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ABSTRACT
Lake George (NY) is surrounded by Forever Wild forest in the Adirondack Park and has
a Class AA Special water quality rating, yet lake monitoring reveals increasing anthropogenic
impact over the past 30 years. To reconstruct anthropogenic influence on the lake (e.g., salt
loading, eutrophication, climate warming), modern stable isotopes and testate amoeba and
diatom assemblages were characterized in surface sediments from 33 lake-wide sites and link
their variability to 36 years of water quality data.
Linear regression analyses support testate amoeba as rapid responders and recorders of
environmental change. Taxa are strongly correlated with percent change of important water
quality parameters. Our assessment indicates that: 1) Cucurbitella tricuspis is associated with
aquatic plants and filamentous algae, making them a valuable aquatic plant/alga indicator, which
is supported by the co-occurrence of the diatom Cocconeis spp.; 2) difflugids are generally a
good indicator of eutrophication, except for Difflugia protaeiformis; and 3) seasonal differences
in water quality trends are reflected in the fossil record on decadal time scales. We show that
testate amoebae are highly sensitive to small environmental changes in an oligotrophic lake, and
exhibit established relationships from eutrophic and mesotrophic lakes; we also find new, likely
oligotrophic-specific correlations. Correlation coefficients of water-quality variables and strains
within a species also illustrate gradational relationships, suggesting testate amoebae exhibit
ecophenotypic plasticity. Diatom and testate amoeba assemblages categorize modern lakebed
sites into four subgroups: 1) benthic macrophyte; 2) high nutrient; 3) high alkalinity; and 4) salt
loading assemblages.
We conducted a multi-proxy study using microfossil assemblages (testate amoebae,
diatoms, pollen, and non-pollen palynomorphs-NPP) and bulk sediment stable isotopes (δ15N,
xiii

δ13C) from 8 cores to reconstruct anthropogenic influence on the lake (e.g., salt loading,
eutrophication, pollution, temperature).
Pollen zones, radiocarbon, Cs, and Pb profiles constrain sediment ages and mixing depth.
Our modern testate amoebae and diatom assemblages (Kornecki et al, submitted), together with
published records of testate amoebae, diatoms, pollen, and NPP, in the literature from proximal
lakes provide the means to interpret downcore proxies and reconstruct past lake conditions.
Increases in phosphorus-tolerant difflugid strains of testate amoebae, as well as high productivity
diatoms and NPP, indicate modern eutrophication (post European-settlement). Proximity to welldeveloped and populated shorelines is not clearly related to amount or timing of increase in
nutrients (eutrophication) based on microfossil evidence. Sediment sources and paleo-records are
noticeably different at Paradise Bay and Huletts Landing, displaying different microfossil and
stable isotope records than the rest of those described in the Lake George basin. Dome Island
core (~30 m water depth) may have been impacted by strong bottom currents, indicated by
sparse, low-diversity oxidation-resistant NPP and testate amoeba assemblages. Proxy data does
not support a strong influence from road-salt contamination in Lake George.
A pilot study on testate amoebae was conducted utilizing mesocosms as a means to crosscheck previous work by the author and to validate correlative water quality values from previous
studies in the testate amoeba literature. Mesocosm experiments provided an intermediary
approach between natural settings where many variables cannot be controlled and laboratory
experiments that have shown to be problematic when culturing testate amoebae. Mesocosms
were treated for no-, low-, and high-nutrient systems and testate amoebae and diatom
communities were quantified.

xiv

Experiments yielded algal (diatom) blooms in some tanks. Testate amoebae were found
within these blooms, mainly Centropyxis aculeata and Cucurbitella tricuspis. Amoebae also
occurred in sediment and water samples, indicating living tests propagated in both areas. Though
the species distributions did not correlate with nutrient enrichment treatments, this first attempt at
observing testate amoebae in mesocosms shows promise for future studies. An assessment of
methodology and future improvements are discussed.

xv

INTRODUCTION
1.1Thesis Background
One of the most necessary natural resources for human survival is fresh water. Though
water covers 71% of Earth’s surface, only ~2% is fresh water (Shiklomanov, 1993). Many areas
across the globe (e.g., Namibia, Mapani, 2005) lack access to potable water. Even in affluent
countries such as the United States, anthropogenic activities continue to lessen our already
limited supply of drinkable water (Schwake, Garner, Strom, Proden, & Edwards, 2016).
Water supplies on local scales are typically sourced from groundwater (which intersects
the water table), reservoirs, and lakes. Not only are lacustrine water sources important for
drinking, but many freshwater lakes are the source of revenue for small villages relying on lakerelated recreation and tourism. Because of this, protection and monitoring of our current clean
water resources is just as important as monitoring of remediation and reclamation efforts of
contaminated waters.
There are many methods of measuring water quality variables in the modern water
column, including using dissolved oxygen and temperature meters, secchi disks to determine
depth of water clarity, etc. as well as in the present day and past sediments (e.g., gas
chromatography-mass spectrometry, x-ray florescence, x-ray diffraction). New technologies are
also being developed, including sensor networks that are deployed and remain in aquatic
ecosystems and the surrounding watersheds that report measurements at high frequencies and
can even increase sampling frequencies during times of environmental changes, such as storm
events where runoff may be higher and the potential for contamination greater. These
technologies are effective and important, but come with costs—both fiscal and environmental.
These equipment are labor intensive, expensive, and require large amounts of energy and man1

power to implement and maintain. These systems of environmental monitoring may not be a
realistic option in remote or impoverished areas.
Sediment records have been utilized to reconstruct past environmental variables such as
climate (e.g., McCarthy, Collins, McAndrews, Kerr, & Scott, 1995), presence and abundance of
pollutants (e.g., Roe, Patterson, & Swindles, 2010), and other water quality variables (e.g., Roe
& Patterson, 2014). These same records are useful in monitoring present-day changes (e.g.,
Neville, McCarthy, & MacKinnon, 2010). Sediment records contain a multitude of
environmental proxies, some chemical, others mineralogical, and many biological. Biological
components are excellent monitors of freshwater because they live within the system and
therefore record the environment they lived in when they become fossilized. These proxies also
demonstrate the interactions between chemical and biological variables and reflect the ecological
health/recovery of a system, which chemical measurements do not necessarily record (Smol,
2010). Testate amoebae possess a fossilizable test, and continue to be evaluated for their
usefulness in monitoring water quality. Testate amoba ranges and occurrences in the fossil record
may extend to the Cryogenian, where they are termed “vase-shaped fossils” (Strauss et al.,
2014). Likewise, diatoms possess fossilizable, silica frustules and have been studied extensively
for their utility in freshwater monitoring and reconstructions, though new uses are still being
discovered.
Testate amoebae (a.k.a. arcellenids, thecamoebians, or vase-shaped fossils) are protists
that live in the sediments of wet environments (e.g., soils, bogs, lakes). Excellent resources are
available to testate amoeba researchers, including a thorough review of the state of arcellacean
research in Canada (Paterson & Kumar, 2002), as well as the testate amoeba bibliography
(Medioli, Bonnet, Scott, David, & Medioli, 2003).
2

In lakes, testate amoeba fossil assemblages are indicators of road salt contamination,
phosphorous, and eutrophication, and other parameters (e.g., temperature, pH, metal
contaminants) (McCarthy et al, 1995; Roe et al, 2010). Their rapid generation, position near the
base of the food web (making them “first responders” to environmental change), and sensitivity
to conductivity (linked to road salt contamination; Roe & Patterson, 2014) and nutrients
(Patterson, Roe, & Swindles, 2012) make them ideal biomonitors (e.g., Roe et al, 2010; Neville,
McCarthy, MacKinnon, Swindles, & Marlowe, 2011).
Renewed interest in the utility of testate amoebae in lacustrine environments was initiated
by Medioli and Scott (1988), whose summary of novel work spurred a growing interest in the
field. An earlier assessment summarized the known ecology of lacustrine forms (Schönborn,
1962) as well as lists of species characteristic of specific environments, including deep water
lake forms, gyttja lake sediment forms, and lacustrine planktonic forms. Based on their previous
work, the authors outlined some of the challenges faced when working with testate amoebae,
such as their generally uni-parental nature and their subjective classification (Medioli & Scott,
1983); they warned workers to avoid over-splitting the taxonomy. Their research also compiled a
list of genera from specific ages in fossil record, though testate amoebae may be useful only as
an index fossil in the Quaternary (Loeblich and Tappan, 1964).
McCarthy and others (1995) assessed testate amoeba assemblages from three Canadian
bodies of water. Cores from Robinsons Pond, Joe’s Pond, and Penhorn Lake illustrated five
distinct, correlative assemblages. Paleo-temperatures and paleo-precipitation were calculated
using pollen data, which provided the basis for interpretations downcore. Their study concluded
that taxa that may be tolerant of low temperatures include Centropyxis aculeata, Centropyxis
constricta, Difflugia oblonga, and Difflugia urceolata. These taxa also were common in the
3

Arctic site studied by Collins and others (1990). The authors (McCarthy et al, 1995) further
concluded that Centropyxis aculeata is an early colonizer in other lakes from eastern Canada
(e.g., Honig & Scott, 1987; Patterson, Mackinnon, Scott, & Medioli, 1985), which may be due to
its ability to tolerate harsh environmental conditions such as slightly brackish water, cold arctic
temperatures, and hyper-oligotrophic conditions. The appearance of Difflugia bacillifera,
Lesquereusia spiralis, Difflugia protaeiformis, and Pontigulasia compressa (8000 years BP) and
the peak of P. compressa and D. bacillifera Penard, 1890 (assemblage D) occurs in all three
lakes during the mid-Holocene Hypsithermal, indicating that these species are thermophiles
(McCarthy et al, 1995). Finally, the resurgence of C. aculeata (assemblage E) at the beginning of
the late Holocene reflects climatic cooling.
Asioli, Medioli, and Patterson (1996) continued to refine understanding of the
environmental parameters controlling testate amoebae distribution, focusing on species and even
sub-species. Later, workers would opt to utilize the unofficial determination of “strain” for
morphotypes of testate amoebae. By doing so, the literature and synonymy of a taxon would not
become over complicated and the utility of morphologically unique ecophenotypes can progress.
Asioli and others (1996) established representative species of different environmental conditions.
Their study, which utilized Q-mode cluster analysis and incorporated hierarchical cluster
analyses, included data from three lakes: Lake Orta, Lake Varese, and Lake Candia, Italy. Their
findings are noteworthy, showing that distinguishing morphotypes of each species increases the
paleoecological value of the organisms. For example, Difflugia protaeiformis “protaeiformis”
Lamarck, 1816 was found to be well adapted to environments rich in organic matter and
sulphides, whereas D. protaeiformis “rapa” Lamarck, 1816 tolerated polluted and acidified
waters including the presence of copper sulfates, ammonium sulfates, high content of ammonium
4

and nitrite, and water with pH values between 3.9 and 4.5. Thus, various morphotypes of the
same species, when abundant or dominant, represent the response of the species to the current
environmental conditions. They found that the Lake Orta core showed response to distinct
chronological events, some of which may have been linked to climate. They hypothesized that
the early Difflugia globulus (Dujardin 1837) assemblage may indicate relatively colder water
conditions and that the overlying Difflugia oblonga Ehrenberg, 1838 assemblage indicates an
improvement of climatic conditions, possibly accompanied by greater availability of food.
In the Lake Varese core, the number of specimens of Cucurbitella tricuspis “parva”
(Carter 1856) remained constant, suggesting that this taxon is unaffected by the development of
eutrophic conditions. However, in Lake Candia, C. tricuspis peaks under eutrophic conditions,
but the authors believed that eutrophism alone might not be sufficient to guarantee the species
will be abundant (Asioli et al, 1996). They also found that Difflugia protaeiformis
“protaeiformis” is an excellent indicator of environments low in oxygen and rich in organics and
sulfites (D. protaeiformis “claviformis” in current literature). D. protaeiformis “rapa” also can be
considered an indicator of environments strongly polluted for a long period of time (this
morphotype is D. oblonga “spinosa” in current literature).
Clear differences were observed in downcore testate amoeba assemblages and were
likewise observed by Escobar and others (2008) in 57 sediment surface samples from 35 Florida
lakes. They were able to identify 28 strains of testate amoebae and conclude that sediment with
less than 5% organic matter were uninhabitable for testate amoebae, making organic matter the
only identifiable sedimentological variable to influence presence/absence of testate amoebae. No
relationship was observed between testate amoeba diversity indices and sediment variables. The
highest testate amoeba diversity indices were found in mesotrophic to eutrophic lakes with a pH
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near 8. Data from highly developed regions generated by Qin and others (2013) supported the
findings of Asioli and others (1996), which determined that species richness increases with
increasing pH, specifically the occurrence of Centropyxis aculeata Ehrenberg 1832, Difflugia
oblonga, Pontigulasia compressa (Carter 1864), Pontigulasia elisa (Penard 1893), and
Lesquereusia modesta Rhumbler, 1895.
Roe and others (2010) observed a “contaminated road salt sub-assemblage” among
others. The application of testate amoebae as bio-monitors for road-salt contamination was more
recently addressed by Roe and Patterson (2014). The samples taken from the most contaminated
lakes with chloride concentrations greater than 400 mg/l had testate amoebae assemblages
typical of brackish or hostile lake environments as well as lower diversity. Lakes most
influenced by salt gradients were dominated by Arcella vulgaris Ehrenberg, 1830 and
Centropyxis aculeata “aculeata.”
Utilizing testate amoebae as a lacustrine proxy has made great progress since Medioli and
Scott’s summary in 1988, but clearly there is much room for refinement of our current
understanding, as well as new directions to take testate amoeba proxy research. A detailed
summary of the literature on North American lacustrine testate amoeba as proxies for lake
history and water quality (Table 1), as well as the ambiguity of what some of these species
indicate (illustrated in table 2), inspired my focus on refining and testing the current
understanding of testate amoebae as paleolimnologic indicators.
Table 1.1: Summary of North American lacustrine testate amoeba literature.
Arcella vulgaris

· Low pH, high chemical content, industrial impacted environment,
contaminated with Ag, Hg, associated with oil sands (Neville et al, 2010)
·Known to inhabit stressed environments such as lakes with high heavy metal
contamination or brackish conditions (Medioli & Scott, 1988; Patterson &
Kumar, 2000; Patterson et al, 1996; Reinhardt et al, 1998).
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·Thrives in environments with high metal concentrations (Fe and Al) and low pH
(Kumar & Patterson, 2000)
· May be controlled by metal concentrations rather than pH in heavily polluted
lacustrine environments (Escobar et al, 2008)
·Arcella vulgaris overwhelmingly dominates extremely hostile low pH
environments (<5.5) (Patterson & Kumar, 2000)
Centropyxis
aculeata

·Tolerates harsh environmental conditions, slightly brackish water, cold
temperatures, sediments low in organic matter (hyper-oligotrophic conditions),
“early colonizer” (McCarthy et al, 1995)
· Dominates late Glacial (McCarthy et al, 1995)
· Dominates highly impacted oil sands areas (higher conductivity and naphthenic
acid), low diversity (Neville et al, 2011)
· Brackish water indicator (Roe et al, 2010)
·Higher alkalinity (Qin et al, 2013)
·Adapted to eutrophic (Asioli et al, 1996) and oligotrophic conditions (McCarthy
et al, 1995; Schönborn, 1984) but (Escobar et al, 2008) suggest they prefer
eutrophic conditions.

