accounts for up to 

10% of the pollen assemblage in this zone. The relative abundance of Picea is very low, < 3%, 

but rapidly increases with the transition from pollen zone 1 to 2. Upland herbs (dominated by 

Artemisia pollen) reach their peak abundance of ~60% in the lowermost sample. There are no 

stomates present in zone 1. Fungi are first represented at 210 cm (ca. 14 800 cal yr BP) by spores 

of Sordaria and Delitschia followed immediately by the first and most abundant records of 

Sporormiella at 209 cm in the core. 

 

Zone 2: ca. 14 500 to 12 800 cal yr BP (205 – 180 cm) Zone 2 is marked by the decline of 

Betula pollen from 80% to ~15% and increase of Picea pollen from ~3% in zone 1 to a high of 

~80% in zone 2. Total pollen concentrations also decrease at this time concomitantly with LOI 

values as organic content of the sediment decreases from ~60% at 204 cm to a low of ~6% at 198 

cm. Picea pollen reaches maximum relative abundance throughout the record with 

concentrations up to ~550 000 grains/ml. Stomates of Picea first appear in zone 2, confirming 

the establishment of Picea around Gravel Lake. Relative abundances of Ericaceae and Alnus 

pollen remain very low, < 2%, and Salix pollen ranges from ~2% to ~10% throughout zone 2. 

Pinus pollen first appears in this zone, but its relative abundance remains low (< 3%). Early in 

zone 2, pollen and spores of aquatic taxa reach their highest relative abundances recorded from 

Gravel Lake. Fungal spores, particularly Sporormiella, remain at constantly low relative 

abundances of < 5% during zone 2. 
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Zone 3: ca. 12 800 to 11 000 cal yr BP (179 – 153 cm) Betula pollen increases to ~65-70% to 

become the dominant pollen type in zone 3 as the relative abundance of Picea pollen declines 

from ~70% to ~40% with the onset of the Younger Dryas. Picea stomates remain present and 

Pinus, Alnus and Ericaceae pollen abundance remain at consistently low levels of < 5%. Pollen 

concentrations are considerably lower in the first half of this zone coinciding with the decrease in 

organic content from ~40% to ~5%. Fungi relative abundances reach their highest values of 

~10% at the start of zone 3 and slowly decline to < 2% towards the top of the zone. Sporormiella 

continues to be present throughout zone 3. 

 

Zone 4: ca. 11 000 to 10 200 cal yr BP (152 – 138 cm) Zone 4 is characterised by the increase 

of Alnus pollen from < 4% to ~10% of the total pollen rain. Both Picea and Betula pollen remain 

consistent throughout this zone with only slight decreases in abundance to ~30% and ~60% 

respectively. A single Picea stomate was recorded from zone 4. Pinus pollen abundance 

increases but remains at low relative abundances of ~5%. This zone is also characterised by a 

decline in fungi with complete loss of fungal spores at the top of zone 4. Sporormiella last 

appears at the base of this zone at 151 cm (ca. 11 000 cal yr BP).  

 

Zone 5: ca. 10 200 to 9400 cal yr BP (137 – 124 cm) Relative abundance of Betula pollen 

declines by to ~ 40% and Picea relative abundance increases to ~40% at the onset of zone 5. No 

Picea stomata are recorded from this zone. Overall, the relative abundance of pollen of the 

remaining taxa are consistent throughout zone 5 with exception of a decline in the relative 

abundance of upland herb pollen to < 3% at the top of the zone. Fungal spores are absent from 

zone 5. 
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Figure 3-3 Palynological summary of the sediment core from Gravel Lake. Relative abundance (%) was calculated based on the sum of all pollen taxa, 
excluding aquatic taxa (minimum of 300 grains with the exception of the basal sample), and Picea stomata and Sporormiella spores are shown as presence or 
absence. CONISS (Grimm, 1987) determined 5 pollen zones. Loss on ignition (LOI) is correlated with oxygen isotope data of the GISP2 core (Grootes and 
Stuiver, 1997) to establish an approximate chronology. The proposed period of extirpation of megaherbivores from the central Yukon Territory is denoted in 
yellow between 150 and 140 cm, ca. 11 000 – 10 400 cal yr BP.  
LOI (loss-on-ignition), MS (magnetic susceptibility), UPHE (upland herbs), AQVP (aquatic vascular plants) and YD (Younger Dryas). 
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Figure 3-4 Diagram of pollen and fungal spore concentrations from Gravel Lake as calculated relative to Lycopodium clavatum spores added during sample 
processing. Values are represented as grains per cm3 of wet sediment. CONISS (Grimm, 1987) (based on relative abundances) determined 5 pollen zones. Loss-
on-ignition records from Gravel Lake were compared to oxygen isotope records from the GISP2 ice core (Groote and Stuiver, 1997) to establish an approximate 
chronology in lieu of datable material from the lake sediments. The proposed period of extirpation of megaherbivores from the central Yukon Territory is denoted 
in yellow between 150 and 140 cm depth, ca. 11 000 – 10 400 cal yr BP. 
LOI (loss-on-ignition), MS (magnetic susceptibility), UPHE (upland herbs), AQVP (aquatic vascular plants) and YD (Younger Dryas). 
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3.5.3 Coprophilous Fungi 
 

At Gravel Lake, a more detailed analysis (Fig. 3.5; Table 3.1) of the 7 coprophilous taxa 

revealed that Sordaria was most abundant with 102 spores occurring in 38 of the 68 samples and 

Podospora representing the least abundant taxon with only 6 individuals spores identified from 

the core. Delitschia and Gelasinospora are the second and third most abundant taxa with 62 

spores in 33 samples and 43 spores in 19 samples, respectively. Sporormiella counts are 

relatively low with only 21 spores present in less than a third of the samples. Despite this, there 

is still a distinctive decline to zero in the total abundance of spores after the extirpation zone with 

the last spores recorded at 140 cm depth (ca. 10 400 cal yr BP). 

 

 

 

 

 

 

Taxon Total 
spores 

counted 

Number 
of samples 
containing 

spores 

First 
Appearance 

(cm) 

First 
Appearance 
(cal yr BP) 

Last 
Appearance 

(cm) 

Last 
Appearance 
(cal yr BP) 

Sporormiella 31 22 209 ca.14 800 151 ca.11 000 

Sordaria 102 38 210 ca.14 850 144 ca.10 600 

Podospora 6 6 208 ca.14 750 165 ca.11 850 

Cercophora 29 22 209 ca.14 800 143 ca.10 550 

Delitschia 62 33 210 ca.14 850 141 ca.10 450 

Gelasinospora 43 19 210 ca.14 850 150 ca. 10 950 

Coniochaeta 37 20 209 ca.14 800 140 ca. 10 400 

Table 3.1 – Summary of spore counts in 68 samples from the Gravel Lake core. 
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Figure 3-5 Diagram of coprophilous spore concentrations (spores/ml). The yellow horizon denotes the proposed period of 
megaherbivore extirpation (with the exception of mammoths and horses that are lost prior to this horizon). 
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3.5.4 Late Pleistocene – present Yukon Territory and Alaska mammal records  

A total of 609 calibrated radiocarbon dates of mammal remains from Alaska and Yukon 

Territory spanning the last 25 000 years are presented in Figure 3.7. Bison, Rangifer, Cervus, 

Equus, Mammuthus, Alces and Ovibos are analysed for this study, with dates were calibrated 

using IntCal13 (Reimer et al., 2013). 

 

Yukon Territory 

A total of 179 dates from Yukon Territory were collated from previously published work 

(Harington, 1977, 1980, 1989, 2011; Harington and Clulow, 1973; Harington and Morlan, 1992, 

2002; Harington et al., 1997; Guthrie, 2006; Debruyne et al, 2008; Fox-Dobbs et al., 2008; 

Zazula et al., 2017). Rangifer remains are the most numerous (n=57), followed by Bison (n=41), 

Equus (n=24), Mammuthus (n=21), Alces (n=15), Ovibos (n=14) and Cervus (n=7). Rangifer 

remains are predominantly recovered from mid to late Holocene localities in southwest and 

northwest Yukon Territory. The first stable Bison population appears between ca. 16 000 – 13 

000 cal yr BP with a second occurring between 4000 – 1000 cal yr BP. Only sporadic records of 

Bison exist at the Pleistocene-Holocene transition and into the early Holocene. Taxonomic 

a b
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Figure 3-6 Coprophilous taxa identified from Gravel Lake. a. Sporormiella; b. Sordaria; c. Podospora; d. 
Cercophora; e. Delitschia; f. Gelasinospora; g. Coniochaeta. Scale bar is 20 µm. 
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ambiguity of Holocene bison renders identification only to genus for most skeletal records 

(Stephenson et al., 2001). However, few individuals of extant American bison (Bison bison) and 

the subspecies, wood bison (Bison bison athabascae) have been identified alongside the extinct 

steppe bison (Bison priscus) from Yukon Territory. Now extinct, native horse taxa such as 

Yukon horse (Equus lambei) were present throughout the late Pleistocene in eastern Beringia and 

were last recorded from Yukon Territory at ca. 15 500 cal yr BP. Radiocarbon records of 

mammoths (Mammuthus sp.) from Yukon Territory are consistent throughout Pleistocene 

deposits with several species identified, including the woolly mammoth (M. primigenius), the 

steppe mammoth (M. trogontherii), Columbian mammoth (Mammuthus columbi) and early 

Pleistocene records of the southern mammoth (M. meridionalis) (Harington, 2011). In the last 25 

000 years, only M. primigenius is recorded at taxonomically distinctive resolution, with the 

overall population of mammoths disappearing from the record at ca. 14 000 cal yr BP. Alces 

records become more abundant in the Holocene with only 2 records of this taxa recorded from 

Yukon Territory between ca. 25 000 – 13 500 cal yr BP. Populations remain extant within the 

Territory and are often represented by the Yukon moose subspecies, A. alces gigas 

(Hundertmark et al., 2003). Remains of Cervus and Ovibos are sporadic in palaeontological 

records from Yukon Territory, however, both taxa occur in Canada’s modern northern 

ecosystems. 

 

Alaska 

A total of 430 dates of fossil remains from Alaska were obtained from a dataset compiled 

by Conroy et al. (2020). Equus remains are the most numerous (n=101), followed by Alces 

(n=88), Mammuthus (n=75), Cervus (n=66), Bison (n=48), Rangifer (n=39) and Ovibos (n=13). 

