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Abstract 

The vast majority of Adirondack lakes have been impacted since pre-industrial 

time through either regional (e.g. acidification) or local (e.g. fish stocking, liming, 

seepage of road salt, cultural eutrophication) environmental disturbances.  Inferring 

changes related to climate are difficult due to the possible complexities associated with 

multiple stressors.  Thirty minimally-disturbed ‘reference’ lakes were identified from a 

database of 1469 lakes using the following selection criteria: <5% shoreline 

development; a circumneutral pH; and no records of introduction of non-native piscivores 

(protecting against eutrophication, chronic lake acidification and modifications of trophic 

structure, respectively).  As such, these ‘reference’ lakes may be useful for isolating the 

effects of regional changes, including climate warming, from other anthropogenic 

influences.  A ‘top-bottom’ paleolimnological analysis of diatom assemblages was 

undertaken to identify changes since pre-industrial times.  The uppermost sediment layer 

was used to represent present-day diatom assemblages, and a sediment sample from a 

depth of 20cm was used to represent pre-industrial conditions.  Discostella stelligera, a 

planktonic diatom taxon, is presently the dominant species in 50% of the lakes, and 

showed the greatest change.  D. stelligera increased by >10% in 11 of the 30 study lakes.  

The measured present-day chemical and physical limnological variables in the study 

lakes could not predict changes in the abundance of D. stelligera, suggesting that 

unmeasured variables, such as decreased ice cover, and changes in mixing and 

stratification patterns, are likely driving the observed changes in diatom assemblages.  

Heavily silicified tychoplanktonic Aulacoseira species declined by an average of 8.3% 

across the dataset.  In three of the relatively deep lakes with higher concentrations of 
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phosphorus, another planktonic diatom, A. formosa, was found to increase in abundance.  

Additionally, some lakes that were dominated by a high proportion of benthic taxa 

experienced increases in the relative abundance of benthic taxa over time.    Observed 

changes in the relative abundances since pre-industrial times are significantly higher than 

the variation between replicate cores, and between  two ‘pre-industrial’ sediment 

intervals.  Further studies on the timing of changes in diatom assemblages are necessary 

to confirm that such changes are consistent with recent changes in climate in the 

Adirondacks.   
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Chapter 1 

Introduction 

The Adirondacks and Multiple Stressors 

 

The Adirondack State Park covers ~2.5 million hectares of mountainous terrain in 

northern New York, and contains approximately 3,000 freshwater lakes (Driscoll et al, 

1991).  The park exhibits a range of elevations from 30 metres to 1,630 metres, but most 

lakes are found at less than 650 m in elevation (Driscoll et al., 1991).  The Adirondacks 

are underlain by granitic gneisses, with an anorthosite intrusion in the north east.  There 

are aslo marble-rich metasediment deposits found throughout the park.  For maps 

depicting the underlaying bedrock see Jenkins and Keal (2004) or Driscoll and colleagues 

(1991).  The Adirondacks broadly encompass a boreal-temperate transitional zone 

including vegetation at their southern and northern range limits (Jenkins and Keal, 2004).  

The park contains about 2 million forested hectares (Jenkins, 2010).  The forests are 

continuous and connected, to an extent that is rare in the U.S., and are connected to the 

Canadian Shield through the Frontenac Arch (Jenkins and Keal, 2004).  The park is a mix 

of private and public lands, with about 1 million hectares designated protected public 

lands, and another 300,000 hectares of conservation easements (Jenkins, 2010).  The rest 

are private lands, but are protected under state land-use planning policies.  Although 

development has been restricted, more than 130,000 people reside full-time in the park, 

with additional part-time residents and visitors (Frumhoff et al., 2007).  The park’s 

residents have a vested interest in keeping the lands ‘wild’.  Not only is the local culture 
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dependent on the wilderness, but so is a large part of the local economy (Jenkins, 2010).  

Outdoor sports and activities, along with the harvesting of natural resources, is a large 

contributor to the local economy, with 7 to 10 million tourists on an annual basis 

(Frumhoff et al., 2007).   

 

Despite measures to protect the environment, the Adirondacks, like much of 

North America, are experiencing threats from multiple anthropogenic stressors.  

Intensification of human activity from the mid-nineteenth century onwards associated 

with rapid industrialisation and population growth has severely degraded the ecological 

quality of almost all lakes (Bennion et al., 2011).  The Adirondacks are no exception.  

The stressors affecting lakes can be broadly categorized as either local or regional in 

nature.  Local stressors would include: the introduction of non-native species (both 

invasive and stocked), shoreline and watershed development, cultural eutrophication, 

reclamation using rotenone and toxaphene to remove undesirable fish species, liming of 

lakes, and seepage of road salts (Stager and Sanger, 2003).  Regional stressors are 

typically atmospheric in nature, crossing both political and geographical boundaries.  

This would include deposition of anthropogenically-derived sulphate and nitrate, as well 

as changes in climate (Stager and Sanger, 2003).   

 

The Adirondacks have been severely impacted by sulphate deposition.  There is a 

known spatial pattern of acidic deposition in North America, and much of eastern North 

America received precipitation with an annual weighted mean pH of 4.5 or less in the 

1980’s (Whitehead et al., 1990).  A significant amount of acidic deposition was falling on 
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areas whose bedrock and surficial geology left many local waterways sensitive to acidic 

precipitation (Whitehead et al., 1990).  Due to large-scale prevailing wind patterns and 

the elevation of the Adirondacks, sulphate (SO4
2-

) deposition was fairly high across the 

Adirondacks, with lake-to-lake variations in acid neutralizing capacity (ANC) mostly due 

to local geological factors that influence the supply of base cation (Driscoll et al., 1991).  

Unfortunately, long-term monitoring data on the acidity of lakes in this sensitive region 

were largely absent.  In the absence of long-term data, paleolimnological approaches 

were used to reconstruct patterns of chemical and biological change.  The 

Paleoecological Investigation of Recent Lake Acidification (PIRLA) project was the first 

large-scale study in North America designed to understand if lakes hypothesized to be 

sensitive to acidic depositions had undergone changes in acidity over the previous 100 

years (Charles et al., 1990; Whitehead et al., 1990).   

 

Several biological paleoindicators were examined by PIRLA including: diatoms, 

scaled chrysophytes, chironomids and cladocerans, as well as inorganic elements, sulfur, 

isotopes, polycyclic aromatic hydrocarbons (or PAHs), coal and oil soot (Charles et al., 

1990; Driscoll et al., 1991).  The acidic deposition between ~1930 to ~1980 led to a 

median loss of 50 µeq L
-1

 ANC, with 80% of the lakes surveyed showing a decline in pH 

(Driscoll et al., 1991).  These lakes also experienced episodic acidification as a result of 

rainfall or snowmelt events.  It was determined that approximately 25-35% of the lakes 

surveyed experienced pH declines so severe that they underwent chronic long-term 

acidification (Cumming et al., 1992).  The extent and magnitude of acidification was 

found to be greatest in the low-alkalinity lakes.  The south-west Adirondacks experienced 
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the greatest changes, likely due to their minimal geological ability to neutralize acidic 

deposition in combination with the highest annual average rainfall in the region 

(Cumming et al., 1992).   Sediment cores from many lakes were dated using 
210

Pb dating 

techniques, which showed the timing of lake acidification was consistent with the acidic 

deposition from fossil fuel combustion and the physical and chemical characteristics of 

the lakes (Whitehead et al., 1990; Driscoll et al., 1991; Cumming et al., 1994).  The 

declines in pH and ANC were therefore attributed to atmospheric deposition of strong 

acids, principally sulphate, from the combustion of fossil fuels.   

 

After the implementation of the 1995 U.S. Acid Rain Program (ARP), sulphur 

emissions were drastically reduced (Burns et al., 2011).  An associated decrease in the 

concentration of sulphate in deposition was consistent with the long-term declines of 

emissions in the U.S. (Driscoll et al., 2003).  This decrease in atmospheric sulphate 

deposition subsequently resulted in increases in ANC and pH in Adirondack lakes 

(Driscoll et al., 2003).  Although lakes were showing chemical recovery, it was unclear if 

biological recovery was co-occurring (Driscoll et al., 2003). 

 

Arseneau and colleagues (2011) examined the idea of biological recovery from 

acidification in an acid-impacted Adirondack lake known to be undergoing chemical 

recovery.  They analyzed a sediment core, and determined the historical species 

assemblages for chrysophytes, diatoms and cladocerans.  Although Cladocera remained 

unresponsive to the changes in water chemistry, there was an increase in diatom and 

chrysophyte taxa with a higher pH-optima and a decline in taxa with a lower optima to 
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pH.  This was likely associated with the implementation of the U.S. ARP and subsequent 

decline of sulphate deposition after 1995.  The species assemblages in the post-1995 

period were significantly different than the species assemblage in the decade pre-1995; 

however, none of the three proxies examined returned to their pre-disturbance 

assemblages.  This likely occurs as a result of changes in baseline conditions attributable 

to climate warming. 

 

Evidence of climate warming in high-latitude and high-altitude regions beginning 

approximately 1850 is now well documented (Magnuson et al., 2000; Moritz et al., 

2002); with an amplification of this warming trend over the past ~40 years that is 

unprecedented in the past ~1300 years (Jansen et al., 2007).  The Adirondacks are 

already experiencing changes attributed to climate warming.  The Adirondacks have 

warmed approximately 1.3°C over the past 100 years (Jenkins 2010), with an increased 

rate of warming since ca. 1980 (Stager et al., 2009).  An analysis of long-term monitoring 

data suggests that temperatures are currently increasing at a rate of 2.8°C per century in 

northern New York, and this rate of warming is likely to increase as carbon dioxide 

emissions continue to rise (Jenkins, 2010).  Temperatures across the Northeast United 

States are predicted to rise 1.4°C to 2.2°C in winter, and 0.8°C to 2.0°C in summer by 

mid-century (Frumhoff et al., 2007).  These warmer winter temperatures are projected to 

lead to a decrease in snow covered days by 25-50% (Frumhoff et al., 2007). 

 

Annual precipitation has remained relatively stable over the past thirty years; 

however, seasonal precipitation has experienced some changes, with precipitation 
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increasing almost five centimetres from August to November since 1926 (Stager et al., 

2009).  The incidences of heavy storms have also increased, now averaging 2.5/year 

instead of the historical 1.5/year (Jenkins, 2010), and are predicted to increase another 

8% by 2050 and 12-13% by 2100 (Frumhoff et al., 2007).  Additionally, the intensity of 

the precipitation during these events is predicted to increase by 8-9% by 2050 and 10-

15% by 2100 (Frumhoff et al., 2007).  Annual precipitation is predicted to increase by 

2050, increasing 10% by the end of the century.  Winter precipitation is expected to 

increase greater than summer precipitation, increasing 20-30% by 2100 (Frumhoff et al., 

2007; Hayhoe et al., 2008).  An increase in short-term (1 to 3 months) summer droughts 

is also expected in the Adirondacks, increasing up to once a summer (Frumhoff et al., 

2007).  In New England and New York states, first frosts are coming approximately a 

week later in autumn, with last frosts coming a week earlier in spring from 1960-2010 

(Jenkins, 2010).  This increases the length of spring and autumn, with winter becoming 

shorter and warmer.  Over the same time period, New York and New England lost an 

average of two to four weeks of snow cover, thereby increasing the average growing 

season by at least two weeks (Jenkins, 2010).  By mid-century, the Northeast’s growing 

season is projected to be two to four weeks longer (Frumhoff et al., 2007). 

 

These changes in temperature, season length, and precipitation patterns will have 

a direct effect on local species and the Adirondacks’ human inhabitants.  Boreal forests 

will be pushed north and up the mountains with climate warming, as they are climate 

dependent and require low temperatures and year round moisture (Jenkins 2010).  The 

centre of suitable habitat for most of the region’s tree species could shift northward 
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between 550 and 800 km by the end of the century (Frumhoff et al., 2007).  Suitable 

habitats for spruce and fir forest are projected to decline by more than half by the end of 

the century (Frumhoff et al., 2007).  Additionally, many biological events are tied to 

seasonal cycles.  While some species are able to adjust to an earlier and warmer spring, 

not all can.  Organisms that are able to respond to these changes in spring temperatures 

and timing are budding, flowering, migrating, singing or breeding on average 10 days 

earlier from 1910 to 2010 (Jenkins, 2010).  If organisms are not able to adjust their habits 

or expand their ranges, it can throw off the natural balance and lead to extirpation of local 

wildlife.  Additionally, the shortened and less reliable winter season will have negative 

effects for the local economy and culture of this winter-adapted region (Frumhoff et al., 

2007).  Winter recreation is important to the Adirondacks, bringing ~$7.6 billion to the 

Northeast region annually as of 2005 (Frumhoff et al., 2007), and will inevitably decline 

with climate warming, as snow cover is already decreasing and will quickly become less 

reliable (Jenkins, 2010).  These shorter, warmer winters will shorten the average ski and 

snowboard seasons, increasing snowmaking requirements and driving up operating costs 

(Frumhoff et al., 2007). 

 

Lake Responses to Climate Warming 

 

Observational records and climate projections have provided evidence that 

freshwater resources are vulnerable and have the potential to be strongly negatively 

impacted by climate warming (Bates et al., 2008).  Changes in water quantity and quality 

due to climate warming are expected to affect food availability, stability, access and 
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utilisation at both a local and global level (Bates et al., 2008).  A large fraction of 

freshwater species face increased extinction risk under projected climate warming during 

and beyond the 21st century, especially as climate warming interacts with other stressors 

(IPCC, 2013).  The responses of freshwater lakes to changing environmental conditions 

can be complex, as they can be influenced by changes in environmental variables 

including: air temperature, wind, precipitation, evaporation, solar radiation, and 

anthropogenic and natural allochthonous inputs of various elements and compounds 

(Fritz, 1996).  Changes in these variables can affect fundamental lake properties such as 

the duration of ice cover, thermal stratification, and the location of the photic zone 

(Wetzel, 2001).  This in turn can alter the community structure of a lake, ultimately 

leading to a variety of consequences for natural ecosystems and humans (Wetzel, 2001). 

 

Anthropogenic climate warming is a complex process that influences multiple 

environmental variables both directly and indirectly.  With the warmer air temperatures 

associated with climate warming, the thermal load of a lake will increase, which can 

result in increases in the temperature of the epilimnion (Hondzo and Stefan, 1991).  This 

increase in epilimnetic temperatures is approximately 75-90% of the increase in the 

atmospheric temperature (de Stasio et al., 1996).  With this increase in air temperatures, 

lakes receive more heat for a longer period of time, generally leading to an earlier onset 

of stratification in deeper lakes (Hondzo and Stefan, 1991).  An earlier onset of 

stratification may in turn increase the frequency and duration of anoxia in the hypolimnia, 

decreasing the concentration of O2 in the water by up to 8 mg/L (de Stasio et al., 1996, 

Williams et al., 2004).  These anoxic hypolimnetic conditions have been known to lead to 
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fish kills (Hondzo and Stefan, 1991).  Rapid onset of stratification in the spring can create 

shallower thermoclines (Schindler, 2001), increase the amount of cold-water habitat in 

the hypolimnion, increase the stability of the water column, and increase the intensity of 

stratification (Hondzo and Stefan, 1991; de Stasio et al., 1996).  

 

Increased solar radiation can also increase evaporation and the intensity and 

frequency of wind (Schindler, 2001).  An increase in evaporation will lead to a decrease 

in water availability and lake level (Schindler, 2001).  There was a loss of 0.3 m of lake 

depth associated with a 2.9°C increase in air temperature across three temperate lakes 

located north-central USA (Hondzo and Stefan, 1991).  This decrease in lake depth can 

influence the amount and type of habitat available for its inhabitants.  An increase in the 

intensity and frequency of wind can increase the mixing of the water column, which can 

in turn increase the depth that heat is able to penetrate to before the onset of stratification, 

deepening the location of the thermocline (de Stasio et al., 1996).  The depth to which 

heat is distributed in dimictic lakes in temperate regions by mixing is in part determined 

by wind and lake fetch; however, this relationship is largely restricted to lakes >500 ha 

(Keller, 2007).   

 

In small (<500 ha) boreal lakes, dissolved organic carbon (DOC) concentrations 

are intricately related to thermocline depth (Keller, 2007).  Although lake size is a 

determinant of summer epilimnion depth, in relatively small oligotrophic lakes of <500 

ha with the concentration of DOC between 1.4-12.4 mg/L the summer epilimnion depth 

is also influenced by water transparency (Fee et al., 1996, Pérez-Fuentetaja et al., 1999).  
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DOC is the main determinant of lake transparency in these small (< 500 ha) oligotrophic 

and mesotrophic boreal lakes (Pérez-Fuentetaja et al., 1999).  Therefore, important 

aspects of lake thermal structure, including thermocline depth, are largely determined by 

the concentration of DOC combined with lake depth and surface area (Pérez-Fuentetaja et 

al., 1999).  In boreal lakes <100 ha, Keller and colleagues (2006) found DOC to be the 

best predictor of late summer epilimnion thickness.  They predict that the dominant effect 

of climate change on lake thermal structure on small boreal lakes will be through the 

effects on processes affecting lake transparency (Keller et al., 2006; Keller 2007).   

 

Changes in DOC concentration in lakes will depend in part on changes in 

precipitation patterns associated with climate warming (Fee et al., 1996; Keller et al., 

2006).  The anaerobic breakdown of organic matter in saturated soils leads to high DOC 

export into lakes (Pérez-Fuentetaja et al., 1999).  Decreases in precipitation will likely 

lead to drier soils, a decrease in the water table, and a decrease in stream flows 

(Schindler, 2001).  In turn, coloured allochthonous DOC inputs can decrease, increasing 

the transparency of the lake water (Schindler, 2001).  Increased water transparency 

increases the penetration of solar radiation.  Assuming other variables are kept relatively 

constant, this will increase the depth of the thermocline (Schindler, 2001).  A decline in 

the concentration of lake-water DOC associated with a decline in precipitation could 

result in 1 to 2 m deeper epilimnion in relatively small (< 500 ha) oligotrophic and 

mesotrophic lakes (Fee et al., 1996).  If instead there is an increase in precipitation 

associated with climate warming, DOC soil exports will likely increase, consequently 

increasing lake-water DOC concentrations.  Increased DOC concentrations would likely 
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increase the area of the hypolimnion, leading to a shallower, warmer epilimnion and 

increased cold-water habitat in the hypolimnion (Keller et al., 2006).   

 

Not only is thermocline depth influenced by external climate forces, but it is also 

influenced by various morphometric variables.  Pérez-Fuentetaja and colleagues (1999) 

found that lake maximum effective length (MEL), defined as the two most distant points 

in shoreline over which wind and waves can act without interruption, and maximum 

depth were the most significant physical variables affecting thermocline depth.  Lakes 

with a longer MEL and a deeper maximum depth generally had a deeper thermocline 

(Pérez-Fuentetaja et al., 1999).  However, stratification dynamics are complicated.  The 

depth of the thermocline is dependent on several factors that can be influenced by climate 

warming, including changes in precipitation, wind, and water transparency (de Stasio et 

al., 1996; Pérez-Fuentetaja et al., 1999; Schindler, 2001; Keller et al., 2006).  Generally a 

negative relationship between epilimnion thickness and temperature is expected in 

northeastern Ontario boreal lakes (Keller, 2007).  However, due to the complexity of lake 

stratification dynamics, the direction of the change in depth of the thermocline needs to 

be evaluated on a case-by-case basis.   

 

The timing of lake ice-on and ice-off dates, as well as ice cover duration, are 

widely used as local-scale indicators of climate variability and change (Robertson et al., 

1992; Magnuson et al., 2000; Williams et al., 2004; Latifovic and Pouliot, 2007).  

Climate warming has already increased the duration of the ice-free season on small north-

temperate lakes, and ice-cover duration is expected to continue to decrease (de Stasio et 
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al., 1996; Williams et al., 2004).  Longer ice-free seasons have been observed since 

~1850 C.E. across the Northern Hemisphere (Magnuson et al., 2000).  Ice-on dates have 

been delayed on average by 5.8 ± 1.6 days per century, and ice-off dates have occurred 

6.5 ± 1.2 days earlier per century in the Northern Hemisphere over the past 150 years 

(Bates et al., 2008).  This has increased the duration of the ice-free season by almost two 

weeks over this time period.  However, a lack of strong fall or spring warming, variability 

in the nature of insulating snow cover, mid-winter ice thickness, and the effects of erratic 

wind activity all influence the exact timing of ice-on and ice-off dates (Stager et al., 

2009). 

 

Analyses of long-term records of lake ice phenology across the Northern U.S. and 

Canada have provided compelling evidence of regional and sub-continental warming 

since ca. 1950 onwards (Robertson et al., 1992; Magnuson et al., 2000; Hodgkins et al., 

2002; Jensen et al., 2007; Adrian et al., 2009).  In addition to a decrease in ice cover 

duration, inter-annual variability in both ice-in and ice-out dates has increased since 1950 

(Magnuson et al., 2000).  In New York and New England, some lakes are showing 

historically similar ice in and out dates, while others are showing a decreased ice-cover of 

up to 3 weeks (Jenkins 2010).  Keller (2007) predicts that ice cover will continue to 

decline, leading to a substantial increase in the length of the ice-free period in boreal and 

temperate lakes.  In a model for a boreal shield lake, it was predicted that the ice-free 

period would increase by 9.5 days in the 2020’s, 16.6 days in the 2050’s, and 29.1 days in 

the 2080’s cumulatively (Keller, 2007).   In another study, the changes in ice duration 

were evaluated under a climate scenario where atmospheric concentrations of carbon 



 

 

 

13 

dioxide reach 700 ppm.  Ice formation in the northeastern U.S. was predicted to be 

delayed by as much as 40 days, and melt up to 67 days earlier, under such a scenario 

(Fang and Stefan, 1998). 

 

There is a regional trend of much later freeze up and slightly earlier ice out dates 

in the Adirondacks (Stager et al., 2009; Beier et al., 2012).  Ice duration of Mirror Lake 

has decreased significantly, with ice on dates typically 14-15 days later, and melting 3-4 

days earlier (Stager et al., 2009).  In a study by Beier and colleagues (2012), ice duration 

of five lakes was monitored for 32 years (1975-2007) at the Huntington Wildlife Forest, 

Adirondacks.  All five lakes experienced a decline in ice cover; however, only three were 

statistically significant, averaging between 13 and 20 days shorter ice duration.  Most of 

the decline in ice-cover duration was due to later ice formation and not due to earlier ice 

break up.  This is consistent with the Northeast U.S., where the ice-out has shifted nine 

days earlier in the northern part of the region, and 16 days earlier in the southern part, 

since 1850 (Frumhoff et al., 2007).  Ice-in consistently occurred later for all five lakes, at 

rates between 0.6 and 5.1 days per decade.  Three out of the 5 monitored lakes had ice-in 

dates that were significantly later (p<0.05), shifting the median ice-in date from Nov. 28
th

 

to Dec. 9
th

.  The median ice-out date shifted from April 28
th

 to April 23
rd

; however, this 

shift was not found to be significant in any of the lakes.  The lake with the greatest 

change in ice cover was Wolf Lake, which is considered a heritage lake and one of the 

least disturbed freshwater bodies in the U.S. Northeast (Stager and Sanger, 2003).  It had 

a significant absolute change in its ice-in date of 14.2 days, as well as a significant 

decline in the duration of ice cover.   
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Air temperature is considered to be the most important variable in determining the 

annual ice-out date for lakes, although snow cover, cloudiness, and wind may be 

important factors (Hodgkins et al., 2002; Williams et al., 2004).  In Beier and colleagues’ 

study (2012), temperatures during November and December were the strongest predictors 

of the ice-in date, which suggests that ice-in dates are associated with warmer 

temperatures during the period of ice formation.  Snow depth during November and 

December was also found to correlate weakly with the ice-in date.  Years with more snow 

typically had an earlier ice-in date.  The strongest climatic variables correlated with ice-

out were March and April temperatures and snow depth.  This is consistent with the rest 

of North America, where ice-out dates correlate strongly with air temperatures in the 1-2 

months before ice-out (Hodgkins et al., 2002).   

 

Isolating the Effects of Climate Warming on Lake Ecosystems 

 

Knowledge of historical lake conditions is required in order to understand how a 

lake is responding to recent climate warming.  Understanding the pre-disturbance state of 

a lake aids in comprehending how the present-day conditions differ from the historical 

norm of the system.  Unfortunately, these historical data are rarely available, especially 

when evaluating isolated lakes with minimal development and human contact.  When 

long-term monitoring data are unavailable, paleolimnology can be used to reconstruct 

past environments (Battarbee and Bennion, 2011).  Paleolimnology uses the physical, 
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chemical and biological information preserved in lake sediments to infer previous 

environmental and ecological conditions (Smol, 2008).   

 

When systems are experiencing multiple anthropogenic stressors, the stressors 

may act additively, synergistically, or antagonistically, potentially exacerbating the 

effects of climate warming, and making it difficult to isolate the effect of each individual 

stressor (Folt et al., 1999).  Additionally, climate warming may affect systems in ways 

that mimic other natural and anthropogenic stressors.  For example, decreased 

precipitation in semi-arid regions might increase lake-water salinity and its expression in 

the sediments would mimic salt inputs or the diversion of freshwater inflows for 

irrigation (Bennion et al., 2011).  It is therefore imperative to understand what 

anthropogenic stressors each lake is experiencing, and disentangle the effects of each 

stressor (Simpson and Anderson, 2009; Bennion et al., 2011).  Ideally, in order to isolate 

the effects of climate warming, the influence of other anthropogenic stressors needs to be 

minimized.  For this reason, minimally disturbed reference sites protected from multiple 

stressors can be very useful in understanding the effects of climate warming (Bailey et 

al., 2004).   