Centropyxis
constricta

· May be tolerant of low temperatures (McCarthy et al, 1995)

Pontigulasia
compressa

·May require warm bottom water- peaks during Holocene Hypsothermal
(McCarthy et al, 1995)
·Higher alkalinity (Qin et al, 2013)

Cucurbitella
tricuspis

·Changes test composition based on availability of material (Medioli et al, 1987)
· Semi-planktonic associated with aquatic vegetation (after Schönborn, 1962)
·High abundance in areas with high nutrient input (Scott & Medioli, 1983)
· Response to total phosphorus differs in temperate vs. subtropical environments
(Escobar et al, 2008)

Difflugia
protaeiformis
“amphoralis”

·Affinity for high pH environments (Escobar et al, 2008; Kumar & Patterson,
2000)
·D. protaeiformis “amphoralis” and “acuminata” are more closely linked to
uncontaminated muddy substrates characterized by abundant diatoms (a
probable important food source) (Patterson & Kumar, 2000)
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Difflugia
protaeiformis
“claviformis”

· Most tolerant strain of organic phosphorus (~150-450 ppm) (Patterson et al,
2012)
·Occurs in mid-Holocene Hypsothermal- thermophilous? (McCarthy et al, 1995)
· Excellent indicator of environments low in oxygen and rich in organics and
sulfites (D. proteiformis “protaeiformis” of Asioli et al, 1996)
· An ideal indicator of industrial contamination under higher pH conditions
(Patterson & Kumar, 2000)

Mediolus corona

Planktonic to semi-planktonic

Difflugia urceolata
"urceolata"

·May be tolerant of low temperatures (McCarthy et al, 1995)

Difflugia urceolata
"elongata"

Unknown ecology

D. oblonga “glans”

Unknown ecology

D. oblonga
“spinosa”

·Abundant in industrially polluted, low-pH environments (D. protaeiformis
“rapa” of Asioli et al, 1996)
· Proxy for drastic limnological change due to severe pollution that affected the
lake starting in 1927 (Asioli et al, 1996)
·No strong correlation from this study, moderate positive correlation with water
clarity and NO3.

D. oblonga
“bryophilia”

Unknown ecology

Difflugia oblonga
“oblonga”

·More abundant in areas of 1) higher productivity (prefers higher organics than
centropyxids); 2) gyttja; 3) less impacted oil sands sites (also higher diversity)
(Neville et al, 2011)
·Common indicator strain of eutrophism (~100-350 ppm) (Patterson et al, 2012)
· Higher alkalinity (Qin et al, 2013)
· Assemblage indicates an improvement of climatic conditions, possibly
accompanied by greater availability of food (Asioli et al, 1996)

Difflugia oblonga
"tenuis"

Unknown ecology
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nutrients

high OP

low oxygen

low organics

high organics

low pH

high pH

high alkalinity

fire

paludification

vegetation

pollution

metals

oligotrophic

eutrophic

high salinity

cold water

warm water

Table 1.2: Testate amoeba strain and associated water quality parameter (references listed in Table 1.1).

Arcella vulgaris
Centropyxis aculeata

Centropyxis constricta

?

?
"aerop
hila"

Cucurbitella tricuspis
Difflugia bacilifera
Difflugia corona
Difflugia oblonga
"oblonga"
Difflugia protaeiformis
"claviformis"
Difflugia protaeiformis
"amphoralis"
Difflugia oblonga
"spinosa"
Difflugia urceolata
Difflugia bidens
Heleopera sphagni
Hyalosphenia subflava
Lesqueresia spiralis
Nebella collaris
Pontigulasia
compressa

1.2Goals
The research included in my dissertation has been limited to those projects conducted in
relation to Lake George. This study used a combination of multi-proxy analyses including
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chemical data sets, microfossils and stable isotope geochemistry at Rensselaer Polytechnic
Institute, Union College, Brock University, and Paul Smith’s College, as well as mesocosm
experiments at Rensselaer Polytechnic Institute’s Aquatic Facility to investigate: 1) how strains
of testate amoebae respond to environmental stressors in an oligotrophic lake; 2) how these
relationships compare to what is known from the literature and case studies; and 3) if my our
initial results can be reproduced in controlled mesocosm experiments.
Chapter 1: Multi-proxy analysis of 33 lake-wide Ekman (sediment surface) samples from
Lake George, NY are used to characterize the modern lake bed and determine the present-day
variability in geochemical and microfossil assemblages by comparing these data to long-term
water quality data.
Chapter 2: Down-core data from throughout the Lake George, NY basin are used to
reconstruct anthropogenic impact and determine the degree of impact both spatially and
temporally. These reconstructions include sediment stable isotopes and microfossils and apply
my calibrations and interpretations from Chapter 1.
Chapter 3: Results from Chapter 1’s calibrations and documented observations of testate
amoeba strains as indicators of nutrients and trophic status of water bodies were further tested in
controlled mesocosm experiments.
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CHAPTER 2: THE CANARY IN THE COAL MINE: TESTATE
AMOEBAE RECORD ANTHROPOGENIC IMPACTS IN
OLIGOTROPHIC LAKE GEORGE, NY SEDIMENTS

2.1 Abstract
Lake George (NY) is surrounded by Forever Wild forest in the Adirondack Park and has
a Class AA Special water quality rating, yet lake monitoring reveals increasing anthropogenic
impact over the past 30 years. To reconstruct anthropogenic influence on the lake (e.g., salt
loading, eutrophication, climate warming), modern stable isotopes and testate amoeba and
diatom assemblages were characterized in surface sediments from 33 lake-wide sites and link
their variability to 36 years of water quality data.
Linear regression analyses support testate amoeba as rapid responders and recorders of
environmental change. Taxa are strongly correlated with percent change of important water
quality parameters. Our assessment indicates that: 1) Cucurbitella tricuspis is associated with
aquatic plants and filamentous algae, making them a valuable aquatic plant/alga indicator, which
is supported by the co-occurrence of the diatom Cocconeis spp.; 2) difflugids are generally a
This chapter has been submitted to: Kornecki, K., Schuller, M., Katz, M., Relyea, R., McCarthy, F., Schaller,
M., Gillikin, D., Stager, J.C., Eichler, L., Boylen, C., and Nierzwicki-Bauer, S. (submitted). “The canary in the
coal mine: Testate amoebae record anthropogenic impacts in oligotrophic Lake George, NY sediments.”
Journal of Foraminiferal Research.
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good indicator of eutrophication, except for Difflugia proaetiformis; and 3) seasonal differences
in water quality trends are reflected in the fossil record on decadal time scales.
We show that testate amoebae are highly sensitive to small environmental changes in an
oligotrophic lake, and exhibit established relationships from eutrophic and mesotrophic lakes; we
also find new, likely oligotrophic-specific correlations. Correlation coefficients of water-quality
variables and strains within a species also illustrate gradational relationships, suggesting testate
amoebae exhibit ecophenotypic plasticity. Diatom and testate amoeba assemblages categorize
modern lakebed sites into four subgroups: 1) benthic macrophyte; 2) high nutrient; 3) high
alkalinity; and 4) salt loading assemblages.
2.2 Introduction
The testate amoebae identified in this study are arcellinids (superfamily Arcellacea, class
Lobosa) belonging to the phylum Amoebozoa. The lacustrine fossils of Lake George are
dominated by the genus Difflugia Leclerc 1815, which has been determined to be polyphyletic
(Gomaa et al, 2012). Regardless of their higher taxonomic systematics, testate amoebae are a
useful microfossil because they occur globally with species found in nearly any wet environment
including terrestrial soils, bogs, ponds, and lakes. Some specimens from terrestrial environments
can be transported and deposited in lakes and thus can act as a proxy for terrestrial influx. Testate
amoebae can also inhabit a variety of sub-environments and niches within the lake depending on
the stage in their life cycle; these include epifaunal, infaunal, planktonic, or attached to
macrophytes. Paleolimnological workers have parsed species into sub-categories called “strains”
based on test morphology. This designation is useful for those working on testate amoebae as
environmental indicators, but also does not clutter the literature with names based on the
morphological species-concept.
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Lacustrine testate amoeba fossil assemblages have been found to be good indicators of
road salt contamination, phosphorus concentrations, eutrophication, and other parameters (e.g.,
temperature, pH, metal contaminants) (e.g., McCarthy et al, 1995; Roe et al, 2010; Volik,
McCarthy, & Riddick, 2016). Their rapid generation, position near the base of the food web
(making them “first responders” to environmental change), and sensitivity to conductivity
(linked to road salt contamination; Roe & Patterson 2014) and nutrients (Patterson et al, 2012)
make them ideal biomonitors and paleolimnologic proxies.
In this paper, we integrate testate amoeba assemblages, diatom assemblages, and
sediment stable isotope geochemistry from surface sediment samples to characterize the modern
Lake George lake bed and compare testate amoebae and water quality data to calibrate testate
amoebae for future paleolimnological reconstructions and bio-monitoring future remediation
efforts. Lake George, NY is an ideal case study because the lake is oligotrophic but
anthropogenically induced changes have been recorded in detail for the past 37 years. This multiproxy study uses the microfossil and stable isotopes of 33 lake-wide Ekman grab samples as a
first step in establishing modern spatial variability in the basin. These samples are calibrated
using the 37-year Lake George water quality report constructed by Darrin Fresh Water Institute’s
(DFWI) water chemistry monitoring program (Boylen, Eichler, Swinton, Nierzwicki-Bauer,
Hannoun, & Short, 2014). Our calibration and lake-wide assessment of testate amoeba
assemblages lends valuable insight into their sensitivity by comparing species to the amount of
change over time in a clean, oligotrophic lake.
Lake George, NY has been a tourist destination since the mid-1800s and remains so
today. Lake George is a headwater lake, located on the eastern margin of the Adirondack Park of
New York State (Figure 2.1), and occupies a 32 mile-long, north-south trending, glacially
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scoured lakebed that originally formed by faulting (Wright, 1895). The lake is divided into North
and South Basins, which are connected by a shallower portion of the lake referred to as The
Narrows. Fifteen thousand years ago, the Wisconsin deglaciation carved the lake basin as we
recognize it today (Wright, 1895). Glacial clays, till, and Holocene muds comprise the
unconsolidated sediments that are up to 70 meters thick in the deepest basins (Hutchinson et al.,
1981). These sediments cover Precambrian to Cambrian bedrock of gneisses, quartzite, metaanorthosites, metagabbros, marbles, calcsilicates, and amphibolites (Shuster, 1994).
At present, Lake George drains northward via the LaChute River to Lake Champlain,
descending 69 meters. Large wetland systems border the southeast margin and Dunhams Bay.
The deepest basins are the northern-most section of Smith Bay and northeast portion of Dome
Island (one on either side of The Narrows). Major ions and conductivity are attributed to NaCl
input – 10,200 tons of salt are applied to 1,094 km of roads within the basin annually (Boylen et
al, 2014).
The 37-year long data set produced by DFWI offers a unique opportunity to compare
microfossil assemblages to changes in water quality in an oligotrophic, clean lake. Because of
this, we are able to assess the modern lake bed for relationships to utilize in downcore
comparisons and future monitoring. We hypothesize that changes on anthropogenic time scales
are recorded in the sediments.

2.3 Material and Methods
2.3.1 Sample Collection
Thirty-three Ekman grab samples were taken throughout the Lake George basin (Figure
2.1), six of which are located at DFWI’s long-term monitoring sites, used here as our calibration
sites. Samples were collected in June/July 2015 and 2016. Surface grab samples are commonly
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used to characterize a modern lake bed; the total assemblage in the topmost centimeter, or an
assemblage of only those tests still possessing tissue (identified using Rose Bengal stain;
Mattheeusen, Ledeganck, Vincke, van de Vijver, Nijs, & Beyens, 2005), are typically compared
to pore water chemistry and/or chemical and physical measurements from the water column
taken at the time of collection (i.e., Reinhardt, Dalby, Kumar, & Patterson, 1998; Vincke, van de
Vijver, Mattheeussen, & Beyens, 2004). Because some taxa of testate amoebae live both in the
plankton and the benthos depending on life stage (Reinhardt et al, 1998), relating these
organisms to pore water chemistry alone is likely insufficient and comparing them to the water
column chemistry at the time of collection is likely inaccurate. The life position, infaunal vs.
epifaunal, is also unknown for many benthic species (Lansac-Tôha, Velho, Costa, Simões, &
Alves, 2014). Furthermore, relating a death assemblage to a single measurement is inadequate
because fossils accumulated in the topmost centimeter of sediment accumulated over a longer
time period. Stained specimens do not represent a true life assemblage, but rather organisms that
have not fully decomposed (Bernhard, Ostermann, Williams, & Blanks, 2006). In order to look
at a true life assemblage, Cell Tracker Green is required to stain organisms that are still respiring
(Bernhard et al, 2006). This is an expensive and time consuming process. Because of this, our
analyses followed a standard procedure for collection and preservation of samples, then
compared assemblages to the percent change of long-term water quality data over time
(Appendix).
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Figure 2.1: Lake George is located on the eastern border of New York State (A, top left), South of Lake
Champlain. The 32-mile long lake is narrow with deep basins located north (C) and south (B) of a shallow
passageway connecting them (bottom right, horizontal line indicates location of break in enlarged version,
bottom right). Sampling sites indicated by open circles, closed circles indicate sampling sites at long term
monitoring stations. Location of transects marked by black rectangle, enlarged at left. DFWI indicates
location of Darrin Fresh Water Institute. Contour interval = 10 meters.

2.3.2 Water Quality Variables
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Water quality measurements were taken in the top 10 m of the water column at six longterm calibration sites: Tea Island 1 Dome Island, Northwest Bay 1, French Point, Smith Bay, and
Roger’s Rock. Parameters measured include dissolved oxygen (recorded as DOsat-saturated and
DO mg/l), temperature (T), chlorophyll a (CHLA), potassium (K), calcium (Ca), magnesium
(Mg), sodium (Na), soluble silca (S), ammonia (NH4), total nitrogen (TN), sulfate (SO4), nitrate
(NO3), chloride (Cl), total phosphorus (TP), orthophosphate (OP), and total soluble phosphorus
(TFP), alkalinity (ALK), conductivity (COND), pH, and water clarity (Zsec).More detailed
procedures for surface water quality sampling can be found in detail in Boylen and others (2014).
2.3.3 Microfossil Assemblages
The topmost 1 cm of sediment was utilized in comparison to water quality measurements
from calibration sites as well as in lake-wide samples. Sub-samples of 5 cc from the surface
sediment were processed for testate amoebae and washed in 500, 63, and 45 µm sieves. Each
size fraction was refrigerated in deionized water solution. The entire sample was counted in
aliquots in an aqueous solution in petri dishes using a Zeiss Stemi 2000 stereo microscope to
ensure that there was no bias in species due to size. Tests were identified to species and strain
(Figure 2.2) following Kumar and Dalby (1998). Our identifications follow this dichotomous key
because it includes all taxa found in Lake George. We also wanted to avoid taxonomic confusion
as official taxonomy following the Code of Zoological Nomenclature does not recognize the
designation of “strain” but these morphological differences are critical to recognize in
paleolimnological studies as these morphologic variations do indeed represent different
environmental parameters.
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Figure 2.2: SEM images of common Lake George taxa. 1) Centropyxis aculeata “aculeata”; 2) Centropyxis
constricta “aerophilia”; 3) C. constricta “constricta”; 4) C. constricta “spinosa”; 5) Lagenodifflugia vas; 6)
Pontigulasia compressa; 7) Lesquereusia spiralis; 8) Cucurbitella tricuspis; 9) Difflugia oblonga “bryophilia”;
10) Difflugia protaeiformis “amphoralis”; 11) D. urceolata “elongata”; 12) Difflugia bacilliarium; 13) D.
oblonga “tenuis”; 14) D. oblonga “oblonga”; 15) C. constricta “constricta”; 16) D. urceolata “elongata”;17)
Pontigulasia compressa 18) D. protaeiformis “acuminata”.; 19) D. protaeiformis “claviformis”; 20) C. constricta
“spinosa”; 21) C. constricta “aerophila”; 22) Lesquereusia spiralis 23) D. oblonga “bryophila”; 24) Mediolus
corona; 1, 2, 5, 9, 10, 12, 13, 15, 19, 20, 21, 22, 23 scale bar = 200 μm; 3, 4, 6, 7, 14, 16, 17, 18, 24 scale bar =
100 μm; 8, 11 scale bar = 50μm.