Equus records represent almost 25% of the faunal record from Alaska, predominantly recovered 

from the interior (Fairbanks) and northern Alaska (North Slope). Similar to the Yukon records, 

Equus remains are absent from the Holocene but indicate stable presence from ca. 25 000 cal yr 

BP until extinction at ca. 13 000 cal yr BP. A similar record is seen for Mammuthus remains that 

are far more numerous from Alaskan localities than those from Yukon Territory. Populations 

appear to be stable until extinction at ca. 13 000 cal yr BP when the last mainland populations 

have been recorded. Stable populations of browsing Alces appear to replace grazing taxa such as 

Mammuthus and Equus from Alaska following the extinction just prior to the Pleistocene-
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Holocene transition. Records of this taxon first appear at ca. 14 000 cal yr BP and continue to 

present day. Records of Bison and Cervus indicate stable populations until the end Pleistocene 

extinctions where skeletal remain become scarce. The fossil record indicates the recovery of both 

taxa during the Holocene, but not to numbers documented from the late Pleistocene. The first 

records of Rangifer occur at ca. 24 500 cal yr BP and occur sporadically until initial 

disappearance at ca. 14 500 cal yr BP. Populations briefly reappear after the Pleistocene-

Holocene transition but are mostly absent from ca. 8500 – 3500 cal yr BP when they finally 

become stable with populations still extant in Alaska today. Ovibos is the most underrepresented 

taxon from Alaska with only 13 records predominantly occurring in northern localities of the 

state. Records of this taxon are sporadic throughout the Pleistocene and early to mid Holocene, 

with 8 of the 13 records dated to the last 1000 cal yr BP. 
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Figure 3-7 Records of megaherbivores from Alaska and Yukon Territory over the last ca. 25 000 cal yr 
BP. Bison, Rangifer, Cervus, Alces and Ovibos are extant in Yukon Territory (highlighted in green). The 
area in yellow denotes the proposed period of megaherbivore extirpation as determined from the Gravel 
Lake coprophilous fungi records. 
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3.6 Discussion 

3.6.1 Timing of Extirpation and Spruce Refugia 
 

The main objective of this study was to identify the extirpation of megaherbivores from 

Yukon Territory at the end of the Pleistocene by combining records of pollen and coprophilous 

fungi preserved in lake sediment (Gravel Lake) with radiocarbon-dated megaherbivore remains. 

A secondary objective was to assess which of the coprophilous fungi other than Sporormiella 

provide a reliable record of megaherbivore presence. 

Pollen data at the base of the core (ca. 15 000 - 14 500 cal yr BP) is dominated by upland 

herbaceous taxa, particularly Artemisia and grasses, together with shrub willow. Birch comprises 

~30% relative abundance and the highest counts of steppe indicator taxa such as chenopods 

(Chytrý et al., 2019), appear in this zone. With very low pollen concentrations at this depth, 

vegetation cover was likely open and contiguous with the mammoth steppe biome. The 

vegetation represented by pollen in this basal zone would have fulfilled the grazing needs of 

large herbivorous taxa such as the woolly mammoth and Yukon horse (Guthrie, 1982; Harington, 

2002) and likely presents some of the last environments suitable for their survival in the central 

Yukon Territory prior to their extinction at ca. 14 000 cal yr BP. The remainder of zone 1 

indicates the development of subarctic shrub birch tundra with a climate drier and colder than 

present. Low organic content at the start of this zone suggests sparse vegetation cover and low 

within-lake productivity with a gradual increase in organics as the climate ameliorated and 

vegetation change occurred during the transition to zone 2. 

The dominance of birch was subsequently reduced by an influx of spruce pollen in zone 2 

and the first occurrences of spruce stomata, indicating their local presence by ~14 000 cal yr BP, 

almost 4000 years prior to records from both the north and southwest Yukon Territory (Cwynar, 

1982; Lacourse and Gajewski, 2000; Prince et al., 2018). The possibility of spruce refugia in the 

unglaciated Yukon Territory is not a new concept and several studies exploring macrofossil 

remains and chloroplast DNA from east Beringia have discussed the survival of this taxon 

through Marine Isotope Stage 2 (ca. 25 000 to 10 000 14C yr BP) (Zazula et al., 2006; Anderson 

et al., 2006; Anderson et al., 2011). However, there has been little evidence to date to support the 

occurrence of spruce during the last glacial maximum (LGM) from pollen records as spruce 

typically reappears at ca. 10 000 cal yr BP. The preservation of long-distance transported 

bissacate conifer pollen is common in lake sediments and some records contain evidence of 
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pollen that has travelled up to 3000 km from the host tree (Campbell et al., 1999). At Gravel 

Lake, no macrofossils were recovered but the presence of spruce stomata is indicative of local 

growth (MacDonald, 2002) and negates the likelihood that the rise in spruce pollen simply 

represents regional occurrence of the taxon. This may suggest the survival of a stunted 

population of spruce in east Beringia similar to the krummholz (shrub-form) trees found at 

treelines (MacDonald et al., 1998) in comparison to the upright growth forms typical of Yukon 

Territory today. Anderson et al. (2006) identified refugia of white spruce (Picea glauca) in 

Alaska during the last glacial maximum (25 000 – 17 000 years ago) through the comparison of 

genetic material derived from 24 forest stands across northwestern North America. A majority of 

the Alaskan DNA haplotypes are unique to the region which indicate the long-term survival of 

these populations rather than the rapid migration from the south following retreat of the 

Laurentide Ice Sheet. It is therefore possible that the Gravel Lake spruce record indicates the 

intraregional expansion of spruce populations from east Beringian refugium as climatic warming 

was initiating. Bennett and Parducci (2006) report the successful extraction of aDNA haplotypes 

from Holocene Scots pine (Pinus sylvestris) and application of this technique could be used to 

confirm the geographic origin of Gravel Lake spruce pollen.  

 By roughly 12 900 cal yr BP, the start of the Younger Dryas (YD) climatic reversal 

(Alley, 2000) is reflected in Gravel Lake by a decrease in organics to ~10% and the sparsity of 

vegetation cover as indicated by a drop in pollen concentration for all taxa between ~170 and 

180 cm (Fig 3.4). Fungal records appear to be particularly low during this zone as megaherbivore 

populations decline in response to YD climatic cooling, but, samples at 173 and 174 cm depth 

represent the transition between two core sections from Gravel Lake and sediment was lost. At 

the end of the YD and as conditions began to warm out of this stadial, spruce pollen abundance 

declines to 40% relative abundance and birch pollen increases to dominate the rest of the pollen 

record at 50-60% of the pollen sum. Concomitantly, a post-YD surge in fungal abundance gives 

way to gradual decline towards pollen zone 4 at ca. 11 000 cal yr BP with the onset of the 

Holocene epoch in the central Yukon Territory. This horizon (140 – 150 cm; Fig. 3.3 and 3.4) is 

defined as the period of extirpation recorded from Gravel Lake sediments identified 

predominantly by the loss of coprophilous fungi at ca. 11 050 – 10 750 cal yr BP. Climatic 

warming is the likely cause of extirpation at this locality as indicated by an increase in sediment 
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organic content to ~50% and the expansion of shrub tundra, typical of the warmer conditions 

associated with the Holocene Epoch. 

 

3.6.2 Coprophilous Fungi Record 
 
 Of the 68 samples analysed from Gravel Lake, 53 contained coprophilous fungi. 

Sporormiella is considered to be the most reliable taxon in Quaternary studies (Gill et al., 2009; 

Baker et al., 2013; Wood and Wilmshurst, 2013) for reconstructing the presence of 

megaherbivores, but results from this study indicate that Sordaria, Cercophora, Delitschia, 

Gelasinospora and Coniochaeta may also track changes in megaherbivore populations. Overall, 

counting the complimentary coprophilous taxa triples the number of samples preserving spores.  

Sporormiella cells are typically ≤ 10 µm in length at Gravel Lake and are half the size of taxa 

such as Sordaria, Podospora, Delitschia and Gelasinospora that have average spore lengths of 

20 µm. Subsequently, Sporormiella counts could be missed when amorphous organic material 

obscures the slide. It can therefore be difficult to assess whether samples with no Sporormiella 

indicate a lack of megaherbivores locally or whether the spores are simply being missed during 

slide counts. If spore size is a factor influencing spore counts, Etienne and Jouffroy-Bapicot 

(2014) suggest increasing the number of exotic markers counted to increase sampling size 

irrelevant of the pollen sum. However, megaherbivore abundance is not the only factor 

governing the growth and propagation of coprophilous fungi. There is still contention regarding 

how taxonomic identification, palynological processing, moisture availability, insect larvae, 

palaeohydrological conditions and spore dispersal can affect the preservation, detection and 

interpretation of spores within sedimentary archives (Wicklow and Yocom, 1982: Lussenhop and 

Wicklow, 1985; Davis and Shafer, 2006; Raper and Bush, 2009; Feranec et al, 2011; Baker et al., 

2013; van Asperen et al., 2016). Consequently, it is difficult to consider a strict relationship 

between the abundance of coprophilous fungal spores and megaherbivore presence as the factors 

influencing the growth of coprophilous fungi will vary temporally and spatially between sites. 

Clearly, as megaherbivore populations react to large-scale events such as climatic warming at the 

Pleistocene-Holocene transition, we can expect to see a response in the records of coprophilous 

fungi.  

Johnson et al. (2015) highlight the success of Podospora tracking a concomitant decline 

in Sporormiella and Sordaria from Lynch’s Crater in northeast Australia indicating the loss of 
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megaherbivore biomass, but the limited occurrence of Podospora in comparison to the other 

fungi from Gravel Lake indicates that this taxon is not a reliable indicator of megaherbivore 

presence at this locality. It was only identified as single specimens in 6 of the 68 samples with 

last occurrence at ca.11 900 cal yr BP (165 cm), almost 1000 years prior to the concomitant 

decline of the other coprophilous taxa. Additionally, Baker et al. (2013) have indicated that 

Podospora may indeed be facultative, rather than obligate to a dung substrate. 

Gravel Lake fungi records indicate that Sordaria, Cercophora, Delitschia, Gelasinospora 

and Coniochaeta provide a convincing signal for the extirpation of grazing megaherbivores from 

the central Yukon at the Pleistocene-Holocene transition, in addition to spores of Sporormiella. 