 

Due to anthropogenic stressors, few lakes can be considered ‘pristine’ (Bennion et 

al., 2011).  The idea of a ‘pristine’ lake in the Adirondacks was evaluated by Stager and 

Sanger (2003).  They posited that a lake that has similar water chemistry, sedimentation 

regimes, plankton communities, and supports the same kind of fish community it had 

prior to human settlement in the area could be deemed a ‘heritage’ lake.  Heritage lakes 
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would display unusually low impact from anthropogenic stressors, and as such could be 

used as reference systems to examine the effects of targeted stressors.  However, 

‘heritage’ lakes are extremely rare, even in the Adirondacks.  Stanger and Sanger (2003) 

found only one lake that met their requirements to be called a ‘heritage’ lake.  Therefore, 

‘reference’ sites can be selected in the Adirondacks given a set of strict criteria, tailored 

to a particular study design (Arseneau, 2014). 

 

There are a range of methods available to paleolimnologists that enable lake 

sediment records to be used to reconstruct how and when human activity has modified 

lake ecosystems through time (Bennion et al., 2011).  ‘Down-core’ analyses provide 

insight into the timing of changes, as the sediments are examined at regular intervals 

throughout a sediment core.  However, down-core analyses are time intensive; therefore, 

it is difficult to assess more than a few lakes in a study.  Although a ‘top-bottom’ study 

cannot provide insight into the timing of changes, it increases the number of lake cores 

that can be examined and therefore provides a more regional perspective.  A ‘top-bottom’ 

or ‘before and after’ paleolimnological approach has been used successfully to explore a 

variety of environmental change issues (Smol, 2008).  This regional approach compares 

environmental indicators from the ‘top’ or ‘present’ sediment interval to the ‘bottom’ or 

‘pre-industrial’ (pre ca. 1850) lake sediments.  Regional top-bottom studies have been 

undertaken across North America (e.g. Cumming et al., 1992; Enache et al., 2011; Ginn 

et al., 2010), and have provided unique and invaluable insight to various environmental 

issues.   
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There are a variety of paleoindicators that can and have been used in 

paleolimnological studies.  However, the siliceous remains of microscopic algae such as 

diatoms and scaled chrysophytes tend to be some of the most highly-used paleoindicators 

(Smol, 2008).  Diatoms are commonly used in paleolimnological studies as they are 

ecologically and morphologically distinct, and are distinguishable under a light 

microscope (Battarbee et al., 2001).  Additionally, they are sensitive to water quality and 

are able to respond rapidly to environmental changes, making them good indicators of 

lake trophic status and water quality (Smol, 2008).  Their siliceous frustules preserve well 

in the sediments, and they are widely and abundantly distributed among a diverse array of 

aquatic habitats (Smol, 2008).   

 

Diatom Responses to Climate Warming 

 

As mentioned earlier in this thesis, the physical and chemical characteristics of 

freshwater lakes change with climate warming, leading to biological consequences.  The 

nature of a species response can vary, depending on the exact seasonal timing of the 

warming, in conjunction with species-specific life-history events such as emergence from 

resting stages, timing of spawning, generation times, or stage-specific prey requirements 

(Adrian et al., 2006).  Advancements or delays in annually reoccurring events in an 

organism’s life cycle can occur as a response of climate warming in temperate aquatic 

ecosystems (Adrian et al., 2006).  Most of the known factors affecting diatom ranges, 

succession, and overall composition of diatom assemblages relate to changes in nutrients, 

conductivity, light, and thermal stratification (Adrian et al., 1999; Battarbee et al., 2001).  

Any changes in these factors will have an associated effect on the plankton.  Changes in 
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the abundance and composition of primary producers in lakes can in turn directly impact 

abundances of slower growing zooplankton taxa, cascading effects through aquatic food 

webs (Winder and Schindler, 2004). 

 

Strong correlations between plankton dynamics and climate variables in lakes in 

North America and Europe have been uncovered in the 21
st
 century (Straile and Adrian, 

2000; Blenckner et al., 2007; Rusak et al., 2008).  In stratified lakes, numerous climate-

related physical properties, such as the length of the open-water season, the time, 

duration, and strength of thermal stratification, and the duration of spring overturn play 

critical roles in determining algal dynamics and community structure (Battarbee et al., 

2001; Rühland et al., 2008).  Changes in phenology in these systems may be attributed to 

a prolongation of the stratified period associated with climate warming, affecting 

temperature, turbulence, and nutrient conditions until the autumn turnover (Schindler et 

al., 1990; Adrian et al., 1999).  Warmer temperatures have resulted in a decrease in ice-

cover duration (de Stasio et al., 1996; Magnuson et al., 2000; Stager et al., 2009;  Beier 

et al., 2012), earlier onset and increased duration of thermal stratification (Winder and 

Schindler, 2004), and earlier development of diatom blooms in European (Adrian et al., 

2006) and North American (Winder and Schindler, 2004) lakes.   

 

Ice duration affects the timing and magnitude of the peak abundance of diatoms, 

with peak abundance of diatoms being negatively correlated with ice duration (Adrian et 

al., 1999).  Diatoms are fast-growing plankton in the spring, and show significant and 

synchronous forward movements by up to a month, induced by earlier ice break-up dates 
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(Adrian et al., 2006).  Decreased ice-cover duration is linked to higher primary 

production and taxonomic shifts in both algae and invertebrates as new habitats become 

increasingly available and nutrients and other limnological variables change (Smol et al., 

2005).  The extent of ice duration may influence lake-water chemistry, including changes 

in oxygen consumption at the mud-water interface that controls nutrient re-cycling and 

alkalinity generation (Adrian et al., 1999).   

 

Water column transparency controls the extent of habitats capable of supporting 

benthic diatom communities, potentially changing the ratio of benthic to planktonic 

diatom species (Battarbee et al., 2001).  Increased rainfall is expected in the Adirondacks 

starting mid-century (Frumhoff et al., 2007).  This increased rainfall will increase DOC 

exports from the soils, increasing lake DOC concentrations and decreasing the 

transparency of the water column (sensu Fee et al., 1996; Pérez-Fuentetaja et al., 1999).  

This in turn would affect light transmission, decreasing the 1% incidence light depth 

(Battarbee et al., 2001).  Light plays a crucial role in driving algal productivition and 

determining species composition; therefore, changes in light can influence the algal 

community (Battarbee et al., 2001).  The shift between benthic and planktonic species 

occurs at the 1% light incidence depth; therefore, a shallower 1% incidence light depth 

will decrease benthic diatom habitat, which will in turn increase the percent relative 

abundance of planktonic species.   

 

Turbulence is important in the timing and magnitude of peaks in diatoms, thereby 

influencing the composition of the diatom communities (Adrian et al., 1999).  Diatoms 
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are nonmotile and relatively heavy in comparison to other algae, and consequently are 

less able to regulate their position in the water column, especially once lake stratification 

occurs.  Species requiring less turbulence will likely out-compete heavier sinking species 

(Huisman et al., 2004).  Different taxa have evolved competitive physiological, 

morphological and life-cycle strategies to cope with buoyancy problems (Lund, 1959).  

For planktonic algae to be successful, they must move or have a relatively slow rate of 

sinking (Lund, 1959).  This can be achieved through morphological changes such as 

increasing the ratio of surface area to volume, or decreasing its specific gravity (Lund, 

1959).   

 

Changes in diatom life strategy from benthic to planktonic are being observed 

throughout the Northern Hemisphere (Smol et al., 2005; Rühland et al., 2008; Enache et 

al., 2011).  Generally, in sediment cores from deep-water central basins of lakes, 

planktonic diatoms Cyclotella, Asterionella and Tabellaria species increase relative to 

benthic taxa Fragilaria, Achnanthes and Brachysira species, as well as more heavily 

silicified tychoplanktonic Aulacoseira species (Smol et al., 2005; Rühland et al., 2008; 

Enache et al., 2011; Hadley et al., 2013).  Shifts in diatom species assemblages have been 

attributed to recent climatic warming in Arctic (Smol and Douglas, 2007), subarctic 

(Sorvari et al., 2002; Rühland et al., 2003; Solovieva et al., 2008), alpine (Karst-Riddoch 

et al., 2005), and temperate regions (Forrest et al., 2002; Harris et al., 2006; Rühland et 

al., 2008; Enache et al., 2011).  In a synthesis of over 200 diatom-based 

paleolimnological records from non-acidified and non-enriched lakes, similar taxon-

specific shifts were revealed across the Northern Hemisphere since the 19
th

 century; 
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namely increases in small Cyclotella species (Rühland et al., 2008).  80% of these lakes 

showed an increase >5% in the relative abundance of Cyclotella species since the mid-

19
th

 century, with only 2% of lakes showing a decrease (Rühland et al., 2008).  

Freshwater ecosystems in more southern latitudes that experience longer ice-free periods 

and growing season will take longer and/or require a greater increase in temperature 

before passing through climate-related ecological thresholds (Rühland et al., 2008).  The 

timing of these changes in Cyclotella species was found to correlate with latitude 

(Rühland et al., 2008), matching the timing of climate warming, as temperature changes 

often occur earlier in the Arctic (Smol et al., 2005).  The median timing of change at high 

latitudes was ca. 1870 C.E., with the median timing of change for low latitude at ca. 1970 

C.E (Rühland et al., 2008).   

 

Multiple studies have found that small Cyclotella species are being observed at a 

higher relative abundance over larger and heavier Aulacoseira species and/or small 

benthic Fragilaria diatom species (Forrest et al., 2002; Smol et al., 2005; Harris et al., 

2006; Rühland et al., 2008; Enache et al., 2011; Hadley et al., 2013).  Planktonic diatoms 

bloom during and after the ice break-up, whereas periphytic Fragilaria species can 

dominate during the ice-covered period (Lotter and Bigler, 2000). These results suggest 

that plankton development is strongly inhibited by ice-cover, with longer periods of ice-

cover favouring Fragilaria species (Lotter and Bigler, 2000).  Small, benthic Fragilaria 

species are typically associated with cold conditions and extensive ice cover in arctic and 

alpine regions (Smol et al., 2005; Rühland et al., 2008).  They are commonly found in 

high abundances in pre-industrial sediments of lakes with short open-water seasons 
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through circumpolar regions in Arctic lakes (Rühland et al., 2008).  In temperate lakes, 

the heavily silicified Aulacoseira species were more commonly found in higher 

abundances in the pre-industrial sediments (Rühland et al., 2008).  Small Cyclotella 

species are becoming relatively more abundant in these regions, as the abundance of 

small benthic Fragilaria and heavily silicified Aulacoseira species decrease (Rühland et 

al., 2008).   

 

Climate-related patterns in Cyclotella-Aulacoseira-Fragilaria diatom 

assemblages may be related to the length of the ice-free season, the timing, duration and 

strength of thermal stratification, the depth of the epilimnion, the duration of the mixing 

period, and/or subsurface habitat development in relation to these factors (Fahnenstiel 

and Glime, 1983; Kilham et al., 1996; Raubitscheck et al., 1999; Lotter and Bigler, 2000; 

Ptacnik et al., 2003; Smol et al., 2005; Pannard et al., 2008; Solovieva et al., 2008).  

Strong and significant positive correlation has been observed between Cyclotella relative 

abundance and annual temperature (Rühland et al., 2008; Solovieva et al., 2008), as well 

as a strong and significant negative correlation between Aulacoseira abundances and 

annual temperature trends (Rühland et al., 2008).  Ice-out data have also shown a strong, 

inverse relationship to increases in Cyclotella taxa (Rühland et al., 2008).  In a study by 

Enache and colleagues (2011), changes in planktonic diatom species since pre-industrial 

times were best predicted by lake depth.  The strongest predictors of pre-industrial and 

present-day increases in Discostella stelligera and environmental variables were lake 

depth and true colour (Enache et al., 2011). 
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Recent studies have also reported increases in the relative abundances of other 

planktonic diatoms, namely Asterionella and Tabellaria species, with concurrent 

decreases in Aulacoseira species (Smol et al., 2005; Solovieva et al., 2005, 2008; Hadley 

et al., 2013).  Increases in Asterionella formosa and Tabellaria flocculosa are the most 

common species changing in relative abundance in these systems (Solovieva et al., 2008; 

Hadley et al., 2013).  These changes are often linked to a decrease in ice-cover duration, 

an enhanced thermal stratification, the timing of water turn-over, and habitat availability 

associated with climate warming (Smol et al., 2005; Solovieva et al., 2008).  This is 

possibly due to changes in stratification attributed to recent climate warming, with 

Asterionella and Tabellaria dominating the water column when stratification is strongest 

at the end of the summer, and Aulacoseira taxa domination in early spring with blooms 

occurring under the ice (Solovieva et al., 2005). 

 

Current Study 

 

Local studies of climate change impacts on ecosystem functions and services are 

needed for informing management, conservation and adaptation efforts (McCarty, 2001).  

Paleolimnology is an essential component of environmental decision making, as it can 

provide insights into the nature of lake systems before human impacts of a particular kind 

(Bennion et al., 2011).  This study differs from previous paleolimnological studies 

examining the effects of climate warming on diatom assemblages through its use of strict 

criteria to select ‘reference’ sites in the Adirondacks.  In this study, a ‘reference’ lake is 

one that has been minimally impacted by anthropogenic stressors, adhering to a strict set 
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of requirements outlined in the methods.  The main goal of this study is to attempt to 

isolate the climate signal from other anthropogenic stressors, thereby determining the 

potential changes due to climate and other regional factors.   However, in order to 

accomplish this goal, a number of other important questions need to be addressed.  

Specifically, my thesis will address the following research questions: 

 

1. What are the present-day diatom assemblages in a set of minimally disturbed 

reference lakes in the Adirondacks, and what environmental gradients best 

describe their distribution? 

2. Have the diatom species assemblages changed from pre-industrial (~1850) to 

present times in a series of 30 Adirondack reference lakes?  If so, which lakes and 

species have changed the most, and what limnological variables can best explain 

the changes?  

3. Are the changes between pre-industrial (~1850) and present-day (~2010) greater 

than changes in background conditions (~1750-1850)? 

4.  Are the changes found between the present-day and pre-industrial sediment 

samples significantly greater than the changes found between cores from the same 

lake basin? 
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Chapter 2 

 

Methods 

2.1 Site selection 

 

The reference sites were selected from the Adirondack Lake Survey (ALS) data 

set, which consists of 1469 lakes >0.5 ha, representing roughly half of the lakes contained 

in the Adirondacks.  A set of strict criteria were applied to the data set to determine a 

subset of lakes that met the requirements of the study, reducing the likelihood of local, 

and some regional, anthropogenic stressors affecting the selected systems.  The criteria 

included: 

 

1. pH ≥ 6.5 in the mid-1980’s; ANC of ≥ 50 µeq L
-1

: This criterion ensures that the 

lake was relatively unimpacted from the chronic effects of acidic deposition.  Cumming 

and colleagues (1992) found that few lakes with a pH ≥ 6.5 in the early-to-mid 1980s 

experienced significant chronic acidification.  Additionally, an ANC ≥ 50 μeq L
-1

 helps to 

protect acid-sensitive lakes from episodic acidification (Driscoll et al., 2001).   

2. Shoreline and watershed development ≤ 5%: This cut off was used to exclude 

lakes experiencing eutrophication.  Lakes with ≤ 5% shoreline and watershed 

development experienced minimal nutrient inputs and are unlikely to have culturally 

eutrophied. 

3. Concentration of Cl
-
 ≤ 2mg L

-1
: Lakes were considered ‘salt impacted’ (likely by 

road salt) in the ALS when concentrations of ≥20 µmol L
-1

 (~0.71 mg L
-1

) were reached 
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(Newton and Driscoll, 1990).  However, lakes were only excluded if Cl
-
 concentrations 

exceeded 2 mg L
-1

; lakes with a modest concentration of salt were included in the survey.   

4. Surface area ≥ 4 ha, depth ≥ 5 m: The selected study sites were to be used in a 

multi-proxy paleolimnological study.  While diatoms are able to persist in smaller, 

shallower systems, scaled-chrysophytes (including Chrysophyceae and Synurophyceae) 

and Daphnia taxa are planktonic taxa, and are rare or absent in extremely shallow or 

small lakes (Dixit et al., 1999; Ginn et al., 2010; Jeziorski et al., 2012).  As such, a 

minimum depth of 5 m and surface area of 4 ha were established to increase the 

probability of these genera being present. 

5. No evidence of introduced piscivores: The aforementioned Daphnia species are 

also sensitive to changes in fish predation (Korhola and Rautio, 2001).  Therefore, any 

lakes in the ALS Survey that had non-indigenous piscivores (e.g. largemouth bass, 

Micropterus salmoides) were excluded from the study.  Lakes containing rainbow smelt 

(Osmerus mordaz), an introduced species that competes with lake trout fry, were also 

excluded.  Non-indigenous piscivores were identified using George (1981), Kraft et al., 

(2006), and U.S. Geological Survey (2013). 

6. Public access to the site: Lakes needed to be accessible to the public in order to 

obtain the necessary samples.  Additionally, lakes that were not accessible by road or had 

trails that could not be hiked in a day were excluded.  
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2.2 Site Description  

 

The 32 sites examined are located across the Adirondacks in New York, USA 

(Figure 1). After receiving the present-day chemical data, it was determined that one 

study site (Pine) had present-day concentrations of Cl
-
 that exceeded the study 

requirement of no more than 2mg L
-1

, and hence no longer met the criteria of a reference 

site.  An additional study lake (Boottree) did not have sufficient diatom valves for 

enumeration and was consequently not included in this study.             

  

The Adirondacks are a large forested area (24,000 km
2
), with predominately 

hardwood and mixed vegetation (Driscoll et al., 2007).  The Adirondacks generally 

experience short cool summers and long cold winters, with ice coverage of lakes 

historically persisting from November to April (Driscoll et al., 1991).  On average, this 

region receives approximately 1000 mm of precipitation, with larger inputs in the 

southwest region and the quantity declining towards the northeast (Driscoll et al., 1991).  

The Adirondacks experience elevated deposition of H
+
, SO4

2-
 and NO3

-
 on a gradient that 

coincides with the amount of precipitation (Driscoll and Van Dreason, 1993).  

Neutralization of these acidic inputs is determined by the interaction between soil, 

hydrology, vegetation, geology and climate (Driscoll et al., 1991). 

 

Geologic characteristics of the lake basins are diverse, ranging from bedrock 

containing granitic gneiss to more calcium-rich materials and metasedimentary rock, to 

deposits of glacial sand or peat (Driscoll and Van Dreason, 1993).  The bedrock geology 

and generally shallow surficial deposits result in soils with low pools of available base 
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cations (Driscoll and Van Dreason, 1993).  The forest developed after the last ice age 

~12,000 years ago.  Since then, many areas have been subjected to cutting, catastrophic 

windstorms, severe fires and various pests (Driscoll et al., 1991; Jenkins and Keal, 2004).  

Akin to most temperate lakes, forests and wetlands are abundant in the catchment areas 

of the Adirondacks, leading to widely varying DOC concentrations (Canham et al., 

2004).  The ALS reported that DOC concentrations ranged from <0.2 to 36 mg/L in the 

1469 lakes surveyed in the Adirondacks (Kretser et al. 1989).  These lakes are 

oligotrophic and predominantly phosphorus limited, with sufficient levels of nitrogen 

such that phosphorus is considered the limiting nutrient for primary production 

(Schindler, 1977). 

2.3 Sediment Collection 

 

Sediment cores for all 32 lakes were collected between June and July in 2010 and 

2011.  Triplicate cores were taken from four of the 32 lakes in June 2012.  Cores were 

taken from the deepest basin of the study sites, and were found using a Humminbird 

Piranha MAX215 60° dual-beam depth finder.  GPS data were recorded for each site, 

including the longitude and latitude, and elevation.  The cores were collected using a 7.6-

cm diameter Glew gravity corer (Glew et al., 2001) equipped with a 60 cm core tube.  

With few exceptions, the core was sectioned on site into 0.25-cm intervals using a 

simplified Glew vertical extruder (Glew 1988).  The cores were sectioned into 

individually labelled Whirl-Pak
®
 sample bags and stored long-term in a cold room at 4°C 

at the Paleoecological Environmental Assessment Research Lab (PEARL) in Kingston, 

Ontario.   
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2.4 Water Sampling 

 

Water samples were collected between June and July in 2010 or 2011.  They were 

collected by hand from ~0.5m below the surface in sterile glass and polypropylene jars.  

Chemical analyses were conducted by the Center for the Environmental Systems 

Engineering (Syracuse University, NY) using standard US Environmental Protection 

Agency (EPA) methods.  Water chemistry variables measured include: pH, acid 

neutralizing capacity (ANC, µeq L
-1

), dissolved organic carbon (DOC, µmol L
-1

), 

dissolved inorganic carbon (DIC, µmol L
-1

), total phosphorus (TP, µmol L
-1

), total 

nitrogen (TN, µmol L
-1

), chloride (Cl
-
, µmol L

-1
), magnesium (Mg

2+
, µmol L

-1
), 

potassium (K
+
, µmol L

-1
), sodium (Na

+
, µmol L

-1
), calcium (Ca

2+
, µmol L

-1
), manganese 

(Mn, µmol L
-1

), iron (Fe, µmol L
-1

), zinc (Zn, µmol L
-1

), fluoride (F
-
, µmol L

-1
), nitrate 

(NO3
-
, µmol L

-1
), Sulphate (SO4

2-
, µmol L

-1
), inorganic monomeric aluminum (µmol L

-1
), 

organic monomeric aluminum (µmol L
-1

), and total aluminum (µmol L
-1

).   

2.5 Selecting the Top-Bottom Intervals 

 

The ‘bottom’ sediment interval was selected with the aim of reaching pre-

industrial conditions.  On average, ca. 1850 C.E. can be considered minimally impacted 

and used to represent pre-impact conditions in this part of North America; there were few 

anthropogenic influences in the Adirondacks pre-1850, including acidification and 

eutrophication (Charles et al., 1990; Battarbee et al., 2011).  Three of the 30 lakes 

surveyed for the top-bottom study were dated using 
210

Pb dating, along with three other 

lakes in the region surveyed in 2009.  Across the six lakes, 20 cm was found to be on 

average ~1853 C.E., with three of the lakes falling above and three of the lakes falling 
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below the average.  However, all 6 lakes had reached at least 1900 C.E. by 20 cm.  

Additionally, 19 lakes cored in the Adirondacks in a study by Cumming and colleagues 

(1994) were reviewed.  In these lakes, 1850 C.E. was found to occur on average ~17 cm 

down core.  Since the cores for the current study were taken ~25 years after these ones, 

20 cm was deemed a more accurate ‘bottom’.  Furthermore, 20 cm has been set as the 

‘bottom’ in top-bottom paleolimnological studies in areas with similar geography and 

sedimentation rates (Paterson et al., 2001; Enache et al., 2011).  Therefore, 20 cm was 

selected to be representative of pre-industrial conditions in this study.  The top interval 

was also selected based on the six dated lakes.  On average, the interval from 19.75-20 

cm covered about 3.5 years.  Once the first four intervals were combined, they also 

covered approximately 3.5 years.  Therefore, in order to make the top and bottom 

intervals more comparable, the top was selected to be 0-1.0 cm, instead of just the first 

interval of 0-0.25cm.  Additionally, a second ‘bottom’ interval was selected at 30 cm.  

This interval was chosen in order to compare natural background changes with the pre-

industrial to present day changes.   Only 13 of the 30 lakes selected had cores at least 30 

cm long.  Cores from these lakes were used to provide an understanding of the amount of 

change occurring during background conditions in approximately the same temporal 

resolution as the pre-industrial (20-cm) sample and the surface of the core.  

2.6 Diatom Slide Preparation and Enumeration 

 

Slide preparation followed the procedure outlined in Battarbee et al., 2001.  

Briefly, 0.2–0.3 g of wet sediment from each interval was transferred to a 20 ml glass vial 

to which approximately 16-18 mL of a 50:50 solution (by molecular weight) of HNO3–



 

 

 

31 

H2SO4 was added.  Solutions were stirred, left to sit for 24 hours, and then put in a hot 

water bath (~80 °C) for approximately 6 hours.  The solutions settled for another 24 

hours before the acid above the digested sample was removed.  Solutions were then 

rinsed daily with distilled water until the pH of the distilled water was obtained (litmus 

test).  For each sample, four ~100% dilutions were plated, and dried overnight on a slide 

warmer.  Cover slips were mounted on glass slides using Naphrax
®
.  Diatoms were 

identified to the species or genus level using a Leica DMR light microscope with oil-

immersion objectives (numerical aperture = 1.3) at 1000× magnification.  At least 400 

diatoms were enumerated per slide.  Diatoms were identified to the species level using 

Krammer and Lange-Bertalot (1986, 1988, 1991a,b), Lange-Bertalot and Metzeltin 

(1996) and Camburn and Charles (2000) as primary references, as well as unpublished 

photo reference materials. 

