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Abstract  

Despite their important role in lake ecosystems, the fossil record of consumers has been 

underutilized compared to the remains of algae and plants in paleoenvironmental 

studies. Cladocerans, chironomids, and testate amoebae were found in palynological preparations 

of sediments throughout Crawford Lake (a unique meromictic lake in Ontario, Canada), but 

rotifer lorica and cysts of aloricate ciliates were only preserved in seasonally laminated 

sediments in the monimolimnion of this lake, demonstrating the exceptional preservation 

potential in this portion of the lake water column. Relatively diverse assemblages of consumer 

palynomorphs were associated with anthropogenic impact on this lake, and the annual 

chronological resolution afforded by varves allowed these to be related to historic events in the 

small watershed, the most notable being the operation of a lumber mill on the south shore of the 

lake, and to archeological and pollen evidence of several phases of agricultural settlement 

between the 13th and 15th centuries. Lower diversity of consumer palynomorphs between the 

Iroquoian and Euro-Canadian settlement phases (i.e., late 15th through early 19th centuries) 

mainly reflects the sharp decline in most rotifer taxa and the cladoceran Bosmina longirostris, 

but the persistence of the rotifers Keratella hiemalis and Kellicottia longispina is evidence that 

the lake ecosystem did not return to pre-human impact conditions after abandonment of the 

Iroquoian settlement. Understanding how the trophic level of consumers responded to natural 

and anthropogenic stressors relied heavily on rarely preserved rotifer lorica, but the observation 

that the cladoceran B. longirostris tended to thrive relative to the typically more 

common Daphnia at times of cultural eutrophication may have broader application in 

palynological studies of lakes.      

 



 

 

Contrary to long-standing assumption, the exceptional preservation of organic-walled 

microfossils in undisturbed seasonal laminae in the deep basin of Crawford Lake cannot be 

explained by anoxia. Observations of seasonal migration of zooplankton to and from the 

mixolimnion in conjunction with instrumental measurements of dissolved oxygen, 

temperature, and conductivity in the water column almost monthly from October 2019 through 

September 2020 demonstrated that this meromictic lake is uncharacteristically well-oxygenated 

below the chemocline. Instead, exceptional preservation is attributed to the lack of bioturbation 

and the suppression of bacterial decomposition in the cold, nearly brackish, highly alkaline 

bottom waters devoid of benthos larger than ostracods able to migrate into the deep basin via 

interstitial waters. The annual resolution possible in sediments deposited in a typically well-

oxygenated setting is an attractive feature in the search for a potential GSSP to define the 

Anthropocene Epoch using plutonium from fallout of thermonuclear testing as a primary 

marker.    
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February, 20m   ..................................................................................................................19 

Plate 2.6 Rotifer palynomorphs observed only in the deep basin sediment 1. Kellicottia 

longispina; Core CL-3, 18cm 2. Keratella cochlearis; Core CL-3, 13cm 3. Keratella quadrata; 

Core CL-3, 13cm 4. Keratella hiemalis; Core CL-3, 4cm 5. Filinia egg; CL-3, 3cm ......20 



 

Plate 5.1 Common consumer palynomorphs observed in sediment retrieved from both the deep 

and shallow basin of Crawford Lake (All rotifers are found only in the deep basin). 1. Daphnia 

pulex complex post abdominal claw; CL-3, 13cm 2. Bosmina longirostris head capsule; CL-11, 

1910 3. Daphnia spp. post abdominal claw; CL-3, 16cm 4. Lorica of the rotifer Kellicottia 

longispina; Core CL-3, 18cm 5. Lorica of the rotifer Keratella cochlearis; Core CL-3, 13cm 6. 

Lorica of the rotifer Keratella hiemalis; Core CL-3, 4cm 7. Lorica of the rotifer Keratella 

quadrata; Core CL-3, 13cm 8. Rotifer Filinia egg; Core CL-3, 3cm 9. Difflugiid testate amoeba; 

Core CL-2011, 1900 10. Rare Testate Amoeba Centropyxis sp.; Core CL-3, 11cm 11. Cyst of 

ciliate Strombidium sp. (only observed in deep basin sediments); CL-3, 17cm 12. Cyst of the 

ciliate Radiosperma sp. (only observed in deep basin sediments); CL-3, 12cm 13. Chironomid 

mandible; CL-2011, 1610 14. Chironomid head capsule; CL-3, 2cm ……………………..66  
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Chapter 1 

 

1.1 Introduction 

 

Palynomorphs, microfossils with acid-resistant organic walls, are commonly found in 

lacustrine (lake) sediments globally and are commonly utilized as proxies in paleolimnological 

studies that seek to reconstruct lacustrine paleoenvironments and their catchments. Although a 

great deal of emphasis is placed on preserved pollen, palynomorphs include representatives from 

all kingdoms of life (McCarthy et al., 2021). Of all the groups of non-pollen palynomorphs 

(NPP), consumers (zooplankton or zoobenthos) are least often identified by palynologists. In 

order to examine the role of consumer organisms more fully in paleoenvironmental studies, they 

must be studied in a context that facilitates examination of an array of consumer organisms and 

their responses to a wide range of biotic and abiotic factors. One such site, the central location 

for this thesis, is Crawford Lake, a 2.4-hectare lake in a deep karstic basin weathered in the 

dolostone caprocks of the Niagara Escarpment. The discovery of pollen of cultigens in sediments 

led to an excavation that discovered evidence of an Iroquoian village in the western part of its 

small (126.5 ha) watershed (Finlayson et al., 1973; Finlayson & Byrne, 1975). Since then, the 

site has been protected by Conservation Halton in the Niagara Escarpment World Biosphere 

Reserve near Milton, Ontario, about 50 km west of Toronto at 43°28’N, 79°57’W. Most lakes 

are holomictic, meaning that at least once per year the lake experiences mixing of the entire 

water column, disturbing sediment and re-introducing oxygen to the hypolimnion/deep basin 

layer (Larsen & MacDonald, 1993, Hakala, 2004). The relatively small surface area of this 24-m 

deep karstic basin (sinkhole) with steep sides, combined with the dense forest and low cliff walls 

surrounding the lake, induce meromixis in Crawford Lake (i.e., permanent stratification of the 

water column, delineated by a chemocline). Studies on Crawford Lake, which is an excellent 

location owing to exceptional preservation within the monimolimnion (the water column below 

the chemocline of meromictic lakes that does not experience mixing) and the well-documented 

anthropogenic history of the surrounding land, provide an opportunity to assess the value of 

consumer palynomorphs present in pollen slides. Only a single study by Turton and McAndrews 

(2006) has considered the record of a single group of zooplankton (rotifers) in the context of 

historical human impact on Crawford Lake. Examining all acid-resistant remains of consumers 

in annually laminated sediments and comparing assemblage changes with algal palynomorphs in 
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the same slides as well as geochemical proxies would allow consumer palynomorphs to be 

assessed as useful paleoenvironmental proxies. 

 

The record of consumer palynomorphs with high preservation potential in non-laminated 

sediments above the chemocline of Crawford Lake is broadly applicable to holomictic lakes, as 

several of these organisms are common in lacustrine environments and sediments, and they have 

demonstrated responsiveness to a variety of environmental factors. The widespread cladocerans 

appear to hold the best promise as paleoenvironmental proxies in lakes based on their sensitivity 

to nutrient loading and turbidity associated with the various types of anthropogenic stressors on 

the lake ecosystem; this sensitivity is particularly useful in conjunction with how common 

cladocerans are in nearly all lacustrine environments and their sediments.  

 

1.2 Objectives 

The main objective of this thesis is to assess the utility of consumer palynomorphs in 

paleolimnological studies (as the remains of consumers in pollen slides are are consistently 

underutilized in paleoenvironmental studies), focused on the well-studied annually laminated 

sediments from the deep basin of Crawford Lake. The first study, Chapter 4, analyses consumer 

distribution in the water column of Crawford Lake in conjunction with water quality 

measurements and palynomorph assemblages to demonstrate the unexpected and highly unusual 

oxygenation in the monimolimnion. All previous studies have asserted (although do not appear 

to have actually measured) anoxia below the chemocline of Crawford Lake, even though these 

studies mentioned the presence of active zooplankton in the monimolimnion. An oxygenated 

monimolimnion is advantageous in the context of the search for a type section to define the 

Anthropocene Epoch, since the GSSP (Global Boundary Stratotype Section and Point; Hedberg, 

1976) must preserve the primary markers (in this case, 239Pu) in a readily identifiable 

stratigraphic position (with A.D. 1952 proposed by the Anthropocene Working Group of the 

International Commission on Stratigraphy, marked by nuclear fallout; Markley, 2020). Chapter 

5, the second study, analyses consumer and algal palynomorphs in order to better understand the 

taphonomic conditions below the permanent pycnocline/chemocline of Crawford Lake relative to 

the much larger area of the lake shallower than 15m where conditions resemble those in typical 

dimictic lakes. The exceptional preservation of remains of rotifers and ciliates together with the 
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more robust remains of cladocerans in varved sediments provide unparalleled insights into 

zooplankton /secondary productivity in the water column of this meromictic lake over the last 

millennium in response to climatic and anthropogenic stressors. 

1.3 Format 

This thesis is written in the Integrated Article format. Chapter 2 is a review of relevant 

literature concerning the limnology and paleolimnology of Crawford Lake. Chapter 2 also 

includes an overview of the consumer organisms and the palynomorphs they produce, their life 

habits, morphologies, their abundance in sediments, and the frequency with which they are 

utilized in paleoenvironmental studies. The chapter concludes with a brief overview of consumer 

organisms whose remains are not acid-resistant but are still relevant to paleoenvironmental 

studies. Chapter 3 presents general background about the study site and discusses the methods 

employed over two years of study. Chapter 4 is the first of two manuscript chapters, focusing on 

research pertaining to the oxygenation of the monimolimnion of Crawford Lake. Chapter 5 is the 

second of the two manuscript chapters, and contains findings pertaining to palynomorphs from 

the sediments of Crawford Lake. Chapter 6 consists of the general conclusions for the thesis and 

suggestions for future research. Both appendices and collated references are located following 

Chapter 6. 

 

Chapter 2: Literature Review 

 

2.1 The Limnology and Paleolimnology of Crawford Lake 

 

 Although the geographuc setting of the 24-m deep karstic basin (sinkhole) of Crawford 

Lake, the study site for this thesis, induces meromixis (i.e., permanent stratification of the water 

column), it is a unique meromictic lake, in that the monimolimnion is not anoxic. The 

mixolimnion, or the upper portion of the water column of meromictic lakes, the upper 15- 16m 

of Crawford Lake, below which the sharply different water chemistry (chemocline) produces a 

sharp density contrast (pycnolcine) that inhibits mixing (Figure 2.1). The water column above 

this depth experiences complete turnover when the mixolimnion is isothermal, in fall and spring. 

Massive peaty marls accumulate on the lakebed above the chemocline in the “shallow basin” that 

covers a much larger area than the small, deep basin which comprises only approximately 1/9 of 
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the basin (B. Llew-Williams, pers. comm). Varves consisting of alternating dark organic-rich and 

light coloured inorganic calcite-rich laminae, providing annually resolvable sediment layers 

(Boyko-Diakonow, 1979) only accumulate in the monimolimnion. Dickman (1985) attributed the 

formation of these varves to bacterial/organic die-offs at the end of fall and calcite precipitation 

with the rising temperatures in the epilimnion during spring/summer, respectively. Llew-

Williams (in prep.) calculated that the precipitation of calcite is limited to the upper few meters 

of the epilimnion (maximum of 6 meters depth), when warm surface temperatures combine with 

the high alkalinity sourced from the surrounding dolomitic formations. This threshold for calcite 

precipitation was met in June, July, and August water column samples of 2020, where surface 

temperatures exceeded 20 °C (more in-depth explanation in Llew-Williams, in prep.). 

 

 

 

Figure 2.1. The morphology of the deep karstic basin of Crawford Lake inhibits mixing below 

15 m, and highly conductive alkaline water is permanently isolated from the overlying 

mixolimnion by a sharp density contrast along the chemocline (increasingly dark shading 

identifies the epi-, meta- and hypolimnion within the mixed layer as well as the permanently 

stratified monimolimnion).  Light-dark couplets composed of inorganic calcite and organic 

matter (varves formed from seasonal calcite precipitation and plankton die off respectively) 

accumulate seasonally below the chemocline, providing annual resolution (Boyko-Diakonow, 
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1979). Peaty marl sediments in the shallower parts of Crawford Lake are not varved. Diagram 

modified from Heyde et al. (in revision; this thesis, Chapter 4). 

 

 

 Crawford Lake has long been a site of paleolimnological studies due to the annually 

resolved sediment layers and exceptional preservation of organic-walled microfossils, including 

cellulosic dinoflagellate thecae and organic-walled cysts with viable cell contents (Krueger and 

McCarthy, 2016) and rotifer lorica (Turton and McAndrews, 2006).). Multiple studies utilized 

changes in pollen, aquatic microfossils, and geochemical data (referred to as paleoenvironmental 

proxies) to reconstruct the biotic and abiotic conditions in the paleoenvironment, often 

documenting the influence of various anthropogenic activities (McAndrews & Boyko-Diakonow, 

1989; Ekdahl et al. 2004, 2007; McAndrews & Turton, 2006, 2010; McCarthy & Krueger, 2013; 

Krueger and McCarthy, 2016). These proxies revealed two distinct periods of human activity in 

the Crawford Lake watershed: 1) several longhouses were occupied by several hundred 

Iroquoian people who cultivated maize and other crops from 1268 to 1486 CE according to the 

varve-ages counted by Ekdahl, et al. (2004) and supported by 23 AMS radiocarbon ages of 

upland plant fossils, and 2) occupation by European settlers since the mid- 19th century that 

continues into the present (Boyko, 1973). In addition to cultivation of the land where the 

Iroquoian village once stood, Crawford Lake was impacted by the construction of a sawmill at 

the south end of the lake, stocking of the lake with sportfish in the late 19th century, and the 

conversion of Crawford Lake and the surrounding area into a conservation area in 1969 

(Conservation Halton, 2006).   

 

The influence of anthropogenic activities on phytoplankton from Crawford Lake is well-

documented (Rybak & Dickman, 1987; Ekdahl et al., 2004, 2007; Krueger & McCarthy, 2016; 

McCarthy et al., 2018), but there was little attention paid to zooplankton until Turton and 

McAndrews (2006) documented the unusual abundance of rotifer lorica in varved sediments, 

particularly at times of cultural eutrophication. Few studies exist which pertain to the 

zooplankton constituents of the water column, but the findings of Mazumder (1983) and Goral 

(2009) provide important insight into cladoceran and rotifer populations (although Goral focused 

specifically on the horizontal distribution of cladocerans rather than vertical). Both groups were 

observed throughout the water column, and most importantly, in very low abundance within the 
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monimolimnion of the lake during part of the sampling year, despite the purported anoxic 

conditions below the chemocline. Exceptional preservation in this Konservat-Lagerstätte, or 

exceptionally preserved fossil record (Krueger & McCarthy, 2016), was long attributed to 

bottom water anoxia, but recent easurements of physical parameters of the water column 

identified highly oxygenated water in the monimolimnion (Figure 2.2).  

 

 

 

 

Figure 2.2. Measurements of temperature, conductivity, dissolved oxygen concentration and pH 

were taken using a Horiba multiparameter water quality meter from Crawford Lake, Ontario 

during freezecoring expeditions to define the Anthropocene Epoch. Surprisingly, while 

temperature, conductivity and pH profiles confirm the existence of a permanent chemocline 

between 15 and 16 m in the water column, there is no evidence of anoxia (or even hypoxia – DO 

less than 5 ml/l) in the monimolimnion of this deep, karstic basin, from McCarthy (2020). The 

concentration of dissolved oxygen tends to be highest between 6 and 10 m (the metalimnion), 
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where phytoplankton are abundant and respiraton and decomposition occur at a lower rate than 

in the epilimnion and hypolimnion, respectively. 

 

Inflow of oxygenated groundwater via highly conductive aquifers that intersect the 

karstic basin has recently been documented (Llew-Williams et al., 2020 and Llew-Williams et 

al., submitted). While this is inconsistent with long-held assumptions frequently repeated in the 

literature about Crawford Lake, it does explain the inability of Mazumder (1983) to explain that 

rotifers and cladocerans were “found alive and active in the anoxic monimolimnion of Crawford 

Lake…. it was not possible to explain how they survive in the anoxic waters” (Mazumder, 1983, 

p. 96). Concentrations of dissolved oxygen more than sufficient for general aerobic respiration 

also explain the existence of an ostracod fauna in the deep basin of Crawford Lake through most 

of the last millennium (Calvin Chan, unpublished data) and the abundance of benthic algae 

except during rare intervals of cultural eutrophication and biochemical oxygen demand (Heyde et 

al., in revision; this thesis, Chapter 4).  

 

The unusual oxygenated monimolimnion is an attractive feature for a proposed GSSP for 

the Anthropocene, since the primary marker chosen by the Anthropocene Working Group of the 

Subcommission on Quaternary Stratigraphy to formally define this epoch of geologic time is 

plutonium, (see http://quaternary.stratigraphy.org/working groups/Anthropocene). Abundant 

plutonium was deposited worldwide as fallout from atomic bombs detonated since the mid- 20th 

century and thus is a useful isochronous marker of the onset of major increases in growth rate 

across a range of anthropogenic activity referred to as the Great Acceleration (Steffen et al., 

2015), but it is less stable in sediments in the reducing conditions, such as the anoxic bottom 

waters that usually characterize depositional environments in which varves are preserved. This 

highly unusual hydrology, together with the protection of the lake by Conservation Halton, and 

the associated evidence of extensive human impact prior to European settlement, makes the 

annually laminated sequence from the deep basin of Crawford Lake a prime candidate to define 

the Anthropocene Epoch (Waters et al., 2018; McCarthy, in press).  

 

This thesis focuses on the chitinous remains of crustaceans that are common in the varved 

sediments from Crawford Lake, together with the acid-resistant remains of other consumers in 

palynological preparations (e.g., ciliates and rotifers). Comparing the palynological record of 
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consumers in annually laminated sediment from the deep basin with the record in peaty marl 

from shallower parts of Crawford Lake and with the distribution of zooplankton throughout the 

water column through the 2020 water year will provide insights into the mechanism(s) that 

enable the exceptional preservation of organic-walled microfossils in the oxygenated deep basin. 

This study also promotes the value of the remains of consumers in sediments processed for 

pollen analysis, providing insights into taphonomic (fossilization) processes, trophic 

relationships, and anthropogenic influence within lacustrine environments. 

 

2.2 Lacustrine Food Webs and the Microfossil Record of Consumers 

 

 Many non-pollen palynomorph (NPP)-centric paleolimnological studies are concerned 

with the impact of environmental processes on primary producers like algae; they utilize current 

understanding of an organisms’ response to various factors (e.g., eutrophication, salinity, 

precipitation) in conjunction with the concentrations of acid-resistant, organic walled 

microfossils, or palynomorphs, from sediment to reconstruct past environmental conditions. 

Palynomorphs in a single “pollen slide” represent many taxa with different life habits and 

ecologies from both within the lake and its surrounding catchment (McCarthy et al., 2021). 

Despite their ubiquitous presence within freshwater ecosystems and sediments, the influence that 

consumer organisms or zooplankton have on the population dynamics both in conjunction with 

and independent of chemical and environmental factors is underestimated. Zooplankton 

influence nutrient availability in lacustrine ecosystems by way of digestion; “resupplying” 

nutrients (e.g., nitrogen and phosphorus) in differing proportions and compositions than were 

ingested (Sterner, 1990; Figure 2.3). This zooplankton-mediated process of nutrient cycling can 

drasticallyinfluence phytoplankton communities in terms of population proportions and the 

overall makeup of the community (Attayde & Hansson, 1999).  
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Figure 2.3. Consumers play an important role nutrient and carbon cycling in lake ecosystems, 

and the organic macromolecules in many microinvertebrates and protozoans withstand the acid 

treatment used in preparing samples for pollen analysis. Analysing consumer palynomorphs 

together with those of benthic primary producers (algal palynomorphs) and allochthonous pollen 

and spores of upland plants and fungal spores in a single slide provides insights into the response 

of the lake ecosystem to various stressors (e.g., nutrient loading, climate change). Modified from 

Snortheim et al. (2017) and McCarthy et al. (2021). 

 

 Palynomorphs from multiple trophic levels in a single study may bolster the robustness 

of paleoenvironmental interpretations, allowing for more accurate reconstructions than relying 

on one proxy that may not be as responsive to specific factors. Furthermore, observing how 

environmental factor(s) affect all palynomorphs provides insights into the response of entire lake 

ecosystem to stressors like nutrient loading and climate change allowing for a more robust 

paleoenvironmental reconstruction. The impact that factors, both biotic and abiotic, can have on 

different taxonomic groups can vary, and these strengths and weaknesses are more easily 

accounted for when utilizing a multi-proxy approach. Neglecting to consider the remains of 
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consumers may lead to an incomplete understanding of the ecological interactions and structure 

of paleoenvironments. 

2.3 Common Consumer Groups Preserved in Palynological Preparations of Lake 

Sediments 

 The microscopic acid-resistant remains of consumers are commonly observed in 

palynological preparations but vary widely in the extent to which they preserve within lacustrine 

sediments. These consumers have been shown to respond to many environmental factors in 

lacustrine environments, such as the rate of carbon production (Pace et al., 2004), eutrophication 

(Turton & McAndrews, 2006), temperature, precipitation, and heavy metal pollutant 

concentrations (Altındağ & Yiğit, 2005). Zooplankton are also known to impact lacustrine 

sedimentation as well as DO and DOC (Lampert, 1978). Consumer palynomorphs represent 

many taxonomic groupings, including arthropods like crustaceans and insects, nematodes, 

flatworms, rotifers, and a range of test/pellicle/lorica-forming protozoans, and a variety of life 

stages, including eggs, egg cases, and cysts. Several examples of these encountered in 

palynological studies recently conducted in the McCarthy Lab at Brock are illustrated in a review 

chapter (McCarthy et al., 2021) and additional examples from lakes in the northeastern United 

States are shown below (Plate 2.1). 
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Plate 2.1. Consumers commonly fossilized in palynological preparations of lacustrine sediments.  

1-4, Walden Pond. MA (photo credit P.M. Pilkington); 5-7, Lake George, NY (photo credit F. 

McCarthy).1. cyst of the dinoflagellate Peridinium gatunense & rotifer egg; core WAL17, 0cm 

2. Unknown ciliate lorica; WAL17, 604cm 3. Carapace of the cladoceran Bosmina, 

cyanobacterium Anabaena sp.; WAL17 0cm 4. Unknown crustacean appendage; WAL17, 84cm 

5. Testate amoeba Centropyxis aculeata (& pine pollen for scale); core LG14 ST2 Tea Island 
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Ekman; 6. Lorica of the rotifer Keratella testuda & Tsuga pollen; core LG14; 7. unknown 

tintinnid; LG14 core NWB-3, 10-12 cm   

Cladocerans 

Cladocerans are an order of small crustaceans, class Branchiopoda, that are commonly 

found disarticulated in palynological samples (Plate 2.2). Their presence is often indicated by 

post-abdominal claws and whole or partial carapaces (Eggermont & Martens, 2011; Korosi & 

Smol, 2012). Cladocerans are likely the most suitable of all acid-resistant consumer groups as 

paleoenvironmental proxies due to their high preservation potential and resistance to acids used 

in palynological maceration, their presence in many freshwater environments, and occupying 

many niches within those environments, as well as the relative ease with which they can be 

identified (Plate 2.2). Cladocerans are rarely reported in pre-Quaternary studies, because of the 

relative scarcity of continental freshwater deposits. Rare exceptions include significant findings 

in the Eocene Messel Beds of Germany (Richter et al., 2017); one potential report from the 

Devonian exists, although there is doubt about this identification, and the oldest confirmed 

fossils of cladocerans are dated to the early Jurassic originating from the extant families Sidedae, 

Daphniidae and Moinnidae, and the extinct families Leptodorosidedae and Prochydoridae (Van 

Damme & Kotov, 2016). Cladocerans were previously observed in Crawford Lake by Mazumder 

(1983), even in the monimolimnion which was assumed to be anoxic. Cladocerans are the most 

commonly studied consumer from palynological preparations and have been utilized as proxies 

of eutrophication (Shumate et al., 2002), acidification (Krause-Dellin & Steinberg, 1986; 

Paterson, 1994), water levels (Sarmaja-Korjonen & Alhonen, 1999), and climate (Kamenik et al., 

2007; Lotter et al., 2000; Battarbee et al., 2002). Similarly, their eggs, or ephippia, also prove 

useful as paleoenvironmental proxies of climate change and anthropogenic activity (Amsinck et 

al., 2007).  