Studies would therefore benefit by the identification of several (semi-) coprophilous taxa rather 

than relying on a few genera that typically receive the most attention. By identifying several 

fungal genera, a more comprehensive comparison of spore reliability can be established. The 7 

taxa (Fig. 3.6) from Gravel Lake have morphologies distinctive enough to enable quick 

identification and similar procedures should be replicated in other studies aiming to reconstruct 

megaherbivore presence.  

 

3.6.3 Megaherbivores 
 

The decline of spores at Gravel Lake coincide with the disappearance of some 

megaherbivore taxa around 11 000 cal yr BP, but skeletal material indicates that bison, caribou, 

moose and muskox populations recover after the end Pleistocene extinction event (Fig. 3.7). 

There is a gap in the record between ca. 11 000 and 9000 cal yr BP when limited megaherbivore 

skeletal material exist. This could indicate that either megaherbivore populations were so 

severely impacted by climatic warming at the Pleistocene-Holocene transition that they took 

almost 2000 years to recover, or, that there is simply a lack of skeletal material covering this 

period in the fossil record. It is important to note that the decline in fungi simply represents the 

local extirpation of megaherbivores from the Gravel Lake catchment area rather than providing a 

definitive signal for extinction. Only with the addition of several regional records can an 

extinction event be proposed. Mammoth and horse populations are last recorded in Yukon 

Territory at ca. 13 800 cal yr BP, almost 3000 years before the decline of coprophilous fungi at 

Gravel Lake. Skeletal records from Alaska indicate the loss of mammoths and horses at ca. 13 

000 cal yr BP (800 years later than Yukon Territory), but Conroy et al. (2020) highlight a limited 
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response in coprophilous fungi abundance from interior Alaskan lake sediments at the same time. 

Rather, Conroy et al. (2020) record Sporormiella and Sordaria spores into the Holocene and 

suggest that megaherbivore populations remained strong but with a major faunal turnover from 

grazing to browsing dominating taxa as indicated by the skeletal remains.  

If a change in feeding ecology enabled the survival and proliferation of browsing taxa in 

eastern Beringia, it is still not clear why bison and muskox populations survived. The skeletal 

record from Conroy et al. (2020) indicates an overall decline in bison populations at ca. 13 000 

cal yr BP, but this taxon continues into the early Holocene and is extant in Yukon Territory and 

Alaska today. Records of muskox are scarce from eastern Beringia, but the skeletal record 

indicate their presence at ca. 4000 cal yr BP. Therefore, survival of these taxa indicates that 

despite the dominance of browsers following taxonomic turnover at 13 000 cal yr BP, there must 

be other factors, other than feeding ecology, driving the extinction of grazing individuals such as 

the mammoth and horse.  

 

3.7 Conclusions 
 
 This study presents a multiproxy analysis of megaherbivore dynamics at the Pleistocene-

Holocene transition in eastern Beringia which was a refugium during the last glacial maximum. 

The analysis utilised records of coprophilous fungal spores from Gravel Lake in the central 

Yukon Territory in conjunction with radiocarbon dated skeletal remains from Alaska and Yukon 

Territory. 

The extirpation of megaherbivores from central Yukon Territory between ca. 11 000 and 

10 400 cal yr BP was identified from Gravel Lake sediments using coprophilous fungi. Of 7 taxa 

analysed, 6 successfully (Sporormiella, Sordaria, Cercophora, Delitschia, Gelasinospora and 

Conionchaeta) track population declines, but Podospora abundance was too low to use as an 

indicator of megaherbivore presence at this locality. Fungal spore abundance declines around 11 

000 – 10 400 cal yr BP as woody taxa such as alder appear on the landscape. Concomitantly, 

bone records indicate a reduction in Yukon Territory populations of bison, caribou, elk and 

moose, but moose populations appear unaffected by this decline in Alaskan records. 

Megaherbivores react to this climatic warming at the end of the Pleistocene with the exception of 

mammoths and horses that last appeared approximately 2000 years prior at ca. 13 000 cal yr BP, 

when the vertebrate fossil record indicates a faunal turnover with the proliferation of browsing 
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taxa. If feeding ecology is a factor driving this faunal shift, it is still unclear why mammoth and 

horse populations are lost earlier from the record, but not other grazing taxa such as bison and 

muskox.  

 The presence of stomata together with high concentrations of spruce pollen records the 

establishment of spruce around Gravel Lake almost 4000 years prior to records from northern 

and southern Yukon Territory. The lack of macrofossils recovered from the lake sediments 

indicates this spruce likely represents a stunted population of krummholz spruce similar to those 

typically found at northern treeline, rather than the upright growth forms typical of the region 

today.  

 This study has provided initial insight into megaherbivore dynamics in the central Yukon 

Territory at the end of the Pleistocene by combining records of coprophilous fungi preserved 

from Gravel Lake sediments in conjunction with radiocarbon dated skeletal remains from eastern 

Beringia. Results of this study highlight that Sporormiella, Sordaria, Cercophora, Delitschia, 

Gelasinospora and Coniochaeta successfully track megaherbivore declines at the Pleistocene-

Holocene transition at this locality and that future studies should continue to apply multiproxy 

analysis to reconstructing past populations of megaherbivores in order to fully understand their 

response to climatic variability throughout the late Quaternary. 
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4.1 Abstract 
 

To reconstruct a mastodon diet and provide a ‘snapshot’ view of environmental 

conditions in eastern Canada prior to the onset of the Wisconsinan glaciation, we analysed the 

faunal and floral components of dung associated with mastodon remains in East Milford, Nova 

Scotia. The diverse assemblage of pollen, non-pollen palynomorphs, plant macrofossils and 

macroinvertebrate remains in the dung suggests that the environment was a wetland rich in 

charophytes, sedges, cattails, bulrushes and bryophytes in a spruce-dominated mixed forest. The 

abundance of spruce needles and birch samaras is consistent with the browsing ecology typical 

of mammutid species. The limited diversity and abundance of coprophilous fungi noted in the 

dung could have a considerable impact on understanding the influence of feeding ecologies on 

the presence of coprophilous taxa in lake sediments, and thus inferences of megafaunal 

abundance. The dung also yielded the earliest known Canadian remains of the bark beetle 
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Polygraphus cf. rufipennis, gemmulae of the freshwater sponge Eunapius cf. fragilis and loricae 

of the rotifer Keratella cochlearis.  

 

4.2 Introduction 
 

The American mastodon (Mammut americanum) is a proboscidean unique to the 

Americas that went extinct around the Pleistocene-Holocene transition alongside 33 other genera 

of megafaunal mammals (Barnosky et al., 2004; Koch and Barnosky, 2006). During the Late 

Wisconsinan (20 - 11.7 ka) the American mastodon occupied most of the eastern US and 

southeastern Canada, with a few populations scattered on the west coast (Harington and 

Ludvigsen, 1996; Yansa and Adams, 2012; Widga et al., 2017). Canadian mastodon specimens 

mostly occur in the Great Lakes region, primarily in southern Ontario (Dreimanis, 1967) and 

secondarily in the Maritimes (Harington et al., 1993; Newsom and Mihlbachler, 2006).  

Despite similarities in stature and appearance and divergence from a common ancestor 

around 24 – 28 million years ago (Buckley et al., 2011), the American mastodon and woolly 

mammoth (Mammuthus primigenius) had different diets and rarely co-occurred (Widga et al., 

2017). The American mastodon preferred woodland/forest habitats, particularly mixed 

coniferous-deciduous woodlands (Widga et al., 2017), but this taxon has also been recorded from 

late Pleistocene boreal forest localities (Graham, 2001). The family Mammutidae has 

traditionally been associated with a browsing diet due to the cuspid morphology of their teeth, 

confirmed through direct analysis of preserved dung, and in exceptional cases, preserved 

intestinal tracts (Newsom and Mihlbachler, 2006; Birks et al., 2019). Other studies of mammutid 

diets have focused on opal phytoliths preserved in tooth calculus (Gobetz and Bozarth, 2000), 
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dental microwear textures (Smith and DeSantis, 2018) and stable isotopes of carbonates in tooth 

enamel apatite (with C3 indicating browsing) (Metcalfe and Longstaffe, 2014).  

In addition to providing information about the diet of mastodons, dung analysis can assist 

in reconstructing environments, both contributing to a broader understanding of the possible 

causal factors leading to the extinction of mastodons at the end of the Pleistocene (Birks et al., 

2019). This is achieved through correlating macro- and microfossil records from local 

sedimentary archives to skeletal remains, or through analysis of faecal material which provides a 

direct, albeit biased, sample of the local environment. This bias is particularly evident for the 

macrofossil component of faecal remains, as they typically represent the indigested constituent 

of the ingested material (Birks et al., 2019). Nevertheless, dung analysis provides a "snap-shot" 

of the reconstructed environment, yielding information regarding the season of ingestion, rather 

than a widespread view of the environment as derived from often temporally ambiguous 

sediment analysis (Neretina et al., 2020). 

Here we present a unique multiproxy palaeoenvironmental analysis of the macro and 

microfossil components of dung associated with the East Milford mastodon from central Nova 

Scotia (Grantham and Kozera-Gillis, 1992).  