2.7 Replicates  

 

To assess the variability as a result of sampling, counting and random errors, 

replicate cores from a subset of the study lakes were collected and enumerated (Wolfe, 

1997).  Triplicates are commonly used for replication studies (Paterson et al., 2001; 

Cumming et al., 1992).  Therefore, three cores were taken from the deepest basin of four 

of the study lakes.  The four study lakes were: Moss, Rock, Round, and Upper Spectacle.  

These lakes were selected to represent the range of the study sites, covering calcium, 

DOC and depth gradients.   
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2.8 Statistical Analysis 

 

For all analyses performed, each species included was required to reach a relative 

abundance of 5% or higher in at least two samples.  Species that did not reach an 

abundance of 5% were consolidated under genus; if the genus then reached 5% 

abundance in two samples or more, it was included in the analysis.  If not, the species 

were grouped under either other planktonics or other benthics, depending on its life 

history strategy.   

 

To assess the present-day diatom assemblages, a detrended correspondence 

analysis (DCA) was performed.  All ordination diagrams were made using the statistical 

program CANOCO v5.0 (ter Braak and Šmilauer, 2012).  The DCA determined that the 

data set has a species gradient length of 1.8, suggesting a linear relationship between the 

data, and so ultimately a Principal Component Analysis (PCA) was used to reduce the 

dimensionality of the species data.  The diatom data were square root transformed to 

down-weight the importance of the most dominant taxa.  A bar graph was then produced 

containing all 30 study sites.  All bar graphs were created using C2 Version 1.7 (Juggins, 

2007).  Species categories and sites were organized by their PCA axis-1 scores, with 

positive scores grouping in the top left corner and negative scores grouping in the bottom 

right, in order to provide some insight into how the sites and species are related to each 

other in ordination space. 

 

In order to provide context for the diatom assemblages, and to further our 

understanding of what physical and chemical variables are driving the modern species 
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assemblage, a Redundancy Analysis (RDA) was performed.  A RDA constrains the 

ordination of sites by a subset of measured environmental variables.  However, a large 

number of chemical and physical variables related to the study sites were collected.  

Therefore, a PCA of the environmental data was used to reduce the number of 

environmental variables used in the RDA.  Environmental variables were untransformed 

if a Shapira-Wilks test using SYSTAT v13.1 found their distribution to be normal 

(Shapiro and Wilk, 1965).  Progressively severe transformations were applied to the data 

until they showed a normal distribution (square root (√), then log).  The variables that 

were never found to reach a normal distribution were not included in any analyses.  In 

total, 14 physical and chemical variables were found to be normal after the various 

transformations were applied.  A correlational matrix was created in SYSTAT v13.1 

using the Pearson correlation coefficient between the selected environmental variables.  

The final three rows of the matrix contain the PCA axis one to three scores for the 

environmental variables.  This PCA provides us with a summary of the environmental 

gradients, and the relationships of the environmental variables to the PCA axes.  The 

PCA axes 1, 2, and 3 scores were then inputted as environmental variables into the RDA.  

Using forward-selection with 999 Monte Carlo permutations, it was determined that 

environmental PCA axes 1 and 3 significantly (p<0.05) explained the species data, and 

were therefore used in the final RDA figure.  Bottom samples were then plotted passively 

in the ordination space, to provide context and aid in the interpretation of the RDA.  Ten 

species that showed minimal change across all sites were removed to improve the clarity 

of the graph. 
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To assess which species and lakes have changed the most since pre-industrial 

times, a top-bottom bar graph was created.  A dissimilarity or similarity coefficient is 

commonly used to determine the degree of change between present and pre-industrial 

sediments (Bennion et al., 2011; Bennion and Simpson, 2011).  Lakes with a small 

degree of change between present-day and pre-industrial samples would have a high 

degree of similarity, whereas those that exhibited greater change would be less similar.  

The Bray-Curtis similarity coefficient was used to compute the degree of similarity 

between the present-day and pre-industrial samples from cores from each lake, and the 

degree of similarity between the lakes and species was then used to organize the graph.  

The sites with the lowest Bray-Curtis similarity coefficients (i.e. the sites that are the least 

similar and experiencing the greatest change) are near the top of the graph, with the sites 

with the highest Bray-Curtis similarity coefficients (i.e. the sites that are the most similar 

and experiencing the least change) near the bottom.  The species were also organized by 

the greatest change, calculated as the average of the absolute value of the difference in 

the relative abundance between top and bottom samples in each lake.  Sites that did not 

contain the species were not included in the average.  This average is provided as the first 

value after the species name in the graph.  Additionally, the directional (as opposed to the 

absolute) species value was calculated to determine if each species is changing in one 

direction consistently across the data set.  It is provided as the second value after the 

species name in the graph.  A PCA diagram of the tops and bottoms was also created to 

provide an understanding of where the present-day and pre-industrial diatom assemblages 

for each site sit in ordination space, and if these sites appear to be moving in a specific 

direction.  Most of the species arrows were removed to make the site locations more 



 

 

 

35 

visible; however, D. stelligera and A. formosa remain.  D. stelligera and A. formosa are 

the two species experiencing the greatest change, and as such are on the PCA to provide 

context.  A graph was made examining the change in the relative abundance of D. 

stelligera between the present and pre-industrial times.  A second graph was made 

examining the change in the relative abundance of D. stelligera and A. formosa between 

the present and pre-industrial times. 

 

In order to strengthen the argument that any changes experienced over the last 

100-150 years (~1850 C.E. – present) are significant (i.e. greater than natural variability), 

a third interval was examined in 13 lakes at the 30 cm mark.  We estimate this represents 

an interval ~100-150 years before the 20 cm interval (~1725-1850 C.E.).  A PCA was 

executed containing all three intervals for the 13 cores.  Each site is represented by two 

arrows, one after the other, to show how the sites are moving in ordination space through 

time.  The beginning of the first starts at the 30 cm interval, and ends at the 20 cm 

interval for that site.  The second starts at the 20 cm interval, and goes to the 0-1cm 

interval.  A bar graph of the 13 lakes was created displaying the species assemblages at 

the 20 cm and 30 cm interval, and is organized by their PCA axis 1 scores.  The Bray-

Curtis similarity coefficient was calculated between the 0-1 cm and 19.75-20 cm, and the 

19.75-20 cm and 29.75-30 cm intervals for each of the 13 lakes using PRIMER (Clarke 

and Gorley, 2006; Clarke and Warwick, 2001).  The values for each of the two groups 

were then plotted in a box plot, and a one-tailed, paired t-test assuming unequal variance 

was performed in R (R Core Team, 2013) to determine if they differ significantly.   
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Slides from triplicate cores from four of the reference lakes were examined and 

enumerated.  After square root transforming the species data, the Bray-Curtis similarity 

coefficient was calculated between each core for each interval for all four lakes.  These 

were then averaged to find the global percent similarity across the lakes for both the top 

and bottom intervals, and the standard deviation was calculated.   
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Figure 1: A map of the selected study sites across the Adirondacks (NY, USA).  The inset 

provides better resolution for six lakes that would otherwise overlap in area.  Modified from 

Arseneau (2014).    
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Chapter 3 

Results 

3.1 Present-Day Diatom Distribution 

 

Present-day water chemistry samples were collected and analyzed for all 30 

Adirondack study lakes.  The study sites are predominantly small (median surface area 

(SA) = 14 ha, mean SA = 21 ha; median maximum depth (Zmax) = 10.1m, mean Zmax = 

10.8m), slightly acidic to circumneutral (median pH = 6.3, mean pH = 6.4), oligotrophic 

(median and mean total phosphorus (TP) = 0.1 µmol L
-1

; median total nitrogen (TN) = 

15.3 µmol L
-1

, mean TN = 16.8 µmol L
-1

), and moderate-to-high DOC (median = 326.1 

µmol L
-1

, mean = 361.5 µmol L
-1

) lakes (Table 1).   

 

There were 285 diatom species identified from the ‘top’ and ‘bottom’ sediment samples 

from the cores of the 30 reference sites.  Most of these species were rare, with relative 

abundances of <1%.  For a species to be included in an analysis, it was required to reach 

a relative abundance of at least 5% in at least two samples.  The present-day diatom 

assemblages for each of the 30 reference lakes were plotted in a PCA (Figure 2).  The 

first axis was found to explain 26% of the variation, with the second axis explaining 17%.  

The two species with the largest species turnover are Asterionella formosa and 

Discostella stelligera.  A. formosa is closely associated with the second axis, with D. 

stelligera associated with the first.  Generally speaking, lakes can be organized into three 

categories: lakes high in A. formosa, lakes high in D. stelligera, and lakes high in benthic 

taxa.  There are three sites that are distinguished by their large relative abundance of A. 
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formosa, which are found at the top of the ordination (Deer, Eagle’s Nest, and Gull).  

Sites higher in D. stelligera are found on the right side of the ordination.  Sites low in 

both A. formosa and D. stelligera are found in the bottom left quadrant; these sites are 

high in benthic diatoms such as Cymbella spp., Pinnularia spp., Achnanthes spp., 

Navicula spp., Eunotia spp., Staurosirella pinnata and Stauroforma exiguiformes.   

 

The diatom assemblages are also represented in a bar graph to show the 

abundance of the most abundant taxa.  The taxa are organized by their PCA axis 1 scores 

(Figure 3).  Positive scores group in the top left corner, with negative scores grouped in 

the bottom right.  The lakes towards the top of the figure are higher in planktonic taxa 

with lakes towards the bottom of the figure having a higher abundance of benthic taxa 

(Fig. 3).  D. stelligera is the most abundant species across the data set, and is the most 

dominant species in half of the study sites.  It reaches relative abundances as high as 

67.5% and greater than 20% in approximately two thirds of the 30 lakes.  It is absent 

from only five of the study sites.  A high relative abundance of A. formosa is found in 

three of the lakes, and it is the dominant species in two of them (with D. stelligera being 

the dominant species in the third lake).  Generally, lakes lower or absent in D. stelligera 

have a higher relative abundance of benthic taxa.  In the lakes higher in benthic taxa, 

there is rarely one species that dominates.  Instead, the species are more evenly 

distributed, with several genera reaching sub-dominance (i.e. Eunotia, Pinnularia, 

Cymbella, Achnanthes, and Navicula). 
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The normally distributed physical and chemical environmental variables for all 30 

reference lakes were plotted in a PCA (Figure 4).  The first axis was found to explain 

24% of the variation, with the second axis explaining 18% and the third 15%.  The 

Pearson correlation coefficients were calculated between all measured environmental 

variables (Table 2).  These values indicate the correlations of each environmental 

variable to each other.  ANC was found to be highly positively correlated with pH (0.79) 

and Mg (0.81), with pH and Mg being moderately positively correlated (0.56).  ANC, pH 

and Mg are the most important variables contributing to the first axis of the 

environmental PCA.  DOC is strongly positively correlated with TN (0.78), with both 

being the most important variables contributing to the second axis.  TP and Zmax were 

found to contribute evenly to the first and second axis, contributing moderately to both.  

Surface area, Na, and SO4 are the most important variables contributing to the third axis, 

although Na and SO4 are only moderately correlated to each other (0.50) and weakly 

correlated to surface area (0.39 and 0.12, respectively).   

 

The three sites higher in relative abundance of A. formosa (Deer, Eagle’s Nest, 

and Gull) are all found in the same quadrant of the environmental PCA.  They are all 

relatively deep lakes, with higher concentrations of TP and a higher pH.  The 15 lakes 

with D. stelligera as the dominant diatom are located throughout the ordination.  The 

lakes low in relative abundance (<5%) of both D. stelligera and A. formosa are found in 

moderate to shallow lakes, with a smaller surface area. 

 



 

 

 

41 

A RDA of the present-day species assemblages was created using the first three PCA 

axes from Figure 4 as the environmental input variables (Figure 5).  Using forward-

selection, it was determined only the first and third environmental PCA axes were able to 

explain a significant portion of the variance in the species data.  The pre-industrial 

species assemblages were plotted passively onto the RDA ordination, to provide context 

and aid in the interpretation of the pre-industrial samples.  The sites of both the present-

day and pre-industrial species assemblages overlap in ordination space.  It does not 

appear that the sites are moving in a particular direction with regards to the species or 

environmental variables. 

 

In the RDA, the species distributions are constrained to the composite 

environmental variable form by PCA axes 1 and 3.  The first axis of the RDA explains 

11% of the variation, with the second axis explaining 6%.  The PCA axis-1 is positively 

related to axis-1 of the RDA and is important in explaining the abundance of A. formosa, 

and other taxa arranged along axis-1.  The third environmental PCA axis lies closely to 

both D. stelligera and the second axis of the RDA, suggesting that the composite 

environmental variable PCA axis-3 helps to explain the abundance of D. stelligera as 

well as the placement of species and sites along the second axis of the RDA (Fig. 5).   

3.2 Pre-industrial to Present: Changes in Diatom Assemblages 

 

The diatom taxa that showed the greatest changes in relative abundance from pre-

industrial to present-day are ordered from left (greatest change) to right (least change) in 

Figure 6.  D. stelligera was found to change the most across the dataset with an absolute 
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change in relative abundance of 12% between the tops and bottoms.  However, it 

increased by an average of only 2.7% across the dataset, as some lakes showed a decrease 

in the relative abundance of D. stelligera.  The relative abundance of A. formosa also 

changed from pre-industrial to present, changing an average of 5.5% in the lakes where it 

was present.  However, it changed in a more uniform direction than D. stelligera, 

increasing an average of 3.5%.  When the relative abundance of D. stelligera and A. 

formosa are examined together, they increase an average of 5.9% across the data set.  

Staurosirella pinnata changes an average of 5.4%, but it does not change in a uniform 

direction (-0.3%).  The next three species experiencing the greatest changes are all 

species of Aulacoseira, and decline between 2% and 4%.  No one species of Aulacoseira 

decreased more than 4% across the sites in which it was found; however, all of the 

Aulacoseira species combined decreased an average of 8.3% across the data set from pre-

industrial to present-day.  While other diatoms may have experienced changes, they did 

not change in a uniform direction.   

  

The relative abundance of D. stelligera changed the most across the data set; 

however, it did not consistently increase across all sites (Figure 7a).  It increases greater 

than 10% in 11 of the 30 reference sites, with the largest increase in Challis Pond, where 

it increased in relative abundance by ~32%.  After revisiting the environmental PCA 

(Figure 4), it can be determined that these 11 lakes are generally moderate to deep lakes, 

with a larger surface area.  However, D. stelligera also decreased greater than 10% in 

three of the sites.  The largest decrease in D. stelligera occurred in Eagle’s Nest, which 

decreased 57%.  However, this decrease was replaced by an increase in A. formosa.  If 
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the relative abundance of D. stelligera and A. formosa are taken together, the picture 

begins to change (Figure 7b).  Now only two lakes were found to decrease greater than 

10% for the combined abundance of D. stelligera and A. formosa, and the greatest 

decrease was ~32%.  Although there were still only 11 sites that experienced an increase 

greater than 10%, the largest change in relative abundance of D. stelligera and A. 

formosa increased to ~39% in Challis, which continued to experience the greatest 

increase.  The five lakes with the greatest decrease in D. stelligera and A. formosa are all 

of moderate depth, nutrient poor and have a lower concentration of DOC. 

 

To further assess changes in the species assemblages over time, the pre-industrial 

and present-day sites were actively plotted in a PCA, with the first axis explaining 21% 

of the variation, and the second explaining 13% (Figure 8).  The sites are represented by 

arrows, with the pre-industrial site location starting the arrow, and the present-day 

location at the arrow head.  Some lakes, such as Deer, Eagle’s Nest, and Grizzle Ocean, 

experienced large changes, completely traversing the PCA space.  The sites of both the 

present-day and pre-industrial species assemblages overlap in ordination space.  It does 

not appear that the trajectories are moving in a consistent direction since pre-industrial 

times.   

3.3 Is this Change Greater than Natural Variability? 

 

A third sediment interval from a depth of 29.75-30 cm (i.e. ‘background’) was 

examined in 13 of the 30 study sites (Figure 9).  The species composition and similarities 

between diatom species assemblages from this interval was then compared to the pre-
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industrial species assemblage for the same lake.  When compared to the ‘bottom’ diatom 

species assemblage, approximately 100-150 years should be represented in most of the 

study sites.  This time period is roughly comparable with the time period covered 

between the ‘top’ and ‘bottom’ slides.  The sites and species are organized by the PCA 

axis-1 scores of the ‘tops’.  While some species are still undergoing changes, they are 

smaller than the previously discussed changes seen between the present-day (top) and 

original pre-industrial (bottom) across all 30 lakes.  However, D. stelligera already began 

to increase in some of the sites between the ‘background’ and ‘bottom’ intervals. 

 

Bray-Curtis similarities were calculated between the ‘tops’ and ‘bottoms’, as well 

as the ‘bottoms’ and ‘background’ for each lake, and then averaged across all lakes.  Sites 

as a whole have experienced larger changes from the pre-industrial to present intervals 

(only 76% similar) than was typically experienced between the background and pre-

industrial intervals (81% similar) (Figure 10a).  A one-tailed paired t-test assuming 

unequal variance was executed (t value = -1.76; p = 0.053), and was found to be 

marginally significant.  A PCA of the sites shows that all but one of the sites are currently 

experiencing a greater change in the diatom assemblage than the sites experienced 

historically (Figure 10b).  The individual sites do not continuously move in a uniform 

direction, changing direction between the background and pre-industrial samples and the 

pre-industrial to present.   
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3.4 Replicates 

 

Triplicate cores were taken from the deepest basin of four of the 30 reference 

lakes to account for the variability associated with multiple cores from the same basin, 

slide preparation and counting.  The Bray-Curtis similarity coefficient was determined 

between the three cores of each lake for both ‘top’ and ‘bottom’ samples.  These values 

were then averaged for the ‘tops’ and ‘bottoms’ of all four lakes.  The mean Bray-Curtis 

similarity for the tops is 90.9 (n = 12, s.d. = 1.21), and for the bottoms is 89.5 (n = 12, s.d 

= 1.62).  The mean Bray-Curtis similarity for all samples is 90.2 (n = 24, s.d = 1.56).  All 

of the Bray-Curtis similarity coefficients between the top and bottom samples for each 

lake exceed the variability accounted for by the triplicate cores.  
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Table 1: Summaries of the chemical and physical variables for 30 Adirondack (NY, USA) 

reference lakes. Water chemistry variables include: pH, acid neutralizing capacity (ANC, µeq L
-

1
), dissolved organic carbon (DOC, µmol L

-1
), total nitrogen (TN, µmol L

-1
), total phosphorus 

(TP, µmol L
-1

),  magnesium (Mg
2+

, µmol L
-1

), sodium (Na
+
, µmol L

-1
), chlorine (Cl

-
, µmol L

-1
), 

organic aluminum (Org Al, µmol L
-1

), sulphate (SO4
2-

, µmol L
-1

), potassium (K
+
, µmol L

-1
).  

Morphometric variables include: maximum depth (Zmax, m), elevation (m), watershed (km
2
), 

and surface area (ha). 

 

Category Variable Minimum Maximum Mean Median 

Chemical 

pH 5.9 6.8 6.4 6.3 

ANC (µeq L-1) 39.1 376.8 123.5 89.0 

DOC (µmol L-1) 178.5 730.0 361.5 326.1 

TN (µmol L-1) 9.4 33.2 16.8 15.3 

TP  (µmol L-1) 0.0 0.4 0.1 0.1 

Mg2+  (µmol L-1) 7.7 31.8 18.2 16.5 

Na+  (µmol L-1) 10.7 47.0 30.6 30.8 

Cl-  (µmol L-1) 3.0 10.6 5.6 5.0 

Org Al  (µmol L-1) 0.5 1.3 0.8 0.8 

SO4
2- (µmol L-1) 9.9 43.7 29.6 29.7 

K+  (µmol L-1) 1.3 9.8 5.7 6.2 

Physical 

Zmax (m) 5.2 23.8 10.8 10.1 

Elevation (m) 349.0 731.0 490.8 487.5 

Watershed (km2) 0.2 23.3 3.7 1.8 

Surface Area (ha) 4.7 57.2 21.0 14.0 
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Table 2: Correlation matrix using the Pearson correlation coefficient between all measured environmental variables for 30 Adirondack (NY, USA) 

reference lakes.  Water chemistry variables include: pH, acid neutralizing capacity (ANC, µeq L
-1

), dissolved organic carbon (DOC, µmol L
-1

), 

total phosphorus (TP, µmol L
-1

), total nitrogen (TN, µmol L
-1

), chlorides (Cl
-
, µmol L

-1
), magnesium (Mg

2+
, µmol L

-1
), potassium (K

+
, µmol L

-1
), 

sodium (Na
+
, µmol L

-1
), sulphate (SO4

2-
, µmol L

-1
) and total aluminum (µmol L

-1
).  Morphometric variables include: maximum depth (Zmax, m), 

Elevation (m), watershed (km
2
), and surface Area (ha).  Transformations to the variables have been included in the table.  Variables were left 

untransformed if their distribution was found to be normal using a Shapira-Wilks test.  Progressively severe transformations were applied to the 

data until they showed a normal distribution (square root, then log).  The variables that were never found to reach a normal distribution were not 

included in any analyses.  The final three rows are the principal component analysis axes scores for the environmental variables.   

 

  pH Na+ Mg2+ K+ SO4
2- Elevation √ TP 

Log 
DOC 

Log 
TN 

Log 
ANC 

Log 
Cl- 

Log 
Org Al 

Log 
Zmax 

Log 
WS 

Log 
SA 

Na+ 0.18                             

Mg2+ 0.56 0.10                           

K+ 0.14 0.24 0.46                         

SO4
2- 0.05 0.50 -0.03 0.21                       

Elevation -0.04 -0.17 -0.02 0.12 0.14                     

√ TP 0.49 0.09 0.39 0.08 -0.15 -0.31                   

Log DOC -0.25 0.13 0.06 -0.09 0.01 -0.03 0.11                 

Log TN -0.11 -0.01 0.21 0.13 -0.12 -0.01 0.41 0.78               

Log ANC 0.79 0.06 0.81 0.11 -0.05 -0.03 0.39 0.05 0.12             

Log Cl- 0.32 0.44 0.43 0.44 0.39 -0.24 0.33 -0.14 -0.03 0.27           

Log Org Al -0.53 -0.02 -0.20 -0.09 0.10 0.36 -0.11 0.70 0.61 -0.30 -0.17         

Log Zmax 0.28 -0.11 0.14 -0.06 0.21 0.06 0.00 -0.41 -0.44 0.11 0.36 -0.35       

Log WS -0.12 0.28 -0.26 0.01 0.04 0.23 -0.16 0.23 0.15 -0.24 -0.21 0.15 -0.21     

Log SA 0.02 0.39 0.01 0.20 0.12 0.19 0.00 -0.03 0.08 -0.11 0.25 0.12 -0.07 0.55   

PCA Axis 1 0.82 0.22 0.73 0.35 0.13 -0.24 0.49 -0.40 -0.23 0.74 0.64 -0.65 0.45 -0.38 -0.03 

PCA Axis 2 0.09 0.37 0.42 0.33 0.10 0.02 0.44 0.76 0.85 0.30 0.24 0.55 -0.45 0.26 0.31 

PCA Axis 3 -0.08 0.65 -0.19 0.35 0.66 0.23 -0.33 -0.22 -0.32 -0.32 0.40 -0.01 0.17 0.47 0.64 
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a)  

 

b)   

Figure 2: Principal Component Analysis (PCA) of the present-day diatom assemblages in 30 

Adirondack (NY, USA) reference lakes.  The sites a) and species b) are on the same scale but are 

displayed on two separate graphs for clarity.  Half of the species with the shortest arrows were 

removed.
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Figure 3: Graph representing the present-day percent relative abundance of the most abundant diatom species in 30 Adirondack (NY, USA) 

reference lakes.  Species must reach an abundance of at least 5% in two samples to be included in the graph.  Species that did not reach an 

abundance of 5% were consolidated under genus; if the genus didn’t reach 5% abundance in two samples or more, it was then grouped under 

either ‘other planktonics’ or ‘other benthics’.  The number of species grouped under each category is provided in brackets.  Species categories and 

lakes have been organized by their principal component analysis axis 1 scores, with positive scores grouping in the top left corner and negative 

scores grouping in the bottom right. 
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a)   b)  

Figure 4: Principal component analysis (PCA) of measured environmental variables for 30 Adirondack (NY, USA) reference lakes.  Water 

chemistry variables include: pH, acid neutralizing capacity (ANC), dissolved organic carbon (DOC), total phosphorus (TP), total nitrogen (TN), 

chloride (Cl
-
), magnesium (Mg

2+
), potassium (K

+
), sodium (Na

+
), sulphate (SO4

2-
) and organic aluminum (Org Al).  Morphometric variables 

include: maximum depth (Zmax), elevation, watershed, and surface Area.  PCA axis 1 versus 2 are shown in a) while PCA axis 1 versus 3 are 

shown in b).  
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a)  b)  

Figure 5: Redundancy Analysis (RDA) of the present-day species assemblages of 30 Adirondack (NY, USA) reference lakes.  The first, second 

and third axes of a Principal Component Analysis (PCA) of the environmental variables were used as environmental input variables for the RDA.  