13 

 

Plate 2.2 Disarticulated cladoceran palynomorphs observed in the deep and shallow basin 

sediments 1. filtration appendage of the cladoceran Daphnia; CL-3, 13cm 2. Daphnia limb; CL-

3, 13cm 3. Daphnia pulex complex post abdominal claw; CL-3, 13cm 4. Bosmina longirostris 

head capsule; CL-11, 1910 
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Plate 2.3 Crustaceans observed in the water column samples of Crawford Lake 1. Bosmina 

longirostris; November, 10m 2. Head of Daphnia pulex; August, 0m 3. Cyclopoid copepod; 

February, 20m 4. Antennae of calanoid copepod; February, 20m 

Copepods 

Copepods are a subclass of the crustacean class Hexanauplia found in great abundances 

throughout many environments (Plate 2.3). Five orders, Calanoida, Harpacticoida, Cyclopoida, 

Gelyelloida, and Siphonostomatoida, comprise all freshwater copepod species (Boxshall & 

Defaye, 2007). Freshwater copepods can be grazers, predators, or parasites and they have varied 

morphology (Boxshall & Defaye, 2007). Non-parasitic copepods have segmented exoskeletons 

and appendage morphology similar to cladocerans, with paired antennae, antennules, swimming 

legs, and mandibles (Blaxter et al., 1998). Copepod diversity and abundance would suggest their 

potential as paleoenvironmental proxies/indicators, but their preservation potential is low due to 

their fragility (Selden et al., 2010). Copepod resting eggs and spermatophores appear to have 
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higher preservation potential, and appear to respond to eutrophication and water levels, making 

them more likely to be suitable paleoenvironmental proxies (Borromei et al., 2010). There are 

some paleolimnological studies that do examine copepod eggs and their response to various 

environmental factors (Kerfoot et al., 1999; Brenner, 2001). 

 

Chironomids/Chaoborids 

The larval stages of non-biting midges (chironomids) and phantom midges (chaoborids) 

are consumers commonly found in the benthic and planktonic zones, respectively, of freshwater 

lakes and ponds. These insect larvae lack legs, but many have small pseudopod-like appendages.  

The head is the most distinctive part of the larva, generally lacking eyes, and having mouthparts 

suitable for mastication as well as modified antennae (Plate 2.4). Chaoborid larvae prey on small 

insects and crustaceans, and chironomid larvae can be grazers, filter feeders, or predators (Hare 

& Carter, 1987; Merritt & Cummins, 1996). The head capsules of these consumers are often 

observed in palynological samples, but analysis of chaoborids and chironomids is usually 

performed by micro paleontologists on sieved preparations (which do not undergo harsh 

chemical treatments), and they are not typically included as palynomorphs. The distinct 

morphology of these head capsules, which can be sufficient for species identification, and their 

sensitivity to an array of physico-chemical factors (Hodkinson & Jackson, 2005, Medeiros & 

Quinlan, 2011) makes them highly suitable as paleolimnological proxies. Chironomids have 

been employed as paleolimnological proxies for factors including temperature and oxygenation, 

(Lotter et al., 1999; Quinlan & Smol, 2002). 
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Plate 2.4 Various consumer palynomorphs observed in the deep and shallow basin sediments 1. 

Cyst of ciliate Strombidium sp. (only observed in deep basin sediments, also observed in water 

column); CL-3, 17cm 2. Difflugiid testate amoeba (also observed in water column); CL-3, 11cm 

3. Chironomid mandible; CL-11, 1950 4. Radiosperma sp. (only observed in deep basin 

sediments); CL-3, 12cm 5. Chironomid head capsule; CL-3, 2cm 

Nematodes 

Nematodes (phylum Nematoda) are extremely versatile and are commonly found in 

almost every ecosystem, including freshwater environments (Hodda, 2011). Freshwater 

nematodes are found within multiple classes, one of the more significant being the class Enoplea. 

Most nematodes are parasitic, but a significant portion are free-living heterotrophs found 

throughout the water column (Majdi & Traunspurger, 2015). Nematode bodies are soft and 

rarely fossilized, but their eggs are much more resilient and very numerous. The eggs of parasitic 

nematodes like the distinctive Trichuris (mammalian host, including humans), for example, are 

commonly found in samples from archeological sites associated with human settlement (e.g 

Bouchet et al, 1999; Brinkkemper & van Haaster, 2012; Florenzano et al., 2012). Non-parasitic 

nematodes appear to be sufficiently sensitive to different environmental factors, (Bazzanti, 2000; 

Bongers, 1990) their commonly preserved eggs may be useful paleoenvironmental proxies.  

Flatworms 

The phylum Platyhelminthes, or flatworms, are another group of soft-bodied consumers 

commonly found in many aquatic ecosystems, including many lacustrine environments. They are 

generally divided into the classes Turbellaria, containing the 20% of flatworm species that are 

non-parasitic, with the remaining 80% belonging to either Trematoda, Monogenea, or Cestoda 

(Smyth, 2014). Flatworms have simple morphology consisting of flat, smooth, unsegmented 

bodies with discrete heads and they entirely lack any hard tissues. The harder, protein-based 

cocoons of Platyhelminthes appear to have a higher preservation potential, being observed in 

fossilized mastodon dung (Cocker et al., 2021), as well as in high concentrations in some 

sediment samples (Warner, 1989). Flatworms and their interactions with different physio-

chemical factors are not extensively studied, but paleolimnological studies do exist relating their 
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presence and abundance primarily to paleohydrology and general paleo reconstructions (Haas 

1996; Borromei et al. 2010; Ghosh et al. 2017). 

Rotifers 

Rotifers (phylum Rotifera) are predominantly freshwater microscopic filter-feeding 

“wheel animals” that consume primarily algae and bacteria (Plate 2.5). They are ubiquitous, 

being found in most freshwater environments globally, typically as plankton with some species 

being sessile. Rotifer lorica rarely fossilize and somewhat resemble tintinnid ciliates or amoeba 

tests, being comprised of a large cup-shaped mouth with chitinous jaws surrounded by cilia and a 

“head” with one or two pairs of antennae and several simple eyes (Segers 2008). However, 

Ehrenberg (1838) recognized them as bilaterian animals as early as the mid 19th century. Rotifer 

eggs, which enable rotifer to survive a multitude of adverse environmental conditions, are more 

commonly reported in freshwater palynological studies, likely due to their higher preservation 

potential (van Geel 2001; Swadling et al. 2001). The earliest known fossil rotifers are from 

Dominican amber of the Eocene age (Waggoner and Poinar 1993), with the majority found in 

Holocene sediments processed without oxidants (Swadling et al., 2001). Turton and McAndrews 

(2006) observed abundant rotifer palynomorphs, predominantly in the genus Keratella in the 

sediments of Crawford Lake; the varying abundance of these rotifers coincides with the 

eutrophication resultant from anthropogenic activities from both the Iroquoian and Euro-

Canadian Zones (Plate 2.6). Mazumder (1983) observed rotifers in the water column of 

Crawford Lake, and sparse populations in the monimolimnion, which was assumed at the time to 

be anoxic. There are a few studies that relate preserved rotifer resting eggs to climate and trophic 

change (Nykänen et al., 2008; Merkt & Müller, 1999). 
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Plate 2.5 Rotifer palynomorphs observed in the water column samples of Crawford Lake. 1. 

Keratella earlinae; October, 20m 2. Keratella cochlearis; August, 0m 3. Keratella hiemalis; 

February, 20m 
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Plate 2.6 Rotifer palynomorphs observed only in the deep basin sediment 1. Kellicottia 

longispina; Core CL-3, 18cm 2. Keratella cochlearis; Core CL-3, 13cm 3. Keratella quadrata; 

Core CL-3, 13cm 4. Keratella hiemalis; Core CL-3, 4cm 5. Filinia egg; CL-3, 3cm. 

 



21 

 

Testate amoebae 

Testate amoebae are a polyphyletic group of protists- amoebozoans (class Tubulinea, 

primarily order Arcellinida), rhizarians (phylum Cercozoa, primarily Order Euglyphida) and 

stramenopiles (Family Amphitremidae). Tests may be entirely organic in composition, or they 

may include secreted mineral elements (scales) or agglutinated sedimentary particles 

(xenosomes) although these siliceous elements are dissolved by hydrofluoric acid (HF) treatment 

(Plate 2.4). They are free-living heterotrophs (primarily benthic epifaunal or epiphytic, 

sometimes pseudoplanktonic) that ingest a variety of food and are abundant in nearly all moist, 

freshwater environments. Factors like pH, organic matter, and soil nutrient content can influence 

their distribution, with moisture levels being the most significant. Testate amoebae are 

particularly well suited as bioindicators for depth to water table (Amesbury et al. 2013), and they 

have been used extensively in studies relating to wetland hydrology and climate change (Booth, 

2001; Gałka et al., 2017; Creevy et al., 2018). Their presence in sediment spanning the 

Neoproterozoic (1000-541 Ma) to recent ages illustrates their high fossilization potential. Until 

the Cretaceous (145-66 Ma), when they appear to be widespread (Fiorini et al. 2007), their fossil 

record is sporadic with only a few reports from Paleozoic (541-251 Ma) (Wightman et al. 1994), 

Permian (299-251 Ma) (Kumar et al., 2011; Singh et al., 2015), Triassic (251-201 Ma) (Schmidt 

et al. 2006), and Jurassic (201-145 Ma) (Bassi et al. 2008) strata. Testate amoebae have been 

utilized in studies pertaining to paleoenvironmental reconstruction (Charman 2001; Patterson et 

al. 2012), often being used as proxies for hydrologic conditions (Lacourse & Davies, 2015; 

Huntley et al., 2013). In addition to standard palynological preparations, testate amoeba can also 

be extracted by sieving lacustrine sediment. 

Euglenids 

Euglenophyta is a phylum of microscopic, single-celled flagellates that exhibit a wide 

variety of morphological and behavioral traits. They are distinguished by a protein-based 

cytoskeleton composed of parallel “strips” and microtubules that varies across species (Leander 

et al., 2017). Euglenids can be bacterivores, eukaryovores, osmotrophs and photoautotrophs 

(facilitated by internal chloroplasts), or euglenophytes, with the latter two groups being 

predominantly freshwater dwelling. Most euglenids do not fossilize due to a lack of hard parts, 

although it is possible that species with thick cytoskeletons could be more conducive to 
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preservation (Leander et al., 2017). Two genera, Trachelomonas and Strombomonas, form 

fusiform lorica with a small, collared opening composed of ferric hydroxide and manganese 

compounds, so they are often destroyed in palynological preparations that utilize acetolysis 

(Shumilovskikh et al. 2019). Euglenids are rare in lacustrine sediment, with one rare example 

from Strother et al. (2020) of what was formerly identified as a Paleozoic acritarch, and as a 

result are not typically utilized in paleolimnological studies.  

Ciliates  

Ciliates (phylum Ciliophora) are common in all aquatic environments, the chitinous 

shells, or lorica, of tintinnid ciliates (Weckström et al., 2017) have been reported from 

palynological preparations. The finely agglutinated genus Codonella is the most common 

tintinnid reported from eutrophic lacustrine sediments (Barbieri and Orlandi, 1989; Drljepan et 

al., 2014) often mistaken for arcellinid testate amoebae (Beyens and Meisterfeld, 2001). Despite 

their abundance in sediments, they are rarely utilized in palynological studies (Pieńkowski et al., 

2020; McCarthy et al., 2021). One rare example from Dolan et al. (2012) demonstrates putative 

tintinnids in Proterozoic (2500-541 Ma) sediments, but freshwater tintinnids are restricted to 

Holocene sediments. Although they do not form loricae, other ciliates form acid-resistant resting 

cysts that preserve in sediments, like the distinct Radiosperma or the flask-shaped oligotrich 

Strombidium (P. Gurdebecke, personal communication, 2021) (Plate 2.4). Both genera have 

been observed in Crawford Lake sediment, although their presence is restricted to deep basin 

sediments (Heyde et al., in revision; Chapter 5).  

Ostracods 

Of consumers with a mineralized fossil record, ostracods are the most abundant in 

sediments from the alkaline Crawford Lake, with a distinct fauna identified in varves, including 

taxa adapted to aquifers in karstic environments (c. Chan, pers. comm.). Ostracods are a class of 

extremely abundant crustaceans, with around 2000 extant species within the subclass Podocopa, 

found in most freshwater environments (Martens et al., 2007; Karanovic, 2012). Ostracods do 

not produce acid-resistant microfossils and are therefore not present within palynological slides. 

However, their high concentration within lacustrine sediment samples means they can easily be 

utilized in conjunction with palynomorph forming consumers in paleolimnological studies. 
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Ostracods are generally benthic and can be scavengers, herbivores, or predators (Parker, 1997). 

Ostracods have an exoskeleton composed of two calcified valves which surround a segmented 

body and antennae, antennules, mandibles, ambulatory, and copulatory appendages. Typically, 

identification of ostracods in paleolimnological contexts rely on the “hard tissue” calcified 

valves. These valves vary based on the individual species and may be bean-shaped, trapezoidal, 

triangular, elongated, or elliptical with possible ornamentation (Karanovic, 2012). The distinct 

morphology of ostracods can prove useful for paleolimnological studies; however, species level 

identification is often only possible through more exhaustive measures like dissection (Martens 

et al., 2007). Despite this, they have found use as general paleoenvironmental proxies (Holmes, 

1992; Lord et al., 2012; Viehberg, 2004; Geiger, 1993), and as indicators of climate change 

(Frenzel & Boomer, 2005; Horne et al., 2012), salinity and eutrophication (Marco-Barba et al., 

2013; Mischke et al., 2005) and hypoxia (Gooday et al., 2009; Cronin & Vann, 2003). The 

distinct differences in fossil ostracod assemblages between the shallow and deep basin of 

Crawford Lake observed by Chan (unpublished data) indicate the presence of a groundwater fed 

oxygenated monimolimnion. 

Mollusks 

Mollusks are a phylum of soft-bodied invertebrates with aragonitic shells, and those of 

bivalves and gastropods are often observed in lacustrine sediments. As with ostracods, mollusks 

do not produce palynomorphs, but they occur abundantly in many lacustrine sediments. 

Gastropod and bivalve shells have been utilized in paleolimnological studies spanning back to 

the Paleogene (Anderson et al., 2017; Hupuczi & Sumegi, 2010; Pană et al., 2002). In some 

instances, the unique accretion growth of bivalves is used to interpret paleoenvironments (Jones 

et al., 1984). Gastropods and bivalves are present in peaty marls found in water depths shallower 

than 15 m in Crawford Lake but not in varves that accumulate in the deep basin. 
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Chapter 3: Methods 

Plankton were sampled from the water column in February 2019 and in most months during 

the 2020 water year (October 1- September 30 of 2020, pertaining specifically to the yearly 

hydrological cycle; see USGS--Water Resources of the United States), limited only by weather 

conditions/safety concerns in the other winter months and by COVID-19 restrictions in April and 

May 2020. Analysis of the acid-resistant remains of consumers was conducted on sediment cores 

collected in February 2011 (deep basin only) and in August 2018 (deep basin and two shallower 

coring sites). Sampling locations are shown below in Figure 2.1. 

Figure 3.1. Aerial view (Google Earth) and bathymetry of Crawford Lake. Setup site and 

location of August 2019 cores CL-1, CL-2 and CL-3 labelled on aerial view photo, as well as the 

general location of the monthly water column sample sites. Location of the site of the 2011 

freeze core (CL-2011) is also labelled on bathymetric chart together with the three 2018 sample 

locations.  

 

https://water.usgs.gov/nwc/explain_data.html#:~:text=The%20term%20U.S.Geological%20Survey%20%22water%20year%22%20in%20reports,and%20which%20includes%209%20of%20the%2012%20months.
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3.1 Water Column Samples and Water Chemistry 

Water column samples were acquired from discrete depths in Crawford Lake using a 

Kemmerer bottle. This sampling apparatus was either lowered by hand over the side of a small, 

two-person rowboat, or through a borehole in the ice in February 2020. Using the Kemmerer 

bottle, 250mL water samples were collected in both the shallow and deep basins at the surface, 

as well as at depths of 5, 10, 15, and 20m (where possible) in October and November of 2019. 

All water samples were mixed with approximately 5mL of Lugol’s iodine to preserve consumers. 

Further sampling was performed in February, June, July, August, and September of 2020 with 

the same methods as above, but additional samples were acquired from the deep basin at depths 

of 12, 14, 16, 18, and 22m. Several physicochemical parameters, specifically pH, temperature, 

conductivity/salinity, and dissolved oxygen were measured at 1m intervals from the surface of 

the lake to the lakebed in both the shallow and deep basins using a HORIBA multiparameter 

probe. The Horiba U-5000 was calibrated prior to every sampling date using the Horiba U-50 

simultaneous auto calibration feature. The auto calibration allowed for the pH, conductivity, and 

turbidity sensors to be calibrated in a pH4 standard solution, while the dissolved oxygen and 

depth sensors are simultaneously calibrated in air. Prior to calibrating, the Horiba multiprobe was 

left on for at least 30 minutes to stabilize the DO sensor. The sensor guard was removed to rinse 

the probe a minimum of two times with distilled water. The transparent Horiba calibration 

container was then filled with a pH4 standard solution (kept at room temperature) to the “with 

TURB” gauge line. The probe was then inserted into the transparent calibration container, 

ensuring that the pH, ORP (Oxidation-Reduction Potential), reference electrode, COND, TURB, 

and TEMP sensor were submerged, and that there were no air bubbles present. The clear 

container and probe were then inserted into the black calibration cup, prior to beginning the 

“auto calibration” feature on the probe when the sensors have stabilized. The Horiba was not 

held during the auto calibration due to potential interference with the internal temperature sensor 

measurement that could create a DO calibration error. The calibration was completed when the 

Horiba U-5000 displayed the message "Cal complete MEAS”. These measurements took place in 

the months as listed above, with the exception of November, when the probe malfunctioned. 

Water column samples were stored at Brock University in cold storage until processing. 250mL 

samples were sieved through a 10µm Nitex© mesh to remove excess water, centrifuged and 

decanted, after which a weak HCl solution was added to dissolve Lycopodium clavatum marker 
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spores in a carbonate matrix tablet (Batch #414831). Samples were centrifuged 4-5 times to 

ensure no acid remained, which enabled slides to adhere correctly to coverslips. Distilled water 

and liquid glycerin jelly were mixed on the surface of a coverslip, 8-10 drops of the concentrated 

plankton sample with marker spores were added to the mixture, and the slip was left to dry on a 

slide warmer. Once dried, a small amount of additional liquid glycerin jelly was applied to the 

coverslip, which was then adhered to the slide. The slides were examined using a Leica DM750 

at 400x magnification, and consumer counts were conducted using a reference of 25 Lycopodium 

spores per slide to ensure the same sampling effort for each sample. Consumer organisms were 

identified using Turton & McAndrews (2006), Witty (2004), Adamczuk (2016), and Matsuoka & 

Ishii (2018), as well as online resources (Haney, et al., 2013; Hudson & Lynn, 2003). 

3.2 The Acid-Resistant Record of Consumers in Sediments from the Deep and Shallow 

Basins 

A freeze core (CL-2011) was collected in February 2011 (see Krueger, 2012 for details) 

and palynological preparations were previously analyzed for dinoflagellate cysts (Krueger and 

McCarthy 2016) and desmids (McCarthy et al. 2018). In this study, the acid-resistant remains of 

consumers were identified from those slides, since outgassing resulted in the loss of material 

from the upper part of the gravity core (core CL-3) collected from the deep basin in 2018, and 

pollen analysis revealed that this loss represented the record of last 200 years.  

Three sediment cores, CL-1, CL-2, and CL-3 were acquired by N. Riddick and J. Boyce 

(McMaster University), on August 14 and 15th, 2018. Cores CL-1 and CL-2 are from the 

shallow basin of Crawford Lake at water depths of 5 and 7m. The lakebed at these locations is 

composed of dark, peaty marls devoid of varves. Core CL-3 was obtained from the deep basin at 

a depth of 22m, where seasonally laminated varves comprised of white calcite and dark organic 

sediment accumulate. These cores were obtained using a gravity corer attached to a pontoon boat 

with a large, central hole to enable easier coring. Once these cores were obtained from the 

lakebed, they were capped, taped shut, and transported to Brock University (shallow basin) and 

McMaster University (deep basin), where they were kept in cold storage to await subsampling. 

Core CL-3 experienced a loss of ~9cm of sediment from the upper portion of the core due to 

degassing, which is a common problem with cores (other than freeze cores) recovered from the 
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deep basin. Cores CL-1 and CL-2 were transported to the Brock University and subsampled in 

January of 2019, with samples being taken from CL-1 at several points of interest, and samples 

from CL-2 being taken at 10cm intervals from the top of the core to 80cm. Core CL-3 was 

subsampled at McMaster University in February of 2019 at 10cm intervals from 10 to 140cm, 

and by F. McCarthy in December of the same year, at 1cm intervals from 1cm to 30cm prior to 

shipping the cores to Queen’s University for Pb-210 analysis. The archive half of the split core 

CL-3 was also analyzed with an ITRAX core scanner prior to being sampled, which produced 

multiple element profiles of the core.  

Sediment samples of 2.5mL volume (calculated by displacement in distilled water) were 

processed for palynomorphs at Brock University. A weak (10%) HCl solution was added to test 

tubes after centrifuging at 3000 rpm for 3 minutes and decanting the supernatant water. A tablet 

containing 12,100 ± 1892 spores of Lycopodium clavatum in a calcareous matrix (tablet) and in a 

hot water bath for 15- 20 minutes. Following this, samples were centrifuged and decanted, and 

further processed with stock bottle strength (48-52%) HF to dissolve silicates (including 

abundant siliceous microfossils). The processed samples were centrifuged and decanted again 

before being sieved through a 10µm filter using distilled water. A small portion of the remaining 

slurry (8-10 drops, transferred via a stir stick) was mounted onto individual slides heated on a hot 

plate using glycerin jelly. The resultant slides were examined using a Leica DM750 at 400x 

magnification and consumer counts were conducted using a reference of 25 Lycopodium spores 

per slide. Consumer palynomorphs were identified using Turton & McAndrews (2006), 

Larocque-Tobler (2014), Matsuoka & Ishii (2018), McCarthy et al., (2021), as well as online 

resources (Haney et al., 2013). 

Shannon Diveristy values were calculated for analysed sediment subsamples using the 

following formulas. 