Diatom quantitative assemblage analyses were conducted following the method of
Warnock and Scherer (2015). Samples were settled in B-Ker2 laboratory test jars, producing an
even distribution of diatoms which yields multiple statistically similar diatom slides. Diatoms
were counted to 400 valves and identified to species for critical taxa (eutrophic indicators) and
genus for those rich in species, mainly consisting of benthic taxa. Diatoms were identified to
species level whenever possible, but some benthic genera are very diverse (there are many
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species of the same genus). These species are only identified to genus and thus likely include
representation from many different environmental settings. Because of this,
ecological/environmental interpretations in this study are limited for many benthic diatom taxa.
Our analyses focus primarily on planktonic taxa known to be good indicators of productivity.
Diatom assemblages from sediment surface samples have been thoroughly studied in Lake
George (Clesceri & Williams, 1972; Bloomfield & Park, 1972) as well as from downcore
analyses (DelPrete & Park, 1981; Wiltse & Stager, 2010). The downcore sediments in these
studies pre-date the sediments observed herein and therefore cannot be used in direct comparison
to the diatom microfossil assemblages presented in this study. Previous studies of diatom
assemblages set the precedent for using identifications at the generic level (DelPrete & Park,
1981) and the usefulness of genus-level diatom data is supported by our diatom assemblage
results in grouping Lake George’s biotopes.
2.3.4 Stable Isotopes
Ostracods were poorly preserved and too sparse for assemblage or isotope analyses.
Because of this, bulk sediment was used for carbon and nitrogen stable isotope studies. Samples
were dried in an oven at 60° C. Five to 10 mg of sediment were packed in tin cups for analysis.
Samples were analyzed using a Thermo Delta Advantage mass spectrometer in continuous flow
mode connected to a Costech Elemental Analyzer via a ConFlo IV at Union College
(Schenectady, NY, USA). Data were corrected and assigned to the appropriate isotopic scale
using several reference standards and a regression model (Sucrose [IAEA-CH-6], acetanilide,
ammonium sulfate [IAEA-N-2], and caffeine [IAEA-600]). Percent carbon and nitrogen were
calculated using an additional 4 acetanilide standards (per run) of varying mass. The combined
uncertainty (analytical uncertainty and average correction factor) for δ13C (VPDB) and δ15N
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(Air) is ± 0.17‰ (VPDB) and ± 0.03‰, respectively, based on 9 acetanilide standards over 3
analytical sessions.
2.3.5 Statistical Analyses
Percent change of water quality variables from the six long-term monitoring sites act as
our calibration sites and were calculated by determining the slope of each water quality variable
over time using all data and separately for seasonal trends. To obtain the slopes and estimated
values for each measured water quality variable from 1980 and 2016, we used a linear mixed
effects model. We used all of the data from six long-term monitoring sites to obtain the overall
slope and estimated values for each measured parameter at each long-term site. We then
separated the data set into distinct seasons (spring, summer, and fall) to understand how
differences in seasonal trends could drive compositional differences among sites. Data from
transitional months between distinct seasons (June and September) were removed from the data
set along with months with insufficient data (February and March). Using the seasonal data from
1980 to 2016, we used a linear mixed effects model to determine the slope and estimated 1980
and 2016 values for each measured water quality parameter at the six long-term/calibration sites.
By using linear mixed effects models, we were able to estimate trends without constrained
intercepts or slopes among seasons. Using the extracted estimated values from the linear mixed
effects model instead of the measured value reduced measurement bias in the data set. Using the
measured values from two independent years would bias the estimated percent change if the
values measured in those years differed from a typical year for that time period.
We developed this new approach of analyzing percent change to capture the water quality
changes that may have influenced highly sensitive assemblages. Because testate amoebae
reproduce rapidly (10 – 27 generations per year; Charman, 2001), they preserve snapshots of
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short time frames in the sediment. Consequently, 1 cm of sediment records many of these
snapshots, preserving an average of increments of change over time. In order to compare a
succession of assemblages that represent change over time to measured water quality change
over time, we calculated the percent change of each water quality variable from the mixed effects
model and compared it to the percent of a taxon in the assemblage.

Figure 2.3a: Schematic of methods for calibrating Lake George testate amoeba to water quality variables. 1)
Sediment-water interface samples (uppermost 1 cm of sediment) were taken at each of six sites with water
quality data from the past 37 years. 2) At each site, water-quality measurements were taken from the
uppermost 10 meters of the water column. 3) Each sediment sample yields fossil testate amoebae and diatoms
that represent a time average of both planktonic and benthonic organisms preserved in the sediment. 4)
Percent of each species and percent change of each water-quality variable is plotted for each site to determine
the correlation coefficient for each relationship.
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Figure 2.3b: Pontigulasia compressa linear regression analysis of percent change of NO 3 and associated
contour map of percent abundance (contour interval 2%).
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Figure 2.3c: Difflugia protaeiformis “claviformis” linear regression analysis of percent change of NH 4 and
associated contour map of percent abundance (contour interval 5%).
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Figure 2.3d: Cucurbitella tricuspis linear regression analysis of percent change of total nitrogen and
associated contour map of percent abundance (contour interval 5%).

Species are included in statistical analyses if they comprised greater than or equal to 5%
of the total assemblages in at least one site. Linear regression of testate amoeba strains vs. water
quality variables are calculated to quantify correlation among the variables within the calibration
sites (Figure 2.3a1). Measurements taken in the top 10 m of the water column are analyzed by
calculating the percent change observed in annual values as well as the percent change observed
seasonally. Seasonal values are binned as spring (May and June), summer (July and August), and
fall (September and October). Because Lake George is dimictic, it experiences mixing in early
spring and late fall, when surface water temperatures cool or warm to values similar to those
found below the thermocline. During these times, the lake is not stratified and nutrients,
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suspended solids, etc. are transported to the lake bottom. Conversely, values measured in
summer months likely do not represent values at the sediment water interface due to this thermal
stratification that inhibits mixing (Figure 2.3a.2). These differences are taken into account when
interpreting seasonal correlations to testate amoeba assemblages, specifically in relationship to
each species’ ecology or life position because tests that have accumulated in the sediment are not
only benthic but include dead or encysted tests from the water column (Figure 2.3a.3).
Coefficient of determination values (R2) are then calculated for calibration sites by using the
percent change of annual and seasonal values of each water quality parameter compared to the
percent abundance of each testate amoeba strain (Figure 2.3a.4). Statistical analyses were
calculated using PAST software (Hammer et al. 2001).

2.4 Results
Our results first cover testate amoebae as oligotrophic water quality proxies through our
calibrations with the DFWI long term water quality data set, including seasonal and annual
implications. We then utilize these calibrations along with diatom assemblages and sediment
stable isotopes to characterize the 33 lake wide sites.
2.4.1 Calibration Sites
Linear regression analyses of testate amoeba strains and water quality data were
calculated using both normalized averages and percent change of each water quality variable
against percent abundance of each testate amoeba strain within the assemblage for comparison
(Appendix). Testate amoebae have a greater number of strong correlations (R2 = >0.65) with
percent change (9.3%) than normalized averages (8.7%).
Correlation matrices of calibration sites’ water quality measurements and percent testate
amoeba strains show R2-values from linear regression analyses (Figures 2.3b-d, 2.4). We
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examine relationships with an R2 value greater than 0.65 as meaningful based on the number of
variables in this study. A strong positive correlation indicates that the biological proxy responds
in the same manner as the change in water quality value; e.g., a positive percent change in a
water quality variable will yield a higher percentage of a taxon, and a negative percent change in
a water quality variable will yield a lower percentage of a taxon. Based on these correlations,
testate amoeba strains are identified as viable water quality indicators in Lake George.
The following correlations are organized by taxonomic suite in order to group strains of
the same species. Strains of Centropyxis aculeata Ehrenberg 1832 include C. aculeata “aculeata”
(with spines) and C. aculeata “discoides” (without spines) (Figure 2.4.1). Both are strongly
correlated with summer ammonia (NH4) values. Centropyxis aculeata “discoides” also has a
significant correlation with sodium (Na), sulfate (SO4), and spring pH. Centropyxis aculeata
“aculeata” has a significant correlation with summer chlorophyll a concentrations. Centropyxis
constricta (Ehrenberg 1843) suite (Figure 2.4.2) suggests a trend in response to fall potassium
(K) and pH in all 3 strains. Fall total nitrogen (TN) also correlates with C. constricta “aerophila”
and C. constricta “spinosa”
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Figure 2.4: Correlation values (>0.65) of water quality values for testate amoeba strains illustrating potential
for gradient relationships within species. 1) Correlations (R2 values) of Centropyxis aculeata suite; 2)
Correlations of Centropyxis constricta suite; 3) Correlation of non- difflugid and non-centropyxid taxa; 4)
Correlations of Difflugia protaeiformis suite; 5) Correlations of Difflugia urceolata suite; 6) Correlations of
Difflugia oblonga suite. Shaded grey values indicate gradational relationships suggesting ecophenotypic
plasticity.

but the correlation is strongest with summer values for all three strains. NH4, Mg, and alkalinity
(ALK) are strongly correlated with all strains compared to yearly average trends, as well as
potassium (K) with C. constricta “spinosa” and C. constricta “aerophila”. Calcium (Ca) and total
nitrogen (TN) correlate with spring values, as does pH, but not as strongly as fall values.
Non- centropyxid or difflugid taxa (Figure 2.4.3) include Pontigulasia compressa (Carter
1864) and semi-planktonic forms Cucurbitella tricuspis (Carter 1856) and Mediolus corona
(Wallich 1864). Pontigulasia compressa only exhibits a strong correlation with nitrate (NO3)
values. Cucurbitella tricuspis has a strong correlation with potassium (K), magnesium (Mg), and
alkalinity (ALK), fall pH, total nitrogen (TN), ammonia (NH4), and K, spring TN, conductivity
(COND), and water clarity (ZSec- secchi depth) and summer NO3. Mediolus corona correlates
with yearly average values of sodium (Na), NH4, sulfate (SO4), COND, and pH as well as spring
and fall pH and spring NH4.
Three species of Difflugia are abundant in Lake George: Difflugia protaeiformis Lamarck
1816, Difflugia urceolata Carter 1864, and Difflugia oblonga Ehrenberg 1832. Difflugia
protaeiformis Lamarck 1816 suite (Figure 2.4.4), Difflugia protaeiformis “amphoralis,” D.
protaeiformis “claviformis,” and D. protaeiformis “acuminata” illustrate sensitivity to common
variables including K, Ca, Ma, NH4, SO4, and ALK. Difflugia protaeiformis “claviformis” has a
very strong correlation with fall K values and D. protaeiformis “amphoralis” with fall pH.
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Difflugia urceolata Carter 1864 suite (Figure 2.4.5) has far fewer correlations. Difflugia
urceolata “urceolata” correlates with spring total phosphorus (TP) values and D. urceolata
“elongata” correlates with fall organic phosphorus (OP) values, only.
The two most common strains of Difflugia oblonga Ehrenberg 1832 in Lake George
include D. oblonga “oblonga” and D. oblonga “bryophila.” These strains represent completely
different environments; D. oblonga “oblonga” has a strong correlation with dissolved oxygen
(DO), fall Ca, and summer TN values. Difflugia oblonga “bryophylia” is strongly correlated with
Zsec, Na, and COND, as well as fall Zsec, fall and summer TP, and spring NO3 values.
Testate amoeba suites including Centropyxis aculeata, Centropyxis constricta, and
Difflugia protaeiformis may indicate signs of ecophenotypic plasticity (Figure 2.4.1, 2.4.2, and
4.4). Strains of the same species have small morphological differences and show correlations
with overlapping water quality parameters. For example, Centropyxis aculeata “aculeata” is
strongly correlated with ammonia (NH4), but Centropyxis aculeata “discoides” indicates an even
greater affinity for NH4. A change in the morphology of the same species from possessing spines
(C. aculeata “aculeata”) to spineless (C. aculeata “discoides) may be dependent upon the
amount of NH4 in the environment. An environment with increased levels of NH4 would provide
an increased food source for nitrifying bacteria and could increase the amount of bacteria present
in such an environment. Centropyxids are known to consume bacteria (Scott, Medioli, &
Schafer, 2001), but the function or cause of a morphological change from having spines to
spineless cannot be certain. One might suspect spines may play a similar role to planktonic
foraminifera that use them to extend their pseudopodia further into the water. This seems
unlikely because the spines are located posteriorly, away from where the pseudopods extend
29

from the aperture of the test. Another explanation for the morphologic advantage to have spines
may be to anchor their test in the sediment or to prevent predation, but it is difficult to infer how
this might relate to and be useful in an environment with a lower food source (i.e., less bacteria
growing from lower NH4 levels). Yet another hypothesis is that Centropyxis aculeata
“discoides” also has strong correlations with sodium, sulfate, and pH. Because of this it is also
plausible that these factors stress the species and they find it more advantageous to save energy
by not constructing spines. As one can see, the cause for morphologic differences and the
relationship of water quality parameters to these variations is still unclear; our results indicate the
need for further investigation.
2.4.2 Lake-wide Sites
Contour maps (Figure 2.5) of testate amoebae illustrate spatial distribution of indicator
taxa (difflugids, centropyxids, and other abundant or noteworthy species/strains). Modern testate
amoeba assemblages show high percentages of difflugids, especially in deep water sites (Figure
2.5.1). Centropyxids are also abundant and are concentrated in more developed areas with
greater anthropogenic impact (Figure 2.5.2). Centropyxids are also abundant in Northwest Bay,
the major inlet to Lake George that has significant shoreline development despite being
surrounded predominantly by Forever Wild forest land. Cucurbitella tricuspis is concentrated in
the same locations as at-risk sites for invasive Eurasian Watermilfoil (Aquatic Invasive
Management, LLC, 2016) (Figure 2.5.3). Because of this, we recognize their occurrence in the
modern lake bed as an accurate representation of aquatic macrophyte presence and do not
conclude that there is a transportation problem in Lake George as proposed in other intra-lake
studies (Patterson & Kumar, 2000). Arcella vulgaris (Figure 2.5.4) is in very low abundance but
is concentrated near the most heavily populated and widely visited areas. This distribution is
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consistent with previous studies of other, more polluted lakes (Neville et al, 2010). Centropyxis
constricta “aerophila” (Figure 2.5.5) is concentrated in Sawmill Bay and the North Basin and is
strongly correlated with Mg, Ca, and K. It also shows sensitivity to alkalinity. Difflugia
protaeiformis “claviformis” is concentrated in deeper sites, particularly in the South Basin, and is
also strongly correlated with K, Ca, Mg, and ALK and these correlations are also in response to
the same seasonal trends seen in C. constricta “aerophila” abundances (Figure 2.5.6).
Pontigulasia compressa is also concentrated in the South Basin and into the Narrows, but does
not occur in high abundances in Northwest Bay (Figure 2.5.7), likely reflecting nitrate
distribution.
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Figure 2.5: Contour maps of testate amoeba strain percentages and bulk sediment stable isotopes: 1) All
difflugids; 2) all centropyxids; 3) Cucurbitella tricuspis; 4) Arcella vulgaris; 5) Centropyxis constricta
“aerophila”; 6) Difflugia protaeiformis “claviformis”; 7) Pontigulasia compressa; 8) % C; 9) δ15N; 10) %N;
11) δ13C; 12) C/N. Contour interval varies. Figure 1, 4, 5 and 10 contour interval = 5%. Figure 2 contour
interval = 1%. Figure 3 contour interval = 20%. Figure 6 and 8 contour interval = 10%. Figure 7 contour
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interval = 2%. Figure 9 and 11 contour interval = 1‰. Figure 12 non-shaded interval lacustrine algal, light
gray interval combination of lacustrine algal and C3 land plants, dark gray interval C3 land plants.