Using forward-selection, axes 1 and 3 were determined to be significant, and were included in the RDA.  a) The present-day (grey circles) species 

assemblages were used in the RDA, with the pre-industrial (black triangles) species assemblages plotted passively.  The species arrows in b) are 

on the same scale, with the 10 shortest arrows removed. 
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Figure 6: The present-day and pre-industrial percent relative abundance of the most abundant diatom species in 30 Adirondack (NY, USA) 

reference lakes.  Species must reach an abundance of ≥5% in two samples to be included in the graph.  Otherwise, species were consolidated under 

genus, which in turn were grouped under either ‘other planktonics’ or ‘other benthics’ if required.  The brackets contain the number of species in 

each category.  The Bray-Curtis similarity coefficient was calculated between the present and pre-industrial diatom assemblages for each lake, and 

is displayed as a percent in brackets.  The sites are organized from least similar at the top of the graph, down to most similar.  The species are 

organized by greatest change, calculated as the mean of the absolute value of the difference in the relative abundance between ‘top’ and ‘bottom’ 

samples, provided as the first value after the species.  The directional value was calculated and provided as the second value after the species.
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a)  

 

b)  

 

Figure 7: a) The percent change in relative abundance of Discostella stelligera across 30 

Adirondack (NY, USA) reference lakes from pre-industrial to present-day.  b) The percent 

change in relative abundance of Discostella stelligera and Asterionella formosa across 30 

Adirondack (NY, USA) reference lakes from pre-industrial to present-day. 
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Figure 8: Principal Component Analysis (PCA) of the present-day and pre-industrial diatom 

species assemblages for 30 Adirondack (NY, USA) reference lakes.  Arrows start at the pre-

industrial (20 cm) species assemblage, and end at the present-day (0 cm).  Asterionella formosa 

and Discostella stelligera species arrows remain on the ordination; all other species arrows were 

removed. 
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Figure 9: Graph representing the pre-industrial percent relative abundance of the most abundant diatom species in 13 Adirondack (NY, USA) 

reference lakes.  The assemblages were examined at two depths, 20 cm (black bars) and 30 cm (open bars).  Species must reach an abundance of at 

least 5% in two samples to be included in the graph.  Species that did not reach an abundance of 5% were consolidated under genus; if the genus 

didn’t reach 5% abundance in two samples or more, it was then grouped under either ‘other planktonics’ or ‘other benthics’.  The brackets contain 

the number of species in each category.  Species categories and lakes have been organized by their Principal Component Analysis (PCA) axis 1 

scores, with positive scores grouping in the top left corner, and negative scores grouping in the bottom right.
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a)  

b)  

Figure 10: a) The Bray-Curtis similarity was calculated between the 0-20 cm and the 20-30 cm 

intervals for each of 13 Adirondack (NY, USA) reference lakes.  The values for each interval 

were then plotted in a boxplot, and a one-tailed, paired t-test assuming unequal variance was 

performed (t value = -1.76; p = 0.053). b) A Principal Component Analysis of the 0, 20 and 30 

cm intervals from 13 Adirondack (NY, USA) reference lakes.  The blue arrows start at the species 

assemblage from the 30 cm interval, and ends at the 20 cm interval.  The red arrow starts at the 20 

cm interval and ends at the present.
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Chapter 4 

Discussion 

Pre-industrial to Present-Day Changes in Diatom Assemblages 

 

When lakes are experiencing multiple stressors, the effects on species can be 

additive, synergistic, or antagonistic, making it difficult to attribute changes to any one 

stressor (Folt et al., 1999).  By controlling for known anthropogenic stressors, ‘reference’ 

sites enable us to better evaluate the effects of climate warming or other regional stressors 

on algal species assemblages (Bennion et al., 2011; Arseneau, 2014).  A strict set of 

criteria were used to identify 30 ‘reference’ sites in the Adirondacks (Arseneau, 2014).  

These sites are experiencing minimal impact from acid deposition, <5% watershed and 

shoreline development, no evidence of the introduction of piscivorous fish species, and 

minimal impact from runoff of road salt.  To determine if the reference lakes have shown 

a shift in diatom assemblages since pre-industrial times, I used a ‘top-bottom’ approach.  

A ‘top-bottom’ paleolimnological study can provide a regional ‘snapshot’ of how lake 

diatom assemblages have changed from ca. 1850 C.E. to present, providing insight into 

the non-degraded natural baseline or pre-industrial state of each lake (Arseneau, 2014).  

By understanding the changes that can be attributed to climate, we can further our 

understanding of how lakes experiencing multiple anthropogenic stressors are going to 

change.   
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Despite controlling for other anthropogenic stressors, the ‘reference’ sites 

experienced changes between the pre-industrial and present-day in the diatom 

assemblages.  In general, planktonic species increased in relative abundance, while 

heavily silicified tychoplanktonic Aulacoseira species decreased.  Specifically, D. 

stelligera, a planktonic taxon, experienced the greatest changes in relative abundance.  In 

the modern samples, D. stelligera has the largest species turnover across the data set, and 

is closely tied to the first axis of the species PCA (λ1 = 0.26).  This suggests that the main 

direction of variation across the data set is based on changes in the relative abundance of 

D. stelligera.  D. stelligera was also identified as the taxon that changed the most 

between pre-industrial and present times.  This taxon increased an average of 2.7% across 

the data set, increasing up to 32% in Challis, and increasing greater than 10% in 11 of the 

30 reference sites.  After revisiting the environmental PCA (Figure 4), it can be 

determined that the 11 lakes experiencing increases in D. stelligera greater than 10% are 

generally moderate to deep lakes, with a larger surface area.   

 

Sharp increases in the relative abundance of Discostella spp. (syn. Cyclotella) and 

concurrent declines in Aulacoseira taxa are similar to other temperate areas (Harris et al., 

2006; Rühland et al., 2008; Hyatt et al., 2011).  Aulacoseira taxa are large, heavily 

silicified diatoms, and as such require periods of resuspension through turbulence to 

maintain their position in the water column (Kilham et al., 1996).  With increased periods 

of strong stratification, Aulacoseira spp. have declined in abundance (Pannard et al., 

2008).  Additionally, Aulacoseira taxa can be dominant in early spring, with blooms 

occurring under the ice (Solovieva et al., 2005).   
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 The relative abundance of A. formosa, a pennate planktonic diatom, experienced 

the second largest change since pre-industrial times, increasing an average of 3.5%.  A. 

formosa has the second largest turnover in the present-day species, and is closely tied to 

the second axis of the species PCA (λ2 = 0.17), with lakes high in abundance of A. 

formosa found at the top of the ordination (Figure 2).  When the relative abundance of D. 

stelligera and A. formosa are examined together, they increase an average of 5.9% across 

the data set.  However, some of the lakes where D. stelligera was historically a dominant 

taxon have experienced declines in its relative abundance, with D. stelligera disappearing 

completely from several sites.  Although most lakes show an increase in the relative 

abundance of D. stelligera, it has declined greater than 10% in three of the ‘reference’ 

lakes.  In lakes where it disappears, either the aforementioned planktonic A. formosa 

replaces D. stelligera as the dominant taxon, or several benthic species increase in 

relative abundance.  Additionally, some lakes that were historically high in benthic taxa 

also experienced an increase in the relative abundance of benthic taxa.  All of the 

Aulacoseira species combined decreased an average of 8.3% across the data set from pre-

industrial to present-day.   

 

Increases in D. stelligera 

 

Increases in the relative abundance of small Cyclotella species have been 

recorded in Arctic (Smol and Douglas, 2007), subarctic (Sorvari et al., 2002; Rühland et 

al., 2003; Solovieva et al., 2008), alpine (Karst-Riddoch et al., 2005), and boreal and 



 

 

 

60 

temperate regions (Harris et al., 2006; Enache et al., 2011; Hyatt et al., 2011).  Recent 

increases in the relative abundance of Cyclotella species have been reported in south-

central Ontario lakes since the early 1980s, where the ice-cover duration has experienced 

significant declines since the ca. 1975 (Quinlan et al., 2008).  This increase often comes 

with associated decreases in the relative abundance of benthic Fragilaria species in 

Arctic and subarctic systems (Rühland et al., 2003; Smol and Douglas, 2007), and 

benthic (Rühland et al., 2008; Enache et al., 2011; Hadley et al., 2013) and heavily 

silicified tychoplanktonic Aulacoseira spp. (Harris et al., 2006; Rühland et al., 2008; 

Hyatt et al., 2011; Hadley et al., 2013) in boreal and temperate regions.  While Fragilaria 

spp. are often the benthic taxa experiencing the greatest declines (Rühland et al., 2014), 

the relative abundance of many benthic taxa, such as Achnanthes spp., Brachysira spp., 

Navicula spp., Cymbella spp., and Pinnularia spp., have decreased since pre-industrial 

times in many lakes (Enache et al., 2011).   

 

A shift to a diatom assemblage characterized by increases in the relative 

abundances of planktonic Discostella species suggests a change in aquatic habitat 

availability and quality (Rühland et al., 2008), providing more favourable habitats for 

small, fast-growing planktonic Cyclotella species (Raubitschek et al., 1999; Rautio et al., 

2000; Pannard et al., 2008).  While several studies showing these changes include lakes 

recovering from anthropogenic stressors (Forrest et al., 2002; Hadley et al., 2013), many 

are from relatively undisturbed regions (Rühland et al., 2003; Enache et al., 2011).  

These changes have been attributed to climate warming throughout the Northern 

Hemisphere (Sorvari et al., 2002; Rühland et al., 2008; Enache et al., 2011; Haldey et al., 
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2013).  Additionally, these directional changes were not found in regions where 

temperature increases are not observed (Smol et al., 2005).   

 

The timing of the increase of D. stelligera in temperate regions (Rühland et al., 

2008) matches the timing of increases in air temperature post-1950 that is unprecedented 

in the last millennium (Jansen et al., 2007).  The nature and timing of these changes are 

often consistent with changes associated with climate warming (Rühland et al., 2008).  

Increases in the relative abundance of D. stelligera have been previously linked to a 

decrease in ice-cover duration and enhanced lake stratification (Lotter and Bigler, 2000; 

Sorvari et al., 2002; Rühland et al., 2003; Smol et al., 2005; Rühland et al., 2008; Winder 

et al., 2009), and may be an indication of changes in the thermal characteristics of these 

lakes (Enache et al., 2011).  D. stelligera may exploit longer ice-free periods and/or 

deeper subsurface habitats where nutrient concentrations are somewhat elevated and 

where light properties become more stabilized as thermal stratification develops 

(Fahnenstiel and Glime, 1983).   

 

The nature of responses to climate warming is species specific, and depends on 

the detailed seasonal patterning of warming (Gerten and Adrian, 2002).  Seasonal 

patterns of diatoms have been attributed to stratification, accounting independently for 

the highest proportion of variance in the species data (Köster and Pienitz, 2006).  

Increases in D. stelligera are often described as being related to spring thaw, warmer 

temperatures and stronger thermal stratification in mostly oligotrophic, boreal, subarctic, 

Arctic and alpine lakes (Rautio et al., 2000; Rühland et al., 2008; 2010).  After the onset 
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of thermal stratification, Cyclotella taxa may bloom in the metalimnion where the 

temperature gradient is steepest, and are the dominant taxa when the thermocline is 

deepened (Chu et al., 2005), growing season is lengthened, spring overturn period is 

extended, hypolimnetic waters are warmer, and/or when water stability is at its peak 

during autumn (Rautio et al., 2000).  Wiltse (2014) found that small Discostella species 

prefer spring mixing periods in the Experimental Lakes Area.  

 

Possible Mechanisms Behind Changes in Diatom Assemblages in Adirondack 

‘Reference’ Lakes 

 

A PCA of the present-day diatom assemblages in the 30 ‘reference’ lakes 

provides insight into the distribution of sites in ordination space, and reveals the species 

that changes across the environmental gradients today (Figure 2).  Lakes low in both D. 

stelligera and A. formosa and high in benthic taxa, such as Cymbella spp., Pinnularia 

spp., Achnanthes spp., Navicula spp., Eunotia spp., Staurosirella pinnata and 

Stauroforma exiguiformes, are found in the bottom left quadrant of the species PCA 

(Figure 2).  D. stelligera has the largest species turnover across the data set, and is closely 

tied to the first axis of the PCA (λ1 = 0.26), with lakes high in abundance of D. stelligera 

on the right side of the ordination.  A. formosa has the second largest turnover, and is 

closely tied to the second axis of the PCA (λ2 = 0.17), with lakes high in abundance of A. 

formosa found at the top of the ordination.  Together, the first two axes of the 

unconstrained ordination were able to account for 43% of the variation in the species 

assemblages.   
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Present-day water chemistry data were collected and summarized with physical 

lake properties in a PCA (Figure 4).  Because of the large number of potential 

explanatory variables, these were reduced to the first three PCA axis scores which 

accounted for 57% of the variation in the physical and chemical variables.  The first PCA 

axis scores are associated with pH and related variables, the second axis with nutrients 

and lake depth, and the third axis with surface area and associated variables.  To 

determine if measured environmental variables can account for the observed modern 

distribution of diatoms an RDA was performed (Figure 5).  In the RDA, A. formosa is 

closely associated with the first axis of the RDA (λ1 = 0.11), and D. stelligera is more 

closely associated with the second axis of the RDA (λ2 = 0.06).  However, the amount of 

variation accounted for by the two constrained PCA axes is only 17% in comparison to 

the 42% when the species are unconstrained (Figure 2), suggesting that the measured 

environmental variables are unable to account for the variation in the species assemblage 

data.  This suggests that the environmental variables do not capture the environmental 

factors driving changes in the species assemblages in the dataset.  Linear regression 

analyses were attempted with the intention of predicting future changes in D. stelligera 

abundance based on present-day chemical and physical lake characteristics.  However, 

none of the environmental PCA axes were able to explain the changes in the relative 

abundance of D. stelligera.  Therefore, it is probable that climatic variables, such as lake 

temperature and ice-cover duration, could be important environmental variables related to 

the distribution and relative abundance of species in these ‘reference’ lakes. 
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A potentially important unmeasured environmental variable is the timing and 

duration of ice.  Two of the ‘reference’ lakes, Wolf and Arbutus, are known to be 

experiencing significant declines in ice-cover duration between 1975 and 2012, mostly 

because of later ice-on (Beier et al., 2012).  These match changes experienced throughout 

the Adirondacks (Magnuson et al., 2000; Stager et al., 2009).  The largest and deepest 

lakes examined by Beier and colleagues (2012) exhibited the strongest climate ‘signals’ 

and sensitivity to warming, based on greater decreased ice-cover duration in response to 

the same local climate drivers.  This implies that lake volume can affect the sensitivity of 

ice dynamics to ambient warming.  While many studies show the decrease in ice-duration 

being related to earlier ice-out dates, especially in Ontario (Rühland et al., 2008; Hadley 

et al., 2013), other studies are showing later ice-on as is currently being experience in the 

Adirondacks.  Ice-on dates occurred significantly later over a similar time period (1975-

2009) at Dickie Lake in south-central Ontario (Yao et al., 2013).  Although changes in 

ice phenology were related to regional changes in air temperature, they were also 

influenced by more localize climate variables (Yao et al., 2013), which could explain the 

deviation from the trend of more significant changes in ice-out date than ice-in. 

 

As previously discussed in this thesis, surface area, along with DOC and lake 

depth, affect the vertical stratification of water in lakes.  The environmental PCA found 

that TN and DOC were most closely associated with the second axis of the ordination; 

however, the second PCAenv axis was not found to explain a significant portion of the 

species distribution and was not included in the RDA.  This suggests that TN and DOC 

are not currently explaining a significant portion of the present-day species distribution in 
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Adirondack ‘reference’ lakes.  Changes in the concentration of DOC are associated with 

changes in precipitation patterns (Perez-Fuentetaja et al., 1999; Keller et al., 2006).  The 

Adirondacks have experienced relatively stable precipitation with climate warming thus 

far (Stager et al., 2009).  Annual precipitation is expected to increase by ~ 2050 

(Frumhoff et al., 2007), so DOC may become an explanatory factor in the Adirondacks in 

the future.  It’s possible that surface area is currently the biggest controller of lake-to-lake 

variation in stratification dynamics and ice-cover duration in the Adirondacks (Beier et 

al., 2012).  This is supported by the association of surface area and the environmental 

PCA axis 3, and the significance of PCA axis 3 in explaining the present-day distribution 

of D. stelligera. 

 

The reference sites were selected with the intention of controlling for known 

anthropogenic stressors.  In order for a lake to be included in the study, it needed to have 

≤ 5% shoreline and watershed development, no known piscivorous fish introductions, a 

pH ≥ 6.5 and an ANC ≥ 50 µeq L
-1

 in the 1980’s, and a concentration of Cl
-
 ≤ 2mg L

-1
.  

Additionally, Cyclotella species are often absent from lakes severely impacted by 

acidification (Charles et al., 1990), nutrient loading (Rühland et al., 2008); and 

overdevelopment of shorelines (Little et al., 2000).  Therefore, changes in trophic food 

web dynamics, eutrophication due to shoreline or watershed development, chronic 

acidification, and impact from road salt can likely be ruled out.  Other studies have 

attempted to control for some of these stressors.  Rühland and colleagues (2008) only 

selected lakes with a pH ≥ 6 and a TP ≤ 20 µg L
-1

, attempting to control for chronic 
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acidification and large increases in phosphorus levels.  However, many lakes in Rühland 

et al., (2008) cannot be described as undisturbed from anthropogenic activities. 

 

Some studies have suggested that long-term inorganic nitrogen deposition may be 

a possible trigger of increases in the relative abundance of planktonic diatom species 

(Wolfe et al., 2003).  While the shift to planktonic diatom species often overlaps with a 

period of accelerated atmospheric deposition of anthropogenically-derived contaminants 

and nutrients, multiple studies have found no significant relationship between long-term 

inorganic nitrogen deposition and taxon-specific diatom trends (Rühland et al., 2008; 

Hadley et al., 2013).  Long-term inorganic nitrogen deposition was not significantly 

correlated to Cyclotella or Aulacoseira relative abundance data (Rühland et al., 2008).  

Additionally, nitrogen deposition has been decreasing in the Adirondacks since the 

1990’s (Garmo et al., 2014).  In this study, TN was most correlated with axis-2 of the 

environmental PCA, which was not found to explain a significant amount of the species 

variance in the RDA of the present-day diatom assemblages.  Additionally, nitrogen 

concentrations of <10 µmol/L are considered potentially limiting levels for 

phytoplankton (Interlandi et al., 1999).  The sites in this study are all >10 µmol/L, except 

for Round Pond which has a TN concentration of 9.36.  Therefore, these study sites are 

unlikely to be limited by nitrogen (see Appendix A for lake chemistry data). 
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Declines in D. stelligera, Increases in A. formosa and Benthic spp. 

 

Although D. stelligera was the taxon that increased the most across the 

‘reference’ lakes, several systems experienced increases in A. formosa.  A. formosa 

reaches abundances >30% in three of the study sites, increasing >15% in all three lakes 

and increasing an average of 3.5% in all the lakes where it was present.  The abundance 

of A. formosa was closely tied to the first axis of the RDA.  This suggests that of the 

measured environmental variables the first axis of the environmental PCA explains the 

highest portion of the change in A. formosa.  ANC, pH and Mg are the most important 

variables contributing to the first axis of the environmental PCA; however, TP and Zmax 

were found to contribute moderately to the first and second axis of the environmental 

PCA.    The three sites high in the relative abundance of A. formosa are all relatively deep 

lakes, with higher concentrations of TP (mean = 0.23 µmol L
-1

) and a higher pH 

(mean=6.62).   

 

This increase in the relative abundance of A. formosa has been apparent in several 

studies throughout North America (Smol et al., 2005; Solovieva et al., 2005, 2008; Hyatt 

et al., 2011; Hadley et al., 2013).  These changes are often linked to a decrease in ice-

cover duration, an enhanced thermal stratification, the timing of water turn-over, and 

habitat availability associated with climate warming (Smol et al., 2005; Solovieva et al., 

2008).  This is possibly due to changes in stratification attributed to recent climate 

warming, with Asterionella dominating the water column when stratification is strongest 

at the end of the summer (Solovieva et al., 2005).  These increases in the relative 
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abundance of A. formosa have been observed throughout the Muskoka Ontario region.  

However, it is more common in more mesotrophic lakes (Hadley et al., 2013).  The 

concentration of TP was not found to increase in these study areas, and so it is unlikely 

that the increases in the abundance of A. formosa are due to an increase in TP (Hyatt et 

al., 2011).   

 

While most ‘reference’ lakes show a relatively stable or increasing relative 

abundance of D. stelligera, other lakes are showing a decline in D. stelligera and an 

increase in benthic species.  The five lakes with the greatest decrease in D. stelligera and 

A. formosa are all of moderate depth, nutrient poor and have a lower concentration of 

DOC.  Other studies have also shown increases in benthics in modern sediments in a 

subset of the study lakes (Smol and Douglas, 2007; Enache et al., 2011).  The length of 

the ice-free season, and thus habitat availability, are closely linked to climate (Smol and 

Douglas, 2007).  Climate warming and decreased ice-cover duration can also lead to an 

increase in the availability of benthic/littoral habitats favouring the development of more 

complex and diverse biological assemblages (Quinlan et al., 2005; Rühland et al., 2014).  

In Arctic lakes, diatom assemblages in shallow ponds shifted to those expected with an 

extended open-water season, with more habitat differentiation and complexity in the 

littoral zone (Smol and Douglas, 2007).  In these studies, these increases in benthic 

species are often attributed to changes in benthic habitat, including: changes in depth of 

light penetration, thereby increasing the euphotic zone; and changes in stratification 

dynamics (Douglas and Smol, 2007). 
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Natural Variability 

 

All of the study sites examined experienced changes between pre-industrial and 

present-day diatom assemblages greater than those expected by chance alone.  Triplicate 

cores examined from the deepest basin of four of the study lakes revealed an average 

Bray-Curtis similarity of 90.2 ± 1.6% for ‘tops’ and ‘bottoms’.  The Bray-Curtis 

similarity coefficients were then calculated between the ‘tops’ (0-1cm) and ‘bottoms’ (20 

cm) for each lake; the similarities ranged from 48% to 88% (Figure 6).  All of these 

values are less than the 90.2% expected by natural variation, slide preparation and 

counting, suggesting that the changes seen in the diatom communities between tops and 

bottoms represent a significant change in the composition of the diatom species 

assemblages.   

 

 A second ‘bottom’ interval was available from a depth of 30 cm from 13 of the 

study sites.  The Bray-Curtis similarity was calculated between the sediment interval at 

20 cm and 30 cm, and compared to the 0-20 cm interval.  The 20 cm to 30 cm interval 

was found to be significantly more similar than the 0 to 20 cm interval.  This suggests 

that the changes currently occurring in these ‘reference’ lakes are greater than the natural 

variability over a similar period of time.  Six 
210

Pb dates from a sample of Adirondack 

lakes, 3 of which are examined in this study, suggests that the 20-30 cm interval and the 

0-20 cm interval should cover fairly similar amounts of time.  However, pre-industrial 

conditions may not have been reached in all of the 30 ‘reference’ sites by the 20 cm depth 

selected for the ‘bottom’.  Therefore, it is possible that ca. ~1850 C.E. may not be 
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reached by the selected ‘bottom’ in some study sites.  This could explain some of the 

larger species assemblage composition changes seen in the 20-30 cm interval.  Future 

studies could attempt to rectify these potential issues by collecting longer cores and 

setting the second bottom interval at a greater depth than the 30 cm selected for this 

study. 

 

Limitations and Future Directions 

 

The reference sites used in this study were selected with the intention of 

examining multiple paleoindicators.  As such, depth and surface area criteria were 

applied to the ALS data set to select ‘reference’ lakes ≥ 5 m and ≥ 4 ha, in order to 

increase the likelihood of the lakes containing suitable habitat for colonial chrysophyte 

and zooplankton species (Arseneau, 2014).  However, this minimum depth requirement 

removes almost half of Adirondack lakes from the study (Arseneau, 2014).  Diatoms are 

able to persist in lakes much shallower, and with a smaller surface area, than the 

requirements of this study (Battarbee et al., 2001; Rühland et al., 2003).  In a previous 

top-bottom study, depth was identified as the best predictor of changes in the relative 

abundance of D. stelligera (Enache et al., 2011; Rühland et al., 2014).  However, Enache 

and colleagues’ (2011) study lakes covered a larger depth gradient then examined in this 

study, with lakes as shallow as 2 m and as deep as 30 m being included.  None of their 

lakes less than 5m showed an increase in planktonics above 5% (Enache et al., 2011).   
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It has been demonstrated that the effects of climate warming can vary 

substantially among shallow and deep lakes (Gerten and Adrian, 2002).  Water 

temperature regimes are expected to show more impact in deep, dimictic lakes (Gerten 

and Adrian, 2002), while shallow, well-mixed lakes have a low heat-storage capacity 

with relatively short-term effects on water temperature regimes (Adrian et al., 1999).  

This has an implicitly reduced impact on plankton community (Adrian et al., 1999).  

These shallower systems are often too shallow to stratify during the summer months, 

allowing the entire lake to be within the photic zone (Lund, 1959).  Therefore, key 

benthic habitat can persist throughout the lake, reducing available planktonic habitat 

(Lund, 1959).  If a larger depth gradient was examined in the Adirondacks, it is possible 

that depth would be identified as a significant variable. 