H=∑ (𝑝𝑖𝑙𝑛𝑝𝑖)
𝑆
𝑖=1  

where  

H = Shannon diversity index (SDI) 

S = total number of species 
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Pi = Ni / Nn - proportion of individuals of the total sample belonging to ith species 

Ni = number of individuals (Nn) belonging to ith species 

Nn = total number of individuals 

SDI and evenness are useful as rough indicators of assemblage diversity, with higher values 

indicating greater diversity and a more even distribution of organism group occurrence within a 

given sample (Patterson & Kumar, 2002). Evenness, a measure of the relative abundance of 

species in the sample, was also calculated with the following formula:  

EH=H/lnS          

where  

EH=Evenness 

H = Shannon diversity index (SDI) 

S = total number of species 
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4.1 Introduction 

 

In meromictic lakes, due to their unique physical characteristics, physical mixing is 

limited to the mixolimnion.  Below the permanent pycnocline, usually resulting from a sharp 

change in water chemistry, the monimolimnion is isolated from the atmosphere and the 

mixolimnion. Due to the lack of physical mixing, oxygen consumed by microbial respiration and 

decomposition of organic matter (biochemical oxygen demand / BOD), oxygen is not 

replenished across the chemocline. As a result, one of the primary features of meromixis is 

bottom water anoxia which suppresses macrobenthos and promotes the preservation of organic 

matter (Zadereev et al., 2017) in typical meromictic lakes. 

 

Bottom water anoxia was long thought to be responsible for the preservation of annual 

laminae (varves) in the meromictic Crawford Lake near the Niagara Escarpment in Southern 

Ontario, Canada (Dickman 1979, 2005; Ekdahl 2004, 2007). The Niagara Escarpment is the 

exposed, tilted, and erosion-resistant outcrop of Upper Ordovician to Silurian (445 to 420 Ma) 

marine units that extends from the Niagara Peninsula to Manitoulin Island, Ontario (Armstrong 

and Dodge, 2007) and it was designated a Biosphere Reserve by UNESCO in 1990. Crawford 

Lake occupies a deep sinkhole formed through karstic dissolution of the Silurian caprock of the 

Niagara Escarpment (Figure 4.1) and probably exposed by meltwater when the Laurentide Ice 

Sheet retreated at the end of the Pleistocene (McAndrews and Boyko-Diakonow, 1989). The 

flow of groundwater, recharged along the Escarpment, is especially high in the lower part of the 



30 

 

Goat Island Formation (Niagara Falls Member) of the Lockport Group (Priebe et al., 2018). 

Priebe et al. (2018) measured hydraulic conductivity at 7 × 10−6 m/s in a crinoidal grain stone 

sample from the Niagara Falls Member.  The contact between these members transects the deep 

basin of Crawford Lake (Llew-Williams et al., submitted). The dense, highly alkaline, saline 

monimolimnion comprises only ~1/9 of the lake volume beneath the much larger mixolimnion 

that receives meteoric input (rain, snow, and runoff), diluting lower volumes of baseflow into the 

upper part of the basin (Llew-Williams, in prep.). Crawford Lake is hydrologically open, with 

outflow through a wetland at the southern edge of the lake, ultimately entering the headwaters of 

the Bronte Creek (Dickman, 1985), but water only enters and leaves the monimolimnion as 

groundwater, and the long residence time has allowed the buildup of very high concentrations of 

nutrients in this groundwater window (Gushulak et al., in press). 
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Figure 4.1 The Crawford Lake Conservation Area is protected by Conservation Halton, about 60 

km west of Toronto at 43°28’N, 79°57’W (A). The lake occupies a deep karstic basin weathered 

in the Goat Island and Gasport Formations of the Silurian Lockport Group (B). Aquifers 

(identified in black) are recharged at Nassagaweya Canyon that separates the Niagara 

Escarpment from the Milton outlier (C, D). Oxygenated groundwater flows into the basin, 

especially through the lower Goat Island Fm. where caves are common (B modified from Priebe 

et al., 2018).   

 

The forest rich in conifers (primarily northern white cedar (Thuja occidentalis)) atop the 

dolomitic walls of the sinkhole protects the small (2.4 ha) lake from wind and prevents mixing of 

the water column below ~15 m. Most of the lake is much shallower than the chemocline, but our 

deepest sounding was ~23 m in the small deep karstic basin. Massive peaty marls with little 

siliciclastic content accumulate on the lakebed across most of Crawford Lake, but varves of 
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alternating laminae of organic matter and calcium carbonate are restricted to the deep basin. The 

dark bands of biological detritus (primarily the remains of phytoplankton) accumulate year-

round, but mainly during late fall and early winter (Dickman 1985). Calcium carbonate only 

precipitates when water temperature exceeds 15.2 oC ( in addition to other factors outlined in 

Llew-Williams et al., in prep.) forming a white ‘summer’ layer, although high resolution imagery 

of varves has revealed colour gradation in the spring and fall (Lafond et al., in prep.).  

 

The sub-annual resolution in the varved record of Crawford Lake is of potential value in 

the search for a type section to define Earth history since 1952 CE (Subramanian, 2019 a,b; 

Tripathy-Lang, 2021). Varve counting provided calendar ages for large-scale changes in the lake 

ecosystem recorded by the remains of algae, namely diatoms (Ekdahl et al., 2004, 2007), 

chrysophytes (Rybak et al., 1987; Gushulak et al., submitted), dinoflagellates (Krueger and 

McCarthy, 2016), and desmids (McCarthy et al. 2018) and one group of consumers (rotifer 

lorica), which were exceptionally preserved in this Konservat-Lagerstätte (Turton and 

McAndrews 2006) (Figure 4.2). All microfossil groups, as well as geochemical proxies, record 

major lake ecosystem disturbance associated with anthropogenic activities in its small (~126.5 

ha) watershed (stippled intervals in Figure 4.2). These include several phases of Iroquoian 

settlement from the 13 through 15th centuries (recorded by the pollen of cultigens and spores of 

their pathogens) and historic impact, beginning with colonial land clearing in the early 19th 

century, followed by logging and farming during the Canadian Zone (recorded by the abundant 

non-arboreal pollen, notably ragweed (Ambrosia).  
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Figure 4.2 Cultural eutrophication (nutrient input and enrichment from human acitivity) is 

recorded by increases in pollen of Ambrosia, cultigens, algae and rotifers in varved sediments 

from Crawford Lake (Iroquoian and Canadian Zones stippled). The abundance of benthic 

diatoms (grey curve) below the chemocline through most of the last millennium argues against 

bottom water anoxia in this unusual meromictic lake. Diatom data from Ekdahl et al. (2004, 

2007), rotifers from Turton and McAndrews (2006), and pollen and fungal spore data from 

McAndrews and Turton (2010); X10 = ten times exaggeration of rare but significant elements in 

palynological preparations. Modified from Krueger and McCarthy (2016) 

 

High DO concentrations were measured below the permanent chemocline / pycnocline in 

August 2018 and February 2019 using a Horiba multiparameter probe (McCarthy, 2020) and it 

was noted that the sediments do not emit the characteristic smell of hydrogen sulphide found in 

anoxic depositional environments. This called into question the long-standing assumption that 

bottom water anoxia promoted the preservation of varves and of the organic matter contained in 

them, including goose pellets (McAndrews and Turton, 2007). A year-long investigation of this 

unusual meromictic lake was undertaken to understand the hydrologic and limnologic 

characteristics that allow varves to accumulate (Llew-Williams et al., in prep.).  

 

This objective of this study was to examine the distribution of zooplankton in the water 

column of Crawford Lake in response to variations in temperature, conductivity, and dissolved 

oxygen concentration through one water year (the 2020 water year, following the terminology of 
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the USGS; USGS--Water Resources of the United States) to see if it supports repeated 

instrumental measurements of bottom water DO sufficient to support diverse eukaryotes. The 

microfossil record of Crawford Lake (including that of consumers) is then re-examined to assess 

the long-standing assumption that bottom water anoxia allowed the accumulation of varves over 

the past millennium. The sequence from the deep basin of Crawford Lake is being considered as 

a possible Global Boundary Stratotype Section and Point (GSSP) candidate for the proposed 

Anthropocene Epoch (Waters et al. 2018), and samples from the varved sequence of Crawford 

Lake are currently being analysed for 239Pu and other markers of the nuclear arms race and Great 

Acceleration (Steffen et al., 2015). If it can be proven that the monimolimnion has only rarely 

been anoxic, it would be an attractive feature in the quest for the “golden spike” because 

plutonium, which is the primary marker proposed by the Anthropocene Working Group (Waters 

et al., 2015; Zalasiewicz et al., 2019), is more readily transported in sediments in the anoxic 

environments where varves typically accumulate.   

 

4.2 Methods 

 

Water samples were collected from the deep basin at discrete depths in the water column 

using a Kemmerer bottle. Samples were collected from just below the ice cover in February of 

2019 and 2020, and at the surface in fall 2019 and spring – summer 2020. Approximately 250 ml 

of water from each sampling depth was fixed with Lugol’s iodine solution and sieved through a 

10 µm Nitex© mesh to concentrate the biota.  The >10 µm fraction was transferred to a 50 ml test 

tube, centrifuged at 3000 rpm for 3 minutes and decanted. A tablet with a known quantity of 

Lycopodium clavatum spores was added to each sample with a 10% HCl solution to dissolve the 

calcareous matrix to estimate absolute abundance of plankton in strew samples following 

Stockmarr (1971). Samples were centrifuged and washed with distilled water 4-5 times to ensure 

no acid remained, allowing slides to adhere to coverslips. Distilled water and liquid glycerin jelly 

were mixed on the surface of a coverslip, 8-10 drops of the concentrated plankton sample were 

added to the mixture, and the slip was left to dry on a slide warmer. Once dried, a small amount 

of additional liquid glycerin jelly was applied to the coverslip, which was then adhered to the 

slide. The slides were examined using a Leica DM750 at 400x magnification, using a reference 

of 25 spore markers per slide to standardize sampling effort. Protozoans and invertebrate animal 

https://water.usgs.gov/nwc/explain_data.html
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zooplankton and micronekton were identified by reference to field guides, enumerated, and their 

concentrations in the water column approximated relative to the known concentration of marker 

particles added during processing. More details about zooplankton identification and 

photomicrographs illustrating representative specimens can be found in this thesis (chapter 3).  

Water quality parameters were measured at 1-m. intervals through the water column during each 

sampling trip except in November, due to equipment failure. The Horiba U-5000 multiprobe 

sensor used for measurements was calibrated prior to every sampling date using a pH 4.00 buffer 

solution. More details about the water sampling and monitoring can be found in this thesis 

(chapter 3). 

 

4.3 Results 

 

Warming of the mixolimnion from spring to late summer is clear in the temperature 

profiles, as is the subsequent cooling during fall and winter seasons (Figure 4.3A). The seasonal 

temperature contrast within the mixolimnion is greatest in the epilimnion (upper 5 m), ranging 

from 2-3oC just below the ice surface in winter to 25 oC in mid-August, and least in the 

hypolimnion (12-15 m) where temperature only ranges between ~4.5 and 7oC below a strong 

seasonal thermocline. Water temperature rises slightly with increasing depth through the 

monimolimnion, reaching a peak of 7 oC just above the lakebed, but it remains relatively constant 

year-round. In contrast, there is no appreciable seasonal contrast in conductivity throughout the 

water column, except for a small increase in summer. There is, however, a sharp permanent 

chemocline just below the thermocline, with conductivity rising sharply below 15 m, from 

approximately 600 µS/cm to over 2500 µS/cm, peaking a few metres above the lakebed (Figure 

4.3B). Chemical analysis of water samples confirmed the existence of very high concentrations 

of ions (including Ca+2 and CO3
-2) making the monimolimnion very alkaline and dense, 

especially in the upper 3-4 m above the lakebed (Llew-Williams et al. 2020; submitted.; 

Gushulak et al., in press). Within the mixolimnion, there is a slight increase in conductivity from 

the epilimnion to the hypolimnion, with meteoric water diluting the inflow of dense groundwater 

measured in springs seeping from the Goat Island Formation into the inlet stream and flowing in 

through aquifers along the eastern basin of Crawford Lake (Llew-Williams, submitted).   
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Figure 4.3 Measurements of temperature (A) and conductivity (B) identify seasonal stratification 

of the epilimnion (no shading) and metalimnion (pale grey shading) of Crawford Lake and 

permanent stratification in the monimolimnion (darkest grey shading). A sharp increase in 

concentration of ions, and thus density, between 15 and 16 m in the water column marks the 

chemocline, and stratification is reinforced by thermal stratification in the mixolimnion. Despite 

the permanent stratification at the chemocline, measurements of dissolved oxygen never fall 

below 5 mg/L (thick vertical line, C), although seasonal contrast reflects the balance between 

photosynthesis and respiration at different depths in the water column, as well as temperature. B. 

Llew-Williams analyst. 



37 

 

Dissolved oxygen (DO) concentrations also show marked seasonal contrast, but no 

change across the chemocline (Figure 4.3C). DO values are always above the threshold for 

aerobic metabolism throughout the water column, never falling below 5.9 mg/L). DO declines as 

temperature warms in the epilimnion, from peak values below ~ 20 cm of ice in February of both 

sample years (~16 mg/L in 2019 and 17.5 mg/L in 2020) to lowest values in October 2019 (~ 

11.4 mg/L). The highest values are in the metalimnion (between ~5 and 10 m) except in 

February of both years, when the highest values were measured just below the ice, although there 

is a secondary peak in both years near the base of the metalimnion. The lowest DO values in 

both the October 2019 and June 2020 profiles immediately underlie these peaks in the 

metalimnion, but generally the lowest values are found just above the lakebed, reflecting 

sediment oxygen demand (SOD; Walker and Snodgrass, 1986). Seasonal variation is also 

displayed in the DO concentrations of the monimolimnion throughout the sampling timeline. 

Similar to the trend in the epilimnion, the concentration of DO in the deep basin decreases as 

temperatures warm, with lowest DO values measured in August (5.9 mg/L), and the highest 

concentrations in February of both years (> 9.5 mg/L).  

 

Except in February of both sample years, when the highest DO concentrations were 

measured just below the ice (possibly attributable to high algal presence), peaks in DO (ranging 

from ~11.4 mg/L in October to ~16 mg/L in July) record the presence of abundant primary 

producers below the zone of photoinhibition in the mixolimnion (Han et al., 2000). The inferred 

peak in phytoplankton did not generally correspond to the peak concentrations of zooplankton 

(Figure 4.4-4.6); instead, the highest concentration of cladocerans (Bosmina longirostris, 

Daphnia pulex), rotifers (Keratella and Kellicottia spp.), and copepods was ~ 2-3 m above the 

lakebed in the monimolimnion during fall and winter and at the surface of the epilimnion during 

late spring and summer. Copepods were only found in the epilimnion when temperatures 

exceeded 20oC. Bosmina longirostris, Daphnia pulex, and Keratella cochlearis were typically 

the only species below the epilimnion in spring and summer, although they were also most 

abundant in the monimolimnion during winter. The seasonal shift in zooplankton distribution 

was particularly marked between late summer and early fall. In mid-October, the sample from 20 

m contained over 150 zooplankton specimens/mL, mainly B. longirostris and K. cochlearis, with 

sparse D. pulex in samples from 5 and 10 m (Figure 4.4). In mid-September, in contrast, the 
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majority of the zooplankton (over 60 specimens/mL, including calanoid and cyclopoid copepods, 

the cladocerans B. longirostris and D. pulex and the rotifer K. cochlearis) were in the sample 

from the surface of the epilimnion, although K. cochlearis and D. pulex were distributed in lower 

abundances through most of the water column and low concentrations of the rotifer K. hiemalis 

were found in the lower mixolimnion (hypolimnion) (Figure 4.6).    
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Figure 4.4 In fall and winter, consumers were relatively abundant and diverse in the 

monimolimnion, where temperature and DO remain relatively constant year-round (note: 
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measurements of water quality are not available for November due to equipment failure, and 

shading identifies the water column zonation defined in Figure 4.2, with vertical line indicating 

a very generous hypoxic limit of 5 mg/L DO). The highest consumer palynomorph 

concentrations of the year-long study were measured a few metres above the lakebed in October, 

consisting of the cladoceran Bosmina longirostris, the rotifers Keratella cochlearis and Keratella 

earlinae and cysts of the ciliate genus Strombidium. Aside from the November peak in B. 

longirostris, consumers are mostly absent from the mixolimnion during the fall and winter; 

copepods, difflugiid testate amoebae, several rotifer species, and Strombidium cysts were only 

found in the monimolimnion. A. Heyde analyst. 

 

 
Figure 4.5 In late spring-early summer, the surface of the epilimnion was the most densely 

populated portion of the water column (shading identifies the water column zonation defined in 



41 

 

Figure 4.2, with vertical line indicating the generous hypoxic limit of 5 mg/L DO). Cyclopoid 

and calanoid copepods, Daphnia pulex and Keratella cochlearis were relatively abundant in June 

and July. Only D. pulex and K. cochlearis were found in the mixolimnion below the surface, and 

the only occurrence of Bosmina longirostris was together with D. pulex in sample from the 

monimolimnion in June, while the monimolimnion was barren in July. A. Heyde analyst.     

 

 
 

Figure 4.6 In late summer, the surface of the water column was the most densely populated part 

of the water column, primarily consisting of copepods, cladocerans and the rotifer Keratella 
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cochlearis (shading identifies the water column zonation defined in Figure 4.2, with vertical line 

indicating the generous hypoxic limit of 5 mg/L DO). As in the previous two months only 

Daphnia pulex and rotifers were found below the surface in the mixolimnion, and as in July, the 

monimolimnion was barren in August. In September, however, low concentrations of D. pulex 

and K. cochlearis were sampled in the monimolimnion. A. Heyde analyst. 

 

 

4.4 Discussion  

 

4.4.1 Seasonal migration of zooplankton to the monimolimnion of Crawford Lake 

 

The morphology of the deep karstic basin of Crawford Lake inhibits mixing below 15 m 

(Figure 4.7) and the dense water in the monimolimnion is marked by the sharp increase in 

conductivity at the chemocline as the concentration of ions increases, especially around 18 m 

water depth (Figure 4.3). This water chemistry resembles the composition of groundwater in 

surrounding wells, and relatively low δ2H and δ18O values support the lack of mixing across the 

strong chemocline that separates the mixolimnion from the monimolimnion (Llew-Williams et 

al. accepted; submitted). The main hydrostratigraphic unit in this region of southern Ontario, at 

the boundary between the Gasport and Goat Island Formations of the Lockport Group (Priebe et 

al. 2018), intersects the karstic basin of Crawford Lake around 18 m (Figure 4.7). This is 

recorded by conductivity measurements > 2000 μs/cm (Figure 4.3) and alkalinity > 1000 mg/L 

in the lower ~ 3 – 4 m of Crawford Lake (Gushulak et al., in press). 
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Figure 4.7 Dense water in the monimolimnion (darkest grey shading) is permanently isolated 

from the overlying mixolimnion of Crawford Lake (increasingly dark shading identifies the epi-, 

meta- and hypolimnion within the mixed layer). Despite the lack of mixing with the atmosphere, 

oxygen enters the basin through groundwater flow zones (with highest inflow in the aquifer at 

the contact between the Gasport and Goat Island Formation, illustrated by thick black line; 

bedrock geology and hydrogeology based on Priebe et al., 2018). DO values were well above the 

hypoxic limit for aquatic eukaryotes throughout the year, and copepods, cladocerans (Daphnia 

and Bosmina) and rotifers (Keratella and Kellicottia) migrate to the relatively warm, nutrient-
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rich monimolimnion during the winter. The absence of infaunal macrobenthos able to tolerate the 

highly alkaline, saline waters of the monimolimnion allows light-dark laminations (varves) to 

accumulate undisturbed in the deep basin.  

Groundwater is recharged into permeable strata exposed along the Niagara Escarpment, a 

few kilometers east of Crawford Lake in Nassagaweya Canyon (Figure 4.1) explaining the high 

concentration of DO in the baseflow entering the deep basin through the highly conductive 

groundwater flow zone (Figure 4.7).  Priebe et al. (2018) measured hydraulic conductivity of 

7×10−6 m/s, the highest flow rates in the Lockport Group, in the Gasport Formation, and Llew-

Williams (in prep.) identified a chemical signature in the monimolimnion resembling samples 

from a provincial network of regional groundwater wells. DO values in a spring seeping from the 

overlying Goat Island Formation into the inlet stream was measured at 7.4 mg/L, well above the 

hypoxic limit of 2 mg/L for aquatic micro-invertebrates and protozoans reported by most 

limnologists (Saari et al., 2018). As a result, the lowest measurement of DO in the 

monimolimnion was 5.9 mg/L, always above the lowest published limit of hypoxia of 5 mg/L 

(About Hypoxia – Gulf Hypoxia), and in some months, DO values in parts of the mixolimnion 

were lower than those in the monimolimnion (Figure 4.3).   

 

The presence of eukaryotic consumers in the monimolimnion except in samples collected 

in July and August supports the measurement of highly oxygenated water below the chemocline / 

permanent pycnocline (Figure 4.4-4.6). Many of these zooplankton exhibit a preference for 

highly oxygenated waters, such as the cladoceran taxa Bosmina and Daphnia (Vanderploeg et 

al., 2009; Bowen & Currie, 2017) and the rotifers Keratella spp. and Kellicottia longispina 

(Galkovskaya & Mityanina, 2005). Specimens of B. longirostris and D. pulex were observed 

swimming in water samples immediately after being retrieved from the monimolimnion, and 

specimens of both cladoceran species and cyclopoid and calanoid copepods contained intact 

internal organs and appeared to be in the process of digestion. This suggests that these 

crustaceans were alive immediately at the time of sampling rather than just floating in the 

monimolimnion after death. 

 

A study by Mazumder (1983) of the interactions between zooplankton and photosynthetic 

bacteria in Crawford Lake observed cladocerans and rotifers swimming in some of their samples 

https://gulfhypoxia.net/about-hypoxia/
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from monimolimnion. Mazumder (1983) was unable to explain how these invertebrates could 

withstand the permanent anoxia inferred (but may not have been measured- raw data are not 

available and the contours simply indicate 0% saturation below the chemocline over the 3-year 

study interval). Some studies suggest that zooplankton, particularly larger taxa like Daphnia may 

utilize hypoxic zones in the water column as a refuge from fish predation (Vanderploeg et al., 

2009), although it is often only a small proportion of the overall zooplankton population that 

exhibits this behavior, and only for short intervals. Mazumber (1983) suggested that the 

zooplankton may have migrated into the monimolimnion for short periods of time, but this 

stands in contrast with our observations of large consumer populations in three of our sampling 

months in the monimolimnion when concentrations of zooplankton were sparse in the rest of the 

water column (Figures 4.4, 4.7). Crustacean zooplankton, which make up the majority of 

monthly zooplankton concentrations, are generally averse to anoxic conditions, exhibiting altered 

diel vertical migration behavior in order to avoid anoxic waters (Doubek et al., 2018). Rotifer 

taxa Keratella and Kellicottia vertical distribution and migration is also heavily dependent on 

oxygenation (Galkovskaya & Mityanina, 2005; Stewart & George, 1987). Some studies 

demonstrate a contrasting behavior, with zooplankton avoiding predation (and hypoxic 

conditions) via movement to the warmer epilimnion, which planktivorous fish may be unable to 

access due to lower thermal tolerance (Pothoven et al., 2012). This is consistent with the 

abundance of copepods, cladocerans and rotifers just below the surface of the lake in the warm 

months (Figures 4.5, 4.6).  