Percent carbon values (Figure 2.5.8) are generally low in the North Basin, with maximum
values at Warner Bay, Lake George Village and slightly elevated at Northwest Bay, Huletts
Landing, and Sabbath Day point as well as the southern end of the South Basin. High δ15N
(Figure 2.5.9) and high nitrogen content (Figure 2.5.10) and are not always co-occurring, but
generally high N content and higher N isotopic values are associated with areas of higher
anthropogenic impact. δ13C values are lower, ranging from -25 to -29, with the lowest values at
Lake George Village, Northwest Bay, and Sabbath Day Point (Figure 2.5.11). High N content
(Figure 2.5.10) with C/N values (Figure 2.5.12) indicative of lacustrine algae (non-shaded areas)
occur near DFWI and may be caused by the presence of N-fixing microorganisms around plant
roots (Talbot, 2001). An extremely high C/N ratio of 50 occurs at Log Bay. In comparison
Sawmill Bay has a C/N ratio of 13. This is noteworthy as both areas have historical influences
from logging in the area, but Log Bay may have another source of nitrogen, presumably from a
long-standing annual party, “Log Bay Day,” attracting hundreds of locals to the embayment by
way of boat.
2.4.3 Lake George Implications
Surface samples across Lake George can be classified into four biotopes/subgroups: 1)
benthic macrophyte; 2) high nutrient; 3) high alkalinity; and 4) salt loading assemblages.
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Figure 2.6: Pie charts of testate amoeba and diatom assemblages of the four Lake George biotopes.

Several locations are dominated by assemblages associated with macrophytes (Figure
2.6). Assemblages from Westbrook (2), Warner Bay (8), Transect Stn. 1 (21), and Northwest
Bay 1 (2) possess high proportions of macrophyte-associated diatom Cocconeis sp. and testate
amoeba Cucurbitella tricuspis. These sites also have abundant pennate diatoms and the testate
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amoeba strain Difflugia oblonga “tenuis.” Other sites dominated by benthic diatoms are
Eastbrook (1), Lake George Village (4), Sabbath Day Point (28), and Mossy Point (33). Those
also dominated by the aquatic macrophyte indicator taxon of testate amoebae, Cucurbitella
tricuspis include Sawmill Bay (13), Core 1 Stn. 2 (18), Transect Stn. 2 (19), Transect Stn. 3 (20),
Dollar Island (25), Northwest Bay 2 (26), and Huletts Landing (27).
Several locations are dominated by assemblages associated with high nutrient levels
(Figure 2.6). Assemblages from Pilot Knob (7), DEC (14), and Paradise Bay (22) yield both
Cyclotella bodanica and benthic pennate diatoms, particularly Diatoma spp. They also contain a
high proportion of the testate amoeba Centropyxis aculeata “discoides,” a strong indicator of
NH4 and SO4 which are major components of soil fertilizer. Other sites with similar diatom
assemblages are Dome Island (10), Transect Stn. 6 (15), Transect Stn. 2 (19), Transect Stn. 3
(20), Dollar Island (25), and Huletts Landing (27). Sites with similar testate amoeba assemblages
include Lake George Village (4), Tea Island 1 (5), and Mossy Point (33). Centropyxids have
been described as the most opportunistic and most tolerant strain of testate amoebae (Neville et
al, 2010). The Lake George sites dominated by this testate amoeba assemblage are located in
very popular tourist sites that experience high levels of boat traffic and thus have a higher
potential for human impact. Consequences of human impact, such as needing to close beaches,
are influenced by sewage input from higher populated areas and nutrient run-off from the
surrounding watershed. The most abundant benthic diatom, Diatoma spp., indicates sites are
located in shallow settings with low turbidity and thus greater water clarity (measured with
secchi disk depth). These sites are the most at-risk at present and are excellent candidates for biomonitoring during remediation efforts.
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Several locations are dominated by assemblages associated with elevated alkalinity levels
(Figure 2.6), including: 1) the testate amoeba and diatom assemblage from transect Stn. 5 (17) as
well as the diatom assemblages at Tea Island 1 (5), Transect Stn. 4 (16), Core 1 Stn. 2 (18),
Northwest Bay 2 (26), and Hague (30). Transect Stn. 6 (15) and Sabbath Day Point (28) have a
similar testate amoeba assemblage. All sites listed previously have a high abundance of
Cyclotella bodanica, an oligotrophic pelagic indicator, and/or Difflugia protaeiformis
“claviformis.” The testate amoeba assemblage from these sites are associated with shallow water
locations. The association of C. bodanica in these assemblages supports that D. protaeiformis
“claviformis” may be planktonic/semi-planktonic or it may responding to the presence of a
higher alkalinity at depths.
Several sites are dominated by Difflugia oblonga “bryophila” (correlated with Zsec, TP,
Na, and COND), have high abundances of D. oblonga “tenuis,” and high abundances of pelagic,
oligotrophic diatom indicator Cyclotella bodanica (Figure 6). These sites 2.include Dome Island
Channel (11), French Point (23), Smith Bay (29), Rogers Rock (31), and Basin Bay (9). The
species in this salt loading biotope indicate a preference for low nutrients in the photic zone of
the water column where the planktonic diatoms live but higher nutrient levels at the sediment
water interface as indicated by the benthic testate amoeba strain D. oblonga “bryophila.” The
sites representing this biotope are generally deeper than those of the high alkalinity assemblage
sites and may also indicate areas that are impacted by salt loading. Water parcels affected by salt
loading may be sinking to these depths as indicated by the high abundance of D. oblonga
“bryophila,” a taxon that is highly correlated with conductivity and sodium. If assemblages were
more strongly influenced by salt loading, one would expect to see a correlation with
centropyxids and measured values related to salt (such as conductivity, sodium, magnesium, and
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chloride) because this relationship has been well documented in estuaries, bays, and generally
brackish environments (e.g., Scott & Medioli, 1983; Patterson et al, 1985).

2.5 Discussion
Our results show that fossilizable microorganisms in Lake George respond rapidly to
subtle changes in environmental parameters (Figure 2.4). In general, our water quality/species
correlations and species co-occurrences are informative and well supported by the literature. In
addition, we identify strong correlations that indicate relationships that were previously
unknown. A higher occurrence of strong correlations for percent change than normalized
averages indicates that testate amoebae are highly sensitive to change and record these changes
on short time scales. It is particularly interesting and noteworthy that these changes are observed
in an oligotrophic lake with excellent water quality.
The strong correlations between testate amoebae and water quality parameters in Lake
George reveal relationships not documented in previous studies. Most notably, we find that not
all difflugids (in particular, strains of Difflugia proaetiformis) show a strong response to TP,
TFP, or OP, as has been documented in previous studies (Asioli et al, 1996; Patterson et al,
2012). Some researchers utilize a centropyxid to difflugid ratio as an indicator of eutrophication
(Ellison, 1995; Patterson et al, 2012), but accuracy of this ratio may be improved by comparing
difflugids belonging to D. urceolata and D. oblonga to centropyxids. Chlorophyll a is an
excellent indicator of lake productivity, but we only observe a strong correlation with
Centropyxis aculeata “aculeata.” This is surprising because centropyxids are considered
bacteriophage (McCarthy et al, 1995). Photosynthesizing plankton are a major food source for
other testate amoebae (Scott et al, 2001), but may be correlating because the levels of
chlorophyll a are so low in Lake George in the first place. Possibly related to the availability of
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nutrients, Difflugia oblonga “bryophila” is strongly correlated with water clarity and summer
total phosphorous levels. These relationships may be related to productivity. The strong
correlation with increased water clarity in areas of these shallow-water dwelling forms coupled
with a strong correlation to total phosphorous may indicate that photosymbionts are an important
food source for Difflugia oblonga “bryophila.” It may also indicate that Difflugia oblonga
“bryophila” is tolerant of low food availability and may be attributed to possessing large storage
vacuoles, which would explain their high abundance in deep water sites.
Difflugia ureceolata strains indicate a strong correlation with a single water quality
variable each. Difflugia urceolata “urceolata’ correlates with spring TP and D. urceolata
“elongata” with fall OP. These correlations were observed by Neville and others (2010) in a
seasonal study where they found that tests of D. urceolata “urceolata” retaining tissue were
present in May and September and nearly absent in July and August. Collins and others (1990)
also suggested that this species was a good indicator of oligotrophic waters. Our results are
consistent with these studies (Collins et al, 1990; Neville et al, 2010) and indicate that Difflugia
urceolata is extremely sensitive to phosphorus and likely cannot withstand summer phosphorus
concentrations, which tend to be higher.
Because lake ecosystems are dynamic, we recognize that the correlations between a
taxon and a single water quality variable may not fully capture the interconnectedness between
water quality parameters and the complex response of living organisms to physiochemical
conditions. Nonetheless, the interplay between variables and the biota is supported by the fact
that each organism illustrates a range of correlations in a number of measurable parameters and
is not influenced by a single environmental force. Nevertheless, these correlations are the first of
their kind and are a first step in calibrating changes in testate amoeba assemblages based on the
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percent environmental change within the ecosystem. Furthermore, the linear regression models
may not illustrate the best possible relationship. For example, Pontigulasia compressa illustrates
a linear relationship with NO3 (Figure 2.3b), whereas the relationship between Difflugia
protaeiformis “claviformis” and NH4 (Figure 2.3c) and Cucurbitella tricuspis and total nitrogen
(Figure 2.3.d) illustrate a potential for a threshold relationship. Whether the relationship is linear
or threshold, we note that our findings clearly show a biotic response to the environmental
parameter.

2.6 Conclusions
Relative abundances of testate amoebae show quantifiable relationships with water
quality measurements in Lake George. We attribute the distributions of testate amoeba indicator
taxa throughout Lake George to sensitivity to very small variations in water quality over
relatively short (decadal) time scales. Likewise, strong correlations with minor ions (K, Ca, Mg,
and N) further support the degree of sensitivity testate amoebae exhibit. Distributions of testate
amoeba taxa correlate best with the amount of change of an environmental parameter over time,
rather than the average value of the environmental parameter.
Testate amoebae also exhibit correlations to percent change of seasonal water quality
parameters (spring: April and May; summer: July and August; fall: October and November). We
find that seasonal signals are preserved in the fossil record of testate amoebae, but we interpret
these relationships cautiously because water quality measurements were taken in the top 10
meters of the water column and some testate amoeba species are benthic or semi-benthic.
Because of this, the timing of a measuring parameter’s interaction with particular species is
likely affected by seasonal overturning and nutrient cycling.
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Our findings provide important new environmental associations that will be important to
the application of testate amoebae to downcore assemblage interpretations and the use of testate
amoebae as future remediation monitors in Lake George. Because of their sensitivity,
assemblages likely will record historical anthropogenic impact, as well as recovery. Gradients of
correlated values in water quality measurements are apparent among strains of testate amoeba
species, indicating that testate amoebae exhibit ecophenotypic plasticity.
Our results indicate that threshold rates of changing water quality parameters can have a
greater impact on biota than threshold water quality values, which is a finding that merits further
study in a range of lake conditions. Furthermore, our findings show that continued use of
informal designations, or strains, of testate amoebae in paleolimnological proxy studies is
important because: 1) different strains of the same species show different degrees of correlation
to the same water quality parameter; and 2), strains of the same species also correlate to unique
water quality parameters. Thus, our study supports identifying these unique morphologic
designations. Our future work will test these correlations in controlled mesocosm experiments.
Fossil assemblages of testate amoebae utilizes these calibrations along with diatom
assemblages to categorize 4 different biotopes within Lake George. These assemblages are
markedly different and illustrate the modern spatial variation within the lake’s basins over the
past 37 years.
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CHAPTER 3: PALEOLIMNOLOGICAL RECORD OF
ANTHROPOGENIC IMPACT IN LAKE GEORGE, NY
3.1 Abstract
Lake George, NY is a headwater lake with Class AA Special water quality rating,
surrounded by forever wild forest. It has been a popular tourist destination since the mid-19th
century, and lake monitoring reveals increasing anthropogenic impact over the past 37 years
(Boylen et al, 2014; Jefferson Project unpublished data). We conducted a multi-proxy study
using microfossil assemblages (testate amoebae, diatoms, pollen, and non-pollen palynomorphsNPP) and bulk sediment stable isotopes (δ15N, δ13C) from 8 cores to reconstruct anthropogenic
influence on the lake (e.g., salt loading, eutrophication, pollution, temperature). Pollen zones,
radiocarbon, Cs, and Pb profiles constrain sediment ages and mixing depth. Our modern testate
amoebae and diatom assemblages (Kornecki et al, submitted), together with published records of
testate amoebae, diatoms, pollen, and NPP, in the literature from proximal lakes provide the
means to interpret downcore proxies and reconstruct past lake conditions. Increases in
phosphorus-tolerant difflugid strains of testate amoebae, as well as high productivity diatoms and
NPP, indicate modern eutrophication (post European-settlement).
Proximity to well-developed and populated shorelines is not clearly related to amount or
timing of increase in nutrients (eutrophication) based on microfossil evidence. Sediment sources
and paleo-records are noticeably different at Paradise Bay and Huletts Landing, displaying
This chapter will be submitted to: Kornecki, K., Katz, M., Garner, C., McCarthy, F., Schaller, M., Gillikin, D.,
and Stager, C. Paleolimnological Record of Anthropogenic Impact in Lake George, NY. The Holocene.
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different microfossil and stable isotope records than the rest of those described in the Lake
George basin. Dome Island core (~30 m water depth) may have been impacted by strong bottom
currents, indicated by sparse, low-diversity oxidation-resistant NPP and testate amoeba
assemblages. Proxy data does not support a strong influence from road-salt contamination in
Lake George.