 

4.3 The East Milford mastodon 
 

The East Milford mastodon (EMM) is one of the most complete skeletons of an adult 

American mastodon from the Maritimes (Godfrey-Smith et al., 2003). The remains were 

discovered in 1991 at the Milford Gypsum Quarry of the National Gypsum Company of Canada, 

Nova Scotia (Fig. 1; 45.01°N, 63.25°W), alongside herpetological assemblages, large wood 

fragments, insects, molluscs, and petrified dung (Grantham and Kozera-Gillis, 1992). Mastodon 
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skeletal remains and dung were excavated from organic sediments infilling a sinkhole within the 

karstic gypsum of the early Carboniferous Windsor group (Mott et al., 1982; Grantham and 

Kozera-Gillis, 1992). The organic deposits appear to overlie a gypsiferous diamict at the base of 

the hole. Moving up sequence, organic content generally increases with alternating units of dark 

grey organic clays and peat dominating the stratigraphy. Massive to laminated dark, lacustrine 

clays contained the skeletal remains of a well preserved, 60% complete adult mastodon and two 

years later, a 10% complete juvenile individual, together with the dung (Grantham and Kozera-

Gillis, 1992; Grantham and Kozera, 1993). Radiometric dating indicated a probable age between 

70 ka and 80 ka (Grantham and Kozera-Gillis, 1992; Holman and Clouthier, 1995) and electron 

spin resonance dating of tooth enamel yielded three dates with a weighted mean of 74.9 ± 5.0 ka 

(Godfrey-Smith et al., 2003). This places the remains near the boundary between Marine Isotope 

Stage (MIS) 5a and MIS 4, as climate was deteriorating into glacial conditions (Mott and Grant, 

1985).  
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4.4 Methods 
 

Multiproxy analysis of both the macro and micro components of a 52.92 g mastodon 

dung sample (specimen number NSM019GF009.1) provided by the Nova Scotia Museum was 

undertaken to reconstruct the diet and environment associated with the East Milford mastodon of 

central Nova Scotia at the onset of the Wisconsinan glaciation. The sample was housed at 

ambient temperature, unanalysed and untreated at the Nova Scotia Museum since its discovery. 

A subsample of the dung was collected by Dr. Tim Fedak of the Nova Scotia Museum in 2019 

and sent to Brock University for analysis of floral and faunal remains. Non-pollen palynomorph 

Figure 4-1 Map showing the location of the East Milford mastodon site in central Nova Scotia. 
Map data provided from Natural Earth. 
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(NPP) analysis of the micro-component provided additional insights into local 

palaeoenvironmental conditions, including the water presumably ingested by the mastodons. 

The East Milford mastodon dung sample was lithified in a carbonate dominated matrix 

that was dissolved in a cold bath of 10% HCl until cessation of effervescence. The residue was 

rinsed three times in distilled water and sorted using a series of nested sieves (63-125-250-500 

µm). The macro component consisted of the material from the 500 and 250 µm sieves and the 

micro component included the 125 and 63 µm residual material and the through-fall from all 

sieves. The micro component included the 125 µm sieve to ensure the retention of subfossil 

stomata (Pisaric et al., 2003). All residue from the sieves and the water used to wash the sample 

was retained for analysis. Palynological processing methods followed slightly modified 

procedures of Faegri and Iverson (1989). A 1 cm3 sample of the residue was spiked with two 

Lycopodium spore tablets of known quantity (Batch Number: 483216; 18,582 spores per tablet ± 

3,820) and processed with 10% hydrochloric acid, 10% potassium hydroxide and 50% 

hydrofluoric acid. Acetolysis was omitted as it has been shown to destroy various nonpollen 

palynomorphs, including half-cells of placoderm desmids (Riddick et al. 2017) and euglenid 

loricae (Shumilovskikh et al. 2019). The palynological residue was mounted in a glycerin jelly 

and examined at 400X magnification using a Leica DMLB light microscope. 

The macrofossil component was incrementally decanted into petri dishes and sorted using 

an AmScope binocular 3.5X-90X zoom stereo microscope. Plant macrofossil remains were 

identified using comparative material of the University of New Brunswick Herbarium. 

Chironomid head capsules were picked from the 500 and 250 µm sieve residues using a Leica 

S9i digital stereo microscope and identified using a Leica DM2500 LED optical microscope 

mounted with a Leica DMC2900 USB 3.0 microscope camera. All head capsules were mounted 
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on slides using Eukitt quick hardening mounting medium for long term storage. Identifications 

followed Walker (2007) and Brooks et al. (2007). Coleoptera were identified using modern 

collections at the Royal Ontario Museum and the University of Guelph insect collection. Pollen 

identifications follow McAndrews et al. (1973). Identification of non-pollen palynomorphs 

followed Hansen (1995), van Geel (2001), van Geel and Aptroot (2006), Haas (1996), Turton 

and McAndrews (2008), Haas (2010), van der Linden et al. (2012) and McCarthy et al. 

(accepted). Data are presented as concentrations per cm3 sediment, with absolute abundances 

estimated by comparison with a known quantity of marker spores of Lycopodium clavatum 

(Batch Number: 483216; 18 582 spores per tablet ± 3820) during HCl digestion (Stockmarr, 

1971). Macrofossil images were made using Google Pixel 3a and an AmScope binocular 3.5X-

90X zoom stereo microscope. Photomicrographs were made using a Nikon Eclipse 80i 

microscope with an AmScope MU1000 microscope camera. Images and photomicrographs were 

edited and photoplates were composed in Adobe Illustrator. All remains were retained to allow 

full curation at the Nova Scotia Museum following completion of analysis. 

 

4.5 Results 
 
4.5.1 Pollen 
 

The low-diversity pollen assemblage (Table 1) was dominated by conifers, including pine 

(Pinus sp.) spruce (Picea sp.), balsam fir (Abies cf. balsamea), accounting for 27%, 18.4%, and 

1.2%, of the pollen sum, respectively. In addition, a single grain of eastern hemlock (Tsuga 

canadensis) and several conifer stomata were observed in the sample. Angiosperms were 

dominated by the northern hardwood genera alder (Alnus sp.; 16.1%) and birch (Betula sp.; 

11.8%), with minor occurrences of ironwood (Ostrya sp.; 1.9%), black ash (Fraxinus nigra-type; 
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1.4%) and oak (Quercus sp.; 1.4%). Single grains of hazel (Corylus sp.), American beech (Fagus 

cf. grandifolia), and sugar maple (Acer cf. saccharum) were also observed. The non-arboreal 

component of the pollen sum consists of low abundances of both grass (Poaceae) and members 

of the sunflower family (Asteraceae) along with several aquatic taxa totaling 8.5% of the pollen 

sum. The aquatic and semi-aquatic pollen types include sedges (Cyperaceae), pondweed 

(Potamogeton sp.) and broadleaf cattail (Typha latifolia). Spores of woodfern (Dryopteris sp.) 

were relatively abundant (26.4%, calculated relative to the pollen sum). 

 

4.5.2 Non-Pollen Palynomorphs (NPP) 
 

The majority of the 359 non-pollen palynomorphs were algae (sensu lato). This category 

includes cyanobacteria in addition to vegetative, resting and reproductive stages (cysts, 

phycomata or zygospores) of eukaryotic algae (Table 1). Of the ca. 242 000 NPP per cm3 

sediment, ca. 184 000 were algae; primarily indeterminate phycomata attributed to charophytes, 

tiny half-cells of the placoderm desmid Euastrum lacustre, colonies of the chlorophyte 

Botryococcus braunii, and cysts of the dinoflagellate Parvodinium inconspicuum as well as a 

variety of indeterminate tiny cyanobacterial palynomorphs. Dark pigmented spores of fungi were 

the next most common NPP in the palynological assemblage. In addition to several indeterminate 

spores, four genera were identified including, Diporotheca, Arnium, Delitschia, and Sordaria. 

Cladoceran carapaces and appendages dominate the aquatic consumers found in the 

palynological preparations, but several chironomid fragments, loricae of tintinnids (including 

Codonella cratera), rotifers (Keratella cochlearis), oocytes of the turbellarian genera Gyratrix 

and Micodalyellia, the nematode genus Trichuris, and a test of Centropyxis constricta were 

identified. 
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Table 4-1 East Milford Mastodon microfossils (pollen, non-pollen palynomorphs and spores). 

Microfossils 
Taxon 

Element Number Concentration per 
cm3 sediment 

Arboreal Pollen    
Abies cf. balsamea Pollen 2.5 926 
Pinus Pollen 57 21 113 
Picea Pollen 39 14 446 
Alnus Pollen 34 12 594 
Betula Pollen 25 9260 
Ostrya Pollen 4 1481 
Fraxinus nigra-type Pollen 3 1111 
Quercus Pollen 3 1111 
Tsuga canadensis Pollen 1 370 
Corylus Pollen 1 370 
Acer cf. saccharum Pollen 1 370 
Fagus cf. grandifolia Pollen 1 370 
Stomata    
Picea cf. glauca Stomata 2 1256 
Abies cf. balsamea Stomata 2 1256 
Non-Arboreal Pollen    
Indet. pollen Pollen 6 2222 
Asteraceae Pollen 8 2963 
Poaceae Pollen 8 2963 
Cyperaceae Pollen 11 4074 
Aquatic Pollen    
Typha latifolia Pollen 4 1481 
Potamogeton Pollen 3 1111 
Spores    
Dryopteris-type spore Spore 45 16 668 
Trilete spore Spore 6 2222 
Nonpollen Palynomorphs    
Chlorophytes    
Botryococcus braunii Colony 26 16 163 
Chlorococcum Colony 9 5388 
Tetraëdron Cell 1 673 
Charophytes    
Zygnema Cell 18 9428 
Spirogyra Cell 2 1347 
INDET cysts/phycomata Cell 187 107 753 
Cosmarium Half-cell 2 1347 
Euastrum lacustre/E. denticulatum Half-cell 27 18 183 
Cyanophytes    
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Coccal cells Cell 20 13 469 
Dinophytes    
Peridinum sp. Cyst 11 2694 
Parvodinium inconsipcuum Cyst 17 7408 
Fungi    
Delitschia Ascospore 1 628 
Sordaria Ascospore 5 3139 
Diporotheca cf. webbiae Ascospore 3 1883 
Arnium Ascospore 1 628 
Glomus sp. Chlamydospore X X 
Other    
Codonella cratera Lorica 4 2694 
Centropyxis Test X X 
Keratella cochlearis Lorica 2 673 
Euglenid Lorica 1 673 
Gyratrix Oocyte 1 673 
Micodalyellia Oocyte 1 673 
Fragments cf. Daphnia sp.  23 15 489 
Chironomid head capsule fragments Mandible 4 2020 
INDET fungi Spores 53 35 693 
 

X denotes individuals found during scans of slide but not during quantitative counts.  

 

4.5.3 Plant Macrofossils 
 

The plant macrofossil assemblage (Table 2) was dominated by remains of spruce, birch 

and sedges. Spruce needles and microsporophylls dominated the macrofossil assemblage, 

together with a few epidermal fragments lined with spruce stomata. Grey birch (Betula 

populifolia) samaras and samaras and a pistillate cone bract of dwarf birch (B. glandulosa/nana) 

were also found. Alder remains were limited to one American green alder (Alnus viridis ssp. 

crispa) samara and a pistillate cone bract.  