 

In order to provide insight into the timing of the aforementioned changes in 

diatom assemblages, further studies are required.  Down-core analysis of several of the 

‘reference’ lakes undergoing key changes would provide additional information on the 

timing of the changes in the diatom species assemblages.  One of the study sites, Wolf 

Lake, was examined in a down-core diatom study by Stager and Sanger (2003).  While 

they reported stability of the relative abundance of species, a slight increase in D. 

stelligera and a decline in Aulacoseira species can be seen ca. 1975.  This matches the 

timing of the increased rate of warming experienced in the Adirondacks, as most of the 

warming in the Adirondacks, along with decreases in ice duration, has occurred since ca. 

1975 (Stager et al., 2009; Jenkins, 2010).  It also matches the timing of known ice-cover 

duration reduction in Wolf Lake (Beier et al., 2012).  In a meta-analysis of diatom studies 
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including over 200 lakes, the median timing of changes in diatom relative abundance in 

temperate regions in the Northern Hemisphere was ca. 1970 (Rühland et al., 2008).  If the 

timing of the changes in the diatom assemblages matches the timing of increased air 

temperatures and reduced ice cover duration attributable to climate warming, this would 

further strengthen the argument that the changes discussed thus far are likely due to 

climate warming.   

 

Additional information on the seasonality of D. stelligera would aid in 

understanding the mechanisms behind the recent increase in the relative abundance of D. 

stelligera at the expense of benthic and tychoplanktonic species.  There is currently little 

or no information on small Discostella seasonal dynamics at the species level (Rühland et 

al., 2008).  The dynamics of small Discostella taxa are complex, and it is possible that the 

dynamics of these taxa are different in lakes of different physical/chemical and/or spatial 

locations.  Future studies could further examine when D. stelligera blooms, and where in 

the water column these blooms occur.  By furthering our understanding of the timing of 

these blooms, these changes could be attributed to specific changes in lake features.  

Increases in D. stelligera are commonly attributed to climate warming through 

mechanisms involving a decrease in ice duration and subsequent increased growing 

season, as well as changes in the duration and strength of stratification, and the depth of 

the epilimnion.  Wiltse (2014) argues that the length of spring dynamics in small boreal 

lakes is an important factor.  Further information on the seasonality of D. stelligera 

would help to narrow down the specific mechanisms behind the changes in the relative 

abundance of D. stelligera. 
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Importance of Reference Lakes 

 

The ‘natural’ condition is not a static one, but one that varies naturally on short 

(inter-annual to decadal) time-scales and undergoes changes on longer (centennial to 

millennial) time-scales (Deevey, 1984).  Due to anthropogenic stressors, few, if any, 

lakes can be considered ‘pristine’; therefore, the extent of degradation is often assessed 

against a non-degraded natural baseline (Bennion et al., 2011).  A measurement of 

ecological quality can be determined by the degree to which the present-day system 

deviates from the conditions expected in the absence of a significant anthropogenic 

influence (Bennion et al., 2011, Bennion and Simpson, 2011).  In paleolimnological 

studies this is often examined in one of two ways, either using historical ‘reference’ 

conditions of the study lake itself, or by using another lake as a reference state in the 

absence of the stressor(s) of concern.   

  

Although some paleolimnological studies use reference sites (Charles et al., 1990; 

Alahuhta et al., 2009), they typically have fewer reference sites than impacted sites, 

sometimes relying on a single site.  There is often the assumption that these reference 

sites represent an unimpacted system; however, these lakes may not represent true 

regional ‘reference’ sites, as they may be picking up signals from local stressors 

(Arseneau, 2014).  Knowledge of pre-disturbance conditions is important for setting 

realistic restoration targets (Bennion and Simpson, 2011).  Each lake will have a unique 

reference condition; therefore, there is value to a site-specific approach to defining 
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reference conditions (Bennion and Simpson, 2011).  However, there are also problems 

associated with using site-specific reference conditions.  One of the main problems 

associated with using historical conditions from sediments ca. 1850 as a reference point is 

how to account for the changes that may have taken place that would limit the use of 

those conditions as a restoration target (Bennion et al., 2011).  There is often an implicit 

assumption that boundary conditions between the past and present have remained 

constant; however, gradual, sustained changes in lake systems as a result of 

anthropogenic or natural processes may render a historically-defined recovery target 

impossible or difficult to achieve (Bennion et al., 2011; Battarbee et al., 2005).   

 

Recovering systems may be prevented from returning to their pre-disturbance 

state, even with management intervention, creating a phenomenon known as the ‘shifting 

baseline’ (Bennion et al., 2011; Arseneau, 2014).  The future impact of climate warming 

has the potential to modify the fundamental characteristics of freshwater ecosystems to a 

point that the historical reference state may no longer be a realistic target for recovery 

(Battarbee et al., 2005; Bennion et al., 2011).  Therefore, restoration targets may require 

modification to account for these climate-induced alterations (Bennion and Simpson, 

2011).  For example, as climate warming continues, winter ice-cover will continue to 

decline (Bates et al., 2008).  Situations where recovery to a previous state would require 

the restoration of winter ice-cover would no longer be possible, and reference conditions 

become more of a contemporary status providing a benchmark, not a target, for recovery 

(Batterbee et al., 2005).   
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‘Reference’ lakes as discussed in this thesis would be useful for tracking the 

phenomenon of a ‘shifting baseline’.  By controlling for local stressors, and minimizing 

the exposure to more regional stressors, these lakes provide insight into how a lake 

experiencing minimal anthropogenic stressors might respond to a changing climate 

(Arseneau, 2014).  This can then enable one to set realistic recovery targets, taking into 

account regional stressors such as climate warming and acidic deposition, in order to 

restore a lake to something resembling its previous state with respect to habitat quality, 

biodiversity, and ecosystem structure and function (Battarbee and Bennion, 2011). 
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Appendix A: Chemical and physical variables for 30 Adirondack (NY, USA) reference lakes.  

Water chemistry variables include: pH, acid neutralizing capacity (ANC), dissolved organic 

carbon (DOC), total nitrogen (TN), sodium (Na
+
), magnesium (Mg

2+
), total phosphorus (TP), 

potassium (K
+
), chlorine (Cl

-
), sulphate (SO4

2-
).  Physical variables include: maximum depth 

(Zmax), elevation, watershed, and surface area. 

 

  Chemical Variables 

Lakes pH 

ANC 

(µeq) 

DOC 

(µmol/L) 

TN 

(µmol/L) 

Na
+
 

(µmol/L) 

Arbutus L. 6.35 85.41 361.03 15.87 38.58 

Bass L. 6.00 72.92 317.45 13.34 26.06 

Bessie P. 5.95 63.54 428.87 16.27 32.41 

Cascade L. 5.97 39.10 294.12 26.82 29.23 

Cascade P. 6.33 79.34 524.54 21.14 29.19 

Challis P. 6.77 128.98 280.14 12.56 36.63 

Clamshell P. 6.12 70.37 328.39 12.90 31.36 

Clear P. 6.19 92.21 260.55 15.53 25.27 

Copperas P. 6.33 140.96 274.10 13.44 24.97 

Deer P. 6.39 50.27 178.49 13.61 10.74 

Eagle's Nest L. 6.77 294.77 281.12 15.17 22.49 

East Pine P. 6.40 155.61 289.82 14.10 40.58 

Fish P. 6.54 84.70 386.27 15.48 32.45 

Grizzle Ocean L. 6.25 104.80 280.48 14.75 21.40 

Gull P. 6.69 139.25 326.07 19.44 32.36 

Island P. 6.76 376.80 594.14 29.61 27.80 

Little Fish P. 6.23 85.84 394.57 15.09 32.32 

Long P. 6.17 116.56 672.44 33.16 28.14 

Lower Sargent P. 6.73 126.65 242.42 14.24 46.98 

Lydia P. 6.63 166.81 207.00 10.26 37.76 

Middle Branch L. 6.08 52.33 387.13 16.38 36.19 

Moss L. 6.33 83.06 375.96 16.87 38.24 

Nellie P. 6.49 118.10 326.17 12.79 30.23 

Rock P. 6.13 66.12 729.96 22.04 35.10 

Round P. 6.23 68.77 184.40 9.36 21.62 

Sampson L. 6.59 250.61 354.23 16.91 15.40 

Streeter L. 5.93 46.24 601.42 19.25 28.06 

Upper Spectacle P. 6.72 373.85 449.92 22.11 38.02 

Wilcox L. 6.26 72.80 317.61 13.87 29.32 

Wolf L. 6.59 99.14 194.93 11.45 39.24 

Minimum 5.93 39.10 178.49 9.36 10.74 

Maximum 6.77 376.80 729.96 33.16 46.98 

Mean 6.36 123.53 361.46 16.79 30.60 

Median 6.33 89.03 326.12 15.32 30.80 
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Chemical Variables 

Mg
2+

 

(µmol/L) 

TP 

(µmol/L) 

K
+
 

(µmol/L) 

Cl
-
 

(µmol/L) 

SO4
2-

 

(µmol/L) 

Org Al 

(µmol/L) 

16.63 0.17 5.65 6.80 39.84 0.78 

11.85 0.05 2.39 6.47 35.17 0.83 

11.16 0.08 2.62 3.66 26.91 0.92 

12.86 0.04 7.34 4.46 33.36 1.07 

15.93 0.22 3.62 4.83 26.78 1.30 

16.28 0.17 4.08 6.36 39.48 0.58 

12.59 0.00 4.59 4.47 26.67 0.76 

21.86 0.12 7.42 5.84 24.81 0.63 

31.83 0.05 7.19 7.40 29.86 0.74 

12.09 0.25 6.34 4.70 9.87 0.58 

26.29 0.18 7.80 6.94 43.73 0.75 

25.90 0.06 8.19 10.57 26.25 0.78 

16.63 0.06 6.57 4.66 30.87 0.67 

21.32 0.04 6.75 4.94 27.54 0.81 

17.63 0.26 4.95 8.09 28.41 0.70 

31.41 0.42 3.52 4.60 11.34 0.72 

17.01 0.02 6.62 4.74 31.31 0.65 

20.05 0.13 7.44 5.12 32.73 0.97 

22.02 0.18 9.83 6.63 37.13 0.69 

26.67 0.03 7.52 4.93 33.24 0.53 

12.89 0.05 6.70 4.62 29.52 0.88 

16.24 0.02 8.16 8.90 33.31 0.87 

12.47 0.00 3.90 3.80 29.49 0.66 

15.20 0.03 3.88 5.00 39.03 1.27 

7.70 0.00 1.28 3.00 18.07 0.66 

21.44 0.00 4.83 3.55 24.43 0.92 

14.16 0.03 6.88 3.81 24.93 1.20 

27.56 0.24 5.98 6.09 22.31 0.79 

16.01 0.03 3.98 6.30 32.54 0.74 

15.66 0.12 4.00 6.07 38.46 0.69 

7.70 0.00 1.28 3.00 9.87 0.53 

31.83 0.42 9.83 10.57 43.73 1.30 

18.24 0.10 5.67 5.58 29.58 0.80 

16.45 0.05 6.16 4.97 29.69 0.75 
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Physical Variables 

Lakes 

Zmax 

(m) 

Elevation 

(m) 

Watershed 

(km
2
) 

Suface Area 

(km
2
) 

Arbutus L. 7.90 516 3.39 0.49 

Bass L. 9.80 375 1.14 0.16 

Bessie P. 15.20 496 1.88 0.07 

Cascade L. 6.10 553 4.94 0.41 

Cascade P. 7.00 650 6.44 0.14 

Challis P. 13.70 351 0.87 0.06 

Clamshell P. 8.50 510 0.67 0.14 

Clear P. 7.00 396 0.50 0.15 

Copperas P. 23.80 546 0.33 0.10 

Deer P. 13.70 463 0.88 0.10 

Eagle's Nest L. 17.10 586 0.25 0.05 

East Pine P. 10.10 484 0.88 0.25 

Fish P. 15.30 486 22.76 0.47 

Grizzle Ocean L. 10.10 450 1.49 0.09 

Gull P. 14.90 349 0.20 0.05 

Island P. 7.60 408 2.71 0.18 

Little Fish P. 9.10 486 23.30 0.08 

Long P. 6.10 518 1.85 0.07 

Lower Sargent P. 9.10 548 2.06 0.52 

Lydia P. 11.60 486 1.04 0.07 

Middle Branch L. 5.20 494 2.65 0.18 

Moss L. 15.20 536 12.41 0.47 

Nellie P. 5.80 489 2.18 0.06 

Rock P. 11.00 486 0.94 0.11 

Round P. 11.00 527 1.37 0.07 

Sampson L. 10.10 731 1.81 0.24 

Streeter L. 5.20 453 1.67 0.13 

Upper Spectacle P. 5.80 354 2.36 0.28 

Wilcox L. 15.20 440 2.78 0.53 

Wolf L. 14.60 556 6.51 0.57 

Minimum 5.20 349 0.20 0.05 

Maximum 23.80 731 23.30 0.57 

Mean 10.76 491 3.74 0.21 

Median 10.10 488 1.83 0.14 
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Appendix B 

 
Figure 11: Graph representing the present-day and pre-industrial percent relative abundance of the most abundant diatom species in 30 

Adirondack (NY, USA) reference lakes.  Species must reach an abundance of at least 5% in two samples to be included.  Species that did not reach 

an abundance of 5% were consolidated under genus, then grouped under either ‘other planktonics’ or ‘other benthics’ if they still didn’t reach 5% 

relative abundance.  The brackets contain the number of species in each category.  Species categories and lakes have been organized by their 

Principal Component Analysis axis 1 scores, with positive scores grouping in the top left corner, and negative scores grouping in the bottom right. 
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Appendix C 
         

 
Lake Name 

       

 
Arbutus Lake Bass Lake Bessie Pond Cascade Lake 

 
Depth Interval               

Species name 0-1.0 
19.75-
20 

29.75-
30 0-1.0 

15.25-
15.5 0-1.0 

19.75-
20 0-1.0 

19.75-
20 

Achnanthes biasolettiana           3 1     

Achnanthes bioreti             7     

Achnanthes chilidanos                   

Achnanthes clevei                   

Achnanthes curtissima                   

Achnanthes daonensis                   

Achnanthes didyma   1         1     

Achnanthes exigua     1 2           

Achnanthes flexella 1                 

Achnanthes granulata   1               

Achnanthes helvetica 1   1           1 

Achnanthes impexa                   

Achnanthes impexiformes 4 4   4         4 

Achnanthes kranzii                   

Achnanthes kuelbsii 1 6 2 1   2 5   3 

Achnanthes laevis                   

Achnanthes lanceolata                    

Achnanthes lanceolata ssp. 
frequentissima                   

Achnanthes levanderi 1   4 7   1 1 1   

Achnanthes marginulata                   

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 10 12 12 10 3 12 4 6 2 
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Achnanthes minutissima var. 
macrocephala                   

Achnanthes oblongella                   

Achnanthes peragalli                   

Achnanthes pseudoswazi                   

Achnanthes pusilla    2 2             

Achnanthes rechtensis     1             

Achnanthes rossi   1         1 1   

Achnanthes rupestoides     1             

Achnanthes scotica                   

Achnanthes stewartii                   

Achnanthes stolida                   

Achnanthes subatamoides 7   3 16 12 14 6 5 3 

Achnanthes submuralis                   

Achnanthes subtilissima                   

Achnanthes suchlandtii               1   

Achnanthes ventralis                   

Actinella punctata     1       1     

Amphora libyca         1     1   

Amphora ovalis 1   1     1       

Asterionella formosa 8 15 21 3 2   6     

Asterionella ralfsii                   

Aulacoseira ambigua 25 13 11 7   5 10 16 29 

Aulacoseira crassipunctata                   

Aulacoseira distans   3 4 11     5 40   9 

Aulacoseira distans var. humilis 
(line)                   

Aulacoseira distans var. humilis 
fo. 1 (dot)                   
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Aulacoseira distans var. nivalis                   

Aulacoseira distans var. 
nivaloides   28 19 21 75 5 17 5   

Aulacoseira distans var. 
septentrionalis   3 8 1 27   24 9 1 

Aulacoseira granulata                   

Aulacoseira lacustris 6 1   4 3 10 6     

Aulacoseira lirata 6 14 14   2 21 28 22 32 

Aulacoseira lirata var. biseriata 3 12 6 2 20   18 8   

Aulacoseira nygaardii 12 10 14 3   7 7 7 37 

Aulacoseira perglabra                 6 

Aulacoseira perglabra var. 
floriniae   10   1 21 27 46 21   

Aulacoseira subarctica                   

Aulacoseira tenella 21 36 15     3 2 9   

Aulacoseira valida     2     5     8 

Brachysira brebissonii 1 2 3 2   9 4 2 3 

Brachysira follis                   

Brachysira garrensis             1     

Brachysira intermedia 2 1 1     1 2 1 2 

Brachysira neoexilis (capitate) 6 3 4 2 3 6   1   

Brachysira neoexilis (non-
capitate)           3 10   3 

Brachysira procera                   

Brachysira serians             3     

Brachysira styriaca                   

Caloneis alpestris                   

Caloneis bacillum   1 3           3 

Caloneis silicula                   
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Caloneis undosa             2     

Caloneis undulata                 2 

Caloneis girdle, unknown 2                 

Cyclotella bodanica var. 
lemanica 4 10 11 11 25   2 9 27 

Cyclotella michiganiana                   

Cyclotella ocellata                   

Cyclotella pseudostelligera                   

Cyclotella stelligera (Discostella 
stelligera) 115 75 54 19 37 73 21 175 68 

Cyclotella tripcutita                   

Cymbella affinis                   

Cymbella amphicephala                   

Cymbella cesatii         1         

Cymbella cistula                   

Cymbella cuspidata                   

Cymbella cymbiformis                   

Cymbella descripta           4       

Cymbella ehrenbergii                   

Cymbella gaeumannii     6     1 1     

Cymbella girdle                   

Cymbella gracilis 4   1 2   4 3   6 

Cymbella incerta 5     1   1       

Cymbella lapponica                   

Cymbella leptoceros                   

Cymbella mesiana                   

Cymbella microcephala       2 2 2       

Cymbella minuta   2 2   3 2     3 

Cymbella naviculiformis         4         
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Cymbella pankowii                   

Cymbella silesiaca 1     4 11 2 1 5   

Denticula kuetzingii                 1 

Diploneis elliptica                 1 

Diploneis marginestriata     3             

Diploneis oblongella                   

Epithemia sorex                   

Eunotia arcus   1   1 1 2 1 1 1 

Eunotia bilunaris 4 5 4 5 1 10 4 4 2 

Eunotia bilunaris var. mucophila                   

Eunotia circumborealis                   

Eunotia diodon                   

Eunotia elegans 2   1 1       1   

Eunotia exigua                   

Eunotia faba 2 2 4   5 4 1   1 

Eunotia girdle           7 2 1   

Eunotia implicata                   

Eunotia incisa 1 2 2     3 6   1 

Eunotia intermedia   1               

Eunotia major           1       

Eunotia microcephala           4   1   

Eunotia minor                   

Eunotia muscicola var. tridentula                   

Eunotia paludosa                   

Eunotia parvulum                   

Eunotia pectinalis var. undulata   3       4       

Eunotia praerupta 8         2       

Eunotia rhynchocephala     1 5           
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Eunotia rhynchocephala var. 
rhynchocephala                   

Eunotia serra                   

Eunotia serra var. diadema             1     

Eunotia serra var. tetradon                   

Eunotia subarcuatoides       3           

Eunotia sudetica                   

Eunotia zasuminensis   1               

Fragilaria brevistriata 9 32       13     14 

Fragilaria capucina         1 2     2 

Fragilaria capucina var. gracilis                   

Fragilaria constricta                   

Fragilaria construens      2 15   1 1     

Fragilaria construens f. venter                   

Fragilaria construens f. binodis     12 2           

Fragilaria delicatissima         9   1     

Fragilaria exigua  9 8   6 55 9 2 15   

Fragilaria famelica                   

Fragilaria javanica 1                 

Fragilaria lapponica   2 4             

Fragilaria leptosi                   

Fragilaria leptostauron                   

Fragilaria nanana 3 2 3 22 2 4 2     

Fragilaria parasitica                   

Fragilaria pinnata 32 37 39 16 43 7 9 20 64 

Fragilaria tenera 1 2 2 1   13   5   

Fragilaria ulna                   

Fragilaria virescens                   
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Frustulia rhomboides 6 3 2 5 1 10 3   4 

Frustulia rhomboides var. 
crassinerva               4   

Gomphonema acuminatum       1       2   

Gomphonema amoenum                   

Gomphonema angustatum                   

Gomphonema girdle                   

Gopmhonema gracile       2 2         

Gomphonema minutum 2 2               

Gomphonema parvulum 1 2 1 1         1 

Gomphonema subtile                   

Gomphonema truncatum       1           

Melosira arentii   2         18     

Meloseira linearis             1     

Meloseira lineata           1       

Meridion circulare             2     

Navicula aboensis               6 3 

Navicula absoluta           2       

Navicula angusta                   

Navicula arvensis var major                   

Navicula atomus                   

Navicula cocconeiformes 4 7 4 1     2   2 

Navicula concentrica                   

Navicula cryptocephala                   

Navicula cryptotenella 5                 

Navicula digitulus                   

Navicula disjuncta 4 4   1       2 4 

Navicula elginensis 2                 
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Navicula evanida   5 2 1           

Navicula explanata                   

Navicula gerloffi                   

Navicula globulifera                   

Navicula glomus     1       1     

Navicula halophila                   

Navicula jaagii     6             

Navicula jaernefeltii                   

Navicula c.f. kuelbsii                 7 

Navicula laevissima                   

Navicula laterostrata                   

Navicula leptostriata       1           

Navicula marginulata                   

Navicula mediocris 2 9 6 10 7 17 9   10 

Navicula minima 2 7 13 14 8 8 12 6   

Navicula minuscula                   

Navicula naviculadicta c.f. 
detenta                   

Navicula orucicula                   

Navicula porifera     1             

Navicula pseudolanceolata                   

Navicula pseudoscutiformis 2   3 2           

Navicula pseudoventralis 1   4 2 7 4 2   2 

Navicula pupula 5 5 2 4 11 4     7 

Navicula radiosa  6 1 1   1   3     

Navicula rhynchocephala                   

Navicula rotunda   2               

Navicula schadei                   
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Navicula schmassmannii       1 2         

Navicula schoenfeldii   1               

Navicula seminuloides                   

Navicula seminulum                   

Navicula soehrensis var. hassiaca           2       

Navicula soehrensis var. 
muscicola                   

Navicula submuralis 6 9 19 6 11   6 5 5 

Navicula subrotunda     6             

Navicula subtenelloids     11 2           

Navicula subtilissima 4 1   2 2 2 1 2 1 

Navicula veneta                   

Navicula ventralis   3               

Navicula vitabunda                   

Navicula vitiosa 2 1       2 4   3 

Navicula vulpina                   

Naviculadicta c.f. detenta                   

Neidium affine           2       

Neidium ampliatum   1 2 5   3 2 2 2 

Neidium bisculcatum                   

Neidium densetriatum                   

Neidium dubium                   

Neidium hitchcockii                   

Neidium hercynicum                   

Neidium iridis         1         

Neidium septentrionale                   

Nitzschia bryophila                   

Nitzschia commutata                   
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Nitzschia fonticola       2   1 1 1   

Nitzschia gracilis       2 4         

Nitzschia hercynicum                   

Nitzschia linearis         . 3     3 

Nitzschia palea   2 1   1     3 1 

Nitzschia radicula                   

Nitzschia recta 3                 

Nitzschia sociabilis                   

Nitzschia solita                   

Nitzschia umbonata             2     

Nitzschia spp. 2 3 5 2 2 3 1   5 

Pinnularia abaujensis   1   2     4 2     

Pinnularia abaujensis var. 
lacustris       27 5         

Pinnularia abaujensis var. 
linearis                   

Pinnularia abaujensis var. 
subundulata                   

Pinnularia biceps                   

Pinnularia biceps var. petersenii       1     1     

Pinnularia biceps var. pusilla 1     51 23   1 2 6 

Pinnularia braunii   1 2 13         1 

Pinnularia divergentissima                   

Pinnularia girdle                   

Pinnularia kwacksii                   

Pinnularia legumen           3       

Pinnularia major         2         

Pinnularia mesolepta       2           
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Pinnularia microstauron 1 5 2     3 5   2 

Pinnularia microstauron var. 
adirondackensis       17 5         

Pinnularia nodosa         2         

Pinnularia pogoii                   

Pinnularia polyonca         1         

Pinnularia rupestris                   

Pinnularia subcapitata                   

Pinnularia turnerae 1     1           

Pinnularia viridis 1             2   

Pinnularia wisconsinensis                   

Pleurosigma strigilis                   

Rhizosolenia eriensis            1       

Stauroneis anceps 5 1 4 2 3 1 1 5 5 

Stauroneis anceps var. gracilis                   

Stauroneis kriegerii                   

Stauroneis lauenburgiana                   

Stauroneis nobilis   1 1 1           

Stauroneis phoenicenteron   2   2           

Stauroneis prominula       1           

Stenopterobia curvula 3 3 4 1 3 4 1     

Stenopterobia delicatissima   2 2 1   3   7 1 

Surirella angusta           5       

Surirella lapponica                   

Surirella linearis     2       1     

Surirella spp. 2 1             3 

Tabellaria flocculosa strain III 11 1 13 4 2 10 5 3   

Tabellaria flocculosa strain IV       30     3     
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Tabellaria quadriseptata   20             10 