3.2 Introduction
The Jefferson Project (JP) at Lake George is a partnership formed by Rensselaer
Polytechnic Institute (RPI), IBM, and the FUND for Lake George to study water quality and
recovery efforts targeting the following questions: 1) What was the pristine state of the lake? 2)
What is the impact of road-salt contamination on the lake? 3) What are the consequences of
nutrient loading on algal growth and food webs? 4) What remediation strategies for these and
other stressors may be effective?
Integrated sediment core studies using microfossils, sediments, and geochemical proxies
to reconstruct pre-anthropogenic lake conditions and subsequent anthropogenic impacts will
ultimately allow us to monitor the lake’s ecosystem in the future by determining baseline
conditions. Paleolimnological data complement measurements acquired by the group’s sensor
arrays, models, and experiments. Lake George has 37 years of water quality measurement data
from the surface water (Boylen et al, 2014; Jefferson Project unpublished data), but longer time
scales are necessary to understand the lake’s range of natural variability and anthropogenic
impact, especially with the effects of climate change acting as a “threat multiplier” (Smol, 2010).
Lake George has been a tourist destination since the mid-1800s and remains so today. It
is a headwater lake, located on the eastern margin of the Adirondack Park of New York State
(Figure 2.1, 3.1), and occupies a 32 mile long, north-south trending, glacially scoured lakebed
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that originally formed by faulting. The lake is divided into North and South Basins, which are
connected by a shallower portion referred to as the Narrows. During the late glacial, the
Wisconsin deglaciation carved the lake basin as we recognize it today (Wright, 1895). Glacial
clays, till, and Holocene muds comprise the unconsolidated sediments and are up to 70 meters
thick in the deepest basins (Hutchinson et al, 1981). These sediments cover Precambrian to
Cambrian bedrock of gneisses, quartzite, meta-anorthosites, metagabbros, marbles, calcsilicates,
and amphibolites (Shuster, 1994).
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Figure 3.1: Coring locations at Lake George range from the south basin through the Narrows and are
positioned in places of historical interest. See Fig. 2.1 for bathymetry.

Lake George drains northward via the LaChute River to Lake Champlain, descending 69
meters. Large wetland systems border the southeast margin and Dunhams Bay. The deepest
basins are the northern-most section of Smith Bay and northeast portion of Dome Island (one on
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either side of the Narrows). Major ions and conductivity are attributed to the 10,200 tons of salt
are applied to 1,094 km of roads within the basin annually (Boylen et al, 2014).
A biological survey of the lake was conducted by Needham in 1922 after a decline in fish
and game populations as well as lake level fluctuations. In the 1930s, the Lake George
Association appealed to the New York State (NYS) government to regulate the lake level. The
dam, located at the northern outlet of the lake, was built in 1798 (about three-quarters of a mile
beyond the natural rock dam at Ticonderoga). USGS records show modern (since 2006) lake
level fluctuations of less than 1 meter, but hiatuses in cores indicate a dis-continuous record. This
may be suggesting that lake levels have been lower at times throughout the Holocene,
particularly at times of drought, causing these records to be eroded. Cores taken near steep slopes
may also reflect gaps in the record from slumping. Drought records for the Lower Hudson Valley
from the past 300 years (Cook & Jacoby, 1979) show moderate droughts in the area since 1770
AD. Wiltse and Stager (2010) documented a low-stand in sediment records from the north basin
at Lake George, but could not determine which drought it represented. The Lake George Park
Commission is responsible for managing the lake level under an agreement with the NYS
Department of Environmental Conservation in cooperation with La Chute Hydro, Inc. The lake
level is roughly 97.5 meters above sea level (Lake George Association).
In the 1960s, Rensselaer Polytechnic Institute began its study of Lake George. After 37
years of monitoring, Boylen and others (2014) published their findings. Though Lake George
maintains its Class AA Special water quality rating, the group discovered that: 1) salt
concentrations have roughly tripled between 1980 and 2009; 2) chemical, physical, and
biological gradients of salt, phosphorus, and chlorophyll-a decrease northward; 3) surface water
temperature has increased by almost 2°C; and 4) clarity in the lake had declined by 6% since
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1980. Swinton and others (2015) further investigated surface water temperatures (0-10 meters),
documenting an increase of 0.063° in the North Basin and 0.051° C/yr in the South basin. This
has lengthened the aquatic growing season of macrophytes by ~2 weeks. They also found that
the growing season was consistently longer in the North Basin, due in part to greater input of
cold, nutrient-poor groundwater in the South Basin. The lake monitoring conducted by the
Darrin Fresh Water Institute (DFWI) confirmed that anthropogenic impact has increased in Lake
George over the last 30 years (Boylen et al, 2014).
Because JP’s goal is to understand the lakes history holistically, including conditions
beyond those that can be measured directly, we employ a variety of paleo-proxies to reconstruct
a longer lake chronology. These proxies include microfossils (testate amoebae, diatoms), grain
size analyses, and geochemistry (bulk sediment stable isotopes). Companion studies from the
same cores address pollen and non-pollen palynomorphs (McCarthy and Garner) and Cs and Pb
(Wills and Schaller); their results are integrated in this chapter.
Because JP’s goal is to understand the lakes history holistically, including conditions
beyond those that can be measured directly, we employ a variety of paleo-proxies to reconstruct
a longer lake chronology. These proxies include microfossils (testate amoebae, diatoms), grain
size analyses, and geochemistry (bulk sediment stable isotopes). Companion studies from the
same cores address pollen and non-pollen palynomorphs (McCarthy and Garner) and Cs and Pb
(Wills and Schaller); their results are integrated in this chapter.

3.3 Materials and Methods
3.3.1 Field Methods
Cores were collected throughout the South Basin and the Narrows in fall 2015 and
summer of 2016 (Figure 3.1). These cores were taken with a push corer, gravity corer, or
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modified iclandic piston corer and vertically or horizontally extruded at 1 or 2 cm intervals
(Appendix Table 1). Sub-samples were stored in refrigeration and later subsampled for grain
size, microfossil, and geochemical analyses.
3.3.2 Testate Amoebae
Sub-samples of 5 cc were utilized for testate amoebae and washed in 500, 63, and 45 µm
sieves. Each size fraction was isolated and refrigerated in deionized water solution. The entire
sample was counted to ensure that there was no bias in species size. Species (Figure 2.2) were
identified to strain using the key by Kumar and Dalby (1998). Microfossil assemblages are
reported as raw data (Supplemental files).
3.3.3 Stable Isotopes
Ostracods were poorly preserved and too sparse for assemblage or isotope analyses.
Because of this, bulk sediment was used for carbon and nitrogen stable isotope studies. Samples
were dried in an oven at 60° C. Five to 10 mg of sediment was packed in tin cups for analysis.
Samples were analyzed using a Thermo Delta Advantage mass spectrometer in continuous flow
mode connected to a Costech Elemental Analyzer via a ConFlo IV at Union College
(Schenectady, NY, USA). Data were corrected and assigned to the appropriate isotopic scale
using several reference standards and a regression model (Sucrose [IAEA-CH-6], acetanilide,
ammonium sulfate [IAEA-N-2], and caffeine [IAEA-600]). Percent carbon and nitrogen were
calculated using an additional 4 acetanilide standards (per run) of varying mass. The combined
uncertainty (analytical uncertainty and average correction factor) for δ13C (VPDB) and δ15N
(Air) is ± 0.17‰ (VPDB) and ± 0.03‰, respectively, based on 9 acetanilide standards over 3
analytical sessions. Further analyses were conducted at Rensselaer Polytechnic Institute, using an
Isoprime 100 in continuous flow mode connected to a Elementar Isotope Select Elemental
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Analyzer, on Paradise Bay core with data corrected using reference standards including caffeine
[IAEA-600] and peach leaves. C/N ratios are calculated using total carbon and total nitrogen by
weight in each sample.
3.3.4 Age-Depth Models
Radiocarbon dates were acquired from 2 samples per core whenever possible (Appendix
Table 2). Samples were sent to U.S. National Ocean Sciences Accelerator Mass Spectrometry
(NOSAMS) facility at Woods Hole Oceanographic Institute (WHOI, MA, USA) for the
radiocarbon measurements. The ragweed (Ambrosia) horizons (McCarthy, in prep.) for each core
mark the regional pollen record indicating Euro-American settlement and land clearance.
Historical, first person records of the Lake George watershed document visual confirmation of
extensive land clearance within the isolated Lake George basin by 1710 (Day, 1953; Kahn, 1750;
Lanham, 1848). Though these events may have affected the lake and surrounding watershed, the
Ambrosia rise in the pollen record represents a regional signal from a larger area than just the
local Lake George watershed. This record is heavily influenced by climate variability and
atmospheric circulation patterns throughout New England during the Holocene (Hubeny,
McCarthy, Drljepan, Morissette, King, Cantwell, Hudson, & Crispo, 2015).
Climate records in southern New England (e.g., Dwyer et al, 1996) are different from
those recorded in northern New England and likely central New England. Thus, the Ambrosia
rise is assigned to a range of ages in the region. For example, The Lower Hudson Valley records
this rise at 1697 (in calendar years; Pederson et al, 2005), whereas studies from Southern Ontario
record the rise at ~1840 in calendar years (Hubeny et al, 2015). Pollen records from Lake George
are more similar to those of Southern Ontario than those of Sluice Pond in Eastern Massachusetts
(McCarthy, personal communication 2018). Because of these uncertainties, careful consideration
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will be required in assigning pollen zonation (McCarthy et al, in prep.) and ultimately developing
the most parsimonious age-depth model. Therefore, these data will be used to construct detailed
age depth models for future publication, and for our purposes here we use 1840 calendar years
for the Ambrosia horizon. Ambrosia horizons are plotted as 1840 because of the similarity in
pollen record to S. Ontario and is supported by the radiocarbon data at Basin Bay (Figure 3.2).
Though it is unlikely that sedimentation rate is constant throughout all recorded time in the
sediments of Lake George, the Basin Bay core records the last 600 years in a deep water setting
(10 m) possibly less prone to long hiatuses recorded at the shallower cores. Thus, preliminary
age-depth plots based on available data are included in the results and do not reflect consistent
sedimentation rates down-core.
3.3.5 Diatoms
Quantitative diatom assemblage analyses were conducted following the method of
Warnock and Scherer (2014). Samples were settled in B-Ker2 laboratory test jars, producing an
even distribution of diatoms which yields multiple statistically similar diatom slides. Diatoms
were counted to 400 valves.
3.3.6 Pollen and Non-pollen Palynomorphs
Subsamples were prepared for palynological analysis in the Palynology Laboratory at
Brock University. Procedures utilized were slightly modified from those typically used (e.g.,
Faegri & Iversen, 1975), disaggregating clays using 0.02% sodium hexametaphosphate and no
acetolysis treatment was performed. Further processing followed the standard procedure,
dissolving minerals with HCl and HF. Slides were examined using a light microscope at 400x,
and pollen was identified following McAndrews and others (1973) and used the stratigraphic
zonation of McAndrews (1994). The Ambrosia zone records an increase in the flux of non50

aboreal pollen following land clearance and has been dated ~A.D. 1697 (Pedersen et al, 2005).
All pollen and non-pollen palynomorph analyses were conducted by Dr. Francine McCarthy.

3.4 Results
3.4.1 Dating
Basin Bay core was used to compare all other cores in Lake George because it has 4
dated horizons utilizing radiocarbon, the Ambrosia rise, and the sediment-water interface.
Preliminary age-depth relationships (Figure 3.3) of available data from cores with radiocarbon
and Ambrosia horizons are plotted against calendar years (BP). All cores are plotted with an
1840 Ambrosia horizon. Huletts Landing and Basin Bay have similar and more consistent
sedimentation rates down core. Other cores suggest hiatuses between 20 and 40 cm, but most
cores yielded only a single radiocarbon age, making further age constraint and determination of
the depth and temporal range of the hiatus difficult. We note that an increase in grain size around
20 cm in several cores (Tea Island, Basin Bay, Paradise Bay, Huletts Landing) is consistent with
an unconformity and associated hiatus (Figure 3.4). Diatom and testate amoeba species do not
have a “spike” in a taxon seen consistently throughout the lake (occurring in each core) to act as
a 4th tie point for these records. Ongoing studies of pollen records (McCarthy et al, in prep.) will
allow refinement of age models in the near future. Warner and Northwest Bay exhibit
radiocarbon ages occurring “out of order”, indicating re-working of sediments. Dome Island has
a slight increase in non-arboreal pollen at 11 cm and then substantially increases at the top of the
core (5.7% Ambrosia, and 7.2% total non-arboreal pollen), which may be the result of bottom
water currents scouring the lake bed, and records low rates of accumulation over the last ~150
years (McCarthy et al, in prep.).
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137

Cs and 210Pb profiles were analyzed to determine sediment mixing and sedimentation

rates in Tea Island and Dome Island cores (Wills & Schaller, in prep.). 137Cs and 210Pb profiles
provide sediment mixing and sedimentation rates in Tea Island (1 cm mixing; 0.03 cm/yr
sedimentation rate in this section) and Dome Island (2 cm mixing; 0.05 cm/yr sedimentation rate
in this section) cores (Wills & Schaller, in prep.).

Figure 3.2: Basin Bay age vs. depth plotted based on the sediment-water interface, Ambrosia rise, and
radiocarbon (14C) age determinations (see Appendix Table 2). Note that time is plotted in calendar years
before present (BP) with “present” defined as 1950 AD, following standard convention. The Ambrosia rise is
assigned an age of 75 years BP which equates to 1875 calendar years.

Preliminary age-depth relationships (Figure 3.3) of available core data from cores with
radiocarbon and Ambrosia horizons are plotted against calendar years (BP). All cores are plotted
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with an 1840 Ambrosia horizon. Huletts Landing and Basin Bay have similar and more
consistent sedimentation rates down core. Other cores suggest hiatuses between 20 and 40 cm,
but most cores yielded only a single radiocarbon age, making further age constraint and
determination of the depth and temporal range of the hiatus difficult. Diatom and testate amoeba
species do not have a “spike” in a taxon seen consistently throughout the lake (occurring in each
core) to act as a 4th tie point for these records. Ongoing studies of pollen records (McCarthy et al,
in prep.) will allow refinement of age models in the near future.
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Figure 3.3: Age-depth plots of available data based on the sediment-water interface, Ambrosia rise, and
radiocarbon (14C) age determinations (see Appendix Table 2). Note that time is plotted in calendar years
before present (BP) with “present” defined as 1950 AD, following standard convention.
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Figure 3.4: Grain size analysis. Stippled area indicates depth of increase in grain size in Huletts, Basin,
Paradise, and Tea 1 cores.

3.4.2 Grain Size
Grain size analysis (Figure 3.4) of Northwest Bay indicates a slight coarsening event at
10 cm but is generally constant. Basin Bay lithology remains fairly constant except for a fining
event at 33 cm and from 15-7 cm. Paradise Bay decreases toward the top of the core with a
fining event around 40 cm. Huletts Landing had a fining event at ~130 cm and a coarsening
event at ~93 cm. Grain size was generally coarser (>50% of particles are coarse sand) from the
base of the core until around 80 cm and then became finer at the top of the core (80-0 cm). Tea
Island has intervals without any coarse sand present at the base and top of the core, likely
indicating that the fine-grained core-top is a return to previous values after the coarsening event
(stippled region).
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3.4.3 Microfossils
Testate amoeba and diatom assemblages were analyzed from all cores taken for this
project. Full data sets are reported in Appendix Tables.
% Cyclotella cf. bodanica
0

20

40

60

80

0

20
Tea Island

depth in core (cm)

40

Warner
Dome
Basin Bay

60

NWB
Huletts
80

Paradise

100

120

Figure 3.5: Percent Cyclotella cf. bodanica in diatom assemblages.