Wetland taxa were dominated by sedges (Carex sp.) and cattails (Typha sp.), but they 

could not be identified to species. However, well preserved fruits of dark green bulrush (Scirpus 

cf. atrovirens) were identified. Five bryophyte taxa were identified with confidence to species: 



 91 

Sphagnum teres, Scorpidium scorpioides, Warnstorfia fluitans, Leptodictyum riparium and 

Amblystegium serpens. 

 

Table 4-2 East Milford Mastodon plant macrofossils. 

Plant Macrofossils   
Taxon Element Counts 
Trees and Shrubs   
Picea sp. Needle 60 
Picea sp. Twig fragments with pegs 2 
Abies cf. balsamea Needle 1 
Betula populifolia Samaras 11 
Betula glandulosa/nana Samaras 1 
Betula glandulosa/nana Pistillate cone bract 1 
Alnus virdis spp. crispa Samaras 1 
Alnus sp.  Pistillate cone bract 1 
Betulaceae indet. Samaras 8 
Aquatic Vascular Plants   
Carex sp. Fruit 37 
Scirpus sp. Fruit 1 
Scirpus cf. atrovirens Fruit 1 
Typha sp. Fruit 6 
Eleocharis sp. Fruit 1 
Characeae Oospores 377 
Bryophytes   
Sphagnum teres Branch with leaves 1 
Scorpidium scorpiodes Leaves 2 
Warnstorfia fluitans Branch with leaves 2 
Leptodictyum riparium Leaves 1 
Amblystegium serpens Leaves 1 
Brachythecium sp. Leaves 1 
Pleurozium sp. Leaves 2 
Fontinalis sp. Branch with leaves 1 

 

 

 

4.5.4 Invertebrate Macrofossils 
 

The invertebrate macrofossil assemblage contained 15 coleopteran individuals, 229 

chironomid head capsules, 12 oribatid mites, 3 hymenopterans (1 representing the ants, 
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Formicidae), 1 larval simuliid and 6 freshwater sponge gemmulae (Table 3). Of the 15 

Coleoptera recovered, 7 were identified to species, 4 to genus and 4 to family. All taxa are extant 

in the Maritimes, although not all are currently recorded from Nova Scotia. Of the 229 

chironomid individuals recovered from the dung, 9 genera were identified, dominated by 

Chironomus spp. (59%), Dicrotendipes nervosus-type (16.2%) and Tanytarsus mendax-type 

(5.6%). The oribatid mite assemblage was monogeneric, represented by the genus Hydrozetes. 

Freshwater sponge gemmulae were identified as Eunapius cf. fragilis. 

 

Table 4-3 East Milford Mastodon invertebrates. 

Taxon MNI Taxon MNI 
Order Coleoptera  Order Diptera  

Scirtidae  Chironomidae  
Cyphon cf. variabilis 1 Chironomus anthracinus-type 10 

Cyphon sp. 1 Chironomus plumosus-type 128 
Gyrinidae  Cladopelma sp. 1 

Gyrinus cavatus 1 Dicrotendipes nervosus-type 38 
Hydrophilidae  Endochironomus impar-type 1 

Cercyon convexiusculus 1 Glyptotendipes barbipes-type 1 
Anacaena cf. limbata 1 Polypedilum nubifer-type 1 

Dytiscidae  Pseudochironomus sp. 3 
Hydroporinae indet. 1 Tanytarsus mendax-type 13 

Scolytidae  Chironomini 20 
Polygraphus cf. rufipennis 1 Tanytarsini 7 

Carabidae  Chironomidae indet. 6 
Bembidion versicolor 1 Simuliidae indet. 1 

Bembidion sp. 1   
Anthribidae  Order Oribatida  

Trigonorhinus sticticus 1 Hydrozetidae  
Chrysomelidae  Hydrozetes sp. 12 

Galerucinae indet. 1   
Curculionidae indet. 1 Order Spongillida  

Staphylinidae  Spongillidae  
Philonthus sp. 1 Eunapius cf. fragilis N/A 

Stenus sp. 1   
Aleocharinae indet. 1   
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4.5.5 Principal Component Analysis 
 

In order to spatially correlate the pollen assemblage from the East Milford site with 

modern ecosystems, 73 samples from eastern Canada and northeastern United States were 

analysed using PCA (Fig. 2). The ordination was generated using 38 active variables. Picea and 

Ambrosia are most strongly correlated to PC1, whereas Fagus is strongly correlated with the 

PC2 axis. Surface samples from boreal forest and tundra sites have positive scores on PC1 due to 

the abundance of Picea, Alnus spp., Larix and Cyperaceae, whereas temperate/mixed forests 

have negative scores on PC1 due to the abundance of Ambrosia, Carya, Poaceae, Fraxinus and 

Quercus. Regions currently dominated by Acadian forest have positive scores on PC2 due to the 

abundance of Fagus, Tsuga, Acer spp., and Betula. There is a strong dissimilarity between the 

East Milford site and modern conditions of Nova Scotia, but a close correlation with boreal 

localities throughout Newfoundland, northern Quebec and northern Ontario.  

 

 

 

 

 

 

 

 

 

 

 

A B 

Figure 4-2 Principal component biplot of surface pollen percentages from eastern Canada and northeastern 
United States. Active variables are displayed in plot A with values associated with taxa noted in Table 4. Plot 
B represents different surface pollen samples that are most strongly correlated with the active variables 
displayed in A. Site ID’s are labelled according to their state/province and can be located on Figure 3. 
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Table 4-4 Summary of taxa used in PCA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taxon Number Taxon Taxon Number Taxon 
1 Abies 20 Fraxinus 
2 Acer 21 Juniperus 
3 Acer negundo 22 Larix 
4 Acer rubrum 23 Myrica 
5 Acer saccharum 24 Myricaceae 
6 Alnus 25 Ostrya 
7 Alnus incana 26 Picea 
8 Alnus virdis 27 Pinus 
9 Amaranthaceae 28 Pinus banksiana 
10 Ambrosia 29 Plantago 
11 Artemisia 30 Platanus 
12 Asteroideae 31 Poaceae 
13 Betula 32 Populus 
14 Carya 33 Quercus 
15 Castanea 34 Rosaceae 
16 Corylus 35 Rumex 
17 Cyperaceae 36 Salix 
18 Ericaceae 37 Tsuga 
19 Fagus 38 Ulmus 
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Figure 4-3 Map of surface pollen localities across eastern Canada and the northeastern United States in 
relation to the East Milford mastodon fossil site. Map data from the Commission for Environmental 
Cooperation. 
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4.6 Discussion 
 
4.6.1 Environmental Reconstruction 
 

The faunal and floral assemblages recorded from the East Milford mastodon dung 

represents a unique ‘snapshot’ view into the environmental conditions of Nova Scotia at the 

transition between MIS 5a and MIS 4. This record is particularly relevant as sites recording this 

transition that include both floral and faunal components are still very limited in North America 

(Miller et al., 2014), with the Don Formation of Toronto being the only well-known record from 

eastern Canada (Terasmae, 1960; Kerr-Lawson, 1985; Eyles and Clark, 1988; Hann and Karrow, 

1993). 

The plant macrofossil and pollen data both suggest that the EMM lived in a forest with 

abundant spruce, consistent with previous reconstructions of mastodon habitat, but the exact 

nature of the forest is unclear. The PCA places the EMM pollen assemblage firmly among boreal 

forest sites of eastern Canada (Fig. 2). The plant macrofossil record, on the other hand, has 

abundant fruits of grey birch (Betula populifolia), which is absent from the boreal forest and 

occurs in mixed coniferous-deciduous forests. It is abundant in the Acadian Forest Region (Rowe 

1972) in which the EMM site is located and occurs in some eastern sections of the Great Lakes – 

St. Lawrence Forest Region. The bark beetle Polygraphus cf. rufipennis occurs throughout the 

boreal forest of North America, feeding primarily on spruce. Its occurrence in the dung therefore 

suggests a boreal forest environment (Bower et al. 1996). However, P. rufipennis also occurs in 

mixed forests, with outbreaks in the Acadian Forest of New Brunswick, where it prefers red 

spruce (Picea rubens), and further south into West Virginia and New York State. The presence 

of the wood turtle (Clemmys insculpta) (Holman and Clouthier, 1994) suggests a non-boreal 

environment, as this species does not occur in the boreal forest, but rather in mixed and 
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deciduous forests. On balance, the forest associated with EMM is most likely to have been a 

mixed coniferous-deciduous forest, similar to Rowe’s (1972) Middle St. Lawrence subsection of 

the Great Lakes-St. Lawrence Forest Region, which he describes as “showing in its species 

composition a strong boreal influence” with grey birch as one of the principal species. 

Despite the prevalence of pine pollen (27% of the pollen sum), there are no macrofossils 

retrieved from the dung. However, a large wood fragment associated with the mastodon bones of 

the 1991 excavation was identified as Pinus banksiana and was dated at >51 000 14C yr BP 

Grantham and Kozera-Gillis, 1992; Godfrey-Smith et al., 2003), providing evidence for the 

presence of pine in the region during MIS 5a or/and MIS 4.  

The very low abundance of Quercus, typically the most common hardwood pollen in lake 

and wetland sediments at mid-latitudes throughout eastern North America (Williams et al., 

2005), is also noteworthy as this taxon can deposit ~ 1,000 pollen grains/m2 up to 25 km away 

from the source tree (Schueler and Schlünzen, 2006).The absence of pine and oak from the 

macrofossil assemblage could also represent bias associated with mastodon feeding, preferring 

spruce in mesic to wetland environments where pine and oak are less common.  

A wetland habitat is further indicated by the presence of charophytes, sedges, bulrush, 

cattails, woodferns, and bryophytes in both the plant macrofossil and palynological assemblages. 

The bryophytes Sphagnum teres, Scorpidium scorpioides, Warnstorfia fluitans record a rich fen 

environment (Vitt et al., 1993; Hájková et al., 2004; Kooijman and Hedenäs, 2009) and 

Leptodictyum riparium and Amblystegium serpens are known wet forested species (Ceschin et 

al., 2011; Bagnell, pers. comms., 2020). The woodfern (Dryopteris sp.) is typical of temperate 

forested wetlands (Dunn and Stearns, 1987), although Nickrent et al. (1978) point out that 
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Dryopteris spp. are rarely found growing in inundated sites but are invariably found in areas 

contiguous to swamps.  