 

Tabellaria ventricosa             4     

Total 407 472 434 424 475 413 405 405 427 

          Microspheres 1800 746 575 1334 219 2020 402 943 585 
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Cascade Pond Challis Pond Clamshell Pond 

 
                

Species name 0-1 18-18.25 0-1 19.75-20 29.75-30 0-1 19.75-20 29.75-30 

Achnanthes biasolettiana     1     2     

Achnanthes bioreti   3 1           

Achnanthes chilidanos                 

Achnanthes clevei                 

Achnanthes curtissima   2             

Achnanthes daonensis                 

Achnanthes didyma       1   1 1 3 

Achnanthes exigua                 

Achnanthes flexella     2 1         

Achnanthes granulata                 

Achnanthes helvetica 9 11             

Achnanthes impexa                 

Achnanthes impexiformes   2   2 4     2 

Achnanthes kranzii                 

Achnanthes kuelbsii   1   5       5 

Achnanthes laevis               4 

Achnanthes lanceolata                  

Achnanthes lanceolata ssp. 
frequentissima                 

Achnanthes levanderi 3 3     4 1 3 4 

Achnanthes marginulata       1         

Achnanthidium minutissimum 
(syn. Achnanthes 
minutissima) 5 22 5 13 15 14 12 11 
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Achnanthes minutissima var. 
macrocephala                 

Achnanthes oblongella                 

Achnanthes peragalli                 

Achnanthes pseudoswazi                 

Achnanthes pusilla  2 5 2 9 4 1     

Achnanthes rechtensis                 

Achnanthes rossi   3         3   

Achnanthes rupestoides                 

Achnanthes scotica                 

Achnanthes stewartii                 

Achnanthes stolida                 

Achnanthes subatamoides 7 15 3 7 1 1 5   

Achnanthes submuralis                 

Achnanthes subtilissima                 

Achnanthes suchlandtii               2 

Achnanthes ventralis   2           1 

Actinella punctata                 

Amphora libyca 1   1 3         

Amphora ovalis             1   

Asterionella formosa     28 5 5 7 8   

Asterionella ralfsii                 

Aulacoseira ambigua 3 2 1 5 2 33 35 10 

Aulacoseira crassipunctata                 

Aulacoseira distans   18 12 2 21 75     4 

Aulacoseira distans var. 
humilis (line)                 

Aulacoseira distans var. 
humilis fo. 1 (dot)                 
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Aulacoseira distans var. 
nivalis                 

Aulacoseira distans var. 
nivaloides 1 5 15 30 27   19 12 

Aulacoseira distans var. 
septentrionalis 16 13 7 17 50       

Aulacoseira granulata                 

Aulacoseira lacustris         1       

Aulacoseira lirata     2 2   2   3 
Aulacoseira lirata var. 
biseriata 2 2   2 5   1   

Aulacoseira nygaardii 1   4 7 2 8   7 

Aulacoseira perglabra         8       

Aulacoseira perglabra var. 
floriniae             1   

Aulacoseira subarctica                 

Aulacoseira tenella     7 1 1 5 5 11 

Aulacoseira valida           4 2   

Brachysira brebissonii 2 7   2     2 1 

Brachysira follis                 

Brachysira garrensis 3 2             

Brachysira intermedia 2 4   1 1 1   2 

Brachysira neoexilis (capitate) 15 22   2 1 8   3 

Brachysira neoexilis (non-
capitate) 6   2       5   

Brachysira procera                 

Brachysira serians 1               

Brachysira styriaca   1             

Caloneis alpestris                 
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Caloneis bacillum   2             

Caloneis silicula                 

Caloneis undosa   5           2 

Caloneis undulata                 

Caloneis girdle, unknown           2     

Cyclotella bodanica var. 
lemanica     37 77 43 11 14 4 

Cyclotella michiganiana                 

Cyclotella ocellata                 

Cyclotella pseudostelligera                 

Cyclotella stelligera 
(Discostella stelligera) 1   211 55 57 104 161 137 

Cyclotella tripcutita                 

Cymbella affinis                 

Cymbella amphicephala                 

Cymbella cesatii 2       1       

Cymbella cistula                 

Cymbella cuspidata                 

Cymbella cymbiformis                 

Cymbella descripta           1 1   

Cymbella ehrenbergii         2     1 

Cymbella gaeumannii                 

Cymbella girdle 4       2       

Cymbella gracilis 5 4 3 2   4 4   

Cymbella incerta 3 3   2   2 2 2 

Cymbella lapponica                 

Cymbella leptoceros                 

Cymbella mesiana     2 1         

Cymbella microcephala   4   2         
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Cymbella minuta   3   5   2 2 3 

Cymbella naviculiformis                 

Cymbella pankowii 1               

Cymbella silesiaca 6 10     2       

Denticula kuetzingii                 

Diploneis elliptica                 

Diploneis marginestriata                 

Diploneis oblongella                 

Epithemia sorex                 

Eunotia arcus 17 4 1   1   2   

Eunotia bilunaris 24 10 4 4 6 2 1   

Eunotia bilunaris var. 
mucophila                 

Eunotia circumborealis 3               

Eunotia diodon                 

Eunotia elegans 2 10 2   1 3     

Eunotia exigua                 

Eunotia faba 3 2 1 3 2 1   1 

Eunotia girdle 9   1           

Eunotia implicata                 

Eunotia incisa 4   2 2   1 3   

Eunotia intermedia                 

Eunotia major                 

Eunotia microcephala                 

Eunotia minor             1   

Eunotia muscicola var. 
tridentula                 

Eunotia paludosa 1 12             
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Eunotia parvulum   1             
Eunotia pectinalis var. 
undulata 4 3       2 2   

Eunotia praerupta               1 

Eunotia rhynchocephala 10 5             

Eunotia rhynchocephala var. 
rhynchocephala                 

Eunotia serra                 

Eunotia serra var. diadema                 

Eunotia serra var. tetradon   1             

Eunotia subarcuatoides                 

Eunotia sudetica                 

Eunotia zasuminensis                 

Fragilaria brevistriata     20 1   7     

Fragilaria capucina 2 1 3 1     2   

Fragilaria capucina var. 
gracilis   12             

Fragilaria constricta                 

Fragilaria construens  2             18 

Fragilaria construens f. venter                 

Fragilaria construens f. 
binodis           2   8 

Fragilaria delicatissima 1       1       

Fragilaria exigua  19 27   3 1   4 2 

Fragilaria famelica   1   1         

Fragilaria javanica                 

Fragilaria lapponica                 

Fragilaria leptosi                 
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Fragilaria leptostauron       2         

Fragilaria nanana 1 6 5 10 7 2 14 5 

Fragilaria parasitica     2       1 3 

Fragilaria pinnata 36 45 2 23 22 46 50 53 

Fragilaria tenera 4 2 21 11 16   9 2 

Fragilaria ulna                 

Fragilaria virescens                 

Frustulia rhomboides 13 8   1       2 

Frustulia rhomboides var. 
crassinerva 21               

Gomphonema acuminatum   2             

Gomphonema amoenum                 

Gomphonema angustatum   2             

Gomphonema girdle           2     

Gopmhonema gracile   3         3   

Gomphonema minutum 5 1   2       1 

Gomphonema parvulum 3 6             

Gomphonema subtile                 

Gomphonema truncatum                 

Melosira arentii                 

Meloseira linearis                 

Meloseira lineata                 

Meridion circulare                 

Navicula aboensis     2     1 1 4 

Navicula absoluta 1       4 4     

Navicula angusta                 

Navicula arvensis var major                 

Navicula atomus                 
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Navicula cocconeiformes 2               

 

Navicula concentrica                 

Navicula cryptocephala   2 1     2     

Navicula cryptotenella   2           2 

Navicula digitulus                 

Navicula disjuncta 1               

Navicula elginensis 1               

Navicula evanida       8 2     3 

Navicula explanata                 

Navicula gerloffi                 

Navicula globulifera                 

Navicula glomus 2   2   5       

Navicula halophila   1             

Navicula jaagii                 

Navicula jaernefeltii                 

Navicula c.f. kuelbsii                 

Navicula laevissima 1               

Navicula laterostrata                 

Navicula leptostriata 7 1   2 1 1 5 3 

Navicula marginulata                 

Navicula mediocris 8 8   2 2 13 6 4 

Navicula minima   6 5 5 7 15 16 21 

Navicula minuscula                 

Navicula naviculadicta c.f. 
detenta                 

Navicula orucicula                 

Navicula porifera                 

Navicula pseudolanceolata                 
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Navicula pseudoscutiformis   3   3 5 2   4 

 

Navicula pseudoventralis     3 1       2 

Navicula pupula   4   7 4 5 2   

Navicula radiosa    4 3           

Navicula rhynchocephala                 

Navicula rotunda         4 6 4 2 

Navicula schadei                 

Navicula schmassmannii                 

Navicula schoenfeldii             1   

Navicula seminuloides           1     

Navicula seminulum               8 

Navicula soehrensis var. 
hassiaca             2   

Navicula soehrensis var. 
muscicola                 

Navicula submuralis 5 2 1 6 6   4 1 

Navicula subrotunda                 

Navicula subtenelloids                 

Navicula subtilissima 2 6           2 

Navicula veneta                 

Navicula ventralis                 

Navicula vitabunda                 

Navicula vitiosa       2 10 21 18 15 

Navicula vulpina                 

Naviculadicta c.f. detenta                 

Neidium affine                 

Neidium ampliatum 2 2       5 1 3 

Neidium bisculcatum           1     
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Neidium densetriatum   2             

 

Neidium dubium               1 

Neidium hitchcockii                 

Neidium hercynicum 2       1       

Neidium iridis 2               

Neidium septentrionale                 

Nitzschia bryophila                 

Nitzschia commutata                 

Nitzschia fonticola 6 5       6 8 2 

Nitzschia gracilis 2               

Nitzschia hercynicum                 

Nitzschia linearis 3 1     2 1 1 1 

Nitzschia palea 2               

Nitzschia radicula                 

Nitzschia recta   4             

Nitzschia sociabilis     1           

Nitzschia solita                 

Nitzschia umbonata           1     

Nitzschia spp.   5     2 2 4 1 

Pinnularia abaujensis   2     3   1 1   

Pinnularia abaujensis var. 
lacustris                 

Pinnularia abaujensis var. 
linearis                 

Pinnularia abaujensis var. 
subundulata   2             

Pinnularia biceps           1     

Pinnularia biceps var.   3           1 
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petersenii 

Pinnularia biceps var. pusilla 4 4 4 8 14 6 1 1 

Pinnularia braunii       2   1   2 

Pinnularia divergentissima       1         

Pinnularia girdle                 

Pinnularia kwacksii                 

Pinnularia legumen               1 

Pinnularia major     1           

Pinnularia mesolepta 1     6 8   1   

Pinnularia microstauron 4 5 4 5 6 1 2   

Pinnularia microstauron var. 
adirondackensis                 

Pinnularia nodosa                 

Pinnularia pogoii                 

Pinnularia polyonca                 

Pinnularia rupestris                 

Pinnularia subcapitata   3             

Pinnularia turnerae                 

Pinnularia viridis                 

Pinnularia wisconsinensis                 

Pleurosigma strigilis                 

Rhizosolenia eriensis                  

Stauroneis anceps 2 2 1 1     2 2 

Stauroneis anceps var. gracilis         14       

Stauroneis kriegerii                 

Stauroneis lauenburgiana                 

Stauroneis nobilis     3 4 1   1   

Stauroneis phoenicenteron 1 1   1       1 
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Stauroneis prominula                 

Stenopterobia curvula 8 6   1   1     

 

Stenopterobia delicatissima 6 8 3   2 3 2 2 

Surirella angusta 2               

Surirella lapponica   4             

Surirella linearis                 

Surirella spp.                 

Tabellaria flocculosa strain III 22 29 1 2   18 14 2 

Tabellaria flocculosa strain IV                 

Tabellaria quadriseptata                 

Tabellaria ventricosa     9 2   5 10 9 

Total 404 459 444 417 470 406 486 430 

         Microspheres 2307 581 841 376 268 1507 658 338 
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Clear Pond Copperas Pond Deer Pond 

 
              

Species name 0-1.0 19.75-20 0-1.0 19.75-20 29.75-30 0-1 19.75-20 

Achnanthes biasolettiana               

Achnanthes bioreti               

Achnanthes chilidanos               

Achnanthes clevei   1 2 4 2     

Achnanthes curtissima               

Achnanthes daonensis               

Achnanthes didyma       4 1     

Achnanthes exigua               

Achnanthes flexella               

Achnanthes granulata               

Achnanthes helvetica   1           

Achnanthes impexa               

Achnanthes impexiformes     4 1 1     

Achnanthes kranzii               

Achnanthes kuelbsii       2   1 5 

Achnanthes laevis               

Achnanthes lanceolata      2         

Achnanthes lanceolata ssp. 
frequentissima               

Achnanthes levanderi 1 1 4       4 

Achnanthes marginulata               

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 28 35 29 8 7 0 0 

 

 

 



 

 

 

115 

Achnanthes minutissima var. 
macrocephala               

Achnanthes oblongella               

Achnanthes peragalli               

Achnanthes pseudoswazi               

Achnanthes pusilla  3 6 1 1 3   2 

Achnanthes rechtensis               

Achnanthes rossi   3 5 1       

Achnanthes rupestoides               

Achnanthes scotica               

Achnanthes stewartii               

Achnanthes stolida               

Achnanthes subatamoides 4 2 7 2 1   13 

Achnanthes submuralis               

Achnanthes subtilissima               

Achnanthes suchlandtii     2 5 3     

Achnanthes ventralis               

Actinella punctata               

Amphora libyca   1 1         

Amphora ovalis 1             

Asterionella formosa 2   17 21 7 119 2 

Asterionella ralfsii       16 3     

Aulacoseira ambigua   8         1 

Aulacoseira crassipunctata               

Aulacoseira distans   6 5 4   3 4 15 

Aulacoseira distans var. humilis 
(line)               

Aulacoseira distans var. humilis 
fo. 1 (dot)               
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Aulacoseira distans var. nivalis     1       10 

Aulacoseira distans var. 
nivaloides               

Aulacoseira distans var. 
septentrionalis           2 14 

Aulacoseira granulata               

Aulacoseira lacustris               

Aulacoseira lirata         2   26 

Aulacoseira lirata var. biseriata     4       41 

Aulacoseira nygaardii 10 3           

Aulacoseira perglabra 8           15 

Aulacoseira perglabra var. 
floriniae               

Aulacoseira subarctica               

Aulacoseira tenella 2 3   20 27     

Aulacoseira valida 4             

Brachysira brebissonii               

Brachysira follis               

Brachysira garrensis               

Brachysira intermedia               

Brachysira neoexilis (capitate) 4 7       1   

Brachysira neoexilis (non-
capitate)       1 1     

Brachysira procera               

Brachysira serians               

Brachysira styriaca               

Caloneis alpestris               

Caloneis bacillum               

Caloneis silicula 1       2     
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Caloneis undosa               

Caloneis undulata               

Caloneis girdle, unknown               

Cyclotella bodanica var. 
lemanica 7 14 31 2 4     

Cyclotella michiganiana       12 3     

Cyclotella ocellata     5 88 168     

Cyclotella pseudostelligera               

Cyclotella stelligera (Discostella 
stelligera) 180 183 87 62 19     

Cyclotella tripcutita     4         

Cymbella affinis               

Cymbella amphicephala               

Cymbella cesatii               

Cymbella cistula               

Cymbella cuspidata               

Cymbella cymbiformis               

Cymbella descripta     1         

Cymbella ehrenbergii   2           

Cymbella gaeumannii             8 

Cymbella girdle               

Cymbella gracilis     2   3 1   

Cymbella incerta   1     1 1   

Cymbella lapponica               

Cymbella leptoceros             3 

Cymbella mesiana               

Cymbella microcephala   3           

Cymbella minuta           5   

Cymbella naviculiformis   1           
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Cymbella pankowii               

Cymbella silesiaca     2     4 2 

Denticula kuetzingii               

Diploneis elliptica               

Diploneis marginestriata               

Diploneis oblongella               

Epithemia sorex               

Eunotia arcus           10   

Eunotia bilunaris           2 17 

Eunotia bilunaris var. mucophila               

Eunotia circumborealis               

Eunotia diodon               

Eunotia elegans           10   

Eunotia exigua 1     1     6 

Eunotia faba     2     22 13 

Eunotia girdle               

Eunotia implicata               

Eunotia incisa 1 3       6 7 

Eunotia intermedia               

Eunotia major               

Eunotia microcephala           4 33 

Eunotia minor               

Eunotia muscicola var. tridentula               

Eunotia paludosa               

Eunotia parvulum               

Eunotia pectinalis var. undulata 2 1           

Eunotia praerupta               
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Eunotia rhynchocephala               

Eunotia rhynchocephala var. 
rhynchocephala               

Eunotia serra               

Eunotia serra var. diadema               

Eunotia serra var. tetradon               

Eunotia subarcuatoides               

Eunotia sudetica               

Eunotia zasuminensis       2     2 

Fragilaria brevistriata 32 3 44 26 47     

Fragilaria capucina 1       1 1   

Fragilaria capucina var. gracilis               

Fragilaria constricta             10 

Fragilaria construens    7 6 13 8     

Fragilaria construens f. venter               

Fragilaria construens f. binodis   13           

Fragilaria delicatissima               

Fragilaria exigua  1 1 2 10 1   2 

Fragilaria famelica               

Fragilaria javanica               

Fragilaria lapponica               

Fragilaria leptosi               

Fragilaria leptostauron 6   7 3 4     

Fragilaria nanana 6 5 11 5 7 3   

Fragilaria parasitica               

Fragilaria pinnata 92 30 104 28 57 0 0 

Fragilaria tenera   3 1 42 13 15   

Fragilaria ulna               



 

 

 

120 

 

Fragilaria virescens               

Frustulia rhomboides 2 1       5 11 

Frustulia rhomboides var. 
crassinerva               

Gomphonema acuminatum               

Gomphonema amoenum               

Gomphonema angustatum               

Gomphonema girdle               

Gopmhonema gracile               

Gomphonema minutum               

Gomphonema parvulum   2         4 

Gomphonema subtile               

Gomphonema truncatum               

Melosira arentii 1             

Meloseira linearis               

Meloseira lineata               

Meridion circulare               

Navicula aboensis   1           

Navicula absoluta       5     6 

Navicula angusta               

Navicula arvensis var major               

Navicula atomus 1             

Navicula cocconeiformes   1           

Navicula concentrica   1           

Navicula cryptocephala             1 

Navicula cryptotenella               

Navicula digitulus               

Navicula disjuncta               
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Navicula elginensis               

Navicula evanida               

Navicula explanata               

Navicula gerloffi               

Navicula globulifera               

Navicula glomus   2         4 

Navicula halophila               

Navicula jaagii               

Navicula jaernefeltii     3         

Navicula c.f. kuelbsii               

Navicula laevissima   2 1         

Navicula laterostrata               

Navicula leptostriata           3 11 

Navicula marginulata               

Navicula mediocris 5 11 8   4   25 

Navicula minima 17 20 26 9 5 2   

Navicula minuscula               

Navicula naviculadicta c.f. 
detenta               

Navicula orucicula               

Navicula porifera               

Navicula pseudolanceolata               

Navicula pseudoscutiformis 1 3           

Navicula pseudoventralis 6 6 6 2       

Navicula pupula 2 1 1       2 

Navicula radiosa    5     2 5   

Navicula rhynchocephala               

Navicula rotunda               
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Navicula schadei               

Navicula schmassmannii               

Navicula schoenfeldii 2 3           

Navicula seminuloides               

Navicula seminulum     5         

Navicula soehrensis var. hassiaca 6             

Navicula soehrensis var. 
muscicola               

Navicula submuralis 6 7 6 3 3 4 8 

Navicula subrotunda               

Navicula subtenelloids               

Navicula subtilissima         2 2 18 

Navicula veneta               

Navicula ventralis               

Navicula vitabunda               

Navicula vitiosa 17 22 8 1 2     

Navicula vulpina               

Naviculadicta c.f. detenta               

Neidium affine   2           

Neidium ampliatum   2       2 1 

Neidium bisculcatum               

Neidium densetriatum               

Neidium dubium               

Neidium hitchcockii               

Neidium hercynicum               

Neidium iridis             7 

Neidium septentrionale               
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Nitzschia bryophila               

Nitzschia commutata           4   

Nitzschia fonticola 2   8   1 2 1 

Nitzschia gracilis           6   

Nitzschia hercynicum             18 

Nitzschia linearis   1 2         

Nitzschia palea           3   

Nitzschia radicula               

Nitzschia recta               

Nitzschia sociabilis               

Nitzschia solita               

Nitzschia umbonata               

Nitzschia spp. 1 4 1 6 2     

Pinnularia abaujensis       2         

Pinnularia abaujensis var. 
lacustris               

Pinnularia abaujensis var. 
linearis               

Pinnularia abaujensis var. 
subundulata               

Pinnularia biceps               

Pinnularia biceps var. petersenii   2           

Pinnularia biceps var. pusilla         1 92 4 

Pinnularia braunii 1             

Pinnularia divergentissima             1 

Pinnularia girdle               

Pinnularia kwacksii               

Pinnularia legumen               
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Pinnularia major               

Pinnularia mesolepta               

Pinnularia microstauron   1       3 1 

Pinnularia microstauron var. 
adirondackensis               

Pinnularia nodosa               

Pinnularia pogoii               

Pinnularia polyonca               

Pinnularia rupestris               

Pinnularia subcapitata               

Pinnularia turnerae             6 

Pinnularia viridis               

Pinnularia wisconsinensis               

Pleurosigma strigilis       1       

Rhizosolenia eriensis                

Stauroneis anceps           2 2 

Stauroneis anceps var. gracilis               

Stauroneis kriegerii               

Stauroneis lauenburgiana 1             

Stauroneis nobilis               

Stauroneis phoenicenteron 1             

Stauroneis prominula               

Stenopterobia curvula 1 1       1   

Stenopterobia delicatissima   1       1   

Surirella angusta         1     

Surirella lapponica               

Surirella linearis               

Surirella spp.               