 

Our year-long observation suggests that the constant temperatures in the monimolimnion 

of Crawford Lake are attractive to detritivores and omnivores between fall and spring turnover 

when there is abundant influx of organic detritus to the lakebed (Figure 4.7) and very high 

concentrations of nitrogen and phosphorus (Gushulak et al., submitted). The highest 

concentrations of consumers were found several meters above the lakebed in fall and winter, 

consistent with our instrumental measurements between 8.8 and 11.4 mg/L through the 2020 

water year (Figure 4.4, 4.5). Their abundance in the monimolimnion into mid-June suggests that 

sufficient dissolved oxygen enters through the groundwater flow zone at the base of the Goat 

Island Fm. to support zooplankton through the winter. The distribution of zooplankton in 

Crawford Lake does not seem to be controlled by DO, but by temperature. When epilimnion 
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temperatures exceed 20 °C, zooplankton were most abundant in the upper epilimnion, at least 

during mid-morning when our samples were collected, but DO values were typically higher in 

the metalimnion in spring and summer (Figures 4.5, 4.6). Similarly, the water sample collected 

below the ice had the highest measured DO concentrations (17.5 mg/L) but was devoid of 

zooplankton (Figure 4.4). Our observations of zooplankton distribution within the mixolimnion 

may not fully represent the zooplankton population within this layer of the lake, as Goral (2013) 

demonstrated that horizontal distribution of Daphnia, and therefore other zooplankton can vary 

across the lake due to wind, water inflow, and temperature. This is likely more of a factor in the 

warmer months due to the ice cover on the lake during winter. 

 

Copepods were found only in the samples from the uppermost epilimnion during the late 

spring and summer and just above the lakebed in the monimolimnion in the winter, suggesting a 

strong preference for warm temperature (Maier 1990; Rhyne et al. 2019). Non-parasitic grazing 

copepods have been found to exhibit a strong preference for living phytoplankton over detritus 

compared to other consumers which may consume a wider range of food sources (DeMott 1988; 

Tackx et al. 2003). This may explain their preference for the epilimnion, where primary 

productivity is high, with photosynthesis contributing to high DO together with mixing from the 

atmosphere. Although DO is lower in the monimolimnion, it is still above 5 mg/L, and the 

slightly warmer temperatures in the monimolimnion allows copepods to survive the winter 

months, possibly subsisting on benthic algae in addition to the abundant particulate and dissolved 

organic matter in the monimolimnion. Many copepod species also exhibit diel vertical migration, 

but this was not observed in our water column samples; this may be a function of the specific 

dietary and temperature preferences of our observed taxa, as temperature has been demonstrated 

to influence copepod vertical distribution (Lo et al., 2004; Doulka & Kehayias, 2011). 

 

Rotifers and cladocerans were broadly distributed through the water column of Crawford 

Lake throughout the year. These zooplankton have similar feeding habits (consuming primarily 

phytoplankton and detritus), to the point where they may even compete directly for resources 

depending on the environment (MacIsaac & Gilbert, 1991). Additionally, cladocerans are known 

to consume rotifers in addition to phytoplankton and detritus, so cladocerans may limit 

populations of rotifers such as Keratella in the water column (Conde-Porcuna, 1998; Gilbert, 
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2009). Rotifers exhibit a preference for higher DO concentrations in the meta- and hypolimnion 

than cladocerans (Figure 4.4-4.6; raw data available in Appendix A). This may suggest that 

rotifers prefer live plankton, while cladocerans are true omnivores, thriving on detritus in parts of 

the water column where there is less competition for food, and probably preying on the smaller 

rotifers. The relatively larger number of cladocerans sampled from parts of the water column 

with slightly lower DO concentrations may also be explained by the greater diel vertical 

migration of these crustaceans compared to rotifers (Rainey et al., 2007). It is possible that the 

more widespread vertical distribution of Keratella cochlearis and Daphnia pulex may be a 

mechanism by which to avoid intraspecific competition, as they are generally the most highly 

concentrated zooplankton in samples with high abundance (Werner & Buchholz, 2013).  

Daphnia pulex, in particular, tended to be relatively abundant in the uppermost part of the water 

column between spring and fall turnover, suggesting that they migrate to the surface where food 

is readily available at night (all our samples were collected in mid-morning), migrating to the 

darker waters of the metalimnion and hypolimnion to avoid predators, mainly fish (Ramos-

Jiliberto & Zúñiga, 2001).  

 

The more consistent presence of Bosmina longirostris in parts of the Crawford Lake 

water column with lower DO is consistent with the subfossil record of cladoceran carapaces and 

appendages in annually laminated sediments (Figure 4.8; this thesis; chapter 5). Daphnia spp. 

was the most abundant cladoceran in sediments deposited over the last millennium except in 

varves that date to the operation of a lumber mill in the late 19th- early 20th century, and B. 

longirostris also increased in abundance relative to Daphnia during the multiple phases of 

Iroquoian settlement between the late 13th through 15th centuries and (Figure 4.8; this thesis; 

chapter 5). Bosmina appears to have been able to outcompete Daphnia during times of 

particularly intense cultural eutrophication, when BOD exceeded DO inflow from groundwater, 

particularly during the operation of a lumber mill at the south end of Crawford Lake (Figure 

4.8). While the exceptional preservation of rotifer lorica is limited to the varved sediments in the 

deep basin, the remains of cladocerans have a higher preservation potential (see Heyde et al., this 

thesis, chapter 5), so the ratio of Bosmina: Daphnia may have wider application in 

paleolimnological studies. 
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Figure 4.8 Peaks in concentration of acid-resistant remains of consumers in sediments from 

Crawford Lake over the past millennium record cultural eutrophication during periods of Euro-
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Canadian and Iroquoian settlement (stippled). Peaks in the ratio of Bosmina: Daphnia in the 

latest 19th – early 20th century and to a lesser extent around the middle of the last millennium 

coincide with eutrophication and resulting short-lived anoxia and higher cyanophyte abundance 

when BOD exceeded the flow of oxygen into the monimolimnion. Modified from Heyde et al. 

(this thesis, chapter 5). A. Heyde analyst. 

 

4.4.2 The paleolimnological record of an oxygenated monimolimnion 

 

 Although permanent bottom water anoxia is referred to in all paleolimnological studies 

published to date, this inference is difficult to reconcile with the microfossil record of benthic 

eukaryotes in varved sediments from Crawford Lake. Benthic diatoms, including Achnanthidium 

minutissimum, Navicula, and Cymbella spp., are common in varved sediments through most of 

the last millennium (Figure 4.2), and Ekdahl et al. (2004, 2007) report higher concentrations and 

more diverse assemblages of benthic diatoms following the onset of human settlement in the 

watershed, when eutrophication has been attributed to defecation by geese feeding on the 

surrounding agricultural fields (McAndrews and Turton, 2007). Similarly, half-cells of benthic 

desmids were identified in all palynological preparations examined, except in varves dated to the 

latest 19th C and mid-20th C, and planktonic desmids only exceeded the abundance of benthic 

desmids in sediments deposited around AD 1350 and 1875 (Figure 4.9).   
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Figure 4.9 Exceptional preservation of cellulosic dinoflagellate thecae records relatively short 

periods of bottom water anoxia in the deep basin of Crawford Lake, coinciding with the base of 

the Iroquoian zone (lower stippled region) and in the late 19th- early 20th century, the only part of 

the varved sequence in which benthic eukaryotes (including desmids) were rare to absent. The 

abundance of benthic eukaryotic algae through most of the last millennium argues against 

permanent bottom water anoxia, even through most of the Iroquoian settlement period.  

Dinoflagellate data from Krueger (2012), desmid data from McCarthy et al. (2018). 

 

The assumption has always been that biochemical oxygen demand resulting from cultural 

eutrophication led to bottom water anoxia in Crawford Lake, beginning in the late 13th century 

(e.g., Ekdahl, 2004, 2007; McAndrews and Turton, 2007; Krueger and McCarthy, 2016).  

Although infaunal (burrowing) mollusks are abundant in peaty marls found above the 

chemocline, the largest invertebrates known to inhabit the monimolimnion of Crawford Lake are 

ostracods. The preservation of largely undisturbed varves (other than ‘microturbation’ attributed 

to nektobenthic ostracods like Notodromas monacha, whose valves have been reported from 

varved sediments with the exception of the latest 19th – early 20th century, but in much higher 

concentrations prior to Iroquoian settlement (Chan, pers. communication, April 2020; Finlayson 

et al., in prep.) was attributed to the suppression of infaunal macrobenthos by bottom water 

anoxia.  
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Our year-long observations of well-oxygenated conditions in the monimolimnion 

together with the review of the microfossil record of the varved sequence are inconsistent with 

the suggestion that permanent monolimnetic anoxia is responsible for the preservation of varves 

that became thicker and more pronounced in response to increased plankton density/ higher 

biomass and influx of organic matter due to cultural eutrophication (Rybak and Dickman, 1988; 

Ekdahl, 2004, 2007). Similarly, bottom water anoxia cannot explain the preservation of rotifer 

lorica and other organic-walled microfossils of eukaryotic organisms with aerobic metabolism 

that are rarely reported from other lacustrine sediments, including the peaty marls on the lakebed 

across most of Crawford Lake (Heyde et al., in prep.; this thesis; chapter 5). Instead, the water 

chemistry of the monimolimnion, with salinity approaching the lower boundary of brackish 

water (nearly 2500 µS /cm near the lakebed) inhibits enzymatic activity in bacteria (Quintino et 

al., 2009; Roache et al., 2006) and low constant temperatures below the chemocline would also 

promote preservation of organic macromolecules (Hood & Meyers, 1977; Verni & Rosati, 2011). 

Additionally, the lack of bioturbation is known to increase the rate of decomposition of 

invertebrate animal remains through mechanical breakdown and resuspension (Plotnick, 1986), 

allowing the fossil assemblage of varves to more closely resemble assemblages in the water 

column than that in sediments from water depths above the chemocline (Heyde et al., in prep.; 

this thesis; chapter 5).   

 

The absence of infaunal macrobenthos in the deep karstic sinkhole basin of Crawford 

Lake cannot be attributed to bottom water anoxia. Instead, we suggest that invertebrate animals 

tolerant of highly alkaline, brackish conditions to colonize what appears to be a groundwater 

window below the mixolimnion, other than microscopic ostracods like N. monacha that are 

commonly found living in caves and groundwater (Özuluğ et al., 2018). We suggest that these 

ostracod taxa migrated into what appears to be a groundwater window below the chemocline 

through highly conductive groundwater flow zones in the Lockport Group (Figures 4.1, 4.7). 

The unpublished report of valves of abundant male and female juveniles of an ostracod fauna 

different from the assemblage in the mixolimnion of Crawford Lake, suggests that they thrived 

in the monimolimnion rich in dissolved nutrients (average ~87.6 mg/L TN and ~11.9 mg/L TP; 
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Gushulak et al., in press) and particulate organic matter except for occasional, brief intervals at 

times of high BOD. 

 

The exceptional preservation of cellulosic thecae of Parvodinium inconspicuum in varves 

dated A.D. 1867, 1891, 1910, and 1935 (Krueger, 2012; McCarthy and Krueger, 2013), and the 

germination of cysts of this dinoflagellate from varves dated A.D. 1820 - 1822 (Krueger, 2012; 

Krueger and McCarthy, 2016) supports the inference of century-long bottom water anoxia from 

the early 19th through early 20th centuries (Figure 4.9). Cellulosic thecae in one sample at the 

base of the Iroquoian zone is evidence of short-lived bottom water anoxia, which is consistent 

with the low concentrations of benthic diatoms in several samples between varve years A.D. 

1268 and 1486 (Ekdahl et al., 2004, 2007; Figure 4.2) when there is archeological evidence of at 

least two periods of occupation of the Crawford Lake site (Finlayson, 1998).     

 

Although the biochemical oxygen demand did not exceed the influx of DO into Crawford 

Lake during the 2020 water year (Figure 4.3), the increased nutrient influx to the deep basin of 

Crawford Lake at times of human impact on its small, steep watershed could result in anoxia. As 

with the 76 Iroquoian sites within ca. 35 km of Crawford Lake between ca. 1000 and 1650 AD 

reported by Finlayson (1998), the longhouses (several of which are reconstructed in the 

Crawford Lake Conservation Area) were home to several hundred people for whom maize (Zea 

mays) and other crops, such as sunflower (Helianthus sp.) and purslane (Portulaca sp.) were an 

important food source. The increase in nutrient influx to this naturally oligotrophic (Ekdahl, et 

al., 2007), alkaline lake altered the lake ecosystem forever in the late 13th century, as recorded by 

very high concentrations of algal microfossils, with assemblages dominated by mesotrophic to 

eutrophic diatom, chrysophyte, dinoflagellate, desmid, and cyanophyte taxa (Ekdahl, et al., 2004, 

2007; Krueger & McCarthy, 2016; McCarthy, et al., 2018). Subfossil pigments diagnostic of 

these algae (Rybak and Dickman, 1988) and increased abundance and diversity of their 

consumers like cladocerans, ciliates and rotifers (Figure 4.8; Heyde et al., in prep.; this thesis, 

chapter 5) also records the cultural eutrophication of Crawford Lake by the daily activities of the 

inhabitants of the longhouses (Figure 4.2). The ratio of Bosmina longirostris to Daphnia spp. 

exemplifies this eutrophication particularly effectively due to the high sensitivity of cladocerans 

to eutrophication. The cultural eutrophication recorded by the consumers also demonstrates the 
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drastic change in assemblage from the Pre-Iroquoian to Iroquoian Zone, which persists 

throughout the core even in the absence of human activity (Figure 4.8). This assemblage shift to 

high concentrations of rotifers and cladocerans due to anthropogenic activity is reflected even in 

the modern water column samples. 

 

A sharp decline in productivity after abandonment of the Iroquoian settlement is recorded 

by decreased abundance of phytoplankton and their consumers, although transfer functions 

suggest that limiting nutrients continued to cycle through the lacustrine food web (Ekdahl et al., 

2007). This explains the continued abundance of some phytoplankton taxa (e.g., the planktonic 

diatoms Lindavia michiganiana; identified as Cyclotella michiganiana by Ekdahl et al., 2004) 

and shown in Figure 4.2, and some of their consumers (e.g., the rotifers Keratella hiemalis and 

Kellicottia longispina) (Figure 4.2, Figure 4.8). Varves are much thinner between the late 15th 

and early 19th century, with the thinner dark layer of the couplet attributed to the decline in 

primary productivity and the thinner layer of precipitated calcite crystals attributed to cooler 

surface waters during the Little Ice Age (Lafond et al., in prep.; Llew-Williams et al., in prep.).  

 

A return to mesotrophic – eutrophic conditions in the early 19th century, and thicker 

varves, is recorded by a sharp increase in phytoplankton concentration and the recurrence of taxa 

such as the diatom genus Fragilaria (Figure 4.2), dinoflagellates such as Parvodinium 

umbonatum, the desmids Staurastrum pingue and S. boreale (Figure 4.9) and the rotifer 

Keratella cochlearis (Figure 4.2, Figure 4.8). Numerous large stumps of white pine, with their 

characteristic spires, are evidence of intense logging around the Crawford Lake in the 19th 

century (Bush and Cwynar, 1972), and Boyko (1973) estimated that cleared land represented ¾ 

of the watershed of Crawford Lake by 1871. In their recent study of siliceous microfossils at 

almost annual resolution through the Euro-Canadian zone, Gushulak et al. (in press) identified a 

sharp decline in benthic diatoms in the late 1820s and 1830s, and varves dated to the 1840s 

through 1860s were nearly barren, with very low diatom abundance until the 1930s. High BOD 

over this interval is evident in large quantities of wood fibers recovered in a piston core taken 

from the boardwalk on the south shore of the lake (McCarthy et al., 2012), attributed to effluent 

from a lumber mill that operated at the south end of the lake from the late 1860s until A.D. 1910 

(Conservation Halton, 2021).   
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Although the microfossil record suggests that anoxia has been the exception rather than 

the norm over the past millennium, Dickman (1985) measured DO concentrations close to 0 

mg/L in the lowermost mixolimnion during the summer months and abundant Chromatium (a 

purple sulphur bacterium capable of anoxygenic photosynthesis) was observed at the chemocline 

of Crawford Lake (Severn, 1981). Dickman (1985) also illustrates permanent anoxia below the 

chemocline between May 1979 and October 1982. Archeological investigations were initiated in 

1973 in the watershed after a graduate student from the University of Toronto discovered the 

pollen of ‘Indian corn’/maize in varves dating back to the middle of the last millennium (Boyko, 

1973). Construction of several buildings by the Halton Region Conservation Authority who had 

just acquired the site (including reconstructions of several longhouses and a boardwalk around 

the lake) would have increased the influx of nutrients to the lake. According to Rybak and 

Dickman (1988) a bulldozer was used to remove the topsoil from the excavation area and where 

the interpretive center was constructed, causing the soil erosion. Nutrient-rich sediments were 

transported down the steep-sided watershed to the lake, where measurements of chlorophyll 

derivatives peaked in varves deposited in 1985 (Rybak and Dickman, 1988). An increase in 

cyanobacterial indicators of eutrophication over the previous decade inferred from the subfossil 

pigments was supported by the observations of abundant Chroococcus dispersus and Microcystis 

aeruginosa in summer/fall phytoplankton blooms (Dickman, 1985). The acid-resistant remains 

of cyanophytes outnumber all eukaryotic algae in palynological preparations of varves deposited 

in 1980 and 1995, as they did in varves that date to 1880 and 1910 and during the Iroquoian 

settlement period (Heyde et al., in prep.; this thesis; chapter 5).   

 

4.5 Conclusions 

Crawford Lake has been demonstrated to have a well-oxygenated monimolimnion year-

round, and paleolimnological proxies recordonly a few short periods of anoxia in the last 

millennium. The varying seasonal distribution of consumer taxa, particularly the high density fall 

and winter populations in the monimolimnion, support the near-monthly instrumental 

measurements of relatively high DO. Although very low concentrations of zooplankton have 

been previously observed in the monimolimnion of Crawford Lake during a period of suspected 

anoxia, the abundance and consistent presence of the populations we observed during the 
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monitoring period are sufficient to suggest that this is not an example of temporary, but long-

term monimolimnion occupation. Given that many of our consumer taxa tend to avoid hypoxia 

and exhibit negative responses to lower DO, it is highly unlikely that such a large population of 

consumers would persist in the monimolimnion if it were anoxic. The presence of these 

organisms has helped to recontextualize previously observed microfossils within the site as well. 

Preserved benthic taxa suggest that anoxia is the exception rather than the rule throughout most 

of the last millennium in the monimolimnion of Crawford Lake. These instances of short, 

proposed anoxia coincide with periods of major anthropogenic eutrophication as evidenced by 

the palynomorph assemblages of phytoplankton and consumers.  Future development in the 

conservation area should take measures to prevent nutrient-rich runoff from entering the lake to 

avoid inducing anoxia.  

The insights provided by this study are valuable to our understanding of Crawford Lake 

as an ecosystem and a paleoenvironment. Anoxia not being the driving factor in varve 

preservation has potentially significant implications for Crawford Lake in the context of the 

potential Anthropocene GSSP. The information acquired from the living consumer organisms 

and palynomorph assemblages of Crawford Lake can allow for a more comprehensive 

understanding of lacustrine ecosystems by linking limnology and paleolimnology. For example, 

zooplankton utilized in conjunction with traditional measurements of water quality parameters 

can be effective indicators of physicochemical conditions in freshwater environments and a tool 

with which to link past and present ecosystems.  

The high density of metabolically active cladocerans and rotifers observed in the 

monimolimnion of Crawford Lake in this and previous studies supports the near-monthly 

instrumental measurements of relatively high dissolved oxygen concentrations below the 

chemocline of this permanently stratified lake. The spatial and seasonal distribution and 

composition of these consumer populations within the water column also illustrates how 

zooplankton communities respond to other physicochemical characteristics. Our observations 

also suggest complex interactions between a preference for higher temperatures and predator and 

competition avoidance behaviours (such as those observed commonly in rotifer and cladoceran 

species), with reduced dependence on DO concentrations (particularly as there is no anoxic zone 

to be utilized as shelter from large predators).  
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Microfossils preserved in annually laminated sediments (or mixed varves) from the deep 

basin of Crawford Lake record only rare periods of bottom water anoxia over the last 

millennium. Very low concentrations of benthic algae are associated with very high primary and 

secondary productivity during intervals of Iroquoian and Colonial settlement in the small 

watershed of this small karstic basin, and most intensively early in the Canadian Zone when a 

lumber mill operated at the south end of the lake (1880’s until the early 20th century; Krueger, 

2013), discharging organic-rich effluent into the lake. The exceptional preservation of cellulosic 

thecae of dinoflagellates is consistent with inference of short-lived bottom water anoxia due to 

high biochemical oxygen demand at times of cultural eutrophication. 

While these findings appear contrary to those published by M. Dickman and coauthors 

based on studies in the early 1980s, several of these studies are based on the presumption of an 

anoxic monimolimnion without actual DO readings reported from within the monimolimnion. 

DO measurements of anoxic conditions within the monimolimnion presumably reflect short-term 

increase in BOD brought on by excavation and construction in the catchment of the lake. 

Excessive nutrient input produced BOD exceeding the DO input from groundwater, producing 

temporary anoxia in the lowermost mixolimnion and monimolimnion. The consistent monthly 

measurement of DO concentrations above the highest published limits of hypoxia, the large, 

active consumer populations observed during many of our sampling months (as well as in 

previous published studies) demonstrate that the monimolimnion of this unusual meromictic lake 

is not anoxic. Observations like the absence of the “rotten egg” (hydrogen sulfide) smell 

distinctive of sediments deposited in reducing conditions and the absence of pyritic inclusions in 

palynomorphs support the inference of oxygenated bottom waters despite the well-preserved 

seasonally laminated sediments that have accumulated over the past millennium. 

Documentation of a well-oxygenated monimolimnion is important in the context of 

sections being sought to define the Anthropocene Epoch, because the primary stratigraphic 

marker chose by the Anthropocene Working group is plutonium, which is readily mobilized in 

reducing conditions that characterise most depositional environments in which annual resolution 

is possible. The seasonal accumulation of organic-inorganic sediment couplets in the well-

oxygenated deep basin thus has potential as a Global Boundary Stratotype Section and Point 

(GSSP). 
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Chapter 5: The palynological record of consumers in sediments from the past millennium 

in Crawford Lake- paleoenvironmental reconstructions and taphonomic insights 

 

Heyde, A., McCarthy, F.M.G., Riddick, N.L., Pilkington, P.M., Boyce, J.F,  

Manuscript in preparation for Review of Paleobotany and Palynology 

 

5.1 Introduction 

 

Sediments from the meromictic Crawford Lake in Milton, Ontario, Canada have been 

extensively studied over the past five decades because of the exceptional preservation of organic-

walled fossils and the annual chronological resolution afforded by the varves that accumulate in 

the deep basin of the lake (Figure 5.1). Anthropogenic activity during periods of both Iroquoian 

and Euro-Canadian settlement in the small watershed of Crawford Lake is reflected by non-

arboreal pollen, including that of cultigens (Byrne & McAndrews, 1975; McAndrews & Turton, 

2006; McAndrews & Turton, 2010), charcoal (Clark & Royall, 1995), fungal spores 

(McAndrews & Turton, 2010), and several groups of algae, including diatoms (Ekdahl et al., 

2004, 2007; Gushulak et al., in press), chrysophytes (Rybak et al., 1987; Gushulak et al., 

submitted), dinoflagellates (Krueger, 2012; Krueger & McCarthy, 2016) and desmids (McCarthy 

et al., 2018). Data on only one group of zooplankton palynomorphs, namely rotifers, has been 

published to date (Turton & McAndrews, 2006), so this paper examines the record of all 

consumer groups in palynological preparations of varved sediments deposited over eight 

centuries.   
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Figure 5.1 The pollen of cultigens (Zea, Helianthus and Portulaca) and spores of their fungal 

pathogens (Ustilago maydis, Sphacelotheca and Epicoccum) record intervals of agricultural 

settlement in the Crawford Lake watershed by Indigenous (Iroquoian, probably Wendat) and 

European settlers (McAndrews and Turton, 2010). Eutrophication of the lake in both the 

Iroquoian and Euro-Canadian zones is evident in the rotifer (Turton and McAndrews, 2006), 

dinoflagellate (Krueger and McCarthy, 2016), and diatom records (Ekdahl, 2004, 2007). 