Cyclotella cf. bodanica is a common oligotrophic to mesotrophic indicator taxon in
surface samples throughout Lake George (Kornecki et al, submitted). At the sediment-water
interface, C. cf. bodanica comprises ~75% of the diatom assemblage at Basin Bay, but less than
20% at the sediment-water interface in all other cores (Fig. 3.5). The occurrence of this species
as a dominant taxon varies greatly among cores as well as at depth within each core. Dome
Island illustrates a steady decrease in C. cf. bodanica from 30 cm depth to the core-top.
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Figure 3.6: Percent Fragillaria construens in diatom assemblages.

The second most dominant taxon in Lake George cores and a useful eutrophication
indicator is Fragillaria construens. This diatom occurs in high abundances in Huletts Landing at
15 cm deep in the core (Fig. 3.6). There is also a peak occurrence at 10 cm deep in the core at
Basin Bay. This species is not common in Warner Bay, Tea Island, or Dome Island, but also
shows higher abundances in Paradise Bay at 60 cm and 20-0 cm depth in the core.
Five strains of centropyxids are found in Lake George. Centropyxids are generally
interpreted to be hyper-oligotrophic indicators and early colonizers (McCarthy et al, 1995) as
well as brackish water indicators in estuaries. The percentages of this genus vary greatly among
different cores within the Lake George basin. Basin Bay, Dome, Island, and Northwest Bay have
low percentages of centropyxids, though Basin Bay and Dome Island do increase slightly (557

10%) around 20 cm deep in the core. At Northwest Bay, centropyxids increase sharply to 40% at
the core top. Huletts landing varies around 40% centropyxids from 138-80 cm deep in the core,
followed by a gradual increase and then a gradual decrease in abundance. Paradise Bay and
Warner Bay have a high percentage of centropyxids (>80%) until 35 cm depth in Paradise Bay
and 10 cm depth in Warner Bay. Paradise Bay core had a high liquid content at the core-top and
very little sediment, leading to a paucity of material for all analyses. Though the record from 100 cm is not preserved, Paradise Bay indicates a sharp decrease in centropyxids from 25-12 cm.
Warner Bay also illustrates a sharp decrease in centropyxids from 10-0 cm.
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Figure 3.7: Percent difflugids in testate amoeba assemblages (including Difflugia oblonga strains, Difflugia
urceolata strains, Difflugia protaeiformis strains).

Difflugids comprise the largest genus of testate amoebae found in Lake George. Dome
Island, Basin Bay, and the majority of the record from Northwest Bay are dominant in difflugids

58

0

5

% A. vulgaris
10

15

20

0
20

depth in core (cm)

40
60
80
100
120
140

Tea 1

Warner

Dome

Basin Bay

NWB

Huletts

Paradise
160
Figure 3.8: Percent Arcella vulgaris in testate amoeba assemblages.

(Fig. 3.7). Different species of Difflugia have unique proxy interpretations, but the percent of the
genus as a whole is a good indicator of organics (Neville et al, 2011). Northwest Bay illustrates a
sharp decrease in difflugid abundance at the sediment-water interface. Tea Island and Huletts
Landing have mid-range values throughout their record, but Tea Island difflugids shift from a
decreasing trend in decrease in to an increase to ~40% at the sediment water interface. At
Paradise Bay, difflugid abundances are consistently low from 115 to 55 cm and then begins to
increase to 35% at 12 cm deep in the core. Warner Bay also has a low difflugid percentage in the
lowermost record at 95 cm deep. The percentage varies from 80 cm depth to the sediment water
interface, with an overall increase in abundance.
Arcella vulgaris has been found in lakes with high heavy metal contamination, extremely
low pH, and/or brackish waters (Medioli & Scott, 1988; Patterson & Kumar, 2000; Patterson et
al, 1996; Reinhardt et al, 1998). Interpreted as a “harsh” environmental conditions indicator
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(Neville et al, 2010), Arcella vulgaris is not found in very high percentages in Lake George
sediments (Figure 3.8). Warner Bay, located in the southern margin of the lake, has high
percentage of A. vulgaris at 55-45 cm and 12 cm deep. Paradise Bay also has high percentages at
115 and 10 cm deep. Huletts Landing has peaks in Arcella vulgaris at 115 and 40 cm depth.
Arcella vulgaris also is found at the sediment water interface in low percentages at Tea Island
and Northwest Bay. There is also a small increase in the Tea Island core at 20 cm depth.
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Figure 3.9: Percent Cucurbitella tricuspis in testate amoeba assemblages.

Cucurbitella tricuspis is known to be a good indicator of aquatic vegetation, especially
the presence of Spirogyra sp. (Schönborn, 1962). Warner Bay illustrates the highest percentage
of C. tricuspis at the sediment-water interface (~30%) as well as a peak at 25 cm depth (~17%)
(Figure 3.9). The percentage of C. tricuspis in Huletts Landing fluctuates throughout the core
and peaks at the sediment-water interface (~14%). Tea Island, Basin Bay, and Dome Island
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illustrate an increase between 5 and 10 cm deep in the core, but all decrease to some extend at
the sediment-water interface.
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Figure 3.10: Percent Pontigulasia compressa in testate amoeba assemblages.

Pontigulasia compressa correlates with nitrate (Kornecki et al, submitted), and has been
found to tolerate an increase in alkalinity (Qin, Fournier, Lara, Gu, Wang, Zhang, & Mitchell,
2013) and may require warm bottom water (McCarthy et al, 1995). Pontigulasia compressa is
found in high percentages (~13%) at the core top of Tea Island and at 110 cm and 80 cm core
depth at Huletts Landing (Fig. 3.10). Paradise Bay and Warner Bay did not have any P.
compressa in the sediment record until 25 cm deep at Paradise Bay and at the sediment-water
interface at Warner Bay.

61

0

1

% M. corona
2
3

4

5

0
20

depth in core (cm)

40
60
80
100

Tea 1
Warner
Dome
Basin Bay
NWB
Huletts
Paradise

120
140
160

Figure 3.11: Percent Mediolus corona in testate amoeba assemblages.

Mediolus corona correlates with nitrate levels in Lake George (Kornecki et al,
submitted). It does not appear in assemblages until 40 cm depth or shallower in all cores except
for Huletts Landing, which has a peak in M. corona at 110 cm and an increase from 0 to 3.5%
from 90 to 30 cm deep in the core (Fig. 3.11).
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Figure 3.12: Percent Difflugia oblonga “bryophila” in testate amoeba assemblages.

Difflugia oblonga “bryophila” was found to correlate with sodium, total phosphorous,
and water clarity in Lake George surface sediments (Kornecki et al, submitted). Difflugia
oblonga “bryophila” abundance fluctuates from ~2 - ~9% in Huletts Landing from 138 to 70 cm
deep before it steadily decreases to 0% at the sediment-water interface (Fig. 3.12). Warner Bay
has a peak in D. oblonga “bryophila” at ~38 cm deep of 8%, as well as two smaller peaks (~1%)
at 75 and 55 cm deep. Dome Island has a peak abundance of ~4% at 30 cm deep and Northwest
Bay of ~5.5% at 10 cm depth.
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Figure 3.13: Percent Difflugia urceolata “urceolata” in testate amoeba assemblages.

Difflugia urceolata “urceolata” is strongly correlated with spring total phosphorus levels
in Lake George (Kornecki et al, submitted) and may be tolerant of low temperatures (McCarthy
et al, 1995). Difflugia urceolata “urceolata” is most abundant at Huletts Landing at 50 cm deep
in the core and at Paradise Bay at 10 cm deep (Fig. 3.13). Northwest Bay, Dome Island, Tea
Island, and Warner Bay show a slight increase in percentage of D. urceolata “urceolata” at the
sediment-water interface.
Difflugia urceolata “elongata” strongly correlated with falling orthophosphate levels in
Lake George (Kornecki et al, submitted). This strain of Difflugia urceolata occurs in greater
abundances than D. urceolata “urceolata” in Huletts Landing, fluctuating between ~12 and ~5%,
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with two minima at 115 and 20 cm deep in the core (Fig. 3.14). Tea Island has a peak at 28 cm
deep and decreases to 1% at the sediment-water interface.
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Figure 3.14: Percent Difflugia urceolata “elongata” in testate amoeba assemblages.

Strains of Difflugia protaeiformis correlates with sodium, chloride, pH, and other ions
such as magnesium, calcium, and potassium (Kornecki et al, submitted). Difflugia protaeiformis
has three strains in Lake George: D. protaeiformis “claviformis,” “amphoralis,” and “acuminata”
(Figs. 3.15-3.17). Difflugia protaeiformis “acuminata” does not occur in high abundances except
in Paradise Bay at 12 cm depth (Fig. 3.17). Difflugia protaeiformis “claviformis” is abundant at
Huletts Landing, peaking at ~10% at 70 cm, 25 cm, and 10 cm deep.
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Figure 3.15: Percent Difflugia protaeiformis “claviformis” in testate amoeba assemblages.
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Figure 3.16: Percent Difflugia protaeiformis “acuminata” in testate amoeba assemblages.
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Figure 3.17: Percent Difflugia protaeiformis “amphoralis” in testate amoeba assemblages.

3.4.4 Stable Isotopes and C/N Ratios
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Figure 3.18: Sediment source determined by C/N ratio vs. δ13C. Green dashed box indicates range in C/N
values with an algal source. Smaller, dashed brown box indicates C/N values common in soil organic matter.
Black box indicates range of values for a terrestrial source (Meyers & Lallier-Vergès, 1999).

Warner Bay sediment C/N ratios are consistently higher than 15 (Fig. 3.18), Appendix
Table 5) and grain-size analysis show large fragments of organic debris occur from ~35 cm to 72
cm (Appendix Table 5). C/N ratios remain fairly constant throughout the core (Fig. 3.18,
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Appendix Table 5). Basin Bay C/N ratio remains below 10 (Fig. 3.18). Warner Bay core has the
most terrestrial plant material and the top of the core is most similar in source to Huletts
Landing, as illustrated by the overlapping C/N values. These values fall between those typical of
an algal C/N source, which has a ratio of ~10 and those of C3 land plants which have a C/N ratio
of 18 or higher, due to isotope fractionation during respiration (Meyers & Lallier-Vergès, 1999).
Basin Bay, Tea Island, and Northwest Bay has the greatest amount of lacustrine algae-sourced
sediments (Figure 3.18).
Stable carbon isotopes from bulk sediments in most cores are similar and remain fairly
constant until they decrease slightly at the core-tops (Figure 3.19). In contrast, Paradise Bay δ13C
is higher overall than the other cores, with a ~4‰ increase near the base and a ~3‰ decrease
near the top. Warner Bay δ13C is ~2-3‰ lower than other cores from ~75-25 cm, where it then
converges with values from other cores (except Paradise Bay) (Figure 3.19).
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69
Figure 3.19: Carbon and nitrogen stable isotope values from bulk sediments for cores examined in this study Green, dashed box indicates C3
land-plant sourced δ13C values. Black dashed box with stipple fill indicates values common in glacial (tundra) sediments, C4 land-plant
sourced, and/or terrestrial soil organic matter (Meyers & Lallier-Vergès, 1999).

69

3.5 Discussion
Testate amoeba species from Tea Island core show a dramatic shift from 10-0 cm, even
though the most recent sediments are likely missing from the record based on pollen analyses
(McCarthy, in prep.). Increases in A. vulgaris do not coincide with increases in centropyxids or
Difflugia protaeiformis strains, indicating that road-salt run off may not be driving the increase
in A. vulgaris percentage. Difflugids, Pontigulasia compressa, Mediolus corona, and Difflugia
urceolata “urceolata” all increase at the core-top. In Lake George, these species have all been
found to correlate with nutrients (Kornecki et al, submitted) and may be indicating a trend
toward eutrophication.
Warner Bay unconformably overlies glacial clay and has a thick layer of woody debris
(Figure 3.20). The origin of the woody debris remains unclear, though we hypothesize that the
debris either is (1) related to production at a nearby paper mill or (2) analogous to the “plant
trash” layer that was deposited post glacial-retreat as described by Wright and Stefanova (2004).
The high abundance of centropyxids in the layer of woody debris supports the “plant trash”
interpretation as this genus is documented to tolerate cold temperatures (McCarthy et al, 1995).
Testate amoeba species from Warner Bay core increase in difflugid diversity and
Cucurbitella tricuspis at 10-0 cm (Figs 3.7, 3.9). This co-occurrence indicates that there is an
increase in available nutrients leading to more difflugids, which generally prefer higher organic
content than centropyxids (Neville et al, 2011), and an increase in aquatic macrophytes as
indicated by the rise in C. tricuspis which lives semi-planktonically to feed on this food source
after European settlement (Schönborn, 1962). Nitrogen stable isotope values remain around zero
until increasing to ~2 parts per million at the core top, indicating a change in source. Carbon
stable isotope values are lower in the woody debris interval, confirming a land-plant source.
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The Dome Island core is located in the deepest area of the South Basin. Testate amoeba
assemblages are dominated by D. oblonga “oblonga,” (Figure 3.10) and sparse, low-diversity,
oxidation-resistant NPP (McCarthy, in prep.). A decrease in Cucurbitella tricuspis at the top of
the core indicates strong bottom currents (Figure 3.21). An increase in Pontigulasia compressa
and Difflugia urceolata at the core top, point to an increase in organic phosphorus and nitrate.
Cyclotella cf. bodanica is interpreted as a meso- to eutrophic indicator (Nakov, Guillory,
Julius, Theriot, & Alverson, 2015). Compared to the abundance of Fragillaria construens, Basin
Bay’s increase in C. cf. bodanica at the sediment water interface may indicate a decrease in
nutrient availability. Pollen records illustrate a marked increase in Cyperaceae and Isotes
between 20-15 cm at Basin Bay (McCarthy, in prep.; highlighted in stippled area, Figure 3.22).
This interval (~20 cm) also shows a shift in grain (Figure 3.2). This has been interpreted to be
caused by the 1638 New Hampshire earthquake. This interpretation is also supported by an
increase in planktonic eutrophication-indicator taxa C. tricuspis and Fragilaria construens and a
decrease in centropyxids (which are benthic oligotrphic indicators), suggesting an increase in
nutrients to the water column caused by mass-wasting triggered by the earthquake.
Testate amoeba species from Northwest Bay show an increase in Cucurbitella tricuspis,
centropyxids, and other species with a corresponding decrease in Difflugia oblonga (Figures 3.33.6). Diatoms from Northwest Bay illustrate an increase in Fragillaria crotonensis at 10 cm to 0
cm with a corresponding decrease in Cylotella bodanica and other diatoms. Percent carbon and
C/N ratios remain stable throughout the record for all cores except for Huletts Landing. Percent
nitrogen generally increases around 1920. Northwest Bay core, located closest to the lake’s
largest inlet, has modern testate amoebae indicating oligotrophy or “harsher” environmental
conditions (e.g., Neville et al, 2010), whereas diatoms from the same sample intervals indicate
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mesotrophic to eutrophic conditions (Figures 3.3 and 3.4). Because Northwest Bay has
oligotrophic testate amoeba assemblages and meso- to eutrophic diatom assemblages at the coretop, the testate amoeba assemblages may be attributed to other forcing(s), such as colder waters
or higher salt content as proposed by McCarthy and others (1995). Centropyxids are also found
as brackish-water indicators (McCarthy et al, 1995; Roe et al, 2010). The sharp increase in
centropyxids at Northwest Bay’s sediment-water interface may be related to road-salt run off.
Paradise Bay has a high percentage of Arcella vulgaris at the base and top of the core and
is generally dominated by centropyxids. Diversity and difflugid species increase toward the top
of the core, beginning around 40-30 cm core depth. The increase in Centropyxis constricta
“aerophila” coincides with a decrease in the percent of sand-sized particles in the core. δ13C
values throughout the core are heavier than the rest of the samples taken from Lake George.
Values around -20 ppm can be indicative of glacial/tundra environments (Meyers & LallierVergès, 1999), indicating that the record obtained at Paradise Bay could be much older. This
interpretation is supported by McCarthy and others (1995) findings that centropyxids tolerate
cold temperatures and dominate the late Glacial. However, we note that C4 plants have higher
δ13C values, and therefore an increase in C4 plant matter could contribute to the δ13C increase at
Paradise Bay.
NPP in Paradise Bay are more abundant and diverse than in Warner Bay, even though
Paradise Bay is more secluded than Warner Bay. The European settlement ragweed zone is
shallower in Paradise Bay (upper 0-5 cm), which also is consistent with the greater isolation, less
land clearing/siltation in this area. The pollen records early Holocene flora, also supporting a
hiatus (F. McCarthy, personal communication). Lake level increase after European settlement
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likely flooded the secluded bay, depositing modern sediments on top of the early Holocene
record.
Huletts Landing proxies fluctuate throughout the core and may be driven by localized
events within the embayment. Varying values of testate amoeba (Difflugia oblonga “bryophila”,
D. urceolata “elongata”, Pontigulasia compressa, Difflugia protaeiformis suite) indicate that
water level may have varied through time in this secluded embayment. Difflugia oblonga
“bryophila” indicates water clarity, total phosphorus and nutrient levels, P. compressa and D.
protaeiformis indicate warm waters (Kornecki et al, submitted). Difflugia oblonga “bryophila”
and Pontigulasia compressa have an inverse relationship from 138 to 60 cm in the core and then
both decline at a similar rate until 0 cm (Fig. 3.23). This may reflect P. compressa sensitivity to
nitrate and D. oblonga “bryophilia” sensitivity to phosphorus when productivity levels are low.
Decreasing nitrate concentrations in lakes coincide with decreasing acid deposition in
Adirondack lakes, and as acid deposition decreases, drainage to lakes can become less
phosphorus-limited, which would result in an increase in productivity (Gerson, Driscoll, & Roy,
2016). As productivity increased from 60 to 0 cm, both taxa steadily declined.
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Figure 3.20: Warner Bay core summary. Light grey stippled area (100-80 cm) indicates glacial clay, unconformably overlain by lacustrine mud. Brown
shaded area (80-35 cm) indicates zone of large plant and woody fragments. Abbreviations are as follows: AVU- Arcella vulgaris; CTRI- Cucurbitella
tricuspis; DOS- Difflugia oblonga “spinosa”; DOT- Difflugia oblonga “tenuis”; DOO- Difflugia oblonga “oblonga”; DPC- Difflugia protaeiformis
“claviformis”; CCC- Centropyxis constricta “constricta”; CAA- Centropyxis aculeata “aculeata”; CAD- Centropyxis aculeata “discoides”; CCACentropyxis constricta “aerophilia”.
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Figure 3.21: Dome Island core summary. Stippled area highlights fining in grain size and increased
abundance of CTRI- Cucurbitella tricuspis.
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Earthquake
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Figure 3.22: Basin Bay core summary. Stippled area highlights 1638 New Hampshire earthquake. Abbreviations are as follows: CYbod- Cyclotella
bodanica; FRconst- Fragilaria construens; CTri- Cucurbitella tricuspis. Palynological analyses provided by F. McCarthy .
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Figure 3.23: Percent abundance of Pontigulasia compressa and Difflugia oblonga “bryophila” at Huletts
Landing.