 

 

 

125 

Tabellaria flocculosa strain III 8 20 5     59 24 

 

Tabellaria flocculosa strain IV 2 4 4 4 8   3 

Tabellaria quadriseptata               

Tabellaria ventricosa               

Total 486 472 478 411 430 407 409 

        Microspheres 872 715 514 352 358 7509 971 
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Eagle's Nest  Lake East Pine Pond Fish Pond Grizzle Ocean 

 
                  

Species name 0-1.0 19.75-20 29.75-30 0-1 19.75-20 0-1.0 19.75-20 0-1.0 17-17.25 

Achnanthes biasolettiana                   

Achnanthes bioreti             1     

Achnanthes chilidanos         1         

Achnanthes clevei           1       

Achnanthes curtissima                   

Achnanthes daonensis                   

Achnanthes didyma       1   2 1     

Achnanthes exigua       1           

Achnanthes flexella   3               

Achnanthes granulata                   

Achnanthes helvetica       1   2 1     

Achnanthes impexa                   

Achnanthes impexiformes                   

Achnanthes kranzii                   

Achnanthes kuelbsii   2       2 4     

Achnanthes laevis       2           

Achnanthes lanceolata                    

Achnanthes lanceolata ssp. 
frequentissima                   

Achnanthes levanderi     4     6 7 8 2 

Achnanthes marginulata           1       

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 31 6 12 16 6 26 28 9 12 

Achnanthes minutissima var. 
macrocephala                   
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Achnanthes oblongella     1             

Achnanthes peragalli                   

Achnanthes pseudoswazi                   

Achnanthes pusilla    1   3   1   1 1 

Achnanthes rechtensis                   

Achnanthes rossi   4       3     2 

Achnanthes rupestoides           7 2     

Achnanthes scotica           1       

Achnanthes stewartii                   

Achnanthes stolida                   

Achnanthes subatamoides 4   3   4 7 14   2 

Achnanthes submuralis                   

Achnanthes subtilissima                   

Achnanthes suchlandtii   3   2           

Achnanthes ventralis                   

Actinella punctata                   

Amphora libyca 1 5 3   2         

Amphora ovalis                   

Asterionella formosa 233 1 4 22 1 16 17 2 45 

Asterionella ralfsii                   

Aulacoseira ambigua       86 216 7 26 2   

Aulacoseira crassipunctata                   

Aulacoseira distans             2   27 7 

Aulacoseira distans var. humilis 
(line)                   

Aulacoseira distans var. humilis 
fo. 1 (dot)         15         

Aulacoseira distans var. nivalis                   
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Aulacoseira distans var. 
nivaloides           3     30 

Aulacoseira distans var. 
septentrionalis           1   5 8 

Aulacoseira granulata             2     

Aulacoseira lacustris           3 2   1 

Aulacoseira lirata       2 1 12 7   1 

Aulacoseira lirata var. biseriata                   

Aulacoseira nygaardii           4 7     

Aulacoseira perglabra           9 4 3   

Aulacoseira perglabra var. 
floriniae                   

Aulacoseira subarctica                   

Aulacoseira tenella       30 10   39 2 11 

Aulacoseira valida       1 2   13     

Brachysira brebissonii 1     1       10 1 

Brachysira follis                   

Brachysira garrensis         2     1   

Brachysira intermedia 1     1 1 4     3 

Brachysira neoexilis (capitate) 7 1 2 3   2 5 6 2 

Brachysira neoexilis (non-
capitate)                   

Brachysira procera                   

Brachysira serians                   

Brachysira styriaca                   

Caloneis alpestris                   

Caloneis bacillum           5     2 

Caloneis silicula                   
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Caloneis undosa         2         

Caloneis undulata                   

Caloneis girdle, unknown                   

Cyclotella bodanica var. 
lemanica 85 54 83 36 48 7 13   22 

Cyclotella michiganiana         3   2   5 

Cyclotella ocellata                   

Cyclotella pseudostelligera                   

Cyclotella stelligera (Discostella 
stelligera) 2 303 239 15 10 26 137 1 98 

Cyclotella tripcutita                   

Cymbella affinis                   

Cymbella amphicephala   3               

Cymbella cesatii 2       2         

Cymbella cistula     1             

Cymbella cuspidata                   

Cymbella cymbiformis       6           

Cymbella descripta 1             2   

Cymbella ehrenbergii             1 1   

Cymbella gaeumannii       1           

Cymbella girdle                   

Cymbella gracilis 2     1   8 4 6 1 

Cymbella incerta 1     1   1       

Cymbella lapponica                   

Cymbella leptoceros                   

Cymbella mesiana                   

Cymbella microcephala   1 2       1 2 1 

Cymbella minuta       3     1 2 6 
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Cymbella naviculiformis     2       2 2   

Cymbella pankowii                   

Cymbella silesiaca               6   

Denticula kuetzingii         1         

Diploneis elliptica                 2 

Diploneis marginestriata                   

Diploneis oblongella                   

Epithemia sorex                   

Eunotia arcus       3   3 1 21   

Eunotia bilunaris 2         6 2 13 1 

Eunotia bilunaris var. mucophila                   

Eunotia circumborealis                   

Eunotia diodon               1   

Eunotia elegans     2             

Eunotia exigua       1           

Eunotia faba               4   

Eunotia girdle           5   4   

Eunotia implicata             2     

Eunotia incisa       1   9 5 4 3 

Eunotia intermedia                   

Eunotia major                   

Eunotia microcephala                   

Eunotia minor           1       

Eunotia muscicola var. tridentula                   

Eunotia paludosa                   

Eunotia parvulum                   

Eunotia pectinalis var. undulata       3       3 1 
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Eunotia praerupta             1     

Eunotia rhynchocephala           2       

Eunotia rhynchocephala var. 
rhynchocephala                   

Eunotia serra                   

Eunotia serra var. diadema                   

Eunotia serra var. tetradon               2   

Eunotia subarcuatoides                   

Eunotia sudetica                   

Eunotia zasuminensis           2 5     

Fragilaria brevistriata   14 1 3 16 42   4   

Fragilaria capucina       2 3 4       

Fragilaria capucina var. gracilis                   

Fragilaria constricta                   

Fragilaria construens    1 5 3   7       

Fragilaria construens f. venter                   

Fragilaria construens f. binodis       4 2   6 2   

Fragilaria delicatissima                   

Fragilaria exigua    2       1 1   1 

Fragilaria famelica       1   1 1 1   

Fragilaria javanica                   

Fragilaria lapponica         6         

Fragilaria leptosi       3           

Fragilaria leptostauron                   

Fragilaria nanana 11   7 28 7 14 10 1 4 

Fragilaria parasitica                   

Fragilaria pinnata 8 62 48 30 4 40 27 76 23 

Fragilaria tenera 1   1 6   4 4 3 2 
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Fragilaria ulna                   

Fragilaria virescens               2   

Frustulia rhomboides 2     1   5 1 16   

Frustulia rhomboides var. 
crassinerva                   

Gomphonema acuminatum       2       2   

Gomphonema amoenum                   

Gomphonema angustatum                   

Gomphonema girdle                   

Gopmhonema gracile       2   1   3   

Gomphonema minutum       2   1   9 1 

Gomphonema parvulum             9     

Gomphonema subtile       3           

Gomphonema truncatum                   

Melosira arentii 1                 

Meloseira linearis                   

Meloseira lineata                   

Meridion circulare           4 3 8 6 

Navicula aboensis       4     2     

Navicula absoluta   1               

Navicula angusta                   

Navicula arvensis var major                   

Navicula atomus                   

Navicula cocconeiformes           2       

Navicula concentrica     3 4           

Navicula cryptocephala 2           2   2 

Navicula cryptotenella                   

Navicula digitulus                   
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Navicula disjuncta                   

Navicula elginensis           2       

Navicula evanida           4       

Navicula explanata                   

Navicula gerloffi                   

Navicula globulifera                   

Navicula glomus   1   2 2         

Navicula halophila                   

Navicula jaagii                   

Navicula jaernefeltii                   

Navicula c.f. kuelbsii                   

Navicula laevissima                   

Navicula laterostrata       2           

Navicula leptostriata       5   1       

Navicula marginulata                   

Navicula mediocris   7 7     6   19   

Navicula minima   14 18 14 5 23 5 5 9 

Navicula minuscula           4 1   2 

Navicula naviculadicta c.f. 
detenta                   

Navicula orucicula                   

Navicula porifera                   

Navicula pseudolanceolata                   

Navicula pseudoscutiformis   1 2 2           

Navicula pseudoventralis     2 3   5 1 7 6 

Navicula pupula 3 7 4 1 2 2 1 5 6 

Navicula radiosa  3     1     2 17 1 

Navicula rhynchocephala                   
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Navicula rotunda                   

Navicula schadei                   

Navicula schmassmannii           4 2   1 

Navicula schoenfeldii       1 6         

Navicula seminuloides                   

Navicula seminulum       1           

Navicula soehrensis var. hassiaca                   

Navicula soehrensis var. 
muscicola                   

Navicula submuralis 1 8 9 10 14 6 2 8 7 

Navicula subrotunda         2         

Navicula subtenelloids           1       

Navicula subtilissima       2   1       

Navicula veneta                   

Navicula ventralis                   

Navicula vitabunda           2       

Navicula vitiosa 1 3 4 2           

Navicula vulpina                   

Naviculadicta c.f. detenta                   

Neidium affine                   

Neidium ampliatum             1 4 2 

Neidium bisculcatum                   

Neidium densetriatum                   

Neidium dubium                   

Neidium hitchcockii                   

Neidium hercynicum                   

Neidium iridis               1   
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Neidium septentrionale                   

Nitzschia bryophila                   

Nitzschia commutata                   

Nitzschia fonticola   2 2 2 3 3   18   

Nitzschia gracilis                 1 

Nitzschia hercynicum                   

Nitzschia linearis 1 1   1 2 2 2 11 5 

Nitzschia palea       6   4 7   6 

Nitzschia radicula                   

Nitzschia recta                   

Nitzschia sociabilis                   

Nitzschia solita                   

Nitzschia umbonata               1   

Nitzschia spp. 4 6 2     2       

Pinnularia abaujensis   1       1 2   1   

Pinnularia abaujensis var. 
lacustris                   

Pinnularia abaujensis var. 
linearis                   

Pinnularia abaujensis var. 
subundulata                   

Pinnularia biceps                   

Pinnularia biceps var. petersenii       1   1   3   

Pinnularia biceps var. pusilla 4 1   1 1 1   4 6 

Pinnularia braunii                   

Pinnularia divergentissima                   

Pinnularia girdle                   

Pinnularia kwacksii                   
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Pinnularia legumen                   

Pinnularia major         2   2     

Pinnularia mesolepta       1           

Pinnularia microstauron   1 1 1   1   4 3 

Pinnularia microstauron var. 
adirondackensis                   

Pinnularia nodosa     1 1           

Pinnularia pogoii                   

Pinnularia polyonca                   

Pinnularia rupestris                   

Pinnularia subcapitata                   

Pinnularia turnerae                   

Pinnularia viridis                   

Pinnularia wisconsinensis                   

Pleurosigma strigilis                   

Rhizosolenia eriensis            1       

Stauroneis anceps         2   2   3 

Stauroneis anceps var. gracilis                   

Stauroneis kriegerii                   

Stauroneis lauenburgiana                   

Stauroneis nobilis 1                 

Stauroneis phoenicenteron   1       2   1   

Stauroneis prominula                   

Stenopterobia curvula             2 5 3 

Stenopterobia delicatissima                   

Surirella angusta             1     

Surirella lapponica                   

Surirella linearis 1               1 
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Surirella spp.           1       

Tabellaria flocculosa strain III 3 1 1 26   26 26 19 41 

Tabellaria flocculosa strain IV                   

Tabellaria quadriseptata                   

Tabellaria ventricosa                   

Total 421 521 476 427 407 430 480 410 412 

          Microspheres 12630 263 239 4378 1161 2550 602 2449 613 
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Gull Pond Island Pond Little Fish Pond 

 
                

Species name 0-1.0 19.75-20 29.75-30 0-1.0 19.75-20 29.75-30 0-1 19.75-20 

Achnanthes biasolettiana                 

Achnanthes bioreti                 

Achnanthes chilidanos                 

Achnanthes clevei             2 2 

Achnanthes curtissima                 

Achnanthes daonensis                 

Achnanthes didyma             1   

Achnanthes exigua     3 1 7 7 2   

Achnanthes flexella     1           

Achnanthes granulata                 

Achnanthes helvetica       1   2 2   

Achnanthes impexa         1       

Achnanthes impexiformes                 

Achnanthes kranzii                 

Achnanthes kuelbsii     3       1   

Achnanthes laevis                 

Achnanthes lanceolata            2     

Achnanthes lanceolata ssp. 
frequentissima                 

Achnanthes levanderi 3 1   1 3   2 1 

Achnanthes marginulata                 

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 12 25 34 15 19 32 23 16 

Achnanthes minutissima var. 
macrocephala                 
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Achnanthes oblongella                 

Achnanthes peragalli                 

Achnanthes pseudoswazi                 

Achnanthes pusilla    1   2 6 8   3 

Achnanthes rechtensis                 

Achnanthes rossi     2       1 1 

Achnanthes rupestoides   3         1   

Achnanthes scotica                 

Achnanthes stewartii                 

Achnanthes stolida                 

Achnanthes subatamoides       2 5 2     

Achnanthes submuralis                 

Achnanthes subtilissima                 

Achnanthes suchlandtii           1     

Achnanthes ventralis                 

Actinella punctata                 

Amphora libyca         1       

Amphora ovalis                 

Asterionella formosa 132 76 19 1 7 3 8 6 

Asterionella ralfsii                 

Aulacoseira ambigua 1 1       9 12 19 

Aulacoseira crassipunctata                 

Aulacoseira distans           2       

Aulacoseira distans var. humilis 
(line)             6 1 

Aulacoseira distans var. humilis 
fo. 1 (dot)                 
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Aulacoseira distans var. nivalis       30   9     

Aulacoseira distans var. 
nivaloides           5 11 36 

Aulacoseira distans var. 
septentrionalis       5 3 1 8 7 

Aulacoseira granulata                 

Aulacoseira lacustris             8 6 

Aulacoseira lirata       3     23 25 

Aulacoseira lirata var. biseriata                 

Aulacoseira nygaardii           1 8 3 

Aulacoseira perglabra                 

Aulacoseira perglabra var. 
floriniae               10 

Aulacoseira subarctica             3 1 

Aulacoseira tenella   16 3 16 5       

Aulacoseira valida             4 4 

Brachysira brebissonii       3   2 2 1 

Brachysira follis                 

Brachysira garrensis   7 7           

Brachysira intermedia 1   1 1     7 3 

Brachysira neoexilis (capitate) 2   4       2 1 

Brachysira neoexilis (non-
capitate)       5 2 6     

Brachysira procera                 

Brachysira serians                 

Brachysira styriaca                 

Caloneis alpestris                 

Caloneis bacillum                 

Caloneis silicula                 
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Caloneis undosa                 

Caloneis undulata                 

Caloneis girdle, unknown                 

Cyclotella bodanica var. 
lemanica 10 4 9 1 2 13 9 6 

Cyclotella michiganiana     7         1 

Cyclotella ocellata                 

Cyclotella pseudostelligera                 

Cyclotella stelligera (Discostella 
stelligera) 177 73 174 52 2 3 42 60 

Cyclotella tripcutita                 

Cymbella affinis                 

Cymbella amphicephala                 

Cymbella cesatii                 

Cymbella cistula                 

Cymbella cuspidata                 

Cymbella cymbiformis                 

Cymbella descripta     2     3 2   

Cymbella ehrenbergii 2     1 3       

Cymbella gaeumannii         4 1     

Cymbella girdle             2   

Cymbella gracilis     2 1   1   2 

Cymbella incerta   2 5   3 1 2   

Cymbella lapponica                 

Cymbella leptoceros                 

Cymbella mesiana       1 1       

Cymbella microcephala 1   3         1 

Cymbella minuta     4     2 2 2 

Cymbella naviculiformis 2   2 3       3 
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Cymbella pankowii                 

Cymbella silesiaca                 

Denticula kuetzingii                 

Diploneis elliptica           1     

Diploneis marginestriata                 

Diploneis oblongella                 

Epithemia sorex     2           

Eunotia arcus       2   4 3 3 

Eunotia bilunaris   2 1 9 4 7 4 3 

Eunotia bilunaris var. mucophila                 

Eunotia circumborealis                 

Eunotia diodon                 

Eunotia elegans                 

Eunotia exigua                 

Eunotia faba     1           

Eunotia girdle                 

Eunotia implicata                 

Eunotia incisa 2     3 3 6 8 2 

Eunotia intermedia                 

Eunotia major                 

Eunotia microcephala                 

Eunotia minor               3 

Eunotia muscicola var. tridentula                 

Eunotia paludosa                 

Eunotia parvulum                 

Eunotia pectinalis var. undulata         2 1   1 

Eunotia praerupta                 
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Eunotia rhynchocephala                 

Eunotia rhynchocephala var. 
rhynchocephala                 

Eunotia serra                 

Eunotia serra var. diadema                 

Eunotia serra var. tetradon                 

Eunotia subarcuatoides                 

Eunotia sudetica                 

Eunotia zasuminensis   13         2   

Fragilaria brevistriata 6 2   14 57 29 59 18 

Fragilaria capucina 2 3     7 7 9   

Fragilaria capucina var. gracilis                 

Fragilaria constricta               1 

Fragilaria construens  4 1   3 6 5   1 

Fragilaria construens f. venter                 

Fragilaria construens f. binodis   4   2 19 5 3 16 

Fragilaria delicatissima                 

Fragilaria exigua        2 2   14 5 

Fragilaria famelica   1   1 2   1 1 

Fragilaria javanica                 

Fragilaria lapponica                 

Fragilaria leptosi                 

Fragilaria leptostauron                 

Fragilaria nanana 14 76 25 74 8 22 6 2 

Fragilaria parasitica     1   2     3 

Fragilaria pinnata 11 11 58 61 142 98 82 60 

Fragilaria tenera   10 4 8 9 15 10 4 

Fragilaria ulna                 
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Fragilaria virescens                 

Frustulia rhomboides   3   6   1   2 

Frustulia rhomboides var. 
crassinerva                 

Gomphonema acuminatum   2   2         

Gomphonema amoenum                 

Gomphonema angustatum                 

Gomphonema girdle                 

Gopmhonema gracile                 

Gomphonema minutum     4     1     

Gomphonema parvulum         2 2 1   

Gomphonema subtile               1 

Gomphonema truncatum                 

Melosira arentii                 

Meloseira linearis                 

Meloseira lineata                 

Meridion circulare           1 2   

Navicula aboensis             2   

Navicula absoluta         4   1   

Navicula angusta                 

Navicula arvensis var major                 

Navicula atomus                 

Navicula cocconeiformes                 

Navicula concentrica     1     2     

Navicula cryptocephala 2 1 15           

Navicula cryptotenella                 

Navicula digitulus                 

Navicula disjuncta           1     
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Navicula elginensis                 

Navicula evanida                 

Navicula explanata           6     

Navicula gerloffi                 

Navicula globulifera             2   

Navicula glomus                 

Navicula halophila                 

Navicula jaagii                 

Navicula jaernefeltii                 

Navicula c.f. kuelbsii                 

Navicula laevissima                 

Navicula laterostrata                 

Navicula leptostriata                 

Navicula marginulata     1           

Navicula mediocris   2 2 4 5 8 9 6 

Navicula minima 3 10 7 3 22 21 55 28 

Navicula minuscula             4 4 

Navicula naviculadicta c.f. 
detenta           2     

Navicula orucicula               2 

Navicula porifera                 

Navicula pseudolanceolata                 

Navicula pseudoscutiformis           1     

Navicula pseudoventralis 1 4 12 1 3 12 14 6 

Navicula pupula 3 4 15 6 2 7 1   

Navicula radiosa      3 7 1 7 3 1 

Navicula rhynchocephala                 

Navicula rotunda                 
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Navicula schadei                 

Navicula schmassmannii         2   4 1 

Navicula schoenfeldii                 

Navicula seminuloides                 

Navicula seminulum                 

Navicula soehrensis var. hassiaca                 

Navicula soehrensis var. 
muscicola                 

Navicula submuralis   5   2 9 8 17 5 

Navicula subrotunda                 

Navicula subtenelloids                 

Navicula subtilissima                 

Navicula veneta                 

Navicula ventralis                 

Navicula vitabunda                 

Navicula vitiosa   3 2   4 9 1 4 

Navicula vulpina                 

Naviculadicta c.f. detenta                 

Neidium affine                 

Neidium ampliatum     1 1   1     

Neidium bisculcatum                 

Neidium densetriatum                 

Neidium dubium                 

Neidium hitchcockii                 

Neidium hercynicum                 

Neidium iridis                 

Neidium septentrionale                 



 

 

 

147 

 

Nitzschia bryophila                 

Nitzschia commutata                 

Nitzschia fonticola 2 2 1     2   1 

Nitzschia gracilis               3 

Nitzschia hercynicum                 

Nitzschia linearis 1 4 2 6 1 1 5 4 

Nitzschia palea     2 2         

Nitzschia radicula                 

Nitzschia recta                 

Nitzschia sociabilis                 

Nitzschia solita                 

Nitzschia umbonata   1   5 5 3 5 2 

Nitzschia spp.                 

Pinnularia abaujensis   1   4   1 2 1   

Pinnularia abaujensis var. 
lacustris               1 

Pinnularia abaujensis var. 
linearis                 

Pinnularia abaujensis var. 
subundulata                 

Pinnularia biceps                 

Pinnularia biceps var. petersenii   1       4     

Pinnularia biceps var. pusilla 7 1 5 1 1       

Pinnularia braunii           1 1   

Pinnularia divergentissima                 

Pinnularia girdle                 

Pinnularia kwacksii                 

Pinnularia legumen       2         
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Pinnularia major         1       

Pinnularia mesolepta           2     

Pinnularia microstauron     1   4 1 1   

Pinnularia microstauron var. 
adirondackensis                 

Pinnularia nodosa                 

Pinnularia pogoii                 

Pinnularia polyonca                 

Pinnularia rupestris                 

Pinnularia subcapitata                 

Pinnularia turnerae                 

Pinnularia viridis                 

Pinnularia wisconsinensis                 

Pleurosigma strigilis                 

Rhizosolenia eriensis  1 1             

Stauroneis anceps           3 2 1 

Stauroneis anceps var. gracilis                 

Stauroneis kriegerii                 

Stauroneis lauenburgiana                 

Stauroneis nobilis     4     1     

Stauroneis phoenicenteron     2 2 1 1 1   

Stauroneis prominula                 

Stenopterobia curvula       5 1 1   2 

Stenopterobia delicatissima               2 

Surirella angusta                 

Surirella lapponica                 

Surirella linearis                 

Surirella spp.                 
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Tabellaria flocculosa strain III 30 57 30 28 10 16 15 12 

Tabellaria flocculosa strain IV                 

Tabellaria quadriseptata                 

Tabellaria ventricosa                 

Total 433 433 491 407 418 442 544 432 

         Microspheres 1148 460 810 1148 460 852 1619 382 
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Appendix D 
         

          

 
Long Pond Lower Sargeant P. Lydia Pond Middlebranch Lake 

 
                  

Species name 0-1 
19.75-
20 

29.75-
30 0-1 

19.75-
20 0-1.0 

19.75-
20 0-1.0 

19.75-
20 

Achnanthes biasolettiana   4 1             

Achnanthes bioreti                   

Achnanthes chilidanos                   

Achnanthes clevei       1 1   1     

Achnanthes curtissima                   

Achnanthes daonensis                   

Achnanthes didyma                 2 

Achnanthes exigua 1       1   2     

Achnanthes flexella           1       

Achnanthes granulata                   

Achnanthes helvetica 2   1             

Achnanthes impexa                   

Achnanthes impexiformes                   

Achnanthes kranzii                   

Achnanthes kuelbsii 2 2           1 2 

Achnanthes laevis                   

Achnanthes lanceolata                    

Achnanthes lanceolata ssp. 
frequentissima           2       

Achnanthes levanderi 11 3 4 2 3 1   2 6 

Achnanthes marginulata               3   

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 15 23 36 6 10 11 12 3 6 
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Achnanthes minutissima var. 
macrocephala                   

Achnanthes oblongella                   

Achnanthes peragalli                 3 

Achnanthes pseudoswazi                   

Achnanthes pusilla  7 1 5 1   1   1   

Achnanthes rechtensis                   

Achnanthes rossi                   

Achnanthes rupestoides 7 4 2             

Achnanthes scotica                   

Achnanthes stewartii       2           

Achnanthes stolida                   

Achnanthes subatamoides               2 6 

Achnanthes submuralis                   

Achnanthes subtilissima                   

Achnanthes suchlandtii                   

Achnanthes ventralis                   

Actinella punctata       1       4 15 

Amphora libyca         1 1 1 1 2 

Amphora ovalis                   

Asterionella formosa 12 13 11 58 12 26 6 2 1 

Asterionella ralfsii                   

Aulacoseira ambigua 26 21 12 44 56 19 108 78 66 

Aulacoseira crassipunctata                   

Aulacoseira distans                 3 2 

Aulacoseira distans var. humilis 
(line)         14         

Aulacoseira distans var. humilis 
fo. 1 (dot)         11         
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Aulacoseira distans var. nivalis               9 7 

Aulacoseira distans var. 
nivaloides               7 2 

Aulacoseira distans var. 
septentrionalis 2 1 2 1 2     1 10 

Aulacoseira granulata                   

Aulacoseira lacustris               14 6 

Aulacoseira lirata       6 3 1 8 7 8 

Aulacoseira lirata var. biseriata     2             

Aulacoseira nygaardii 4 3 2           11 

Aulacoseira perglabra     8           24 

Aulacoseira perglabra var. 
floriniae         3         

Aulacoseira subarctica 1 1   3 4       1 

Aulacoseira tenella 8 13 11 7 1         

Aulacoseira valida   3 2             

Brachysira brebissonii 2 4 7 1       1   

Brachysira follis                   

Brachysira garrensis                   

Brachysira intermedia 1 1 2         2   

Brachysira neoexilis (capitate)               1   

Brachysira neoexilis (non-
capitate) 13 14 16     1 2     

Brachysira procera                   

Brachysira serians                   

Brachysira styriaca                   

Caloneis alpestris                   

Caloneis bacillum                   
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Caloneis silicula                   

Caloneis undosa                   

Caloneis undulata                   

Caloneis girdle, unknown                   

Cyclotella bodanica var. 
lemanica 6 2   12 28 15 16 7 11 

Cyclotella michiganiana           4 1     

Cyclotella ocellata                   

Cyclotella pseudostelligera                   

Cyclotella stelligera (Discostella 
stelligera) 8 2 12 64 81 157 110 124 121 

Cyclotella tripcutita                   

Cymbella affinis       2           

Cymbella amphicephala                   

Cymbella cesatii 2   1             

Cymbella cistula                   

Cymbella cuspidata     2             

Cymbella cymbiformis                   

Cymbella descripta 2 3 2 2           

Cymbella ehrenbergii 1                 

Cymbella gaeumannii                   

Cymbella girdle 2                 

Cymbella gracilis 1 1 2   2       1 

Cymbella incerta 6       2         

Cymbella lapponica                   

Cymbella leptoceros                   

Cymbella mesiana                   

Cymbella microcephala 2 3 1 1           
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Cymbella minuta       3 2   1   1 

Cymbella naviculiformis 4 6               

Cymbella pankowii                   

Cymbella silesiaca 3 3               

Denticula kuetzingii               2   

Diploneis elliptica             2     

Diploneis marginestriata                   

Diploneis oblongella       2           

Epithemia sorex                   

Eunotia arcus 2   6           1 

Eunotia bilunaris 6 4 5         1 1 

Eunotia bilunaris var. mucophila                   

Eunotia circumborealis                   

Eunotia diodon                   

Eunotia elegans                   

Eunotia exigua                   

Eunotia faba               1   

Eunotia girdle               4 2 

Eunotia implicata                   

Eunotia incisa 8 1 5 1         3 

Eunotia intermedia                   

Eunotia major                   

Eunotia microcephala                   

Eunotia minor                   

Eunotia muscicola var. tridentula                   

Eunotia paludosa                   

Eunotia parvulum                   
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Eunotia pectinalis var. undulata 3 3               