Several coleopteran species also suggest a wetland environment. Gyrinus cavatus is the 

only fully aquatic species recorded from the dung and is typically associated with stagnant water 

with thin emergent vegetation (Foster, 2000). The scirtid, Cyphon cf. variabilis, and anthribid 

Trigonorhinus sticticus are often found on the swampy banks of stagnant water and are regularly 

associated with cattails and sedges, respectively (Koch, 1989; Majka et al., 2007). The watery 

environment in which the mastodon was drinking was also eutrophic, as indicated by the 

presence of the hydrophilid, Anacaena cf. limbata, which is common in stagnant or slowly 

flowing waters rich in vegetation (Hansen, 1987). 

Holman and Clouthier (1994) reinforce the interpretation of a wetland ecosystem through 

analysis of herpetological remains recovered from the East Milford mastodon site. Two turtles 

(Chrysemys picta and Clemmys insculpta) and a frog (Rana pipiens) are all cold-tolerant species 

that inhabit Nova Scotia today. The turtles are palaeoclimatically significant as both species 

require warm summer temperatures of approximately 18°C to ensure successful incubation of 

their eggs. Consequently, it is expected that there were enough warm summer days occurring 

during the MIS 5a – MIS 4 transition for the turtles to reproduce.  

The interpretation that the EMM was living in close proximity to a freshwater habitat is 

further supported by the abundant algal palynomorphs with trophic preferences ranging from 

mesotrophic to eutrophic (McCarthy et al., 2018; McCarthy et al., submitted) and several aquatic 

protozoan and invertebrate taxa, including Cladocera (mainly Daphnia sp.), Chironomidae, 

Porifera, Simuliidae and Acari. The chironomid assemblage is dominated by the profundal 

genus, Chironomus. C. anthracinus and C. plumosus are typically profundal taxa that are both 
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tolerant to low pH and low oxygen levels and are typically associated with warm and eutrophic 

waters (Henrikson, 1982; Brodin, 1986; Johnson, 1989). Dicrotenidpes and Tanytarsus which 

are characteristic of shallow littoral environments dominated by macrophytes are also present. 

These three genera comprise approximately 81% of the assemblage. The rare taxa, 

Pseudochironomus and Cladopelma are associated with warm, littoral and mesotrophic 

conditions (Saether, 1979; Hoffman, 1984; Walker, 1991), while Polypedilum, Endochironomus 

and Glyptotendipes are all associated with warm, eutrophic littoral environments with 

macrophytes (Brundin, 1949; Brodin, 1982; Pinder, 1983; Buskens, 1987; Brundin, 1993; 

Walker and Matthews, 1995; Vallenduuk, 1999; Klink, 2002).  

The presence of freshwater sponge gemmulae is seldom reported from Quaternary 

literature, though the siliceous sponge spicules are often recovered from lake sediments (Cadée, 

1979; Hall and Herrmann, 1980; Kratz et al., 1991). The occurrence of gemmulae of Eunapius 

cf. fragilis may therefore represent one of the earliest records of this species from eastern Canada 

to date. Despite a limited understanding of E. fragilis ecology, Cadeé (1979) notes that 

gemmulae formation of this species typically occurs in the autumn as the growing season is 

coming to an end.  

 

4.6.2 Diet and Feeding Ecology 
 

 Unlike the bias associated with environmental reconstructions from ingested material, 

diet of the mastodon can be directly determined from analysis of the dung constituents. The 

literature discusses a possible shift in feeding strategies of mastodons from facultative browsers 

to opportunistic grazers as populations dwindled towards the late Pleistocene extinctions (Gobetz 

and Bozarth, 2001; Yansa and Adams, 2012) but the botanical remains in this dung are 



 100 

consistent with a browsing diet. The plant macro- and microfossil constituents record a nearshore 

marshy lacustrine environment within a spruce-dominated forest with limited indication of 

grasslands. At the time of deposition, the mastodon was likely feeding in a spruce dominated 

forest that bordered a sedge wetland. Birks et al. (2019) reported faunal and floral diversity from 

two mastodon intestines, of late Pleistocene age, the Burning Tree mastodon (Ohio) and the 

Heisler mastodon (Michigan). Birks et al. (2019) reiterate a browsing feeding ecology with a 

preference for coniferous taxa, particularly spruce, and sedges, similar to our findings. 

Browsing may be further reinforced by a lack of coprophilous fungi, particularly 

Sporormiella (Gill, pers. comms., 2020), however Sporormiella and Sordaria were reported from 

the Burning Tree and Heisler mastodons (Birks et al., 2019). Species of the coprophilous genus 

Sporormiella are a known proxy for reconstructing the functional extinction of megaherbivore 

populations in lieu of skeletal remains (Ahmed and Cain, 1972; Davis and Shafer, 2006; Gill et 

al., 2012). Spores of the fungus Sordaria are recorded from the dung, but it is recognised as an 

opportunistic semi-coprophilous taxon that can grow on several substrates (Newcombe et al., 

2016). Gill et al. (2013) discussed the dispersal capabilities of Sporormiella and suggested a 

horizontal limit for the dispersion of ascospores of 25 - 100 m. Similarly, coprophilous genera 

typically release their spores through ballistic discharge (Deacon, 2006) to encourage dispersal 

as fruiting bodies are typically located close to the ground. Subsequently, it may not be entirely 

surprising that there are few occurrences of fungi from the mastodon dung if the spores are not 

reaching higher up vegetation that the mastodon appeared to be feeding on. Confirmation of this 

would require a comparative study with dung from a grazer to discern whether feeding ecology 

directly impacts the presence, dispersal and preservation of coprophilous fungal spores. Birks et 

al. (2019) indicate that despite the occurrence of coprophilous fungi from mastodon intestines, 
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there is a distinctive lack of these taxa from complimentary lake sediment samples cored at the 

Burning Tree and Heisler sites. Understanding this relationship could have considerable 

implications for reconstructing the presence or absence of megaherbivores from sedimentary 

archives. 

Although plant macrofossil remains are likely the result of preferential consumption, the 

remaining material that comprises what is a diverse assemblage from the dung was likely 

inadvertently consumed. The aquatic constituents would have been ingested whilst fulfilling the 

need of adult mastodons to consume 100 L of water each day (Birks et al., 2019). Most of the 

aquatic taxa are typical of freshwater shoreline environments, particularly the benthic larvae of 

chironomids, littoral desmids, and other charophytes. Similarly, several species of Coleoptera 

may have been consumed incidentally whilst on vegetation, particularly the bark beetle 

Polygraphus cf. rufipennis. However, several taxa, such as the semi-coprophilous Cercyon 

convexiusculus and Philonthus sp. may represent post depositional additions to the dung 

assemblage. 

 

4.7 Conclusion 
 

This study presents a multiproxy analysis of macrofossil and microfossil remains from 

mastodon dung of the East Milford mastodon site. The analysis provides a detailed ‘snapshot’ 

view of the environmental conditions of Nova Scotia and insight into the diet of mastodons at the 

transition between MIS 5a and MIS 4. The environment was characterised by a spruce 

dominated mixed forest bordering a wetland rich in sedges, cattails, bulrushes and bryophytes. 

The plant macrofossil remains, dominated by spruce needles and birch samaras, reinforce the 

browsing feeding ecology adopted by mastodons. The low diversity and abundance of 
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coprophilous fungi could also be attributed to the wetland environment in which deposition 

occurred, or to a browser feeding habit. Further studies are required to determine if feeding 

ecology can impact fungal dispersion into lake sediments which could have a significant impact 

on reconstructing megaherbivore presence from sedimentary records. 

Incidental consumption of additional vegetation, invertebrate macrofossils and nonpollen 

palynomorphs provided a unique opportunity to reconstruct mesotrophic to eutrophic conditions 

of the wetland ecosystem. In addition, warm surface waters, low oxygen bottom waters and the 

presence of Eunapius cf. fragilis gemmulae indicate that the dung was deposited during the late 

summer/early autumn months. This record has provided the earliest known occurrences of the 

bark beetle Polygraphus cf. rufipennis, the freshwater sponge E. fragilis and the rotifer Keratella 

cochlearis from Canada to date. 
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Figure 4-4 (1-12) East Milford mastodon plant macrofossil remains. (1) Typha sp. (2) Betula sp. 
(3-6) Cyperaceae indet. (7) Sphagnum sp. (8) Unknown (9) Picea microsporophylls (10) 
Unknown bryophyte (11) Unknown bryophyte (12) Eleocharis sp. (Scale bar is 1 mm) 
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Figure 4-5 (1-15) East Milford mastodon Coleoptera remains. (1) Polygraphus cf. 
rufipennis (2) Galerucinae indet. (3) Anacaena cf. limbata (4) Cyphon sp. (5) Cyphon 
cf. variabilis (6) Cercyon convexiusculus (7) Curculionidae indet. (8) Stenus sp. (9) 
Aleocharinae indet. (10) Bembidion versicolor (11) Philonthus sp. (12) Gyrinus 
cavatus (13) Cyphon sp. (14) Hydroporinae indet. (15) Trigonorhinus sticticus 
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Figure 4-6 (1-9) East Milford mastodon Diptera remains. (1) Chironomus anthracinus-type (2) 
Endochironomus impar-type (3) Chironomus plumosus-type (4) Dicroptendipes nervosus-type (5) 
Pseudochironomus sp. (6) Glyptotendipes barbipes-type (7) Polypedilum nubifer-type (8) Tanytarsus mendax-
type (9) Simuliidae indet. 
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Chapter 5  
Conclusions 

 
5.1 Conclusions 

 The objectives of this thesis were to 1) test the reliability of coprophilous fungi 

records from late Quaternary environments as indicators of the presence of megaherbivores; 2) 

determine if the central Yukon Territory provided refugium for spruce during the late Pleistocene 

and 3) to understand whether the feeding ecology of megaherbivore taxa could impact the 

occurrence of coprophilous fungal spores in sedimentary records. The first two objectives were 

achieved through analysis of pollen, stomata and coprophilous fungi from Gravel Lake 

sediments in the central Yukon in combination with radiocarbon records of megaherbivore 

remains from eastern Beringia to produce a high-resolution record of megaherbivore response to 

environmental change. The third objective was achieved by analysis of the faunal and floral 

contents of dung associated with the East Milford mastodon in Nova Scotia to reconstruct the 

environment and diet of this mastodon at the MIS 5a – MIS 4 transition. 