 

 Of all the non-pollen palynomorph (NPPs) commonly observed on pollen slides, 

consumers have received the least attention. This is largely due to relatively low fossilization 

potential of most zooplankton and zoobenthos, particularly in conventional macerations of 

lacustrine sediments that use harsh oxidants (McCarthy et al., 2021). Only a few studies have 

employed consumer palynomorphs, and cladocerans are the most common due to their higher 

preservation potential compared to other consumers (Shumate et al., 2002; Kamenik et al., 2007; 

Battarbee et al., 2002). The disarticulated remains of cladocerans are typically identified at 

relatively low taxonomic levels, often together with relatively resistant and distinctive rotifer 

eggs, in broad studies on NPP in lake sediments (e.g., Hillbrand et al., 2014). Chironomids, 

chaoborids (Rasser et al., 2013; Leipe et al., 2014; Medeiros et al., 2015), ciliates (Danesh et al., 

2013; Drljepan et al., 2014; Volik et al., 2016), copepod eggs (Borromei et al., 2010) and testate 

amoebae have also seen limited utilization within palynological studies (Lacourse & Davies, 



59 

 

2015; Huntley et al., 2013). Compared with the palynological record of primary producers (e.g., 

dinoflagellate cysts in Figure 5.1), there have been relatively few insights into the next trophic 

level, the consumers that play an important role in nutrient and carbon cycling in lake 

ecosystems (see Figure 2.4). 

 

 The discovery of a rich and diverse assemblage of rotifer loricae in varved sediments 

from Crawford Lake, including Keratella cochlearis (Figure 5.2), suggested that zooplankton 

thrived in response to the algal blooms that accompanied cultural eutrophication due to Iroquoian 

agricultural settlement from the late 13th through 15th century and since land clearing by 

European colonists during the 19th century (Turton & McAndrews, 2006). These anthropogenic 

activities in the small (ca. 126.5 ha) watershed of Crawford Lake are recorded by rare 

occurrences of the pollen of cultigens, such as maize (Zea mays), sunflower (Helianthus), and 

purslane (Portulaca) cultivated by Indigenous settlers and spores of the fungal pathogens of 

crops (Ustilago maydis, Sphacelotheca and Epicoccum) in addition to ragweed (Ambrosia) and 

non-arboreal/herbaceous pollen like grasses (Poaceae) that thrived in cleared land in this 

naturally forested region. Eutrophication of the lake during both the Iroquoian and Euro-

Canadian settlement phases  that is evident in the rotifer (Turton and McAndrews, 2006), 

dinoflagellate (Krueger and McCarthy, 2016), and diatom records (Ekdahl, 2004, 2007) allowed 

thick, distinct varves to accumulate, since increased productivity produced thicker dark-coloured 

organic laminae and the precipitation of calcite in the epilimnion was facilitated by increased 

rates of carbon fixation and resulting higher pH, capping the annual couplets in the summer 

(Llew-Williams, in prep.).  

Varve couplets are restricted to depths greater than 15m, where conductivity increases 

sharply forming the chemocline. In contrast, massive organic-rich marl accumulates above 15 m 

water depth, throughout the shallow basin that comprises nearly than 9/10ths of the sinkhole, 

Temperatures vary seasonally in the slightly basic, low conductivity water of the mixolimnion 

(Heyde et al., in revision; this thesis chapter 4) and bioturbation is evident in the mottling and 

abundance of infaunal mollusks in the sediments. Rotifer lorica do not preserve in sediments 

above the chemocline (Turton and McAndrews, 2006) despite their abundance in the water 

column throughout Crawford Lake (this thesis, chapter 4; Heyde et al., 2021). Their eggs are 

present in palynological preparations of organic-rich marls from depths shallower than 15 m in 
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Crawford Lake, consistent with their common report in palynological studies suggesting 

relatively high preservaiton potential (Nykänen et al., 2008; Merkt & Müller, 1999).  

The palynological record of other micro-invertebrates and protozoans in sediments from 

Carwford Lake has not previously been investigated, although several studies have demonstrated 

that a rich zooplankton fauna characterizes the water column, even the monimolimnion 

(Mazumder, 1983; Heyde et al., in revision; this thesis, chapter 4). In this study, the 

palynological record of consumers was compared in sediments above and below the chemocline 

and with the zooplankton record in the water column over a one-year interval to investigate the 

potential of rotifers, cladocerans, chironomid larvae, ciliates, and other consumers in 

paleolimnlogical studies.  Comparing the spatial distribution of the acid-resistant remains of 

consumers in sediments above and below the chemocline illustrates the effects of taphonomy on 

the palynological assemblage in the mixolimnion and monimolimnion of this meromictic 

lake.Together with the palynological record of primary producers in the same slides, namely 

cyanophytes, dinophytes and green algae (both charophytes and chlorophytes), the exceptional 

record of consumers preserved in varves from the deep basin of Crawford Lake, provides 

insights into the response of the lake ecosystem to stressors, including climate change and 

anthropogenic impact known from archeological and historic records.  

 

5.2 Methods 

Three sediment cores (CL-1, Cl-2, and Cl-3) were acquired from Crawford Lake on 

August 14th and 15th, 2018 using a percussion corer attached to a pontoon boat with a large, 

central hole (Figure 5.2). Cores CL-1 (67 cm) and CL-2 (86 cm) were acquired at water depths 

of 5m and 7m, where lakebed sediments are composed of massive peaty marls. Core CL-3 was 

obtained from the deep basin at a depth of 22m, where seasonally laminated, white calcite and 

dark organic sediment couplets (varves) accumulate. These cores were capped, taped shut, kept 

in cold storage at Brock University (cores CL-1 and CL-2) and McMaster University (cores CL-

3). Elemental data for core CL-3 were obtained using a ITRAX micro-XRF core scanner (Cox 

Analytical Systems). The scan was completed at a 200 µm sampling interval using a Cr anode 

tube, with constant power settings of 25 kV/ 15 mA, and 10 s exposure time. Geochemical data 

were batch analyzed using QSpecTM software. 
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Figure 5.2 Location sampling locations within the karstic basin of Crawford Lake, weathered in 

Silurian dolomites of the Niagara Escarpment. Core samples were obtained from both above the 

chemocline around 15 m water depth (CL-1, CL-2) and below it (CL-3, CL-2011).  

 

Samples of 2.5 mL volume (measured by displacement in distilled water) from cores CL-

1, CL-2 and CL-3 were processed for palynological analysis. Because the top ~9cm of sediment 

of core CL-3 was displaced and collected as a homogeneous sample before the core could be 
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taped shut due to degassing (no smell associated, presumably CO2, which would explain the low 

pH, despite the very high alkalinity measured in the monimolimnion; Llew-Williams, in prep., 

slides previously prepared from a freeze core (CL-2011) collected from the deep basin of 

Crawford Lake on January 25th, 2011, were also analyzed for non-pollen palynomorphs. Details 

of sampling, processing, and analysis of core CL-2011 for pollen and dinoflagellate cysts can be 

found in Krueger (2012) and the results of desmid analysis were published in McCarthy et al. 

(2018). Pollen data from core CL-2011 are available in Krueger (2012). 

Samples are processed for pollen and NPP analysis using a weak HCl solution with a 

Lycopodium tablet (batch #414831) in a warm water bath for 15-30 minutes, centrifuged, 

decanted, and rinsed with distilled water prior to treatment with concentrated HF. The processed 

samples were centrifuged, decanted, and rinsed again before being sieved through a 10µm 

Nitex© mesh using distilled water. The slurry was mounted onto glass slides on a hot plate using 

glycerin jelly. The resultant slides were examined using a Leica DM750 microscope at 400x 

magnification and analyzed for pollen and NPPs. Consumer palynomorphs were identified using 

Turton & McAndrews (2006), Korosi & Smol (2012), Larocque (2014), Matsuoka & Ishii 

(2018), and McCarthy et al., (2021) as well as online resources (Haney et al., 2013). Consumer 

NPPs in each sample were enumerated relative to 25 Lycopodium clavatum (concentration of 

12,100 ± 1,892 spores/tablet) marker spores to standardize the sampling effort in this initial 

survey. More details about subsampling and preparation can be found in Heyde (this thesis, 

chapter 2) together with photo plates illustrating common remains of consumers in slides from 

Crawford Lake.  

Pollen (and embryophyte spores) were identified using the atlas of McAndrews et al. 

(1973) and minimum upland pollen sums of 150 grains were used to calculate relative 

abundances in this preliminary study, although more than 250 pollen were identified in most 

slides; investigation is ongoing to increase statistical validity throughout the core, but these 

preliminary counts allowed the sediments in the upper 25 cm of core CL-3 to be zoned using the 

well-dated regional pollen stratigraphy of McAndrews (1994), with the well-dated peaks in the 

pollen of cultigens (Ekdahl et al., 2004; Turton & McAndrews, 2006). Pollen identifications for 

core CL-3 are shown in Appendix D and identifications for core CL-2011 can be found in 

Krueger (2012). McCarthy et al. (2021) was the main source used to identify algal 
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palynomorphs, together with Komárek & Jankovská (2000), Wehr & Sheath (2015), Bellinger & 

Sigee (2015), and online resources (Algalweb.ne, Digicodes.info, Galerie.sinicearasy.cz, Protist 

Information Server). Algal palynomorphs in each sample were identified relative to 10 

Lycopodium clavatum marker spores in an effort the standardize the sampling effort in this initial 

survey, but analysis is ongoing by P.M. Pilkington to increase counts to 25 maker spores, as was 

done for consumer palynomorphs. Algal palynomorph data from cores CL-3 and CL-2011 are 

shown in Appendix E. 

Analysis of charcoal was performed on palynological residues from both CL-2011 and 

CL-3 cores using methods from Whitlock & Larson (2001); analysis helped to identify periods of 

anthropogenic activity. The absolute abundance of angular microcharcoal (<150 µm) and 

angular/ woody macrocharcoal (>150μm) fragments was also estimated using marker spores of 

Lycopodium clavatum. Microcharcoal accounts for a regional signature of fire/ combustion 

burning because small particles travel long distances, while macrocharcoal accounts for a more 

local signature.  

5.3 Statistical Analyses  

 A stratigraphically constrained hierarchical cluster analysis of NPP data was performed 

with PAST version 4.06 (Hammer et al., 2001), using the “paired group” algorithm along with 

the “Bray-Curtis” similarity index and stratigraphic constraints. Cluster analysis was performed 

on algal and consumer palynomorph data from both the CL-2011 and CL-3 cores, and on the 

composite core spaning the Iroquoian through Euro-Canadian settlement periods.  Samples were 

correlated between the varved freeze fore (CL-2011) and percussion core CL-3 using the well-

known pollen stratigraphy (see Appendix D). The Shannon Diversity Index (H’) was calculated 

(Shannon & Weaver, 1949) to determine species diversity of both algal and consumer 

palynomorphs on all samples, combined from both deep basin cores. The Shannon Index values 

were calculated as described in Chapter 3:  

5.4 Results 

Core CL-1 
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Cores CL-1 and CL-2 consist of mottled massive peaty marls devoid of varves, with 

calcite primarily precipitated by aquatic plants like Chara and organic matter primarily derived 

from aquatic macrophytes. Core CL-1, sampled at a water depth of 5 m, is roughly 67 cm in 

length. Sediment is dark brown organic-rich marl at the base, becoming a lighter brown marl at 

~44 cm, before becoming slightly darker, reflecting increased concentration of carbonaceous 

particles and organic matter at ~20 cm. The sediment contains mollusks throughout, primarily 

small gastropods with the smaller numbers of bivalves, although they were not identified to 

species. Although they were not enumerated, mollusks were more abundant in the lighter-

coloured marl than in darker, the more organic-rich marl. 

Core CL-2 

 

Core CL-2 was obtained from a water depth of 7 m, with a core length of 86 cm.  The 

sediment is dark brown organic-rich marl at the base, transitioning to paler brown marl~67 cm. 

A thick band of darker peaty sediment occurs between ~57 to ~50 cm. The concentration of plant 

matter and carbonaceous particles increases at ~41 cm with small variances in dark brown colour 

up-core. The entire core contains interspersed mollusks, predominantly small gastropods, and 

bivalves. As in core CL-1, mollusks were more abundant in the lighter-coloured marl than in the 

more organic-rich marl.  

 

Palynological analysis of Shallow Basin Cores 

 

Palynological preparations in cores CL-1 and CL-2, taken from above the chemocline 

contain low diversity assemblages (Table 5.1, Figure 5.3) composed primarily of two 

cladoceran groups, Bosmina longirostris and Daphnia spp. (Plate 5.1), as well as rare mandibles 

of chironomid larva. Within core CL-2 only, there are low concentrations of difflugiid testate 

amoebae (10-40 cm, 80 cm). Consumer abundance increases up-core within both shallow-basin 

cores CL-1 and CL-2, and Daphnia spp. is the most abundant palynomorph overall in both cores 

(average of ~193 individuals in core CL-1, ~580 individuals in core CL-2). The uppermost 

sample (12.5 cm) of core CL-1 is dominated by Daphnia spp., whereas in CL-2 B. longirostris is 

more abundant. The concentration of consumer palynomorphs is approximately twice as high at 

the slightly deeper site CL-2 (~387 to ~3097 individuals/ml, averaging ~1244 individuals/ml, SD 
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~918 individuals/mL, SDI evenness ~0.92 to ~0.53) than in core CL-1 (~193 to ~968 

individuals/ml, averaging ~464 individuals/ml, SD ~359 individuals/ml, SDI evenness range 

~0.94 to ~0.61) (Appendix B). Both cores have much lower abundances of consumer 

palynomorphs compared to core CL-3, which ranges from ~84600 palynomorphs/ml to ~ 15680 

palynomorphs/ml, averaging ~41275 palynomorphs/ml (SD ~22383 palynomorphs/ml, SDI 

evenness ~0.72 to ~0.45). 

 

 

Table 5.1 Consumer counts/mL from the surface sediment across Crawford Lake. Consumer 

abundance increases generally with increased depth of sampling, approaching the chemocline 

and thus the area of the lake with greater preservation potential. 

 

Depth (m) B. longirostris Daphnia spp. Chironomids Centropyxis sp. Total

5 1161.6 193.6 193.6 193.6 1742.4

7 1742.4 580.8 193.6 193.6 2710.4

12 968 580.8 387.2 0 1936

15 1548.8 968 387.2 193.6 3097.6
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Plate 5.1 Common consumer palynomorphs observed in sediment retrieved from both the deep 

and shallow basin of Crawford Lake (All rotifers are found only in the deep basin). 1. Daphnia 

pulex complex post abdominal claw; CL-3, 13cm 2. Bosmina longirostris head capsule; CL-11, 

1910 3. Daphnia spp. post abdominal claw; CL-3, 16cm 4. Lorica of the rotifer Kellicottia 

longispina; Core CL-3, 18cm 5. Lorica of the rotifer Keratella cochlearis; Core CL-3, 13cm 6. 

Lorica of the rotifer Keratella hiemalis; Core CL-3, 4cm 7. Lorica of the rotifer Keratella 

quadrata; Core CL-3, 13cm 8. Rotifer Filinia egg; Core CL-3, 3cm 9. Difflugiid testate amoeba; 

Core CL-2011, 1900 10. Rare Testate Amoeba Centropyxis sp.; Core CL-3, 11cm 11. Cyst of 

ciliate Strombidium sp. (only observed in deep basin sediments); CL-3, 17cm 12. Cyst of the 

ciliate Radiosperma sp. (only observed in deep basin sediments); CL-3, 12cm 13. Chironomid 

mandible; CL-2011, 1610 14. Chironomid head capsule; CL-3, 2cm 
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Figure 5.3 Total abundance of consumer group palynomorphs from subsamples of massive 

peaty marl from shallow basin sediment cores CL-1 (5 m water depth) and CL-2 (7 m water 

depth). They contain a sparse, low-diversity assemblage dominated by the cladocerans Daphnia 

spp. and Bosmina longirostris, together with chironomid mandibles/head capsules. Difflugiid 

testate amoebae were present in core CL-2 but not in core CL-1. Shallow basin core analysis is 

low-resolution compared to deep basin and was only used to compare preservation of the life 

assemblage in the organic-rich marls that accumulate below the mixolimnion with the richer, 

more diverse assemblages in varved sequences below the monimolimnion. Pollen analysis has 

determined that the base of the Ambrosia zone (base dated around AD 1840 in Crawford Lake; 

Ekdahl et al., 2004) is between 20 and 30 cm in core CL-1 and CL-2, while abundant pine and 

oak pollen in the sample from 30 cm date the sample to the 17th- 18th century (Little Ice Age). A. 

Heyde analyst.  

 

Core CL-3  

Core CL-3 is from the deep basin, where varves accumulate, but our percussion core 

compresses the sediments (due to the core being driven into the sediment) so that while 

lamination is clearly visible in the upper 22 cm of the core, individual laminae cannot be 

resolved (Figure 5.4). The base of the Core CL-3 is light brown marl, with intermittent bands of 
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darker brown sediment until ~90 cm in the 1.68 m-long core, where darker brown gyttja began to 

accumulate. In previous studies (e.g., Yu, 2003), the transition from marl to gyttja has been dated 

4,800 years ago (uncalibrated radiocarbon age).   

XRF analysis of Core CL-3 

XRF analysis of the 1.68 m core using ITRAX reveals high resolution fluctuations in 

sediment geochemistry, with an increase in terrigenous elements such as potassium, titanium and 

iron around 22 cm (Figure 5.4). This is the section of the core on which palynological analysis 

focused.  
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Figure 5.4 ITRAX micro-XRF analysis of terrigenous elements from deep basin core CL-3. 

High values of terrigenous elements such as titanium, iron, and potassium indicate increased 

erosion from the drainage basin. Shadiing identifies the two periods of Iroquoian agriculture, 

during the mid- 14th and early 15th centuries, based on high concentrations of pollen of cultigens, 

including Helianthus (sunflower), Portulaca (purslane) and Zea mays (corn) in these sediments 

(Figure 5.5 and Appendix D). The low values of terrigenous elements at the top of the core 

support the pollen-derived age model that suggests that the entire 19th through early 21st century 

was lost during coring. J. Boyce & N. Riddick analysts. 
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Core CL-3 Palynological Analysis 

Until the results of radiocarbon analysis on macrofossils of upland plants from four 

intervals in core CL-3 have been received, the well-dated regional pollen zonation (McAndrews, 

1994) provides the only chronologic control (Figure 5.5), since varves are not retained by the 

percussion coring. The very low relative abundance of Ambrosia in the upper 25 cm of the core 

suggests that the record of land clearing by European settlers was not recovered. Ragweed pollen 

was absent from most samples, generally under ~1% relative abundance, over ~1.6% abundance 

in the 1cm subsample, suggesting that the uppermost sediments in the core predate widespread 

land clearing beginning in the early 19th century (see Appendix D). The pollen of cultigens 

commonly associated with Iroquoian settlements comprises ~8.9 - 5.4% of the pollen assemblage 

from 19 – 11 cm, constraining the age of these sediments to ~1268 – 1486 A.D. (Ekdahl et al., 

2004). Ekdahl et al. (2004) identified two separate peaks in cultigen pollen within the Iroquoian 

zone that they attributed to two main periods of agricultural activity at the site (from ca. AD 

1325 to 1375 and 1410 to 1445), which they related to the two occupation phases defined by 

Finlayson and Byrne (1998) from the archeological record, with 225 and 375 individuals 

inhabiting the village, respectively. The peaks in the pollen of cultigens and other non-arboreal 

pollen (NAP) in core CL-3 constrain the ages of the sediments, as does the increase in pine and 

birch pollen during the Little Ice Age.   
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Figure 5.5 Tree pollen diagram from deep basin core CL-3. Decreases in beech (Fagus) and 

maple (Acer) and increasing pine (Pinus) concentrations from the early 14th century indicate the 

“Little Ice Age”. Stippling indicates the two settlement periods within the Iroquoian Zone 

identified by peaks in the pollen of cultigens and other non-arboreal pollen (NAP). These 

constrained the age of the sediments in core CL-3, with further support from radiocarbon 

analysis of a plant macrofossil (? walnut) at 30 cm; this was dated to, 1646 +/-34 cal yBP ca. AD 

423 (UOC-15563 CL-3). Description of the pollen-based age model can be found in Appendix 

D. F. McCarthy analyst. 

Consumer palynomorph assemblages in the upper 20 cm of core CL-3 are dominated by 

cysts of the ciliate Strombidium sp., and to a lesser extent the rotifers Keratella hiemalis, 

Kellicottia longispina, and Keratella cochlearis (Plate 5.1), although the latter is nearly absent 

from the post-Iroquoian interval in the upper 10 cm of the core (Figure 5.6). The cladocerans 

Daphnia spp. and B. longirostris are also abundant throughout much of the core, decreasing in 

concentration up core. Additionally, we observed low abundances of Keratella quadrata, eggs of 
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the rotifer genus Filinia, difflugiid testate amoebae and mandibles and head capsules of 

chironomids. The concentration of all consumer palynomorphs, with the exception of the 

chironomids, is highest in the pollen-identified Iroquoian interval (SDI ranges from ~1.73 to 

~1.29). The concentration of most consumer palynomorphs remained relatively consistent 

through the Post-Iroquoian Zone but the abundance of most rotifers declined sharply in 

abundance, most notably lorica of K. cochlearis (average of ~10396/mL, SD ~7000 during the 

Iroquoian, only present in two samples at ~390/mL and ~193/mL post-Iroquoian). A decline in 

abundance of appendages and carapaces of B. longirostris was also noted after the disappearance 

of common cultigen pollen (average ~1645/mL in Iroquoian, SD ~700, ~494/mL post-Iroquoian 

SD ~449), with a smaller decrease in abundance up core in Daphnia (~3872/mL in Iroquoian, 

~2387/mL post-Iroquoian). The Post-Iroquoian Zone consumer assemblage was both less 

abundant and less diverse than the Iroquoian Zone (SDI~1.48 to 1.08). The two subsamples 

obtained from the Pre-Iroquoian Zone are the least abundant samples by far, with reduced 

concentrations of K. cochlearis (average ~3388/mL, SD ~1452), Daphnia (average of ~677/mL, 

SD ~290) and Strombidium (average ~1645/mL, SD ~96), and a complete absence of B. 

longirostris and K. longispina among other consumers. 
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Figure 5.6 The acid-resistant remains of consumers in the upper 25 cm of deep basin sediment 

core CL-3, plotted against depth. Cysts of the ciliate Strombidium sp. dominate consumer group 

palynomorphs from subsamples (note: these were plotted at half the scale relative to the other 

palynomorphs). Rotifer lorica, particularly Keratella cochlearis, and the cladoceran Bosmina 

longirostris, are most abundant in the Iroquoian interval (identified by pollen content- see 
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Appendix D) The Pre-Iroquoian Interval (samples at 23, 25cm) contain low abundance, low 

diversity assemblages composed primarily of K. cochlearis and Strombidium cysts. A. Heyde 

analyst.   