Four cores provide dateable material using cesium and lead isotopes, radiocarbon age
dating, and pollen horizons at Huletts Landing, Northwest Bay, Basin Bay, and Tea Island,
though these core have hiatuses (Fig. 19). The age constraints on these cores suggests that
eutrophication began after European settlement of the surrounding watershed. Core tops also
illustrate eutrophic diatom and testate amoeba assemblages at all core locations at the sedimentwater interface based on the presence of Cucurbitella tricuspis, a taxon associated with aquatic
macrophytes (Schonborn, 1962), total phosphorus (Escobar et al, 2008), total nitrogen (Kornecki
et al, submitted), and water clarity (Kornecki et al, submitted).
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Nitrogen isotope values are higher in the southern end of Lake George at Tea Island and
decrease northward (Figure 3.18). An increase in δ15N in all core tops supports an increase in
nutrient load to Lake George after European settlement (topmost 10 cm of core). At Tea Island,
an area with high-impact activities today (e.g., boating, dredging), 210Pb and 137Cs indicate
sediment mixing at the core top (Wills & Schaller, in prep). Except for Northwest Bay, all cores
indicate a trend toward eutrophication based on increased percentage of difflugids (Difflugia
oblonga strains) in testate amoeba assemblages (Figure 3.5). Similarly, cores show a marked
increase in Cucurbitella tricuspis in more recent sediments (Figure 3.3), despite Lake George
being an oligotrophic lake. Tea Island and Dome Island show a decrease in C. tricuspis as the
top-most samples from each core, which may be an artifact of mixing, as indicated by cesium
and lead profiles (Wills & Schaller, in prep.) and winnowing, as indicated by pollen records
(McCarthy, in prep.). Paradise Bay and Warner Bay yield similar testate amoeba assemblages
throughout the cores, suggesting that these very shallow sites are similarly affected by
anthropogenic activity, regardless of their proximity to developed shorelines. Similarities in
testate amoeba assemblages from Dome Island, Basin Bay, and Northwest Bay indicate that
these areas are the least impacted areas by anthropogenically-derived nutrient increases.
The south to north increase in Cucurbitella tricuspis, an aquatic macrophyte proxy
(Schönborn, 1962), is consistent with increasing surface water temperatures measured over the
past 37 years that show warming along a gradient from south to north in Lake George (JP,
DFWI, and Swinton et al, 2015) . A related increase in the growing season for aquatic
macrophytes is supported by the increase in C. tricuspis, a testate amoeba associated with aquatic
macrophytes because it is a seasonal food source.
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Other records (testate amoebae, diatoms, nitrogen isotopes) do not illustrate the same
south to north trend as seen with the aquatic macrophyte associated Cucurbitella tricuspis.
Rather, these records indicate that water depth plays a greater role in determining whether a site
is more eutrophic than another after European settlement up to the sediment-water interface.
Huletts Landing and Paradise Bay isotope records are distinctly different from the others
observed in this study. At Paradise Bay, early Holocene sediments are overlain by post-1850s
sediments, indicating a long hiatus. Isotope records at Huletts Landing fluctuate throughout the
core and may be driven by localized events within the embayment.
Lake George surface samples indicate a strong correlation between road-salt
contamination and Difflugia oblonga “bryophilia” (Kornecki et al, submitted). However, this
taxa does not dominate testate amoeba assemblages at core depths when road salt would have
been applied, but does increase at some sites. Therefore, road-salt contamination does not appear
to have impacted the downcore diatom or testate amoeba assemblages as greatly as nutrient
input. Others have found a correlation with centropyxids and Arcella vulgaris and road-salt
contamination, but these species also do not definitively point to road-salt contamination as a
factor in Lake George because increases in these taxa do not consistently co-occur.

3.6 Conclusions
Our multi-proxy study of eight cores in Lake George NY shows that a shift towards
eutrophication began after European settlement of the surrounding watershed, despite Lake
George being an oligotrophic lake today. Except for Northwest Bay, all cores indicate a trend
toward eutrophication based on changes in testate amoeba and diatom assemblages, regardless of
their proximity to developed shorelines. Dome Island, Basin Bay, and Northwest Bay are the
least impacted areas by anthropogenically-derived nutrient increases. Core tops also illustrate
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eutrophic diatom and testate amoeba assemblages at all core locations at the sediment-water
interface. Nitrogen isotope values are highest in the southern end of Lake George at Tea Island
and decrease northward; along with δ15N increases in all core tops, supporting an increase in
nutrient load to Lake George after European settlement.
Increasing surface water temperatures measured over the past 37 years show warming
along a gradient from south to north in Lake George (JP, DFWI, Swinton et al, 2015). A related
increase in the growing season for aquatic macrophytes is supported by the south-to-north
increase in C. tricuspis, which utilizes aquatic macrophytes as a seasonal food source.
Other records (testate amoebae, diatoms, nitrogen isotopes) do not illustrate the same
south to north trend as seen with the aquatic macrophyte associated Cucurbitella tricuspis.
Rather, these records indicate that water depth plays a greater role in determining whether a site
is more eutrophic than another after European settlement up to the sediment-water interface.
At Tea Island, an area with high-impact activities today (e.g., boating, dredging), 210Pb
and 137Cs indicate sediment mixing at the core top (Wills & Schaller, in prep). Huletts Landing
and Paradise Bay isotope records are distinctly different from the others observed in this study.
At Paradise Bay, early Holocene sediments are overlain by post-1850s sediments, indicating a
long hiatus. Isotope records at Huletts Landing fluctuate throughout the core and may be driven
by localized events within the embayment.
Lake George surface samples indicate a strong correlation between road-salt
contamination and Difflugia oblonga “bryophilia” (Kornecki et al, submitted); however, roadsalt contamination does not appear to have impacted the downcore diatom or testate amoeba
assemblages as greatly as increase in nutrients to the basin.
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CHAPTER 4: A PILOT STUDY IN PALEOLIMNOLOGICAL
PROXY REFINEMENT OF TESTATE AMOEBAE THROUGH
MESOCOSM EXPERIMENTATION: NITROGEN AND
PHOSPHORUS
4.1 Abstract
A pilot study on testate amoebae was conducted utilizing mesocosms as a means to crosscheck previous work by the author and to validate correlative water quality values from previous
studies in the testate amoeba literature. Mesocosm experiments provided an intermediary
approach between natural settings where many variables cannot be controlled and laboratory
experiments that have shown to be problematic when culturing testate amoebae. Mesocosms
were treated for no-, low-, and high-nutrient systems and testate amoebae and diatom
communities were quantified.
Experiments yielded algal (diatom) blooms in some tanks. Testate amoebae were found
within these blooms, mainly Centropyxis aculeata and Cucurbitella tricuspis. Amoebae also
occurred in sediment and water samples, indicating living tests propagated in both areas. Though
the species distributions did not correlate with nutrient enrichment treatments, this first attempt at
observing testate amoebae in mesocosms shows promise for future studies. An assessment of
methodology and future improvements are discussed.

4.2 Introduction
Arcellinids and thecamoebians comprise a polyphyletic group commonly referred to as
testate amoebae. These micro-organisms occur globally with species found in nearly every wet
environment including terrestrial soils, bogs, ponds, and lakes. Thus, their fossilized tests are
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widespread and a valuable paleo proxy. Lake sediments can contain tests from species that
inhabit a variety of niches within the lake depending on the stage in their life cycle. These areas
include the sediment of the lake bed, the water column, and attached to macrophytes. Because of
this, testate amoebae act as proxies for lakes in a multitude of ways, but also create
complications when trying to interpret their paleoecological meaning and significance. In lakes,
testate amoebae fossil assemblages have been identified as indicators of road salt contamination,
phosphorous, eutrophication, and other parameters (e.g., McCarthy et al, 1995; Roe et al, 2010).
Their rapid generation, position near the base of the food web, and sensitivity to conductivity
(Roe & Patterson, 2014) and nutrients (Patterson et al, 2012) make them ideal proxies and
biomonitors, but these sensitivities are yet to be quantified.
Our findings from previous studies on Lake George testate amoebae (Kornecki et al,
submitted) indicate that morpho-strains of testate amoebae occur along gradients of water quality
variables, as illustrated in our calibrations, and are most indicative of the amount of
environmental change over time. For example, Centropyxis constricta strains illustrate a
potential for ecophenotypic plasticity driven by magnesium, ammonium, and alkalinity. The
most strongly correlated strain, C. constricta “spinosa” is most “adapted” to increased levels in
magnesium and alkalinity. Thus, we propose that observing a succession of C. constricta
“spinosa”, C. constricta “aerophila”, and C. constricta “constricta” through time (downcore)
would indicate a decrease in these values from older to younger sediments. Based on these
findings in lake sediments, this study aims to reproduce these gradients in controlled mesocosm
experiments. Mesocosms are a practical way to test our results in the most realistic environment
possible.
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Mesocosms are ideal because testate amoebae have been found to be difficult to culture
in the laboratory (F. McCarthy, personal communication). Thesis work by H. Kerr (1984)
conducted culturing experiments on Centropyxis aculeata, C. constricta, Difflugia oblonga,
Mediolus corona, Difflugia globulus, Cucurbitella tricuspis, and Lagenodifflugia vas. These
cultures were sourced from tanks “containing live arcellaceans, sediments, vegetation and other
animals”. Kerr (1984) observed that all species of amoeba rejected all available species of green
algae as a food source. Many specimens became encysted, even though they were acclimated in
a stepwise fashion to the culturing apparatus. Organisms did not reproduce in “clean”
environments, but when cultures were left un-checked, bacterial blooms were associated with
reproduction of Centropyxis aculeata five to six weeks after initiation of the experiment. Future
development of culturing methodology may be helpful in future species studies that are focused
on observing morphological differences in clonal lineages.
For our purposes, mesocosm experimentation may be more advantageous and relevant
than culturing efforts for a few reasons. Mesocosms are an excellent fit for observing testate
amoebae because they provide a “degree of realism not possible in the laboratory” (Odum,
1984), acting as a midway point between the lab and the lake. Populations and ecosystems can be
studied simultaneously by a team of researchers at the Rensselaer Aquatic Laboratory, allowing
us to understand complex systems such a predator-prey relationships and ecosystem dynamics
throughout the experiment. Testate amoeba assemblages will be analyzed with a known quantity
and duration of change in a water quality variable.

4.3 Materials and Methods
4.3.1 Experimental Design
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We conducted experiments at the Rensselaer Aquatic Lab (Troy, New York, USA).
Mesocosms were constructed using 50 gallon drums. Each drum was filled with water from Lake
George, NY, USA (43°33′15.43″ N, 73°39′7.73″ W) on 7 June 2017. Five gallons of terrestrialsourced sediment were added to each tank on 26 June 2017 and allowed to settle until the water
was clear. A sub-sample of these sediments was taken and processed for testate amoebae using
standard proceedures. No tests were observed in these sediments.
Each tank was then innoculated with 5 ml of a mud slurry sourced from Northwest Bay,
Lake George. One gallon of gyttja from the top 5 cm of the surface sediment was obtained and
thoroughly mixed. After checking for the presence of testate amoebae, five ml of this slurry was
added to each tank to ensure the presence of testate amoebae and to mimic the spring fauna that
would exist in the natural ecosystem. Water samples were also taken before inoculation to ensure
that no testate amoebae were present in the Lake George-sourced water.
After establishing baseline conditions, tanks were treated on 13 July 2017 with a
phosphorous (Na2HPO4) and nitrogen (NH4NO3) stock in both a low “mesotrophic” treatment
and a high “eutrophic” treatment, as well as an “oligotrphic” treatment, where no nutrient stock
was added (Table 4.1) following quantities used in previous mesocosm studies (K.Coldsnow,
personal communication). Treatments were applied to tanks using random selection. Tanks were
grouped closely in three clusters of four sharing the same 60% shade cloth to prevent
contamination from the surrounding environment, while allowing enough light for primary
production. All tanks experienced natural conditions through 10 October 2017 without any
external interference by researchers.
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Table 4.1: Volume of stock for each treatment type.