 Results from this study indicate that the coprophilous fungi Sporormiella, 

Sordaria, Cercophora, Delitschia, Gelasinospora and Coniochaeta decline in response to the 

reduction of megaherbivore populations around 11 000 cal yr BP, indicating the extirpation of 

these communities from the central Yukon Territory. Podospora, occurred too infrequently 

throughout the Gravel Lake record to provide conclusive evidence to support its reliability in 

identifying megaherbivore presence. Despite total fungi declining at ca. 11 000 cal yr BP, 

Mammuthus and Equus are last recorded at ca. 13 000 cal yr BP from eastern Beringia. High 

abundances of Artemisia, Salix and Poaceae pollen from the base of the record could indicate the 

last environments contiguous with the mammoth steppe recorded at Gravel Lake and 

subsequently may have provided a late refuge for the survival of these grazing taxa. 

Subsequently, the loss of Mammuthus and Equus were not reflected in spore decline indicating 

the continued survival of other megaherbivore taxa such as Rangifer and Cervus reflecting a 

large-scale faunal turnover in the Yukon Territory. 

 Pollen and stomata records from Gravel Lake indicate the early establishment of 

Picea, up to 4000 years prior to published palynological records from the Yukon Territory. The 

lack of macrofossils indicates that this population probably represents a population of stunted or 
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krummholz spruce, similar to those often found near northern and alpine treelines. These records 

may subsequently represent the intraregional expansion of Picea populations from eastern 

Beringian refugium (in Alaska) as climatic warming was initiating, rather than rapid migration 

from the south following retreat of the Laurentide Ice Sheet. 

 The analysis of dung associated with the East Milford mastodon provides a 

detailed ‘snapshot’ view of the environmental conditions of Nova Scotia and insight into the 

browsing diet of mastodons at the transition between MIS 5a and MIS 4. The environment was 

characterised by a mesotrophic to eutrophic wetland bordering a Picea dominated boreal forest.  

The low diversity and abundance of coprophilous fungi from the dung could be attributed to a 

browser feeding habit or the wetland environment in which deposition occurred. Further studies 

are required to determine if feeding ecology can impact fungal dispersion into lake sediments 

which could have a significant impact on reconstructing megaherbivore presence from 

sedimentary records. 

 Overall, this research concludes that coprophilous fungi can be used to identify 

reductions in megaherbivore populations and emphasises that not only Sporormiella, Sordaria 

and Podospora successfully track these events, but it is also evident that the factors influencing 

the presence of coprophilous fungi in sedimentary archives are too varied between study sites to 

provide a direct relationship between spore abundance and megaherbivores. Rather, only 

presence or absence can be discerned at this point. 

 

5.2 Research Limitations and Future recommendations 

 
Limitations encountered within this study were generally attributed to the time-consuming 

nature of palynological analysis and the lack of dateable material recovered from Gravel Lake 

sediments. Extirpation rather than extinction is used throughout the thesis to discuss the results 

from chapter 3. This is attributed to geographical limitations recognised by studying the 

palynological remains from only one lake. To confidently attribute the decline in coprophilous 

fungi from Gravel Lake as an extinction event, several study sites would need to have been 

analysed to provide a wider geographical context of megaherbivore population decline in the 

Yukon Territory. The analysis of additional proxies such as ancient DNA (aDNA) have proven 

to be successful from other localities (Graham et al., 2016) and would help to reiterate the ability 
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of coprophilous fungi to identify megaherbivore presence. The application of aDNA could also 

aid in understanding the genetic origin of the spruce population recorded from Gravel Lake to 

further understand the long-term dynamics of refugial systems in eastern Beringia. Chronology 

at Gravel Lake was limited to wiggle matching with the GISP2 ice core due to a lack of dateable 

material from the analysed section of the Gravel Lake sediment core. Preliminary cryptotephra 

analysis from Holocene sediments at Gravel Lake are promising and may provide a more 

structured chronology once fully analysed. 

Further work is still required to understand the interpretation of coprophilous fungi records 

due to the numerous factors that may influence their production, dispersal, preservation and 

identification. Calibration studies, both modern and historic, are needed to understand spatial and 

temporal variations in fungi abundance. Historic records would enable chronologically 

controlled analysis of the direct impact on spore populations associated with the introduction of 

herbivores onto a landscape. Similarly, previously published studies may benefit from the re-

analysis of palynological samples to include the counts of coprophilous fungi that have typically 

been ignored.  

Lastly, further studies comparing coprophilous fungi populations between browsing and 

grazing individuals are required to fully understand whether feeding ecologies could directly 

impact the presence of spores in sedimentary records. Modern studies by Richardson (1972; 

2001) have compared coprophilous fungi populations from browsing and grazing individuals at 

several geographic locations, but the studies have typically relied on the controlled incubation of 

fungi rather than exposing them to the natural environment where inhibitors can influence fungal 

development. Evidence from this thesis and from Birks et al. (2019) may suggest that browsing 

individuals may reduce the likelihood of spore presence and more studies correlating dung 

remains with sedimentary records are required to further understand this relationship. 
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Appendix 
Raw Data 

 
Table 0-1. Raw pollen counts for Gravel Lake. 

Depth (cm) 124 129 134 138 139 140 141 142 143 144 145 146 147 148 149 150 151 
Picea 112.5 109.5 124 84.5 62 93.5 117.5 109 96.5 100 88 114 123 88 66 60 93 

Picea stomata 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
Pinus 4 4 3 8.5 6 7 11 5.5 2.5 1 2.5 5 2.5 3 1 2 0 
Betula 146 178 147 149 196 176 167 144 178 184 193 163 202 190 247 245 232 
Alnus 37 17 22 29 21 27 33 37 18 9 24 21 27 32 18 26 25 
Salix 3 9 4 9 9 13 5 4 6 9 3 4 11 16 3 13 15 

Ericaceae 5 3 1 5 3 5 4 5 0 2 3 3 2 1 1 3 4 
Cyperaceae 0 1 0 11 1 10 11 10 4 0 8 5 13 10 0 4 14 

Poaceae 4 6 6 5 5 7 7 7 3 0 5 3 5 8 4 9 6 
Artemisia 0 1 2 1 1 2 1 0 1 4 1 1 0 2 1 0 2 

Chenopodiaceae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Polygonaceae 0 2 0 3 1 3 5 1 1 3 2 5 0 0 0 2 2 
Myrica gale 2 2 0 2 1 3 4 0 1 0 1 3 1 2 0 1 2 
Pollen Sum 313.5 332.5 309 307 307 348.5 365.5 322.5 311 312 330.5 327 386.5 352 342 367 395 

Typha 3 0 0 0 0 1 0 0 0 1 0 1 0 1 0 0 2 
Nuphar 5 11 9 6 5 9 8 9 7 5 7 10 8 7 8 5 14 

Sporormiella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
Sordaria 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 

Podospora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Cercophora 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
Delitschia 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 1 3 

Gelasinospora 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
Coniochaeta 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 
Lycopodium 11 41 35 49 23 77 76 80 65 29 48 112 58 61 18 59 81 

Tablets added 1 1 1 2 1 2 2 2 2 1 2 2 2 2 1 2 2 
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Depth (cm) 152 153 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 
Picea 122.5 101.5 69.5 80.5 105 112 57.5 68 84 108 88 121.5 96.5 106.5 122.5 100.5 112 

Picea stomata 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
Pinus 1 0 4 0 0 0 1.5 0 0 0 0 0 0 0 0 0 2 
Betula 230 194 257 265 216 199 189 235 198 232 243 155 207 176 177 198 147 
Alnus 4 2 9 2 3 0 6 7 5 5 1 2 2 7 1 3 4 
Salix 12 10 15 4 15 10 20 16 18 10 14 12 17 11 17 19 16 

Ericaceae 1 1 1 3 1 1 2 0 4 2 2 5 0 1 4 1 3 
Cyperaceae 7 9 7 16 14 16 6 8 23 16 16 8 29 16 34 9 6 

Poaceae 9 2 3 1 8 5 2 7 7 7 9 0 7 15 11 10 0 
Artemisia 1 1 0 0 2 2 0 1 2 1 1 0 0 1 3 0 0 

Chenopodiaceae 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 
Polygonaceae 0 0 0 0 0 1 0 0 0 3 1 0 1 2 0 1 0 
Myrica gale 0 0 5 0 0 0 8 0 0 0 0 6 0 1 1 0 3 
Pollen Sum 387.5 320.5 370.5 371.5 365 347 292 342 341 384 375 309.5 359.5 337.5 370.5 341.5 293 

Typha 0 0 0 3 1 1 0 3 0 1 0 0 0 3 3 1 1 
Nuphar 6 9 16 8 5 7 6 6 12 3 0 4 3 4 1 1 3 

Sporormiella 0 0 0 0 1 2 0 0 1 0 2 0 3 1 1 2 0 
Sordaria 0 3 0 0 3 1 0 0 2 1 1 0 3 3 3 1 0 

Podospora 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Cercophora 1 0 0 0 0 0 0 1 0 1 1 0 0 0 1 1 0 
Delitschia 0 0 0 1 2 3 0 1 0 0 2 0 3 3 3 1 0 

Gelasinospora 0 0 0 0 0 0 0 0 0 2 1 0 2 0 1 0 0 
Coniochaeta 0 0 0 0 4 1 0 2 1 0 1 0 3 3 3 1 0 
Lycopodium 54 71 27 55 56 38 17 41 53 71 39 17 64 39 49 43 36 

Tablets added 2 2 1 2 2 2 1 2 2 2 2 1 2 2 2 2 1 
 
 
 
 
 
 
 



 122 

Depth (cm) 170 171 172 176 177 178 179 180 181 182 183 184 185 186 187 188 189 
Picea 108.5 103.5 73 92 98.5 122 87.5 185.5 153.5 181.5 260 201.5 171.5 208.5 225.5 196 212.5 