 

Core CL-2011 

Freeze-core CL-2011 captures the Euro-Canadian sequence that was lost from core CL-3 

during coring, and the varves allow annual resolution (Figure 5.7).  Subsamples from the core 

that represent both the Iroquoian and Pre-Iroquoian Zones were also examined. The rotifer 

Keratella cochlearis is the most abundant consumer overall in sediments deposited since the late 

19th century, whereas cysts of both ciliates, Strombidium and Radiosperma are much less 

abundant in the Canadian zone than in the Iroquoian and post-Iroquoian sediments analysed from 

both core CL-3 and the samples from this core (Plate 5.1). Lorica of Keratella hiemalis, and to a 

lesser extent, K. quadrata and K. longispina are also abundant. The subsamples from 1350, 1900, 

and 1910 have the highest concentration of consumer palynomorphs (~50056/mL, ~42358/mL 

and ~46872/mL); the former sample contains abundant Strombidium cysts, as well as a high 

concentration of K. cochlearis and K. hiemalis. The latter two subsamples have particularly 

elevated concentrations of B. longirostris, as well as abundant K. cochlearis and K. hiemalis. As 

in core CL-3, we observed generally sparse, low abundances of eggs of the rotifer genus Filinia, 

difflugiid testate amoebae, and chironomid palynomorphs. Abundance is highest at the base of 

the core, in the Iroquoian Zone, decreases in concentration throughout the Post-Iroquoian Zone, 

and begins to increase near the base of the Euro-Canadian Zone to the peak of the 1900 and 1910 

subsamples. Within the Euro-Canadian Zone abundance overall decreases up core aside from K. 

quadrata, Filinia sp., and Daphnia. The late Iroquoian/early Euro-Canadian zones contain the 

least diverse consumer populations (SDI ~1.27 to ~1.30), with more diverse assemblages in the 

later Euro-Canadian (SDI ~1.49 to ~1.76) and to a lesser extent the Iroquoian Zone (SDI ~1.60). 
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Figure 5.7 Consumer palynomorphs observed in the Canadian zone of deep basin core CL-2011 

with a few additional samples from the Post-Iroquoian and Iroquoian zones, overlapping with the 

record of core CL-3. As in the Iroquoian zone (in this core and in core CL-3) the Canadian Zone 

assemblage is dominated by Keratella cochlearis. The highest abundance of consumers is in 

samples from AD 1890 through 1910. More than 10,000 appendages and carapaces of Bosmina 

longirostris were found per mL sediment in the sample from 1910, together with abundant lorica 

of K. cochlearis. Strombidium sp. dominate palynomorphs assemblages from both Iroquoian and 

Post-Iroquoian, alongside elevated populations of K. cochlearis and K. hiemalis in the subsample 

from 1350. Rotifers other than Keratella quadrata, and cladoceran Daphnia spp. are also 

abundant in Iroquoian Zone samples, with the abundance of rotifers, particularly K. cochlearis 

decreasing within the Post-Iroquoian Zone. A. Heyde analyst 

Stratigraphically constrained cluster analysis of merged consumer palynomorph data 

from the deep basin of Crawford Lake identifies the greatest dissimilarity between samples 

deposited prior to human impact (the samples from 25 and 23 cm in core CL-3, estimated ages 

around AD 1100 and 1200) and those deposited since the 14th century. The second major break 

groups together samples deposited since AD 1880 (varve age) and those deposited from AD 

1300 through 1820.  The cluster analysis then groups together samples deposited during the two 
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previously identified phases of occupation of the Iroquoian village, separated by the several 

decades when the agricultural fields were abandoned, and the post-Iroquoian samples deposited 

during the Little Ice Age (Figure 5.8).  

 

Figure 5.8 Composite diagram illustrating changes in first-order consumers in the Crawford 

Lake ecosystem over the past millennium recorded in palynological preparations of deep-basin 

sediments. Cluster analysis identified the greatest dissimilarity in consumer palynomorphs 
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around the zone boundaries defined by pollen assemblages (Appendix D), suggesting that 

consumers responded to changes in vegetation and land use in the small catchment of Crawford 

Lake. A similar pattern was observed in the CCA of algal palynomorphs (Appendix E). There is 

a major decrease in consumers other than Strombidium sp. and Daphnia spp. following 

abandonment of the Iroquoian village, and there was a sharp decline in ciliates, especially 

Strombidium sp. in the Canadian zone. The cladoceran Bosmina longirostris was also more 

abundant in the Canadian zone. Diversity (SDI) is highest in the Iroquoian and Canadian zones 

(especially since 1950 A.D.) and lowest between the two phases of human settlement, largely 

reflecting the decline in rotifers other than Keratella hiemalis and the cladoceran B. longirostris. 

Core overlap was determined through pollen analysis (using McAndrews and Turton, 2010 for 

reference) and ITRAX analysis of terrigenous elements. Stippling indicates the two settlements 

comprising most of the Iroquoian Zone (lower two), and the Euro-Canadian Zone (upper 

stippling).  

 

5.5 Discussion 

5.5.1 Taphonomy and the palynological record of consumers 

Consumers are the least utilized group of NPPs, primarily due to the relatively low 

preservation potential of most zooplankton. Even more than with phytoplankton, taphonomy 

dramatically alters the fossil assemblage of zooplankton in pollen slides relative to the water 

column, making it difficult to reconstruct this important component of lacustrine ecosystems. 

Copepods, for instance, were abundant in the epilimnion during the warm months and were even 

found in the unexpectedly well-oxygenated groundwater-fed monimolimnion during the winter 

(Figure 5.9), but their remains were not found in any palynological preparations from Crawford 

Lake. The very limited paleolimnological potential of copepods has been noted by Wojewódka 

& Hruševar (2020) and attributed to the fragility of their exoskeletons (Selden et al., 2010). 

Bickel & Tang (2010) found that copepods tend to undergo even more rapid bacterial 

decomposition than rotifers due to the structure and composition of protein bands, which 

explains their absence even in varved sediments from the deep basin of Crawford Lake where a 

diverse assemblage of similarly fragile rotifer lorica were preserved. 
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Figure 5.9 Copepods, cladocerans (Daphnia and Bosmina) and rotifers (Keratella and 

Kellicottia) were common year-round in the water column of Crawford Lake, primarily in the 

epilimnion (no shading) through the warm months and migrating down to the monimolimnion 

(darkest grey shading) during the winter (data from Heyde et al., in revision; this thesis, chapter 

4). Of these zooplankton, only the remains of cladocerans were common in palynological 

preparations of sediments from above and below the chemocline, attesting to their high 

preservation potential. Rotifer lorica were exceptionally preserved in annually laminated 

sediments (varves) below the monimolimnion, but no remains of copepods were found in any 

palynological preparations.  
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Despite the abundance of rotifers, particularly K. cochlearis, in the mixolimnion of 

Crawford Lake, even above the shallow basin sites CL-1 and CL-2 (see Appendix A), no lorica 

were found in the massive peaty marls found on the lakebed above the chemocline (Figure 5.3). 

As in the previous study from Crawford Lake published by Turton and McAndrews (2006), 

lorica were restricted to sediments that accumulate in the monimolimnion of this meromictic 

lake. Rotifer lorica were common in our palynological preparations from core CL-3 (Figures 

5.6) and they were the most common consumer NPPs in core CL-2011 (Figures 5.7). Their low 

preservation potential is generally attributed to their small size and fragile bodies (Jha et al., 

2012), but the common use of harsh oxidants by most palynologists in processing lacustrine 

sediments for analysis undoubtedly contributes to the destruction of lorica. Although Turton and 

McAndrews (2006) report seeing them in acetolysed samples, their quantitative study was 

performed on samples that had not undergone laboratory oxidation. Other rare reports of lorica 

from palynological preparations of Quaternary sediments are from samples that have not been 

acetolysed (e.g., Swadling et al. 2001; Cocker et al. 2021). The resting eggs of rotifers appear to 

have a higher preservation potential, and several studies have related them to climate and trophic 

change (Nykänen et al. 2008; Merkt & Müller 1999; van Geel 2001; Swadling et al. 2001).  

Surprisingly, eggs (Filinia sp.) were rare in sediments from Crawford Lake, although they were 

present in both the varves and in the organic-rich massive marls. 

The distribution of ciliates, specifically the palynomorph genera Radiosperma and 

Strombidium is similar to that of rotifers, being absent from sediments above the chemocline 

(Figure 5.3) and limited to the varved sediments of the monimolimnion. The ciliate Strombidium 

was the most abundant palynomorph in sediment obtained from core CL-3 (average ~17675/mL, 

SD ~8960) (Figure 5.6), an order of magnitude more than the average ~1578/mL (~SD 974) in 

core CL-2011 (Figure 5.7). The other observed ciliate genus, Radiosperma, was present in low 

abundances throughout core CL-3 (~average ~435/mL, SD ~299) but lower concentrations 

(average ~173/mL, SD ~166) were found in core CL-2011, and in fewer samples (Figure 5.6, 

5.7). Ciliate cysts are relatively commonly reported in marine studies as opposed to lacustrine 

ones (Leroy & Albay, 2010; Candel et al., 2012; Matsuoka & Ishii, 2018) but both Strombidium 

and Radiosperma have seen limited utilization in palynological studies (although the latter was 

only recently understood to be a ciliate (P. Gurdebeke, personal communications, 2021). Studies 
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have related their presence to sea surface productivity and sea ice conditions (Limoges et al., 

2018) and in the case of Radiosperma, river inflow to marine environments (Candel et al., 2012).   

In contrast, the remains of some consumers, namely chironomid larvae and testate 

amoebae were common in palynological preparations of sediments from above and below the 

chemocline of Crawford Lake, despite being rarely sampled in the water column. This is likely 

due to the generally benthic life habit of chironomid larvae and difflugiid testate amoebae. 

Chironomids were never recovered during monthly water column sampling, even from the 

lowermost monimolimnion, possibly due to the method of sampling, or because COVID-19 

restrictions prevented sampling in the spring (Heyde, this thesis, chapter 2).  

The only group of zooplankton that was well-represented in sediments throughout 

Crawford Lake was the cladocerans. Identifiable remains of Daphnia spp. and Bosmina 

longirostris were observed in nearly all samples processed from the peaty marls above the 

chemocline (cores CL-1 and CL-2; Figure 5.3) and all samples from below the monimolimnion 

of Crawford Lake (cores CL-3 and CL-2011; Figures 5.6, 5.7), allowing correlation between the 

shallow and deep basin of this meromictic lake. The relative abundance of B. longirostris relative 

to Daphnia spp. in samples from 25 cm in core CL-1 and 10 cm in core CL-2 (Figure 5.3), for 

instance, suggests that these sediments rich in Ambrosia correlate with varves in the deep basin 

dated to the latest 19th and early 20th century (Figures 5.6, 5.8). These tiny branchiopod 

crustaceans that occupy important niches in the food web of lakes are the most often observed 

zooplankton group in palynological preparations, and although disarticulation of their carapaces 

and appendages (antennae, antennules, mandibles, post-abdominal claws, etc.) makes 

identification challenging (Eggermont & Martens, 2011), their remains have been employed to 

infer eutrophication (Shumate et al., 2002; Gąsiorowski & Szeroczyńska, 2004; Frisch et al., 

2014; Frisch et al., 2017), acidification (Paterson, 1994), lake levels (Sarmaja-Korjonen & 

Alhonen, 1999), and climate (Lotter et al., 2000; Battarbee et al., 2002; Kamenik et al., 2007; et 

al., 2019). 

Bioturbation is known to increase decomposition rates of zooplankton due to mechanical 

breakage, increased consumption by scavengers, and faster bacterial decomposition resultant 

from disarticulation (Plotnick, 1986), so the lack of infaunal macrobenthos in the 
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monimolimnion of Crawford Lake (Heyde et al., in revision; this thesis, chapter 4) promotes the 

preservation of fragile organic remains, such as rotifer lorica. In addition to dampening physical/ 

mechanical breakdown, the high salinity of the monimolimnion, which approaches the lower 

boundary of brackish water (1000 µS /cm to 2500 µS /cm near the lakebed; Heyde et al; this 

thesis, chapter 4), appears to facilitate preservation of organic matter within the sediment via 

inhibition of enzymatic activity in bacteria (Quintino et al., 2009; Roache et al., 2006). 

Furthermore, the low consistent temperatures within the monimolimnion (5.3 – 7.1 oC; Heyde et 

al., in revision), may help to inhibit chitin degradation, of which many consumer palynomorphs 

are composed, as chitin degradation occurs more rapidly at higher temperatures (Hood & 

Meyers, 1977). The fragile cysts of the non-tintinnid ciliates Strombidium and Radiosperma also 

appear to be composed of an organic macromolecule similar to chitin, so the low temperatures 

and lack of bioturbation may explain their presence being restricted to the deep basin (Verni & 

Rosati, 2011).  

 The preservation observed within deep basin cores CL-2011 and CL-3 contrasts sharply 

with that observed in both shallow basin cores, CL-1 and CL-2. Not only did the shallow basin 

cores contain markedly lower concentrations of consumer palynomorphs than either deep basin 

core, which could largely reflect higher rates of sediment accumulation above the chemocline, 

but they also exhibit a much lower taxonomic richness within their consumer assemblages (2-4 

groups in the shallow basin compared to the 11 total groups in the deep basin). In their highest 

abundance subsamples, total consumer concentration was over twenty-five and fourteen times 

greater (CL-3 and CL-2011, respectively, Figures 5.6, 5.6) than that observed in the most 

abundant shallow basin subsample (Figure 5.3). Regarding palynomorph diversity, the deep 

basin cores are overall more diverse than the shallow basin cores (particularly the Iroquoian 

portion of CL-3 and the upper half of CL-2011); CL-1 and CL-2 have a few subsamples with 

higher SDI/evenness values, but these samples only contain at most two taxa that are present in 

equally low concentrations (Appendix C). These shallow basin sediments are not dissimilar in 

their assemblages compared to other studies that utilize consumer palynomorphs to some 

capacity. 
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5.5.2 The palynological record of consumers in varved sediments form Crawford Lake 

Many palynological studies, such as Hillbrand et al., (2014), López-Vila (2014), and Rull 

et al., (2008), report consumer assemblages similar to those observed within our shallow basin 

sediments. The assemblages are less diverse than what we observed in deep basin sediments 

from Crawford Lake owing to the taphonomic conditions that characterize most lacustrine 

environments. “Standard” consumer assemblages are typically relatively sparse, and cladocerans 

are generally the most abundant consumer in palynological preparations of holomictic lakes, 

alongside chironomid and testate amoebae. Their more consistent presence in sediment 

regardless of preservation quality make them highly suitable for paleolimnological studies 

compared to consumer palynomorphs less common in lacustrine sediments like rotifers whose 

lorica preserve only under exceptional circumstances. The relative abundance of Bosmina in 

sediments dating to the turn of the 20th century suggests that it is better adapted than Daphnia to 

the turbidity, high biochemical oxygen demand, and low DO associated with the operation of a 

lumber mill on the south shore of Crawford Lake, which discharged large quantities of organic 

waste into this small lake. The ratio of Bosmina: Daphnia (see Figure 4.8) may have broad 

application in paleolimnological studies beyond the exceptional preservation in the deep basin of 

Crawford Lake if ongoing studies confirm the correlation of relatively high concentrations of 

Bosmina from the deep basin to the shallow basin where conditions more closely resemble those 

found in typical lakes. 

The almost unparalleled preservation of organic-walled microfossils from various trophic 

levels in the deep basin of Crawford Lake provides exceptional insights into ecosystem 

responses to stressors. One of these is eutrophication, the history of which has been well 

documented at this site from archeological evidence and historic records (Boyko, 1973; 

Finlayson et al., 1973, 1998; Rybak and Dickman, 1988; Ekdahl et al., 2004, 2007; Turton and 

McAndrews, 2006; Krueger and McCarthy, 2016). Subsamples from the two deep basin cores, 

percussion core CL-3 and freeze core CL-2011, record conditions from prior to the 13th century 

to the near-present, encompassing the intervals of Iroquoian and Euro-Canadian settlement 

separated by over three centuries of ecosystem recovery from anthropogenic impact (Figure 

5.8). Several studies have identified a marked increase in phytoplankton abundance in sediments 

with relatively high abundances of pollen of cultigens (e.g., see Figures 4.8, 5.2), and 
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assemblage changes were noted in diatom (Ekdahl et al., 2004, 2007), dinoflagellate (Krueger 

and McCarthy, 2016), and desmid records (McCarthy et al., 2018). The cultural eutrophication 

recorded in these studies is reflected in the consumer assemblages observed in palynological 

preparations of our deep basin sediments (Figure 5.8), including the rotifers previously 

documented by Turton and McAndrews (2006). Consumer palynomorph diversity is highest 

within the Iroquoian Zone and the upper portion of the Euro-Canadian Zone, with a lower overall 

diversity throughout the Post-Iroquoian Zone. This pattern is attributable to the increase in 

nutrient input during the zones of human occupation. Major spikes in consumer abundance at the 

base of both the Iroquoian and Euro-Canadian Zones correlate with peaks in phytoplankton 

abundance observed by Ekdahl et al. (2004, 2007) and Krueger and McCarthy (2016), 

summarized in Figure 5.2. The sharp increase in consumers reflects the availability of food due 

to cultural eutrophication of this naturally oligotrophic lake just after the Iroquoian village 

settlement and with the onset of colonial impact in the mid-19th century. The peak, lull, and 

smaller subsequent rise of consumer abundance observed in the Iroquoian Zone (Figure 5.8), 

also seen in phytoplankton records (Figure 5.2) appear to record multiple separate phases of 

Iroquoian occupation (Ekdahl et al., 2004; Finlayson et al., in prep.). This pattern of 

eutrophication peaks, and separate instances of Iroquoian occupation are also reflected in micro-

charcoal records (Appendix E).   

XRF analysis of core CL-3 identifies an increase in terrigenous elements, specifically 

titanium, iron, and potassium (naturally occurring in soils, Figure 5.4), in sediments containing 

the pollen of Iroquoian cultigens and other non-arboreal pollen (Figure 5.5). Increased erosion 

resulted from land clearing and cultivation carried sediments with increased levels of the 

aforementioned metals as well as limiting nutrients into the lake. The increase in abundance and 

diversity of consumers does not support their documented sensitivity to heavy metals 

(Baliarsingh et al., 2010; Aránguiz-Acuña, & Pérez-Portilla, 2017; Hook & Fisher, 2001; 

Gagneten & Paggi, 2009), at least not at the levels associated with Iroquoian agricultural 

settlement.  Instead, increased nutrient availability to this naturally oligotrophic lake correlates 

with a sharp increase in abundance and diversity of consumers (Figures 5.6, 5.8). 

The greatest dissimilarity in consumer assemblages identified by cluster analysis occurs 

between the two samples from the pre-Iroquoian interval (25 and 23 cm in core CL-3; estimated 
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ages around AD 1100 and 1200) and the rest of the last millennium (Figure 5.8). Many taxa are 

absent from sediments predating human impact on Crawford Lake, and those that are present, 

like lorica of the rotifer Keratella cochlearis and cysts of the aloricate ciliate Strombidium sp., 

are orders of magnitude less abundant (Figures 5.6, 5.8). This trend was also observed in the 

rotifer record by Turton & McAndrews (2006) and is undoubtedly attributable to the onset of 

human activity and the impact that eutrophication had on the formerly oligotrophic 

ecosystem. The sparse, low-diversity Pre-Iroquoian assemblages from subsamples 23 cm and 25 

cm demonstrate how the onset of anthropogenic eutrophication can alter consumer population, 

and how these assemblage shifts can persist, even following the cessation of anthropogenic 

activities. Ekdahl et al. (2004, 2007) also identified the greatest assemblage change in the diatom 

record over the past millennium at the onset of agricultural settlement, with many diatom taxa 

persisting after abandonment of the Iroquoian village to the present day. It is likely that ongoing 

algal palynomorph analysis will illustrate similar trends, and preliminary analysis illustrates that 

major changes in algal palynomorph assemblage and diversity correlate with major changes in 

consumer palynomorph assemblages (Figure 5.10), which is not unexpected since phytoplankton 

are the major source of food for microscopic consumers.  

 

Figure 5.10 Composite graph of cyanophytes, green algae (chlorophytes + charophytes), 

dinophytes, and microcharcoal in palynological preparations from Crawford Lake deep basin 

cores. Stippling indicates the two settlement periods recorded by abundant charcoal, when 
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blooms of eukaryotic algae (green algae and dinoflagellates) record cultural eutrophication.  The 

association of cyanophytes with anthropogenic impact is more complex, but there appears to be a 

relationship in the ratio of nitrogen fixing (NF) relative to non-nitrogen-fixing (NNF) taxa. 

Cluster analysis of algal palynomorphs identifies discrete zones, with the greatest contrast 

between the Euro-Canadian Zone and earlier. Phytoplankton diversity (SDI) declined sharply 

following the Iroquoian Zone and since 1970, when Conservation Halton started managing the 

site, suggesting that cultural eutrophication had a positive impact on biodiversity in this naturally 

oligotrophic lake.   

The onset of the Post-Iroquoian Zone marks a decline in consumer abundance and a sharp 

decline in diversity (SDI values average 1.25, ranging between 1.10 and 1.60 through the 16th 

century, compared to an average of 1.59 through the Iroquoian Zone), but this is not exhibited 

uniformly across all consumer groups. Both our study and that of Turton and McAndrews (2006) 

found that the rotifer Keratella hiemalis remained abundant in the post-Iroquoian zone, unlike 

other rotifer taxa, particularly K. cochlearis and K. quadrata. Weisse & Frahm (2001) noted the 

adverse effect that some common ciliate species have been shown to have on K. quadrata, so the 

continued abundance of the ciliates Strombidium and Radiosperma, believed to be cysts of 

ciliates (P. Gurdebeke, personal communications, 2021) may have suppressed the populations of 

most rotifers. This may also explain the increase in abundance of K. quadrata within the Euro-

Canadian zone, where ciliate abundance is greatly reduced. Furthermore, the composition of the 

rotifer assemblage within the Euro-Canadian Zone, specifically the higher relative abundance of 

K. cochlearis and K. quadrata and the reduction of Kellicottia longispina, may be due to the 

increased eutrophication due to both the sawmill and the more intensive agricultural practices of 

the European settlers. K. cochlearis, and to a lesser extent K. quadrata are heavily associated 

with eutrophication due to their high tolerance relative to other rotifers. K. longispina, in 

contrast, has a lower tolerance for eutrophication. It is possible that the increased nutrient loading 

occurring during the Euro-Canadian Zone attributed to this shift in the rotifer assemblage (Du et 

al., 2014; Mäemets, 1983). 

The greater densities of zooplankton during the two settlement zones compared to the 

Pre- and Post-Iroquoian Zones are consistent with bottom-up control on consumers, with 

increases in primary productivity driven by influx of limited nutrients from the watershed, as 

suggested for other lakes by Yuan & Pollard (2018). Abundant and diverse algal palynomorphs 

during the Iroquoian and Euro-Canadian zones (Figure 5.10) allowed zooplankton to flourish 
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(Figures 5.6 – 5.8), notably cladocerans and the rotifers K. cochlearis and K. quadrata. The 

reduced consumer abundance and diversity between the Iroquoian and Euro-Canadian settlement 

intervals reflects the less abundant and diverse food sources available to them, particularly the 

large, eukaryotic algae that are choice prey items. Cyanophytes, whose remains dominate algal 

palynomorph assemblages throughout the past millennium, are known to negatively affect 

zooplankton due to their low nutrient quality as well as cyanotoxins produced by several taxa 

(Bockwoldt et al., 2017). Cyanophytes, or cyanobacteria, generally comprise a greater proportion 

of subsamples in much of the Euro-Canadian Zone compared to the Iroquoian Zone. 

The degree of dissimilarity measured between consumer palynomorphs in varves 

deposited since the mid-19th century largely reflects the much lower abundance of Strombidium 

cysts in sediments. While this major assemblage change corresponds to the interval not 

recovered in core CL-3, consumer palynomorphs assemblages in samples from the Iroquoian to 

post-Iroquoian recovered in both cores are very similar, confirming that the sharp contrast in 

assemblages (notably on the preservation of cysts of the ciliate Strombidium) is not the result of 

differences in core sampling or processing (samples from core CL-2011 were processed by A. 

Krueger, those from core CL-3 by A. Heyde, although using the same protocol in the same lab). 