Low

High

P

0.75 ml

2.25 ml

N

0.78 ml

2.33 ml

4.3.2 Sampling
Samples were taken 10 October 2017 to assess testate amoeba assemblages. Eight liters
of water from the surface (0-10 cm) of the tank was seived through 45 micron mesh. Sediment
samples were collected by scraping the top cm of sediment in a 15 cm wide swath across the
diameter of each tank. Algae on the surface or attached to the sides of the tank were collected as
completely as possible. All samples were refrigerated at 40° F.
4.3.3 Laboratory Analyses
Sub-samples from the surface sediment were processed for testate amoebae and washed
through 500, 63, and 45 µm sieves. Each size fraction was refrigerated in deionized water
solution. Each sample was counted in aliquots in an aqueous solution in petri dishes using a
Zeiss Stemi 2000 stereo microscope. Tests were identified to species and strain following Kumar
and Dalby (1998). Our identifications follow this dichotomous key because it includes all taxa
found in Lake George. This also allowed us to avoid taxonomic confusion because taxonomy
following the Code of Zoological Nomenclature does not recognize the designation of “strain”
but these morphological differences are critical to recognize in paleolimnological studies because
these morphologic variations correspond to different environmental parameters.
Quantitative diatom assemblage analyses were conducted following the method of
Warnock and Scherer (2014). After analyzing water samples for testate amoebae they were dried
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in a 60° F oven. All material available from the water sample was weighed and utilized in the
settling jars. B-Ker2 laboratory test jars were used, producing an even distribution of diatoms
which yields multiple statistically similar diatom slides. Diatoms were identified to species for
eutrophic and mesotrophic indicator taxa.

4.4 Results
Testate amoebae were found in the sediment of all 12 mesocosms and in the water
samples of 11 mesocosms. Tests per cc of sediment varied greatly between sites, ranging from
less than 1 test per cc to 37.8 tests per cc (Table 4.2).
Cluster analysis using Ward’s method and Euclidian distances illustrates that assemblage
composition does not cluster according to nutrient level treatments (Figure 4.2). Fine grains in
the water samples from Tanks #9 (control) and #12 (low nutrients) indicate that the water
column may have been contaminated by suspended material from bottom. These samples also
contained testate amoeba species that have not been documented previously as planktonic or
semi-planktonic. Tank #11 (control) had extremely high counts of Arcella vulgaris.
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Table 4.2: Summary of material analyzed and testate amoeba yields.

Tank Number

Treatment

Volume of
Sediment
Analyzed
(ml)

Number of
tests in
sediment
(>63
microns)

Number of
Tests in

Number of
tests total

8 l H2O

1

High

27

21

4

25

2

Low

10

22

18

40

3

Low

10

120

2

122

4

Control

32

101

3

104

5

Control

15

105

0

105

6

High

23

99

1

100

7

Low

17

86

64

150

8

High

20

34

66

100

9

Control

5

79

42

121

10

High

5

47

15

62

11

Control

5

47

147

194

12

Low

5

189

36

225

88

18
16
14

# of tests

12
10
8
6
4
2
0
1

2

3

4

5

6

7

8

9

10

11

12

Tank #

Low

High

Control

Control

Low

High

Control

High

High

Control

Low

Low

Figure 4.1: Number of amoeba tests per cc of sediment.

Figure 4.2: Cluster analysis of testate amoeba assemblages (percent abundance) of water samples indicates
that species occurrence/distribution is not associated with N and P treatments.
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Table 4.3: Planktonic diatom samples.
Sample

Algae
samples

Water Samples

ASfor

TABfl

C.
boda
nica

C. cf.
bodani
ca

C

A.
dist
ans

misc.
benthi
c

total

1

0

2

0

3

0

4

0
5

5

5

6

0

7

0

8

0
11

9

11

22

10

0

11

0

12

2

1

67

1

2

90

13

114

200

Spirogyra

Spirogyra

Spirogyra

Water Samples (8 liters from surface of tank) yielded diatoms in very low abundances in
tank 5 and nine and higher abundances in tank 12. Algae samples (collected by scraping the side
of the tank) yielded Spirogyra sp. in tank 1, 5, and 8. All other tanks did not yield diatoms. The
diatoms from tank five (five specimens total) were benthic taxa, indicating that they were resuspended from the sediment into the water column. Likewise, half of the specimens in tank 9
were also benthic and the majority of those in tank 12 were benthic.

4.5 Discussion
The density (tests per cc of sediment) varied greatly, regardless of the nutrient treatment.
Some possible factors affecting distributions may include the timing of sampling/seasonal
affects, that a single treatment application may not have been enough or lasted long enough to
have an impact on the fauna. Utilizing a “raking” method of the topmost centimeter of the
sediment may also have impacted the consistancy of sampling.
Though this pilot study was successful in growing both filamentous algae and testate
amoebae, future studies would benefit from refined methodology. Sediment and water sources
were consistent and uncontaminated and should remain the same. Dividing each tank into
quadrants and sub-sampling at higher frequencies (weekly or bi-weekly) would allow researchers
to observe seasonal variability, as well as the overall change as it has accumulated in the
sediment at the end of the experment, reflecting what is preserved in the paleolimnological
sediment record.
Other combinations of nutrient enrichment may also be warranted. Inducing larger algal
blooms by periodically (e.g., bi-weekly) adding subsequent nutrient treatments to some of the
tanks may produce a more easily quantifiable/noticable change in the micro- flora and fauna. It is
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unclear if the seeding method impacted the outcome of the experiments. Following the methods
of zooplankton researchers in the Relyea group, purchasing live testate amoebae specimens and
counting and seeding tanks with a known quantity of specimens per species would allow us to
assess the retention and reproduction rates in each tank. Holding tanks like those utilized to
supply Kerr’s (1984) culturing work may be a good alternative and a way to maintain a large
enough population for multiple studies.
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CONCLUSIONS
5.1 Concluding Remarks
Calibration of testate amoeba in sediment surface samples from 30 lake-wide site and
water quality monitoring data illustrate the sensitivity and utility of testate amoebae as water
quality proxies in oligotrophic lakes (Kornecki et al, submitted). Strong correlations were
observed in strains and species of both centropyxids and difflugids as well as other genera.
Increasing strength in correlation with water quality variables within a suite of testate amoeba
species (e.g., Centropyxis constricta, Difflugia protaeiformis) supports the hypothesis that these
organisms exhibit eco-phenotypic plasticity. Seasonal data was also utilized to determine how
changes in water quality variables throughout the spring, summer, and fall correlated with testate
amoeba taxa abundance. Species that were not previously known to have relationships with
water quality variables were identified, including Pontigulasia compressa, Difflugia oblonga
“bryophila”, and Mediolus corona.
These correlations, along with evidence of testate amoebae as proxies in the literature,
informed down-core assemblage analyses. Eight cores taken from the South Basin and the
Narrows of Lake George are described. These cores were dated using cesium and lead profiles
(Wills & Schaller, in prep.), ragweed horizons and succession of pollen (McCarthy, in prep.),
and radiocarbon dates. Four cores yielded viable age constraints to determine that eutrophication
was evident in sediments deposited after European settlement (1840). Evidence for increased
abundance of aquatic macrophytes is apparent from an increase in percentage of Cucurbitella
tricuspis at core tops. The percent increase is highest at the southern end of Lake George and
increases northward. This south-north trend is also seen in studies on surface water temperature
(Swinton et al, 2015). Basin Bay core preserved a record of the 1638 New Hampshire
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earthquake. Paradise Bay and Huletts Landing also have unique records compared to other cores
taken from Lake George. Paradise Bay preserves early Holocene record as indicated by the
pollen, non-pollen palynomorphs, and δ13C.
This hypothesis was further tested in mesocosm experiments where the experiment
apparatus reflected a mid-way point between the laboratory and the natural, lake setting. This
pilot study attempted to duplicate the testate amoeba assemblages seen in lakes and documented
in the literature by applying a range of nutrient treatments to each system. The study yielded
promising results in that amoeba reproduced and were recorded, but further study is needed to
determine the best methodology. New methodological approaches were identified and discussed.
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APPENDIX
Appendix Table 1.1: Core type, location, and length of all cores taken for this study.
Core Name

Type

Northing

Westing

Core length
(cm)

Tea Island 2

Gravity

43ᵒ25'59.01"

73ᵒ41'26.41"

63

Northwest Bay

Gravity

43ᵒ36'31.03"

73ᵒ37'2.02"

38

Basin Bay

Gravity

43ᵒ31'19.12"

73ᵒ38'59.02"

40

Dome Island 1

Gravity

43ᵒ32'11.75"

73ᵒ37'21.57"

42

Core 1 Station 2 (DFWI)

Push

43°25.871

73°41.491

25

Paradise Bay

Push

43°34.927

73°34.595

115

Huletts Landing

Push

43°38.754

73°30.268

137

Warner Bay

Push

43°27.964

73°37.725

93

Tea Island 1

Push

43°25.873

73°41.487

30

108

Appendix Table 1.2: Radiocarbon data from Woods Hole.
Date
Receip
Reporte
t#
d

Submitter
Identification

1,
13954 8/19/20
LG14_Huletts_Lan
1
16
ding_135-137cm
2,
13954 8/19/20
LG14_Huletts_Lan
2
16
ding_59-60cm
3,
13954 8/19/20
LG14_Warner_Ba
3
16
y_25-30cm
4,
13954 8/19/20
LG14_Warner_Ba
4
16
y_50-55cm
5,
13954 8/19/20
LG14_NWB_365
16
38cm
6,
13954 8/19/20
LG15_NWB_1106
16
112cm
7,
13954 8/19/20
LG14_Core1_Sta.2
7
16
_10cm
8,
13954 8/19/20
LG14_Core1_Sta.2
8
16
_20cm

Type
Plant/W
ood
Plant/W
ood
Plant/W
ood
Plant/W
ood
Plant/W
ood
Plant/W
ood
Plant/W
ood
Plant/W
ood

13954 8/19/20 9, LG14_Tea2_22- Plant/W
9
16
24cm
ood
10,
13955 8/19/20
Plant/W
LG14_Paradise_B
0
16
ood
ay_94-95cm
11,
13955 8/19/20
Plant/W
LG14_Paradise_B
1
16
ood
ay_114-115cm
12,
13955 8/19/20
Plant/W
LG14_Tea2_322
16
ood
34cm

Process
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon
(OC)
Organic
Carbon

F
Accessi
Fm
Moder
on #
Err
n

Corr

Age

Age
Err

OS0.00
1.0136
127928
21

*

>Mod
ern

OS0.00
0.9547
127929
19

*

375

15

OS0.00
0.5534
127932
17

*

4,750

25

OS0.00
0.6994
127933
16

*

2,870

20

OS0.00
0.4978
127934
16

*

5,600

25

OS0.00
0.4954
127935
16

*

5,640

25

OS0.00
1.2278
127936
27

*

>Mod
ern

OS0.00
0.9723
127937
26

*

225

20

OS0.00
0.8641
127938
19

*

1,170

20

OS0.00
0.3009
127939
20

*

9,650

50

OS0.00
0.3081
127940
18

*

9,460

45

OS0.00
0.6349
127941
18

*

3,650

25

109

110
1
H2O

2
H2O

3
H2O

4
H2O

5
H2O

6
H2O

7
H2O

8
H2O

9
H2O

10
H2O

11
H2O
132

12
H2O
4

1

1
4

2

1

110

3
34
2
2
14
9

1
6
2
2
3
10

19

1

1

1

2
1

4
12
4

2
3

1
1
62

1

13

2
1

2

15

total

oblonga
"oblonga"
D.
oblonga
"tenuis"

oblonga
"bryophil
a"
D.

D.
protaeifor
mis
"clavifor
D.
mis"
urceolata
"elongata
"
D.

L. vas

C.
tricuspis

P.
compressa

L. spiralis

constricta
"constrict
a"
C.
constricta
"spinosa"

constricta
"aerophil
a"
C.

aculeata
"discoides
"
C.

C.
aculeata
"aculeata
"
C.

A.
vulgaris

Tank #

Appendix Table 2.1: Raw counts of testate amoebae in water samples.

4

18
2

3

0

1

64

66

42

15

13
147

4
36

D. oblonga
"tenuis"

D. oblonga
"oblonga"

D. oblonga
"bryophila"

"elongata"

D.
protaeiformi
s
"claviformis
"
D. urceolata

L. vas

C. tricuspis

P. compressa

L. spiralis

C. constricta
"spinosa"

C. constricta
"constricta"

C. constricta
"aerophila"

C. aculeata
"discoides"

C. aculeata
"aculeata"

A. vulgaris

Tank #

Appendix Table 2.2: Percentage of testate amoebae in water samples.
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1

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2

0

0.111111

0

0

0

0

0

0

0.666667

0

0

0

0

0

0.222222

3

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

4

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

5

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

6

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

7

0

0

0

0

0

0

0

0

0.015625

0

0

0.015625

0

0

0.96875

8

0

0.045455

0.515152

0.030303

0.030303

0.212121

0

0

0.136364

0

0

0

0.015152

0.015152

0

9

0.02381

0.02381

0.142857

0.047619

0.047619

0.071429

0

0

0.238095

0

0.02381

0

0

0.309524

0.047619

10

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

11

0.897959

0

0

0

0

0

0

0

0.013605

0

0

0

0

0

0.088435

12

0.111111

0.027778

0.111111

0

0

0

0.027778

0

0.527778

0

0

0.055556

0

0.027778

0.111111
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C. constricta
"aerophila"
C. constricta
"constricta"
C. constricta
"spinosa"
N. collaris

P. compressa

C. tricuspis

L. vas

D. urceolata
"urceolata"
D. urceolata
"elongata"
D. oblonga
"glans"
D. oblonga
"lanceolata"
D. oblonga
"spinosa"
D. oblonga
"bryophila"
D. oblonga
"oblonga"
D. oblonga
"tenuis"
Other/Broke
n

1
0
4
3
0
1
0
0
5
0
0
0
0
3
1
0
0
0
1
1
2
1

2
0
0
0
1
1
0
1
9
0
0
0
0
1
4
0
0
0
1
1
3
0

3
0
4
0
0
0
0
5
0
0
1
1
5
22
13
0
3
0
7
43
14
2

4
1
0
45
1
0
0
0
0
1
0
0
0
6
12
7
0
0
0
4
24
0

5
0
3
40
1
0
0
2
0
1
0
0
2
13
10
0
0
0
5
12
11
0

6
0
1
2
1
1
3
2
0
0
2
0
0
5
12
0
0
0
15
20
34
1

7
0
1
0
0
0
0
0
24
0
0
0
0
4
0
0
0
1
50
1
5
0

8
0
4
3
0
0
0
0
3
0
0
0
2
6
2
0
0
0
1
1
5
3

9
0
1
0
0
0
0
7
0
0
0
0
0
5
4
0
0
0
4
53
5
0

10
0
5
0
0
3
0
2
0
0
0
0
0
2
2
0
0
0
0
31
1
1

11
0
2
2
0
10
0
2
0
0
0
0
0
3
6
0
0
1
1
16
2
2

12
0
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Appendix Table 2.3: Raw counts of testate amoebae in sediment samples.
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Appendix Table 2.4: Percentage of testate amoebae in sediment samples.
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