Picea stomata 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
Pinus 0 0 0 0 0 00 0 0 1 0 1 0 0 0 0 0 0 
Betula 184 196 231 176 191 174 199 103 129 137 129 118 138 112 83 144 164 
Alnus 6 3 2 4 3 0 5 2 3 0 0 3 1 0 2 0 0 
Salix 13 17 12 13 16 12 17 10 9 9 19 12 8 9 9 19 27 

Ericaceae 1 0 2 2 1 2 0 3 1 3 1 2 0 0 1 1 1 
Cyperaceae 21 15 13 8 26 12 15 17 25 6 20 10 21 9 9 4 16 

Poaceae 7 0 9 3 5 4 2 7 2 3 2 2 6 2 1 0 2 
Artemisia 0 1 0 1 2 6 3 2 1 5 1 4 2 1 2 0 1 

Chenopodiaceae 2 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 
Polygonaceae 2 1 2 1 0 0 1 0 1 2 0 0 0 1 0 1 3 
Myrica gale 0 1 3 1 1 1 0 0 1 0 0 0 2 0 0 0 0 
Pollen Sum 345.5 338.5 347 301 343.5 333 329.5 330.5 326.5 347.5 433 354.5 349.5 342.5 332.5 365 427.5 

Typha 0 3 0 2 4 4 4 1 3 1 3 3 0 5 1 2 3 
Nuphar 1 1 3 0 3 3 1 3 0 4 4 7 7 5 2 2 4 

Sporormiella 1 0 0 0 1 0 0 1 0 1 0 1 0 0 1 1 1 
Sordaria 1 2 2 3 7 6 11 3 0 3 0 1 0 2 2 3 1 

Podospora 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 
Cercophora 0 1 1 2 4 2 2 0 1 0 0 1 1 1 1 1 0 
Delitschia 1 3 0 1 1 1 4 3 0 0 2 0 3 3 1 1 0 

Gelasinospora 4 2 1 7 4 0 9 1 0 0 0 0 0 0 0 1 0 
Coniochaeta 3 0 2 0 0 0 1 0 0 0 0 3 0 0 0 0 0 
Lycopodium 135 185 208 348 114 80 121 51 39 31 17 47 55 62 50 50 41 

Tablets added 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
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Depth (cm) 190 192 194 195 196 200 201 202 203 204 205 206 207 208 209 210 215 
Picea 153.5 140.5 241.5 171.5 142 206.5 254.5 212.5 206 168 60 7.5 1 0 0 0 3 

Picea stomata 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
Pinus 0 2 0 0 3.5 0 0 0 2 0 0 0 0 0 0 0 0 
Betula 171 155 123 104 151 82 37 91 136 110 242 271 268 264 327 297 77 
Alnus 3 1 1 1 3 0 0 1 1 0 3 1 5 1 1 1 2 
Salix 28 8 14 16 22 18 5 20 11 10 31 31 37 17 30 32 23 

Ericaceae 1 0 0 0 2 0 0 0 0 0 1 0 0 0 0 1 1 
Cyperaceae 35 4 22 14 12 23 10 13 7 15 23 21 33 30 26 16 28 

Poaceae 5 3 3 7 7 5 1 7 4 0 9 3 4 3 4 1 30 
Artemisia 5 3 0 0 2 4 2 3 2 0 3 3 4 5 5 7 71 

Chenopodiaceae 1 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 
Polygonaceae 2 1 1 2 6 1 6 4 2 1 1 1 4 4 2 1 7 
Myrica gale 3 0 0 0 1 1 1 0 0 1 0 1 2 2 3 0 1 
Pollen Sum 407.5 318.5 405.5 316.5 352.5 340.5 316.5 351.5 371 305 373 339.5 358 326 400 356 244 

Typha 1 1 0 0 2 1 0 1 2 6 2 2 2 1 2 4 0 
Nuphar 6 2 4 5 2 8 8 5 27 21 18 5 0 1 0 0 0 

Sporormiella 0 2 0 0 1 0 2 0 0 0 0 0 0 3 1 0 0 
Sordaria 3 2 5 1 0 0 3 1 0 0 4 1 2 3 4 3 0 

Podospora 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 
Cercophora 0 0 0 0 2 0 0 0 0 0 1 0 0 0 1 0 0 
Delitschia 3 2 1 1 1 0 0 0 0 1 0 0 0 2 0 2 0 

Gelasinospora 1 2 0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 
Coniochaeta 0 1 0 0 0 0 0 0 1 0 0 1 3 0 1 0 0 
Lycopodium 62 60 31 44 96 63 55 48 71 49 42 62 89 39 114 58 330 

Tablets added 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
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Table 0-2 Loss-on-ignition (LOI) and magnetic susceptibility (MS) data for Gravel Lake. 

Depth (cm) LOI 
(%) 

MS (x10-7 
SI) 

Depth (cm) LOI 
(%) 

MS (x10-7 
SI) 

1 57.14 - 40 53.19 - 
2 57.14 - 41 52.91 - 
3 60 - 42 54.44 - 
4 56 - 43 55.22 - 
5 54.9 - 44 52.78 - 
6 55.74 - 45 52.69 - 
7 53.42 - 46 52.94 - 
8 54.69 - 47 52.33 - 
9 56.06 - 48 53.45 - 
10 51.58 - 49 51.06 - 
11 53.13 - 50 51.5 - 
12 56.25 - 51 49.24 - 
13 54.95 - 52 50.4 - 
14 55.45 - 53 53.70 - 
15 54.48 - 54 - - 
16 56.63 - 55 - - 
17 57.14 - 56 51.58 - 
18 54.39 - 57 52.58 - 
19 54.76 - 58 52.38 - 
20 56.04 - 59 52.55 - 
21 55.2 - 60 52.68 - 
22 55.1 - 61 53.54 - 
23 55.47 - 62 50.74 - 
24 53.85 - 63 53.01 - 
25 53.38 - 64 54.17 - 
26 53.66 - 65 53.93 - 
27 55.04 - 66 54.9 - 
28 55.1 - 67 54.26 - 
29 54.79 - 68 53.4 - 
30 55.07 - 69 53.93 - 
31 54.49 - 70 52.94 - 
32 54.37 - 71 51.76 - 
33 52.99 - 72 55 - 
34 54.11 - 73 51.92 - 
35 51.94 - 74 52.25 - 
36 52.17 - 75 46.5 - 
37 54 - 76 49.41 - 
38 54.12 - 77 49.77 - 
39 52.2 - 78 50 - 
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Depth (cm) LOI 
(%) 

MS (x10-7 
SI) 

Depth (cm) LOI 
(%) 

MS (x10-7 
SI) 

79 50 - 118 51.76 - 
80 51.03 - 119 52.07 - 
81 50.89 - 120 51.53 - 
82 51.38 - 121 51.45 - 
83 52.02 - 122 53.52 - 
84 53.89 - 123 47.73 - 
85 53.80 - 124 47.04 -1.9396 
86 54.07 - 125 47.32 -5.0269 
87 55.45 - 126 48.05 -7.3232 
88 55.5 - 127 47.64 -5.922 
89 55.19 - 128 49.43 -3.0739 
90 36.42 - 129 49.53 -6.304 
91 54.75 - 130 50.7 -7.528 
92 54.48 - 131 50 7.1801 
93 55.51 - 132 51.75 -4.5111 
94 54.14 - 133 54.64 - 
95 55.37 - 134 55.05 -7.2924 
96 56.12 - 135 54.26 -4.5687 
97 54.23 - 136 56.12 -9.7175 
98 56.45 - 137 48.94 -4.3897 
99 59 - 138 49.22 -4.2712 
100 56.4 - 139 49.5 -5.49 
101 57.95 - 140 50.96 -1.4489 
102 59.09 - 141 53 -0.6511 
103 58.06 - 142 51.96 -5.8807 
104 58.06 - 143 52.88 -4.4584 
105 57.92 - 144 53.5 3.5692 
106 53.06 - 145 53.02 7.1983 
107 54.86 - 146 54.3 -3.1456 
108 55.12 - 147 53.61 -1.7581 
109 54.64 - 148 52.86 -2.9759 
110 53.24 - 149 51.32 -4.9264 
111 55.56 - 150 49.24 -0.1551 
112 51.03 - 151 48.66 -1.3797 
113 52.05 - 152 48.04 4.0738 
114 52.91 - 153 47.61 2.2712 
115 52.14 - 154 46.84 - 
116 53.19 - 155 44.44 2.3311 
117 52.3 - 156 39.41 1.7808 
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Depth (cm) LOI 
(%) 

MS (x10-7 
SI) 

Depth (cm) LOI 
(%) 

MS (x10-7 
SI) 

157 37.59 12.4407 196 12.61 45.5573 
158 39.56 11.2195 197 9.32 89.9757 
159 43 4.7957 198 8.02 65.1293 
160 45.56 6.2156 199 12.97 43.2704 
161 42.74 5.098 200 27.27 -1.4708 
162 36.8 - 201 28.65 8.884 
163 34.17 19.3877 202 39.07 -15.8934 
164 30.26 22.7608 203 57.59 -19.9919 
165 26.88 25.4639 204 61.28 -24.0365 
166 27.47 22.2166 205 54.25 -24.9281 
167 27.46 32.1804 206 41.74 -11.9681 
168 23.35 45.4988 207 29.89 1.6285 
169 21.37 32.3678 208 20.55 -0.4189 
170 12.97 62.9488 209 21.01 25.9054 
171 6.94 89.5033 210 25.63 15.5347 
172 8.24 25.5321 211 25.11 -1.5389 
173 - - 212 12.75 5.6056 
174 - - 213 5.99 66.2251 
175 9.6 - 214 6.52 54.6354 
176 11.35 -1.156 215 4.72 96.7654 
177 7.06 34.4665 216 4.89 91.1302 
178 9.28 1.8805 217 4.42 92.242 
179 9.49 -6.419 218 3.93 105.1953 
180 15.04 -13.7692 219 2.93 107.582 
181 27.46 -55.7576 220 2.67 134.8619 
182 45.49 -65.3407    
183 40.68 -65.6576    
184 36.51 -58.8344    
185 39.66 -56.0032    
186 23.25 -49.1058    
187 39.03 -34.6252    
188 47.56 -25.5147    
189 44.59 -41.9093    
190 40.69 -41.9093    
191 37.05 -46.9092    
192 35.04 -36.731    
193 29.41 -27.1301    
194 22.78 -21.0849    
195 18.2 -3.113    

 