Cysts of the aloricate ciliate Strombidium and lorica of the rotifers Keratella hiemalis and 

Kellicottia longispina are relatively abundant in slides with low diversity algal palynomorph 

assemblages dominated by cyanophytes, whereas the remains of cladocerans are more abundant 

in slides with relatively high concentrations of dinoflagellate cysts and green algal 

palynomorphs. This is consistent with zooplankton studies illustrating the shift towards micro 

grazers (rotifers and ciliates) in response to cyanobacterial dominance (Ger et al., 2016). 

The cladocerans of Crawford Lake may have acclimated to the presence of cyanobacteria over 

time (as cyanobacteria comprises a large portion of algal assemblages throughout the lake’s 

history), explaining their continued presence (Sarnelle & Wilson, 2005; Schwarzenberger & 

Von Elert, 2013; Gustafsson & Hansson, 2004; Hairston et al., 1999).  

Differences between the two zones of anthropogenic impact on Crawford Lake suggest 

that zooplankton did not only respond to alterations in their food supply, and there is evidence of 

numerous other factors exhibiting influence on consumers, such as predation on consumers by 

other consumers and competition. In addition, cluster analysis identified the second greatest 
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dissimilarity in consumer and algal palynomorph assemblages between the Euro-Canadian and 

older sediments (Figure 5.6, 5.8), suggesting that while there are similarities in ecosystem 

response to anthropogenic impact, the nature and intensity of that impact is important. Large 

amounts of effluent (wood wastes containing lignin, resin, tannins, etc.; Arimoro et al., 2007) 

that were discharged from a lumber mill at the south end of the lake during the late 1880s until 

the early 20th century (Krueger, 2013), so the high tolerance of cladocerans to eutrophication 

combined with their relatively high rates of grazing may have caused this major ecosystem 

change (Ger et al., 2016; Liu et al., 2009). The dominance of Bosmina over Daphnia in this peak 

may be attributable to elevated cyanobacterial concentrations. Both cladocerans compete directly 

for nutrition, and Daphnia is generally more successful, except in the presence of cyanobacteria 

(Jiang et al., 2014). Overall, both cladocerans exhibit higher abundance in the zones of human 

occupation and reduced within the Post-Iroquoian Zone, which corresponds with the observed 

trend in cladoceran tolerance and response to eutrophication (Hann et al., 1994), including 

hypoxic conditions, as long as they can migrate into more oxygenated environments at night 

(Vanderploeg et al., 2009). In addition, while both zones of human occupation contained 

agricultural activity, the earlier portion of the Euro-Canadian Zone also saw the stocking of the 

lake with several fish species (Krueger, 2012). The decline of Strombidium and Radiosperma 

may be attributable to the introduction of fish into Crawford Lake, as ciliates can make up a 

significant portion of the diets of fish larvae, particularly in ecosystems where they make up a 

large proportion of the zooplankton assemblage (Zingel et al., 2019; Zingel et al., 2012). 

Similarly, although less evident due to their low general abundance, the marked reduction in 

chironomids in the Euro-Canadian Zone may be due to the aforementioned fish stocking 

(Raposeiro et al., 2017). Cladocerans did not appear to be negatively impacted by the 

introduction of fish, unlike in other studies (Lynch, 1979; Vanni, 1986). 

5.6 Summary and Conclusions 

Because the microfossil record of consumers is generally sparse in lake sediments, 

insights into this important part of lacustrine ecosystems are rare. Although the acid-resistant 

remains of consumer organisms in pollen slides are rarely studied, they can be invaluable in 

understanding lacustrine environments when they are sufficiently abundant in sediments 

processed without the use of harsh oxidants. The strong response of the consumer assemblage in 
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palynological preparations of varved sediments from Crawford Lake to an array of well-

documented anthropogenic factors illustrates their potential as paleoenvironmental proxies. It 

also provides insight into the unique combination of factors that promote exceptional 

preservation of palynomorphs below the chemocline of this unusual meromictic lake. The high 

salinity and low temperatures combined with the absence of bioturbation enabled excellent 

preservation of both the varves and organic-walled remains of organisms in the deep basin. 

  

 Assemblage shifts in both algal and consumer palynomorphs in deep basin sediments, 

identified by stratigraphically constrained cluster analysis, reflect environmental changes, most 

notably associated with Iroquoian and Euro-Canadian settlement, and they demonstrate how the 

different type and intensity of anthropogenic activity during these periods of human occupation 

impacted the lake ecosystem. Assemblages of consumer palynomorphs exhibit strong responses 

to anthropogenic eutrophication. The sharp decline in ciliate cyst abundance appears to reflect 

the introduction of fish into the lake, and interactions between different consumer taxa are also 

evident in the palynological record, in addition to the importance of bottom-up factors.  

 

The alteration of Crawford Lake’s ecosystem is reflected not only in periods of human 

occupation, but also in the Post-Iroquoian Zone. The persistent abundance of Strombidium, and 

both cladoceran and rotifer taxa (notably Keratella hiemalis and Kellicottia longispina) in 

absence of continued anthropogenic impact illustrates their long-lasting influence, and the failure 

of the lake’s ecosystem to return to “pristine conditions” after the Iroquoian village was 

abandoned. The slow response of diatom assemblages to return to pre-disturbance assemblages is 

also reflected in consumer palynomorph records, particularly rotifer assemblages, as observed by 

Turton & McAndrews (2006) but also by cladocerans. The persistance of altered consumer 

assemblages throughout the Post-Iroquoian Zone is likely attributable, at least in part, to the 

persistance of altered, eutrophic primary producer assemblages as seen in Ekdahl (2004, 2007), 

potentially as a result of continued elevated nutrient cycling after the village was abandoned. 

 

Even in this Konservat-Lagerstätte, however, the fossil assemblage is substantially 

skewed relative to the life assemblage, and some common groups in the water column of 

Crawford Lake (e.g., copepods; see chapter 4, this thesis) are not represented at all. In organic-
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rich marls deposited above the chemocline, in contrast, the fossil assemblage is greatly skewed, 

and the only reliable consumer palynomorphs in this more typical lacustrine depositional 

environment are the remains of cladocerans. Peak abundance of Bosmina longirostris, for 

instance, can be correlated between the varved sediments of the deep basin to massive sediments 

in shallower parts of the basin near the inlet and the outlet of this small open meromictic lake. 

Cladocerans have the potential to be an effective paleolimnological proxy in more typical 

lacustrine environments, given both their high sensitivity to anthropogenic factors and high 

preservation potential.  
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Chapter 6: Conclusion 

 

Consumers as a group are the most seldom utilized of all non-pollen palynomorphs, and 

this is especially evident in studies of lacustrine environments where the fossil record of 

mineralized consumers is sparse. Their acid-resistant organic-walled remains are typically 

ignored when found in slides prepared for pollen analysis because of the relative difficulty in 

their identification, and most pollen analysts employ harsh oxidants when processing sediments, 

destroying more fragile NPPs. The diverse spectrum of consumers representing an array of life 

habits and ecological niches, in addition to their sensitivity to many physicochemical factors, 

makes them potentially useful paleolimnological proxies. As demonstrated in studies on the 

exceptionally preserved assemblages in the meromictic deep basin of Crawford Lake, consumer 

organisms and their palynomorphs have proven to be invaluable tools for examining a variety of 

biotic and abiotic factors in both modern and paleo- lacustrine environments. 

 

The distribution of cladocerans, rotifers, copepods, and less common consumers in the 

water column of Crawford Lake contrasts with the long-held assumption that the lake had a 

characteristically anoxic monimolimnion. These observations, in conjunction with reports of the 

presence of groundwater and cave-dwelling ostracod species only found in the monimolimnion, 

support the proposed groundwater-induced oxygenation. The seasonal migration of these 

organisms between the stable, warm bottom waters throughout the winter and the epilimnion in 

the summer, also provides some insight into the specific physico-chemical tolerances and life 

habits of the observed groups. 

 

The main objective of this thesis was to demonstrate the utility of consumer 

palynomorphs in paleoenvironmental studies; consumers were able to provide a unique 

perspective into Crawford Lake in both a taphonomic and paleoenvironmental sense.  The 

significant variations in consumer palynomorphs assemblages above and below the chemocline 

allowed for excellent insight into how taphonomy skews fossil assemblages relative to life 

assemblages. The abundance and diversity of rare rotifer lorica and ciliate cysts found in varved 

sediments from the deep basin but their absence in organic-rich marls above the chemocline 

suggests that the high salinity, low temperatures, and lack of large-scale bioturbation promote 
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exceptional preservation of the varves and their constituent organic-walled microfossils in this 

Konservat-Lagerstätte. Similarly, the variation in deep basin palynomorph assemblages through 

most of the last millennium illustrates the impact anthropogenic activity of differing scales can 

have on lacustrine ecosystems. Consumer palynomorphs record changes in both top-down and 

bottom-up controls on consumers, including cultural eutrophication (and algal blooms) from both 

Iroquoian and Euro-Canadian agriculture, predation from fish stocking, heavy metal influx, and 

reduced DO due to lumber mill operation. In addition, these palynomorphs demonstrate 

interactions within the food web of Crawford Lake at multiple levels in a manner that is not 

possible when considering only the well-known algal palynomorphs. 

 

Consumers offer a unique perspective into lacustrine ecosystems and paleoenvironments, 

but their usefulness in palynological studies relies on the extent and quality to which they are 

preserved. Unfortunately, some of the consumer groups observed in Crawford Lake sediments 

are very limited in their use due to their rare preservation in other lake sediments. Studies 

pertaining to environments that may not have the unusual taphonomic properties of the deep 

basin of Crawford Lake, however, can still benefit from examining consumer palynomorphs 

because the remains of cladocerans are robust. Common in sediments above as well as below the 

chemocline in Crawford Lake, cladocerans allowed correlation between the deep basin and the 

much larger area of the lakebed with depositional conditions similar to those in typical dimictic 

lakes and have shown to be useful paleolimnological proxies in other published studies. The 

acid-resistant remains of zooplankton, micronekton and zoobenthos, particularly when used in 

conjunction with pollen and other NPPs (e.g., fungal spores) in the same slide, can produce a 

more accurate, complete paleoenvironmental reconstruction. Whether abundant and diverse, or 

simply a minor feature of so-called “pollen slides”, the presence of adequately preserved acid-

resistant consumers should be not be ignored. 

 

Future Research 

 

Further research concerning Crawford Lake should include additional analysis of the Pre-

Iroquoian interval, both algal and consumer palynomorphs. Demonstrating how consumer 

assemblages were structured in a “pristine” ecosystem would help to more fully elucidate the 
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impact of anthropogenic influence on these organisms and establish a more accurate “baseline” 

with which to compare future consumer-based studies regarding human impact on similar 

freshwater ecosystems. Similarly, ITRAX analysis of the Euro-Canadian interval of deep basin 

sediments, particularly the introduction of anthropogenic metal pollutants, and comparison with 

corresponding consumer sediment assemblages could further expand upon the study of the 

Anthropocene Epoch. Studies regarding the influence of stressors on the modern Crawford Lake 

ecosystem, from road runoff and agricultural pollutants, to more large-scale stressors like climate 

change could prove useful in connecting the modern lake environment to it’s paleoenvironment, 

as well as enable more effective management of the lake ecosystem for Conservation Halton. 

Finally, to further support and expand upon the usefulness of consumers as NPPs, additional 

palynological studies in other lakes could be conducted to expand on our basis of understanding 

concerning consumer group distribution, composition, and interactions with different 

environmental and physicochemical parameters. 
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Appendices 

Appendix A: Water column sampling tables and total abundances 

Table A.1 Raw consumer count, October 2019 

 

Table A.2 Total consumer abundance/mL, October 2019 

 

Table A.3 Raw consumer count, November 2019 

 

Table A.4 Total consumer abundance/mL, November 2019 

 

 

Depth (m) K.cochlearis K.earlinae B. longirostris D. pulex VSM Strombidium sp.

5 0 0 0 1 0 0

10 0 0 0 1 0 0

15 0 0 0 0 0 0

20 22 6 57 0 1 10

Depth (m) K.cochlearis K.earlinae B. longirostris D. pulex VSM Strombidium sp.

5 0 0 0 1.936 0 0

10 0 0 0 1.936 0 0

15 0 0 0 0 0 0

20 42.592 11.616 110.352 0 1.936 19.36

Depth (m) K.cochlearis K.longispina B. longirostris D. pulex VSM Strombidium sp.

0 0 0 0 0 0 0

5 0 0 0 0 0 0

10 1 0 13 3 0 0

12 0 3 0 1 0 0

14 0 0 0 1 0 0

16 0 0 0 0 0 0

18 1 0 5 13 1 0

20 2 2 7 10 1 6

Depth (m) K.cochlearis K.longispina B. longirostris D. pulex VSM Strombidium sp.

0 0 0 0 0 0 0

5 0 0 0 0 0 0

10 1.936 0 25.168 5.808 0 0

12 0 5.808 0 1.936 0 0

14 0 0 0 1.936 0 0

16 0 0 0 0 0 0

18 1.936 0 9.68 25.168 1.936 0

20 3.872 3.872 13.552 19.36 1.936 11.616
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Table A.5 Raw consumer count, February 2020 

 

 

Table A.6 Total consumer abundance/mL, February 2020 

 

 

Table A.7 Raw consumer count, June 2020 

 

 

 

Depth (m) K.hiemalis K.cochlearis D. pulex Calanoid Copepods Cyclopoid Copepods

0 0 0 0 0 0

5 0 0 1 0 0

10 0 0 1 0 0

12 0 0 0 0 0

14 0 0 0 0 0

16 0 0 0 0 0

18 0 0 0 0 0

20 3 5 3 6 2

Depth (m) K.hiemalis K.cochlearis D. pulex Calanoid Copepods Cyclopoid Copepods

0 0 0 0 0 0

5 0 0 1.936 0 0

10 0 0 1.936 0 0

12 0 0 0 0 0

14 0 0 0 0 0

16 0 0 0 0 0

18 0 0 0 0 0

20 5.808 9.68 5.808 11.616 3.872

Depth (m) K.cochlearis D. pulex B. longispina Calanoid Copepods Cyclopoid Copepods

0 5 4 0 2 11

5 1 0 0 0 0

10 1 1 0 0 0

12 0 0 0 0 0

14 0 1 0 0 0

16 0 0 0 0 0

18 0 0 0 0 0

20 0 0 0 0 0

22 0 3 1 0 0
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Table A.8 Total consumer abundance/mL, June 2020 

 

Table A.9 Raw consumer count, July 2020 

 

Table A.10 Total consumer abundance/mL, July 2020 

 

 

 

 

 

Depth (m) K.cochlearis D. pulex B. longispina Calanoid Copepods Cyclopoid Copepods

0 9.68 7.744 0 3.872 21.296

5 1.936 0 0 0 0

10 1.936 1.936 0 0 0

12 0 0 0 0 0

14 0 1.936 0 0 0

16 0 0 0 0 0

18 0 0 0 0 0

20 0 0 0 0 0

22 0 5.808 1.936 0 0

Depth (m) K.cochlearis D. pulex Calanoid Copepods Cyclopoid Copepods

0 9 5 8 3

5 2 0 0 0

10 0 0 0 0

12 0 2 0 0

14 0 0 0 0

16 0 0 0 0

18 0 0 0 0

20 0 0 0 0

22 0 0 0 0

Depth (m) K.cochlearis D. pulex Calanoid Copepods Cyclopoid Copepods

0 17.424 9.68 15.488 5.808

5 3.872 0 0 0

10 0 0 0 0

12 0 3.872 0 0

14 0 0 0 0

16 0 0 0 0

18 0 0 0 0

20 0 0 0 0

22 0 0 0 0
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Table A.11 Raw consumer count, August 2020 

 

 

Table A.12 Total consumer abundance/mL, August 2020 

 

 

Table A.13 Raw consumer count, September 2020 

 

 

 

Depth (m) K.cochlearis D. pulex B. longirostris Strombidium sp. Calanoid Copepods Cyclopoid Copepods

0 3 2 1 1 4 14

5 0 1 0 0 0 0

10 8 0 0 0 0 0

12 1 0 0 0 0 0

14 0 0 0 0 0 0

16 0 0 0 0 0 0

18 0 0 0 0 0 0

20 0 0 0 0 0 0

22 0 0 0 0 0 0

Depth (m) K.cochlearis D. pulex B. longirostris Strombidium sp. Calanoid Copepods Cyclopoid Copepods

0 5.808 3.872 1.936 1.936 7.744 27.104

5 0 1.936 0 0 0 0

10 15.488 0 0 0 0 0

12 1.936 0 0 0 0 0

14 0 0 0 0 0 0

16 0 0 0 0 0 0

18 0 0 0 0 0 0

20 0 0 0 0 0 0

22 0 0 0 0 0 0

Depth (m) K. hiemalis K.cochlearis D. pulex B. longirostris Calanoid Copepods Cyclopoid Copepods

0 0 15 6 3 4 7

5 0 1 2 0 0 0

10 0 2 0 0 0 0

12 0 0 0 0 0 0

14 1 0 0 0 0 0

16 0 2 2 0 0 0

18 0 1 0 0 0 0

20 0 0 0 0 0 0

22 0 0 0 0 0 0



127 

 

 

Table A.14 Total consumer abundance/mL, September 2020 

 

 

Table A.15 Raw consumer count (above shallow basin), October 2019 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Depth (m) K. hiemalis K.cochlearis D. pulex B. longirostris Calanoid Copepods Cyclopoid Copepods

0 0 29.04 11.616 5.808 7.744 13.552

5 0 1.936 3.872 0 0 0

10 0 3.872 0 0 0 0

12 0 0 0 0 0 0

14 1.936 0 0 0 0 0

16 0 3.872 3.872 0 0 0

18 0 1.936 0 0 0 0

20 0 0 0 0 0 0

22 0 0 0 0 0 0

Depth (m) K. cochlearis D. pulex

0 2 1

5 0 0

10 0 0
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Appendix B: Sediment Core Consumer NPP Counts and Total Abundances  

 

Table B.1. Raw Consumer Count, CL-2011 and CL-3. Data in bold font is from core CL-3, non-

bolded data is from core CL-2011.  

 

 

 

 

 

 

 

 

 

 

Depth (cm) Age K.cochlearis K.hiemalis K.quadrata K.longispina Filinia Egg B. longirostris Daphnia spp. Difflugiid Testate Amoebae Strombidium Chironomids Radiosperma

1995 14 7 15 0 1 4 18 0 2 0 0

1980 29 13 9 0 0 5 20 0 10 0 2

1970 23 7 6 0 0 3 25 0 2 0 1

1960 31 22 4 0 0 5 15 0 8 0 0

1950 47 18 11 4 0 9 35 0 16 1 1

1938 71 6 10 5 0 25 17 0 5 0 1

1929 8 3 2 0 0 8 16 0 5 0 0

1910 112 25 0 13 0 103 6 0 9 0 2

1900 98 28 3 11 0 80 4 1 18 1 0

1890 48 5 0 7 0 9 15 0 7 0 3

1880 7 0 0 3 0 2 31 0 18 0 1

1820 0 7 0 11 0 3 26 0 47 1 0

1 1750 0 41 0 5 0 7 11 0 48 5 4

2 1700 0 29 0 0 0 3 14 0 48 6 1

3 1666 2 18 0 4 1 4 16 2 80 4 3

4 1633 0 65 1 20 0 6 21 0 111 2 2

1610 1 18 0 21 0 2 25 0 50 2 4

5 1600 1 41 0 9 0 2 10 1 112 2 4

6 1580 0 18 0 10 1 0 11 0 65 2 1

7 1560 0 17 0 7 0 1 12 0 77 1 2

8 1540 0 24 0 16 0 2 9 0 68 0 0

9 1520 0 25 0 9 0 5 12 0 29 1 4

10 1500 0 46 0 4 0 0 6 2 50 3 1

11 1480 5 72 0 4 0 2 14 3 82 2 5

12 1460 7 78 1 43 0 6 14 2 92 3 2

13 1440 39 50 1 35 0 8 26 5 200 3 3

14 1420 14 17 0 25 0 9 5 3 44 0 0

1410 21 12 0 17 0 4 21 0 55 0 2

15 1400 57 45 2 26 0 12 20 0 69 0 5

16 1380 95 86 2 33 0 13 32 2 71 1 2

17 1360 76 78 1 38 0 12 28 2 172 0 3

1350 83 61 0 28 0 5 27 0 79 1 1

18 1340 97 80 1 45 0 11 22 3 174 2 6

19 1320 107 75 2 44 1 9 27 2 144 5 4

20 1300 40 31 0 18 0 3 12 2 90 0 0

23 1200 25 2 0 0 0 0 2 0 8 2 0

25 1100 10 0 0 0 0 0 5 1 9 0 0
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Table B.2 Calculated Total Consumer Abundance / mL, CL-2011 and CL-3. Data in bold font is 

from core CL-3, non-bolded data is from core CL-2011. 

 

Table B.3 Raw Consumer Count, CL-1 

 

 

 

 

 

 

Depth (cm) Age K.cochlearis K.hiemalis K.quadrata K.longispina Filinia Egg B. longirostris Daphnia spp. Difflugiid Testate Amoebae Strombidium Chironomids Radiosperma

1995 2430.4 1215.2 2604 0 173.6 694.4 3124.8 0 347.2 0 0

1980 5034.4 2256.8 1562.4 0 0 868 3472 0 1736 0 347.2

1970 3992.8 1215.2 1041.6 0 0 520.8 4340 0 347.2 0 173.6

1960 5381.6 3819.2 694.4 0 0 868 2604 0 1388.8 0 0

1950 8159.2 3124.8 1909.6 694.4 0 1562.4 6076 0 2777.6 173.6 173.6

1938 12325.6 1041.6 1736 868 0 4340 2951.2 0 868 0 173.6

1929 1388.8 520.8 347.2 0 0 1388.8 2777.6 0 868 0 0

1910 19443.2 4340 0 2256.8 0 17880.8 1041.6 0 1562.4 0 347.2

1900 17012.8 4860.8 520.8 1909.6 0 13888 694.4 173.6 3124.8 173.6 0

1890 8332.8 868 0 1215.2 0 1562.4 2604 0 1215.2 0 520.8

1880 1215.2 0 0 520.8 0 347.2 5381.6 0 3124.8 0 173.6

1820 0 1215.2 0 1909.6 0 520.8 4513.6 0 8159.2 173.6 0

1 1750 0 7937.6 0 968 0 1355.2 2129.6 0 9292.8 968 774.4

2 1700 0 5614.4 0 0 0 580.8 2710.4 0 9292.8 1161.6 193.6

3 1666 387.2 3484.8 0 774.4 193.6 774.4 3097.6 387.2 15488 774.4 580.8

4 1633 0 12584 193.6 3872 0 1161.6 4065.6 0 21489.6 387.2 387.2

1610 173.6 3124.8 0 3645.6 0 347.2 4340 0 8680 347.2 694.4

5 1600 193.6 7937.6 0 1742.4 0 387.2 1936 193.6 21683.2 387.2 774.4

6 1580 0 3484.8 0 1936 193.6 0 2129.6 0 12584 387.2 193.6

7 1560 0 3291.2 0 1355.2 0 193.6 2323.2 0 14907.2 193.6 387.2

8 1540 0 4646.4 0 3097.6 0 387.2 1742.4 0 13164.8 0 0

9 1520 0 4840 0 1742.4 0 968 2323.2 0 5614.4 193.6 774.4

10 1500 0 8905.6 0 774.4 0 0 1161.6 387.2 9680 580.8 193.6

11 1480 968 13939.2 0 774.4 0 387.2 2710.4 580.8 15875.2 387.2 968

12 1460 1355.2 15100.8 193.6 8324.8 0 1161.6 2710.4 387.2 17811.2 580.8 387.2

13 1440 7550.4 9680 193.6 6776 0 1548.8 5033.6 968 38720 580.8 580.8

14 1420 2710.4 3291.2 0 4840 0 1742.4 968 580.8 8518.4 0 0

1410 3645.6 2083.2 0 2951.2 0 694.4 3645.6 0 9548 0 347.2

15 1400 11035.2 8712 387.2 5033.6 0 2323.2 3872 0 13358.4 0 968

16 1380 18392 16649.6 387.2 6388.8 0 2516.8 6195.2 387.2 13745.6 193.6 387.2

17 1360 14713.6 15100.8 193.6 7356.8 0 2323.2 5420.8 387.2 33299.2 0 580.8

1350 14408.8 10589.6 0 4860.8 0 868 4687.2 0 13714.4 173.6 173.6

18 1340 18779.2 15488 193.6 8712 0 2129.6 4259.2 580.8 33686.4 387.2 1161.6

19 1320 20715.2 14520 387.2 8518.4 193.6 1742.4 5227.2 387.2 27878.4 968 774.4

20 1300 7744 6001.6 0 3484.8 0 580.8 2323.2 387.2 17424 0 0

23 1200 4840 387.2 0 0 0 0 387.2 0 1548.8 387.2 0

25 1100 1936 0 0 0 0 0 968 193.6 1742.4 0 0

Depth (cm) B.longirostris Daphnia spp. Chironomids

0 6 1 0

12.5 2 3 0

25 2 1 1

38 0 1 1

51 0 0 0

63.5 0 0 1
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Table B.4 Calculated Total Consumer Abundance / mL, CL-1 

 

 

Table B.5 Raw Consumer Count, CL-2 

 

 

Table B.6 Calculated Total Consumer Abundance / mL, CL-2 

 

 

 

 

 

 

Depth (cm) B.longirostris Daphnia spp. Chironomids

0 1161.6 193.6 0

12.5 387.2 580.8 0

25 387.2 193.6 193.6

38 0 193.6 193.6

51 0 0 0

63.5 0 0 193.6

Depth (cm) B. longirostris Daphnia spp. Difflugiid Testate Amoebae Chironomids

0 9 3 0 1

10 11 3 1 1

20 2 3 1 1

30 0 5 1 1

40 0 6 1 1

50 0 2 0 0

60 0 0 0 0

80 0 2 1 2

Depth (cm) B. longirostris Daphnia spp. Difflugiid Testate Amoebae Chironomids

0 1742.4 580.8 0 193.6

10 2129.6 580.8 193.6 193.6

20 387.2 580.8 193.6 193.6

30 0 968 193.6 193.6

40 0 1161.6 193.6 193.6

50 0 387.2 0 0

60 0 0 0 0

80 0 387.2 193.6 387.2
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Table B.7 Raw Consumer Count, Ekman Samples 

 

 

 

Table B.8 Calculated Total Consumer Abundance/ mL, Ekman Samples 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Depth (m) B. longirostris Daphnia spp. Chironomids Centropyxis sp.

12 5 3 2 0

15 8 5 2 1

Depth (m) B. longirostris Daphnia spp. Chironomids Centropyxis sp.

12 968 580.8 387.2 0

15 1548.8 968 387.2 193.6
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Appendix C: Supplementary Sediment Core Data Analysis 

 

 

 
 

Figure C.1 Evenness for consumer assemblages in cores CL-2011 and CL-3 
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Figure C.2 Evenness for consumer assemblages in cores CL-1 (left) and CL-2 (right). 
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Appendix D. Pollen Analysis of the Upper 25cm of Crawford Lake Core CL-3 and Age 

Model (F.M.G, McCarthy Analyst) 

  

Samples processed for acid-resistant zooplankton remains retained the >10 µm fraction to allow 

pollen analysis to serve as the primary chronological control in this gravity core in which the 

annual laminae cannot easily be resolved. Several pollen profiles have been published recording 

the two phases of anthropogenic impact of the Crawford Lake watershed separated by several 

centuries of natural regeneration, and Ekdahl et al. (2004) supplemented the varve chronology 

with 23 AMS radiocarbon ages measured from upland plant material in varved freeze cores.  

Pollen of cultigens associated with agricultural settlements of Iroquoian 

peoples – Helianthus (sunflower) and Portulaca (purslane) in addition to rare Zea mays (maize/ 

‘Indian corn’) whose large grains do not travel far in wind, constrains the age of samples from 23 

and 25 cm to pre- impact, i.e. prior to the late 13th C (dated AD 1268 by Ekdahl et al., 2004) 

samples from 19 – 11 cm, inclusive to the Iroquoian settlement period; these samplesend in the 

late 15th C (dated AD 1486 by Ekdahl et al., 2004), and only the uppermost sample (1 cm) 

recording the earliest signs of land clearing in the region by European settlers (a slight increase 

in ragweed pollen/ Ambrosia to 1.3 % the assemblage, and total non-arboreal pollen/ NAP rising 

to 2.2%), beginning largely with loyalists fleeing north following the American Revolutionary 

War in the late 18th C.  

Raw counts of sporomorphs (pollen grains and embryophyte spores) from 20 samples in 

the upper 25 cm of core CL-3 are tabulated below, most based on a minimum sum of 200 

arboreal (tree) pollen grains. Also included in the table is the number of Lycopodium spores, a 

known quantity of which each sample was ‘spiked’ with during processing, were encountered 

during analysis;n the sample from 10 cm, for instance, roughly twice as many marker spores 

were encountered, suggesting that pollen influx was much lower, presumably being diluted by 

mineral grains/ high accumulation rate of mineral sediment. Overlying the uppermost sample 

with pollen evidence of Iroquoian agriculture, the low pollen concentrations suggests that 

abandonment of the agricultural settlement coincided with high rates of erosion from the small 

watershed downslope into the lake. 
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Although the percussion core does not allow individual varves to be accurately 

discriminated and material was lost from the top of the core due to the sudden release of 

pressure, ages were determined by comparison with the well-established pollen stratigraphy 

whose annual chronological resolution through the last millennium (Boyko, 1973; Turton and 

McAndrews, 2006; McAndrews and Turton, 2010) has been confirmed by 28 AMS radiocarbon 

ages (Ekdahl et al., 2004). Key markers are the decline in Fagus (beech pollen) around A.D. 

1300, the decline in Acer saccharum (sugar maple pollen) after A.D. 1500, the two peaks in 

cultigens in the mid-14th and 15th centuries, and the overall increase in the relative abundance 

of Pinus (pine pollen) beginning in the 13th century, but peaking in the 18th century, marking 

the cool, dry conditions of the Little Ice Age.  

  

Figure D.1 Main pollen types as well as spores of the fungal pathogen Ustilago maydis (corn 

smut) from Crawford Lake through the last millennium. The pollen sum is 200 tree pollen grains; 

herb pollen and U. maydis spore counts were added to the sum before their values were 

calculated to highlight low values, and pollen of cultigens is magnified ten times. From 

McAndrews and Turton (2010)  
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Table D.1 Raw (untransformed) pollen counts, core CL-3 (Analyst, F. McCarthy)  

Inferred age  AD1750  1700  1666  1633  1600  1580  1560  1540  1500  

Depth (cm)  1  2  3  4  5  6  7  8  10  

Thuja  2  1  1  1  2  1  3  2  2  

Pinus  78  79.5  55  44  64.5  53  47.5  68.5  20  

Picea  0  3  1  2.5  1  0  1  1  0.5  

Abies  0  0.5  0  1  0.5  0  0  0    

Tsuga  18  20  16  22  19  21  21  19  15  

Betula  41  27  45  49  28  27  21  17  24  

Ostrya  1  7  8  11  12  22  10  15  22  

Corylus  1  0  0  1  0  0  0  0  0  

Carya  7  12  7  9  12  5  3  4  9  

Tilia  2  3  7  4  4  11  4  2  2  

Ulmus  11  10  18  11  14  17  9  20  12  

Alnus  4  3  2  3  4  2  5  4  4  

Juglans  1  1  0  1  3  3  1  1  4  

Quercus  17  35  28  45  26  35  30  30  37  

Acer  14  16  15  17  15  13  13  14  25  

Salix  4  1  2  1  1  2  3  4  1  

Fraxinus  4  10  5  8  6  9  9  5  14  

Fagus  14  13  8  18  9  12  9  12  9  

Castanea  0  0  0  0  0  0  0  0  0  

Nyssa  3  1  0  4  4  1  2  1  2  

Platanus  1  0  0  0  0  1  0  0  0  

 

Helianthus        1          2  

Ambrosia  3    1  2        2    

Artemisia    1    1  1      1  1  

Chenopodiineae      2  1    2  1  3  2  

Poaceae  1  1        1  4  2  2  

Cyperaceae        6    2  7  4  1  

Zea mays                    

Portulaca                    

Iva                    

Typha                  3  

Compositae  1  1            1    

UK/ indet          5  3  6  3  4  

other aquatics      5  1  1      2  4  

other herb                    

Ericaceae                    

other trilete 

spore  1    3  1  1  1    3  2  

Dryopteris-type                    
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sporomorph 

total  231  250  234  275.5  233  244  209.5  240.5  221.5  

pollen total  230  250  231  274.5  232  243  209.5  237.5  219.5  

TOTAL 

ARBOREAL  225  246  223  262.5  230  238  197.5  222.5  206.5  

Spike  9  11  6  8  11  14  7  14    

  

 

 

Inferred age  AD1480  1460  1440  1420  1400  1380  1360  1340  1320  

  

Depth (cm)  11  12  13  14  15  16  17  18  19  

Thuja  1  1  2  2  2  2  3  4  3  

Pinus  11  34  25  21  26.5  38.5  34  10.5  18.5  

Picea  0.5  0.5  2.5  0  0  3  1  1  1  

Abies  0.5    1  1  0    1  0  0  

Tsuga  6  12  14  8  8  25  26  11  25  

Betula  15  32  25  18  34  20  20  12  22  

Ostrya  8  12  15  6  8  14  14  13  11  

Corylus  2    1  0  2  0  0  0  0  

Carya  1  5  15  4  7  9  12  8  7  

Tilia  3  8  6  10  10  6  6  7  7  

Ulmus  9  8  13  7  14  21  19  17  13  

Alnus  2  6  1  3  3  3  1  6  2  

Juglans  0  2  5  2  2  2  0  4  0  

Quercus  23  19  24  32  39  26  27  14  25  

Acer  18  18  18  14  10  16  21  15  27  

Salix  0  0  1  4  4  3  0  1  5  

Fraxinus  4  11  7  6  4  4  5  5  9  

Fagus  11  7  15  14  16  15  10  10  16  

Castanea  1  0  0  0  0  1      0  

Nyssa  2  1  0  1  1  2  5  2  9  

Platanus  0  0  0  0  2  1  1  1  3  

 

Helianthus  3  2  1      2        

Ambrosia  1        1    1  2  1  

Artemisia    2    1  1  2  1    1  

Chenopodiineae  2  2  1  3  1  2  2  1  1  

Poaceae  1  3  4  2  1  9  7  5  6  

Cyperaceae      2  2  2    2    1  

Zea mays    1  1    1    1  1  1  

Portulaca    2  1      2  1  2  2  

Iva              1  2    
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Typha        2            

Compositae  1  1    1      1      

UK/ indet  3  3  4  7  4  4  5  5  5  

other aquatics        1  2  2  1    2  

other herb          1  1    2    

Ericaceae                    

other trilete spore  3  2  1  2  1  1  2  1  1  

Dryopteris-type      3              

sporomorph 

total  132  193.5  207.5  177  209.5  236.5  231  162.5  234.5  

pollen total  129  191.5  203.5  175  208.5  235.5  229  161.5  233.5  

TOTAL 

ARBOREAL  121  178.5  193.5  163  201.5  215.5  211  146.5  218.5  

Spike  10  10  13  9  13  9  6  10  7  

  
  
  

 

Inferred age  AD1200  1100  

  
  

Depth (cm)  23  25  

Thuja  3  5  

Pinus  11.5  6  

Picea  0  1  

Abies  0  0  

Tsuga  13  10  

Betula  29  28  

Ostrya  18  14  

Corylus  0  2  

Carya  6  10  

Tilia  12  9  

Ulmus  34  35  

Alnus  6  1  

Juglans  5  3  

Quercus  19  18  

Acer  32  26  

Salix  0  1  

Fraxinus  6  11  

Fagus  30  33  

Castanea  0  1  

Nyssa  9  10  

Platanus  1  4  
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Helianthus      

Ambrosia  1    

Artemisia  1    

Chenopodiineae  1    

Poaceae    1  

Cyperaceae    2  

Zea mays      

Portulaca    1  

Iva      

Typha      

Compositae    1  

UK/ indet  8  8  

other aquatics    6  

other herb      

Ericaceae      

other trilete spore      

Dryopteris-type      

sporomorph 

total  244.5  247  

pollen total  244.5  247  

TOTAL 

ARBOREAL  241.5  236  

Spike  10  7  

   
  
 

 

Appendix E. : Algal Palynomorphs and Micro-charcoal Analysis of Core CL-2011 & CL-3 

 

Retention of the >10 µm fraction of palynological macerations allow algal palynomorphs, sensu 

lato. These counts include the acid-resistant vegetative cells and akinetes of cyanobacteria 

(cyanophytes) in addition to cysts of thecate dinoflagellates (dinophytes) and green algal 

palynomorphs (chlorophytes and charophytes). Other non-pollen palynomorphs (NPP) believed 

to be of algal origin, including some tentatively assigned to chrysophytes, were enumerated, 

although chrysophyte remains have not previously been reported from palynological 

preparations. These investigations remain in progress, and several of the assignments to species 

(and sometimes even genus) remain tentative, but preliminary data are presented in this appendix 

(Table E.1) to allow comparison of the base of the food chain with the consumers in the same 
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palynological preparations. Summary algal palynomorph data are presented in Figure 5.10. They 

include the concentration of cyanophytes, the ratio of nitrogen fixing (NF) to non- nitrogen 

fixing cyanophytes, the concentration of green algae (chlorophytes + charophytes) and of 

dinophytes (calculated as palynomorphs/ml sediment by comparison with spiked Lycopodium 

marker spores). Calculations of diversity (Shannon Diversity Index SDI) were performed on the 

data, as was stratigraphically constrained cluster analysis of the algal palynomorph assemblage 

to identify intervals of rapid changes in phytoplankton communities.  

 

Concentrations of charcoal particles in palynological residues were estimated semi-quantitatively 

relative to marker spores of Lycopodium clavatum using methods from Whitlock & Larson 

(2001). Analysis of several slides from cores CL-2011 and CL-3 helped to identify periods of 

anthropogenic activity in the Crawford Lake watershed, although naturally occurring forest fires 

cannot be discounted – particularly during the relatively dry Little Ice Age. Microcharcoal (<100 

µm) accounts for a regional signature of fire/ combustion burning because small particles travel 

long distances, while angular/ woody macrocharcoal (>100μm) accounts for a more local 

signature. Preliminary counts of macrocharcoal are low (Table E.1 and E.2), but are restricted to 

documented intervals of land clearing and agriculture, while estimates of much more abundant 

microcharcoal are robust, and primarily associated with the Iroquoian occupation phases and the 

operation of the lumber mill (see Figure 5.10). Darker bands of color in core CL-3 are likely 

related to the microcharcoal spikes associated with the Iroquoian Zone, particularly around 11, 

18cm. 

 

 

Table E.1 Raw (untransformed) algal palynomorph counts, core CL-2011 (Analyst, P.M. 

Pilkington) 

      

  1880 1900 1910 1929 1950 1970 1980 1995 

Botryococcus v.1 4    6 2   
Botryococcus v.2 21        
Botryococcus v.3  3   2 2  4 

Pediastrum integrum         
Pediastrum boryanum      2   
Pediastrum cf.         
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Coelastrum cf. 3        
Coelastrum spp.         
Acanthosphaera          
Chlorococcum 11 1 15  1 1 2  
Tetraedron 5 2 2 2     
Scenedesmus     4 21 6 9 

Coccomyxa v.1   10  13 9 24 2 

*Gloecystis spp.     8 20  6 

Total Chlorophytes 44 6 27 2 34 57 32 21 

Zygnema  7  3  3   
Spirogyra         
Mougeotia    3 4    
Zygospore         
Debarya    1     
C1 2        
C2       1  
C3       1  
C5         
C6    2     
C10       1  
C14/C15       1  
Cx   4      
Cy     1  1  
Csph    2     
Cosmarium cf.  1      1 

C. formosulum  1      1 

Espk    1     
Emini      2   
Euastrum cf.     2    
S3   1      
S9   1 1     
S9s         
Staurodesmus spp.         
Desmidium swartzii        2 

Desmidium cf.         

Total Charophytes 2 9 6 13 7 5 5 4 

Anabaena akinete v.1  4   2 1   
Akinete v.2 6  1 2 4  1  
Akinete v.3 1  8 1     
Anabaena veg. cells?         
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Nostoc veg. cells 10  10      
Aphanizomenon Akinete 1        
Aphanizomenon 

Trichome?         
Microcystis spp. 10 7 8 1 26 15 20  
Microcrocis     35 30   
Eucapsa?* 4        
Picocyano 185  30 20 105  120  
Unknown Coccal Cell 390  370    625 700 

Total Cyanophytes 607 11 427 24 172 46 766 700 

F. wisconsinense        1 

P. umbonatum 1 6 1      
P. inconspicuum 92 20 51 16 28 3 4 1 

P. willei  1  1 8   5 

P. cinctum         
P. gatunense         
P. volzii 2 1 2 1 13 1 1 3 

P. bipes?         
Peridinium cf.   1  3   1 

Total Dinophytes 95 28 55 18 52 4 5 11 

        
Macro charcoal   1   1   
Micro charcoal 30 135 290 80 80 120 30 1 

 

 

 

 

 

 

Table E.2 Raw (untransformed) algal palynomorph counts, core CL-3 (Analyst, P.M. 

Pilkington) 

 

         
Age (AD/CE) 1750 1666 1600 1580 1540 1500 

Depth (cm) 1 3 5 6 8 10 

Botryococcus v.1 14 19 55 19 8 4 

Botryococcus v.2 18 36 44   2 

Botryococcus v.3 8 9 46 8 12  
Pediastrum integrum       
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Pediastrum boryanum 3   1   
Pediastrum?  1     
Coelastrum?   6    
Coelastrum spp.       
Acanthosphaera spp.       
Chlorococcum spp. 2 1 4  1 6 

Tetraedron spp.  2 1 1  4 

Scenedesmus spp.    4   
Coccomyxa v.1? 8 3     
Coccomyxa v2?  1   1 2 

Cladophora spp.   8    
*Gloecystis?  41 50    
mini *Gloecystis? 14 14 15 36   

Total Chlorophytes 53 113 214 33 22 18 

Zygnema       
Spirogyra       
Mougeotia 14 3 15 8  8 

Zygospore       
Debarya     1  
Cosmarium C1 1 1 1   1 

C1 v2       
C2  1   1  
C3       
C5 1  2 1 1 1 

C5b    1   
C6       
C8 2 2    1 

C10 3 11 6 3 1 1 

C11  2 1    
C12 1 1     
C14/C15       
C16       
Cx       
Cy       
Csph       
mini Cos Slim?  2 9   3 

Large Unk. Cos?   1  5 1 

Fila. Cos?   10    
Cosmarium?   1    
Euastrum ‘Espk’       
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Emini       
E8       
E10b   1    
Euastrum?       
Staurastrum S1 1      
S2  3     
S3 2  2  1 1 

S4   4  2 2 

S4b   2    
S7   1    
S9       
S9s   2    
S10 1 1 1  2  
S10b  1     
S11   2  2  
S14   1    
S16b 1  2    
Staurodesmus spp.       
Desmidium swartzii       
Desmidium cf.       

Total Charophytes 27 28 64 13 16 19 

Anabaena akinete v.1  1 3 1  2 

Akinete v.2 1 4 6 5 6 1 

Akinete v.3 2 5 4   3 

Anabaena veg. cells? 6      
Nostoc veg. cells       
Aphanizomenon Akinete    1   
Aphanizomenon 

Trichome?       
Unknown Pico-

Filament       
Microcystis spp. 2 10 144   5 

Microcrocis spp.       
Gleocapsa?Eucapsis?*       
Picocyano 20 90 30  50 20 

Aphanocapsa (pico in 

mucillage) 75 60 115 545   
Brown Unknown 

Coccal Cell 30 50   1  

Total Cyanophytes 136 220 302 552 57 31 

F. wisconsinense 1  1 1 2 2 
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P. umbonatum       
P. inconspicuum 52 59 32 16 21 19 

P. willei 6 4 33 29 71 6 

P. cinctum       
P. gatunense       
P. volzii 4 2 2 2 5 4 

P. bipes?       
Peridinium?       
Colony Cysts?   64 65   

Total Dinophytes 63 65 68 48 99 31 

Dinobryon  3 5 17 21 1 

Chrysophyte Spore 1 6 7   5 

Macro charcoal       
Micro charcoal 65 95 35 25 10 20 

   

     

      

         

Age (AD/CE) 1480 1460 1440 1380 1340 

Depth (cm) 11 12 13 16 18 

Botryococcus v.1 5 12 2 15 7 

Botryococcus v.2 9 35 12 49 15 

Botryococcus v.3 7 5 1 5 8 

Pediastrum integrum      
Pediastrum boryanum  2 1 1  
Pediastrum?      
Coelastrum?  1    
Coelastrum spp.      
Acanthosphaera spp.      
Chlorococcum spp. 4 2  3 1 

Tetraedron spp.  1  17 2 

Scenedesmus spp.      
Coccomyxa v.1? 4  1  2 

Coccomyxa v2?  3  10 5 

Cladophora spp. 13     
*Gloecystis?      
mini *Gloecystis?      

Total Chlorophytes 42 61 17 100 40 

Zygnema  6    
Spirogyra      
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Mougeotia   4 7 3 

Zygospore      
Debarya 1   1  
Cosmarium C1 5   2  
C1 v2 1 2    
C2   2   
C3      
C5    2  
C5b      
C6      
C8    2 1 

C10 2 1  7 4 

C11      
C12      
C14/C15      
C16 1     
Cx      
Cy      
Csph      
mini Cos Slim?      
Large Unk. Cos?      
Fila. Cos?      
Cosmarium?    3 2 

Euastrum ‘Espk’      
Emini      
E8 1   1  
E10b      
Euastrum?      
Staurastrum S1      
S2      
S3     3 

S4  1  1  
S4b      
S7   1   
S9   1 2  
S9s      
S10      
S10b      
S11      
S14      
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S16b      
Staurodesmus spp.      
Desmidium swartzii 1     
Desmidium cf.      

Total Charophytes 12 10 8 28 13 

Anabaena akinete v.1 2 2 2 1  
Akinete v.2 2 5 14 3 3 

Akinete v.3   1 15 3 

Anabaena veg. cells?      
Nostoc veg. cells      
Aphanizomenon Akinete      
Aphanizomenon 

Trichome?  4  4 1 

Unknown Pico-

Filament  120  30  
Microcystis spp. 47 15 5 96 9 

Microcrocis spp.      
Gleocapsa?Eucapsis?*      
Picocyano 100 15 10 20  
Aphanocapsa (pico in 

mucillage)      
Brown Unknown 

Coccal Cell 83 47 25 83 52 

Total Cyanophytes 234 208 57 252 68 

F. wisconsinense  4 1   
P. umbonatum 1    1 

P. inconspicuum 109 167 60 50 1 

P. willei 1 19 11 21 3 

P. cinctum      
P. gatunense      
P. volzii  4  10 2 

P. bipes?      
Peridinium? 3     
Colony Cysts?    65 5 

Total Dinophytes 114 194 72 81 7 

Dinobryon     90 

Chrysophyte Spore      
Macro charcoal 2 1  1 1 

Micro charcoal 280 160 80 135 185 
 

 