Eunotia praerupta     1             

Eunotia rhynchocephala                   

Eunotia rhynchocephala var. 
rhynchocephala                   

Eunotia serra                   

Eunotia serra var. diadema                   

Eunotia serra var. tetradon                   

Eunotia subarcuatoides                   

Eunotia sudetica                   

Eunotia zasuminensis     1             

Fragilaria brevistriata 20 36 15 19 27 9 30 8 11 

Fragilaria capucina 8 3 3 7 1 6 3 1 3 

Fragilaria capucina var. gracilis                   

Fragilaria constricta                   

Fragilaria construens    1   3 23 2 4 1 1 

Fragilaria construens f. venter       2           

Fragilaria construens f. binodis   8 5 2 17 65 63 22 6 

Fragilaria delicatissima                   

Fragilaria exigua  3 9 10 2       4 2 

Fragilaria famelica                   

Fragilaria javanica                   

Fragilaria lapponica       3 9   17     

Fragilaria leptosi                   

Fragilaria leptostauron                   

Fragilaria nanana 17 75 42 31 14 6 7 11 10 

Fragilaria parasitica         5         

Fragilaria pinnata 48 52 34 69 96 44 18 29 49 
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Fragilaria tenera 23 21 16 30 32 20 18   4 

Fragilaria ulna                   

Fragilaria virescens                   

Frustulia rhomboides 10 11 12         3   

Frustulia rhomboides var. 
crassinerva                   

Gomphonema acuminatum     2             

Gomphonema amoenum                   

Gomphonema angustatum 3                 

Gomphonema girdle                   

Gopmhonema gracile             1     

Gomphonema minutum   1               

Gomphonema parvulum 3 2 2             

Gomphonema subtile                   

Gomphonema truncatum   2               

Melosira arentii                   

Meloseira linearis                   

Meloseira lineata                   

Meridion circulare 1 6               

Navicula aboensis       1 2   2     

Navicula absoluta                   

Navicula angusta                   

Navicula arvensis var major                   

Navicula atomus                   

Navicula cocconeiformes           1     5 

Navicula concentrica 1       2         

Navicula cryptocephala 2         2       

Navicula cryptotenella                   
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Navicula digitulus                   

Navicula disjuncta                   

Navicula elginensis                   

Navicula evanida               3 9 

Navicula explanata                   

Navicula gerloffi                   

Navicula globulifera                   

Navicula glomus                   

Navicula halophila                   

Navicula jaagii                   

Navicula jaernefeltii 2           1     

Navicula c.f. kuelbsii                   

Navicula laevissima   2               

Navicula laterostrata                   

Navicula leptostriata               1   

Navicula marginulata                   

Navicula mediocris 11 8 14         1   

Navicula minima 16 20 14 14 8 10 11 5 4 

Navicula minuscula                   

Navicula naviculadicta c.f. 
detenta                   

Navicula orucicula                   

Navicula porifera                   

Navicula pseudolanceolata                   

Navicula pseudoscutiformis 1 3 4       2     

Navicula pseudoventralis 9 6 22 2           

Navicula pupula 12 6 6 7 2 4 2 4 1 
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Navicula radiosa  6 2 5 3 1 2 1     

Navicula rhynchocephala                   

Navicula rotunda                   

Navicula schadei                   

Navicula schmassmannii             2     

Navicula schoenfeldii                   

Navicula seminuloides                   

Navicula seminulum                   

Navicula soehrensis var. hassiaca     2             

Navicula soehrensis var. 
muscicola                   

Navicula submuralis 10 2 7 8 19 3 4 1 2 

Navicula subrotunda       2           

Navicula subtenelloids                   

Navicula subtilissima 2                 

Navicula veneta                   

Navicula ventralis                   

Navicula vitabunda                   

Navicula vitiosa 5 2 3 5 5 5   2 7 

Navicula vulpina                   

Naviculadicta c.f. detenta             2     

Neidium affine                   

Neidium ampliatum 6 2         1     

Neidium bisculcatum                   

Neidium densetriatum                   

Neidium dubium                   
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Neidium hitchcockii                   

Neidium hercynicum                   

Neidium iridis 3             2   

Neidium septentrionale                   

Nitzschia bryophila                   

Nitzschia commutata                   

Nitzschia fonticola 1   3 3           

Nitzschia gracilis               2   

Nitzschia hercynicum                   

Nitzschia linearis   1       1       

Nitzschia palea                   

Nitzschia radicula                   

Nitzschia recta                   

Nitzschia sociabilis   2               

Nitzschia solita                   

Nitzschia umbonata 2 5 7     6 2     

Nitzschia spp. 5   2 1 3   1 1   

Pinnularia abaujensis   2 2 1   1   2     

Pinnularia abaujensis var. 
lacustris                   

Pinnularia abaujensis var. 
linearis                   

Pinnularia abaujensis var. 
subundulata                   

Pinnularia biceps                   

Pinnularia biceps var. petersenii 2 4               

Pinnularia biceps var. pusilla 2                 

Pinnularia braunii       2         2 
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Pinnularia divergentissima                   

Pinnularia girdle         1         

Pinnularia kwacksii                   

Pinnularia legumen                   

Pinnularia major                   

Pinnularia mesolepta 1   1     2       

Pinnularia microstauron 6 4 2             

Pinnularia microstauron var. 
adirondackensis                   

Pinnularia nodosa                   

Pinnularia pogoii 2 2               

Pinnularia polyonca                   

Pinnularia rupestris                   

Pinnularia subcapitata   2               

Pinnularia turnerae                   

Pinnularia viridis                   

Pinnularia wisconsinensis                   

Pleurosigma strigilis                   

Rhizosolenia eriensis                    

Stauroneis anceps     1           1 

Stauroneis anceps var. gracilis                   

Stauroneis kriegerii                   

Stauroneis lauenburgiana                   

Stauroneis nobilis             1     

Stauroneis phoenicenteron 1     1           

Stauroneis prominula                   

Stenopterobia curvula 4   2         1   

Stenopterobia delicatissima       1           
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Surirella angusta                   

Surirella lapponica                   

Surirella linearis               1   

Surirella spp. 1                 

Tabellaria flocculosa strain III 31 12 21 20 37 6   21 20 

Tabellaria flocculosa strain IV                   

Tabellaria quadriseptata                   

Tabellaria ventricosa                   

Total 452 453 420 458 542 434 465 405 458 

          Microspheres 2305 519 662 578 195 601 164 960 378 
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Moss Lake Nellie Pond Rock Pond  

 
                  

Species name 0-1.0 19.75-20 29.75-30 
0-
1 19.75-20 29.75-30 0-1.0 19.75-20 29.75-30 

Achnanthes biasolettiana     1 1           

Achnanthes bioreti                   

Achnanthes chilidanos                   

Achnanthes clevei                   

Achnanthes curtissima   3               

Achnanthes daonensis                   

Achnanthes didyma                   

Achnanthes exigua   3               

Achnanthes flexella                   

Achnanthes granulata                   

Achnanthes helvetica       3           

Achnanthes impexa                   

Achnanthes impexiformes           1       

Achnanthes kranzii                 2 

Achnanthes kuelbsii 4 2             1 

Achnanthes laevis                   

Achnanthes lanceolata                    

Achnanthes lanceolata ssp. 
frequentissima                   

Achnanthes levanderi 8 9 4 4       5 4 

Achnanthes marginulata   3               

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 17 21 12 2 0 3 5 9 8 

Achnanthes minutissima var. 
macrocephala                   
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Achnanthes oblongella                   

Achnanthes peragalli 1                 

Achnanthes pseudoswazi                   

Achnanthes pusilla    6   2   1     3 

Achnanthes rechtensis                   

Achnanthes rossi     2         1 3 

Achnanthes rupestoides             2     

Achnanthes scotica           1       

Achnanthes stewartii 3   2   1       2 

Achnanthes stolida               1   

Achnanthes subatamoides 6 7 7 3 3 4 5 2 9 

Achnanthes submuralis       6           

Achnanthes subtilissima   6               

Achnanthes suchlandtii                   

Achnanthes ventralis                   

Actinella punctata                 1 

Amphora libyca 1 2 1           1 

Amphora ovalis                   

Asterionella formosa 1     6     5 2   

Asterionella ralfsii                   

Aulacoseira ambigua 3 15 11 26 31 17 23 8 27 

Aulacoseira crassipunctata                   

Aulacoseira distans   13   3 4     4   12 

Aulacoseira distans var. humilis 
(line)         11 24       

Aulacoseira distans var. humilis 
fo. 1 (dot)                   
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Aulacoseira distans var. nivalis 6             36 10 

Aulacoseira distans var. 
nivaloides 4 5   26 2   33 21 17 

Aulacoseira distans var. 
septentrionalis 1 16 7     2     26 

Aulacoseira granulata                   

Aulacoseira lacustris 16 8 7         7   

Aulacoseira lirata   12 15       2 3 5 

Aulacoseira lirata var. biseriata 4         3     5 

Aulacoseira nygaardii 6 13 9 1 7   3 17 22 

Aulacoseira perglabra               11 2 

Aulacoseira perglabra var. 
floriniae 3 17 13       17     

Aulacoseira subarctica 1                 

Aulacoseira tenella     2   2     11   

Aulacoseira valida       8     1     

Brachysira brebissonii 2 3 8 1     3 1   

Brachysira follis                   

Brachysira garrensis 2                 

Brachysira intermedia 2 7   4 1   3   1 

Brachysira neoexilis (capitate)       6 1   2 2 1 

Brachysira neoexilis (non-
capitate) 4 3 3             

Brachysira procera                   

Brachysira serians                   

Brachysira styriaca                   

Caloneis alpestris                   

Caloneis bacillum                   
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Caloneis silicula                   

Caloneis undosa                   

Caloneis undulata 3                 

Caloneis girdle, unknown                   

Cyclotella bodanica var. 
lemanica 10 42 29 27 5 4 10 9 17 

Cyclotella michiganiana                   

Cyclotella ocellata                   

Cyclotella pseudostelligera                   

Cyclotella stelligera (Discostella 
stelligera) 112 60 80 54 17 4 161 174 78 

Cyclotella tripcutita                   

Cymbella affinis                   

Cymbella amphicephala                   

Cymbella cesatii 2   3         3   

Cymbella cistula     1             

Cymbella cuspidata                   

Cymbella cymbiformis                   

Cymbella descripta                   

Cymbella ehrenbergii       1           

Cymbella gaeumannii                   

Cymbella girdle             4     

Cymbella gracilis   3         2 2   

Cymbella incerta   2 1   2       3 

Cymbella lapponica                   

Cymbella leptoceros                   

Cymbella mesiana               1   

Cymbella microcephala 2   2             

Cymbella minuta 3 3 3 3       3 4 
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Cymbella naviculiformis       6           

Cymbella pankowii                   

Cymbella silesiaca                   

Denticula kuetzingii                   

Diploneis elliptica   1         1     

Diploneis marginestriata     1             

Diploneis oblongella                   

Epithemia sorex                   

Eunotia arcus   3 1       1 3 3 

Eunotia bilunaris 3 2 7 6   1 2 1 1 

Eunotia bilunaris var. mucophila 2                 

Eunotia circumborealis                   

Eunotia diodon                   

Eunotia elegans           2       

Eunotia exigua     2             

Eunotia faba 7 1 1             

Eunotia girdle   1               

Eunotia implicata   3           1   

Eunotia incisa 3 2 3 7 1   1 1   

Eunotia intermedia                   

Eunotia major                   

Eunotia microcephala                   

Eunotia minor         2   1 1   

Eunotia muscicola var. tridentula                   

Eunotia paludosa                   

Eunotia parvulum                   

Eunotia pectinalis var. undulata                   
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Eunotia praerupta       5           

Eunotia rhynchocephala       1           

Eunotia rhynchocephala var. 
rhynchocephala     2             

Eunotia serra       1           

Eunotia serra var. diadema                   

Eunotia serra var. tetradon                   

Eunotia subarcuatoides                   

Eunotia sudetica                   

Eunotia zasuminensis                   

Fragilaria brevistriata     10 16 4   16 6 1 

Fragilaria capucina 1 6   6     4   1 

Fragilaria capucina var. gracilis     12     1       

Fragilaria constricta 1 7               

Fragilaria construens  1 9   4         1 

Fragilaria construens f. venter 13                 

Fragilaria construens f. binodis   4             20 

Fragilaria delicatissima                   

Fragilaria exigua  4 4 3       1 2 5 

Fragilaria famelica 2 1 5             

Fragilaria javanica                   

Fragilaria lapponica                   

Fragilaria leptosi                   

Fragilaria leptostauron                   

Fragilaria nanana 8 8 8 8 2 1 10 32 5 

Fragilaria parasitica           1 1 1   

Fragilaria pinnata 30 16 49 17 15 9 39 25 32 
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Fragilaria tenera 6 4 8 2           

Fragilaria ulna                   

Fragilaria virescens                   

Frustulia rhomboides 3 8 3 1 1   1   2 

Frustulia rhomboides var. 
crassinerva                   

Gomphonema acuminatum   1               

Gomphonema amoenum                   

Gomphonema angustatum 6                 

Gomphonema girdle               3   

Gopmhonema gracile   2 2             

Gomphonema minutum     4 3 2 1   1   

Gomphonema parvulum   3               

Gomphonema subtile     1             

Gomphonema truncatum                   

Melosira arentii     2         3 4 

Meloseira linearis                   

Meloseira lineata                   

Meridion circulare     1             

Navicula aboensis                   

Navicula absoluta                   

Navicula angusta 1                 

Navicula arvensis var major                   

Navicula atomus                   

Navicula cocconeiformes   2 1 1     1     

Navicula concentrica                   

Navicula cryptocephala   5         4 2 2 

Navicula cryptotenella                   
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Navicula digitulus                   

Navicula disjuncta         2     2   

Navicula elginensis                   

Navicula evanida 4 12         2   3 

Navicula explanata     3         2   

Navicula gerloffi                 2 

Navicula globulifera 3       2         

Navicula glomus                   

Navicula halophila                   

Navicula jaagii               1   

Navicula jaernefeltii   1         2   2 

Navicula c.f. kuelbsii                   

Navicula laevissima                   

Navicula laterostrata                   

Navicula leptostriata     1             

Navicula marginulata                   

Navicula mediocris   2   4       4   

Navicula minima 4 19 12   2     4 2 

Navicula minuscula                   

Navicula naviculadicta c.f. 
detenta                   

Navicula orucicula                   

Navicula porifera                   

Navicula pseudolanceolata                   

Navicula pseudoscutiformis     1             

Navicula pseudoventralis   2 2 2     2     

Navicula pupula 3 2 1 3     1   1 
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Navicula radiosa      4 4     1     

Navicula rhynchocephala                   

Navicula rotunda                   

Navicula schadei                   

Navicula schmassmannii                   

Navicula schoenfeldii                   

Navicula seminuloides                   

Navicula seminulum               2   

Navicula soehrensis var. hassiaca   1             2 

Navicula soehrensis var. 
muscicola 2                 

Navicula submuralis 1   6   2   3 2 4 

Navicula subrotunda                   

Navicula subtenelloids                   

Navicula subtilissima 2   1 5     2     

Navicula veneta     1             

Navicula ventralis                   

Navicula vitabunda       3           

Navicula vitiosa 15 15 6   1   13 6 14 

Navicula vulpina                   

Naviculadicta c.f. detenta                   

Neidium affine                   

Neidium ampliatum   2 2           1 

Neidium bisculcatum                   

Neidium densetriatum                   

Neidium dubium                   
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Neidium hitchcockii                   

Neidium hercynicum                   

Neidium iridis                   

Neidium septentrionale                   

Nitzschia bryophila                   

Nitzschia commutata                   

Nitzschia fonticola   2 2 2 2   2   1 

Nitzschia gracilis                   

Nitzschia hercynicum                   

Nitzschia linearis     1     1       

Nitzschia palea     2             

Nitzschia radicula                   

Nitzschia recta                   

Nitzschia sociabilis             4     

Nitzschia solita                   

Nitzschia umbonata                 1 

Nitzschia spp. 4 5 8 2           

Pinnularia abaujensis                     

Pinnularia abaujensis var. 
lacustris               2 1 

Pinnularia abaujensis var. 
linearis                   

Pinnularia abaujensis var. 
subundulata                   

Pinnularia biceps                   

Pinnularia biceps var. petersenii       1           

Pinnularia biceps var. pusilla       3 2   2   1 
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Pinnularia braunii                   

Pinnularia divergentissima                   

Pinnularia girdle                   

Pinnularia kwacksii                   

Pinnularia legumen                 1 

Pinnularia major       1           

Pinnularia mesolepta                   

Pinnularia microstauron 4       2     2 3 

Pinnularia microstauron var. 
adirondackensis                   

Pinnularia nodosa             1   2 

Pinnularia pogoii                   

Pinnularia polyonca                   

Pinnularia rupestris                   

Pinnularia subcapitata                   

Pinnularia turnerae                   

Pinnularia viridis             1     

Pinnularia wisconsinensis                   

Pleurosigma strigilis                   

Rhizosolenia eriensis  5           7 1   

Stauroneis anceps     1 2       1 1 

Stauroneis anceps var. gracilis                   

Stauroneis kriegerii                   

Stauroneis lauenburgiana                   

Stauroneis nobilis 3   1           3 

Stauroneis phoenicenteron       1           

Stauroneis prominula                   
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Stenopterobia curvula 3 4 3 2 1 1 3 2 1 

Stenopterobia delicatissima 3 2 2         3   

Surirella angusta             2     

Surirella lapponica                   

Surirella linearis 3 1               

Surirella spp.                   

Tabellaria flocculosa strain III 12 16 9 37 9 8 4 6 5 

Tabellaria flocculosa strain IV                   

Tabellaria quadriseptata                   

Tabellaria ventricosa                   

Total 402 450 421 344 135 90 420 451 392 

          Microspheres 1821 1059 956 7190 4023 
 

1030 610 544 
 

  



 

 

 

174 

 
Round Pond Sampson Lake Streeter Lake 

 
                

Species name 0-1.0 19.75-20 29.75-30 0-1.0 19.75-20 29.75-30 0-1.0 19.75-20 

Achnanthes biasolettiana 2 7 5     2     

Achnanthes bioreti                 

Achnanthes chilidanos                 

Achnanthes clevei                 

Achnanthes curtissima                 

Achnanthes daonensis 2               

Achnanthes didyma               2 

Achnanthes exigua       2 1 4     

Achnanthes flexella 4 1   2   4     

Achnanthes granulata                 

Achnanthes helvetica                 

Achnanthes impexa                 

Achnanthes impexiformes 2               

Achnanthes kranzii                 

Achnanthes kuelbsii 6 10 10         3 

Achnanthes laevis                 

Achnanthes lanceolata                  

Achnanthes lanceolata ssp. 
frequentissima                 

Achnanthes levanderi 2 12 9 4 4 2 2   

Achnanthes marginulata 1 9 2           

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 39 38 33 58 78 65 16 8 
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Achnanthes minutissima var. 
macrocephala         10 12     

Achnanthes oblongella                 

Achnanthes peragalli             1   

Achnanthes pseudoswazi 2               

Achnanthes pusilla  6 1 6 1 2 2     

Achnanthes rechtensis                 

Achnanthes rossi 2 1             

Achnanthes rupestoides             4 3 

Achnanthes scotica 1             1 

Achnanthes stewartii               2 

Achnanthes stolida                 

Achnanthes subatamoides 14 10 12   1   3 6 

Achnanthes submuralis                 

Achnanthes subtilissima                 

Achnanthes suchlandtii                 

Achnanthes ventralis   2             

Actinella punctata               1 

Amphora libyca         1 1     

Amphora ovalis                 

Asterionella formosa 3   7 3 2   2 3 

Asterionella ralfsii                 

Aulacoseira ambigua 25 12 1 17 15 4 128 129 

Aulacoseira crassipunctata                 

Aulacoseira distans   13 7 5           

Aulacoseira distans var. humilis 
(line)                 

Aulacoseira distans var. humilis 
fo. 1 (dot)                 
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Aulacoseira distans var. nivalis   3 27           

Aulacoseira distans var. 
nivaloides 13 25 26         7 

Aulacoseira distans var. 
septentrionalis 7 14 5           

Aulacoseira granulata                 

Aulacoseira lacustris 4               

Aulacoseira lirata     1         5 

Aulacoseira lirata var. biseriata           1     

Aulacoseira nygaardii 5 12 8         5 

Aulacoseira perglabra                 

Aulacoseira perglabra var. 
floriniae   4 18           

Aulacoseira subarctica 7           7 34 

Aulacoseira tenella   7 5     1 59 27 

Aulacoseira valida                 

Brachysira brebissonii 19 11 10 6 9 8     

Brachysira follis   3             

Brachysira garrensis 3   2           

Brachysira intermedia 15 4 1 4 2   7   

Brachysira neoexilis (capitate)   5 2 25 16 11 1 5 

Brachysira neoexilis (non-
capitate) 15 3 10     12     

Brachysira procera                 

Brachysira serians                 

Brachysira styriaca                 

Caloneis alpestris       1 1       

Caloneis bacillum                 
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Caloneis silicula             2   

Caloneis undosa   1             

Caloneis undulata                 

Caloneis girdle, unknown                 

Cyclotella bodanica var. 
lemanica 3 5   9 17 14 2 1 

Cyclotella michiganiana       36 34 26     

Cyclotella ocellata                 

Cyclotella pseudostelligera                 

Cyclotella stelligera (Discostella 
stelligera) 9 34 35 129 82 101 75 57 

Cyclotella tripcutita                 

Cymbella affinis                 

Cymbella amphicephala                 

Cymbella cesatii       3 3 1 2 1 

Cymbella cistula                 

Cymbella cuspidata 2               

Cymbella cymbiformis         5       

Cymbella descripta 2       4 2     

Cymbella ehrenbergii                 

Cymbella gaeumannii 2               

Cymbella girdle     2       4   

Cymbella gracilis 8   1 2 1 4   1 

Cymbella incerta 4       7 10     

Cymbella lapponica               1 

Cymbella leptoceros       1         

Cymbella mesiana       2         

Cymbella microcephala 2   2 11 7 12   2 

Cymbella minuta 4 4 15   1       
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Cymbella naviculiformis           2     

Cymbella pankowii             1   

Cymbella silesiaca         1 2     

Denticula kuetzingii         8 3     

Diploneis elliptica             1   

Diploneis marginestriata     1           

Diploneis oblongella                 

Epithemia sorex                 

Eunotia arcus 5 7 4 1 1       

Eunotia bilunaris 2 4 5   1 2 3 1 

Eunotia bilunaris var. mucophila                 

Eunotia circumborealis                 

Eunotia diodon                 

Eunotia elegans                 

Eunotia exigua 1               

Eunotia faba     1         1 

Eunotia girdle   4             

Eunotia implicata 1               

Eunotia incisa 2   3   1   12 8 

Eunotia intermedia                 

Eunotia major                 

Eunotia microcephala                 

Eunotia minor 3               

Eunotia muscicola var. tridentula 1           1   

Eunotia paludosa                 

Eunotia parvulum                 

Eunotia pectinalis var. undulata 2               
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Eunotia praerupta                 

Eunotia rhynchocephala 5 1         3 2 

Eunotia rhynchocephala var. 
rhynchocephala                 

Eunotia serra                 

Eunotia serra var. diadema                 

Eunotia serra var. tetradon                 

Eunotia subarcuatoides                 

Eunotia sudetica                 

Eunotia zasuminensis                 

Fragilaria brevistriata 1 3 12       22   

Fragilaria capucina   7 4 2 2 4 1 1 

Fragilaria capucina var. gracilis                 

Fragilaria constricta 2             1 

Fragilaria construens        17         

Fragilaria construens f. venter                 

Fragilaria construens f. binodis                 

Fragilaria delicatissima                 

Fragilaria exigua  2 2   2 1   2 3 

Fragilaria famelica                 

Fragilaria javanica                 

Fragilaria lapponica                 

Fragilaria leptosi                 

Fragilaria leptostauron                 

Fragilaria nanana 21 12 8 16 28 20 4 3 

Fragilaria parasitica             1 3 

Fragilaria pinnata 17 11 21 17 35 13 18 52 

Fragilaria tenera 2           1   
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Fragilaria ulna               1 

Fragilaria virescens   2             

Frustulia rhomboides 14 10 13 1 2   1 3 

Frustulia rhomboides var. 
crassinerva                 

Gomphonema acuminatum           2     

Gomphonema amoenum                 

Gomphonema angustatum       3         

Gomphonema girdle     2     2     

Gopmhonema gracile 3               

Gomphonema minutum   3 4           

Gomphonema parvulum   5             

Gomphonema subtile                 

Gomphonema truncatum                 

Melosira arentii   1             

Meloseira linearis                 

Meloseira lineata                 

Meridion circulare     3       2   

Navicula aboensis                 

Navicula absoluta             2   

Navicula angusta                 

Navicula arvensis var major                 

Navicula atomus                 

Navicula cocconeiformes 2 2   1     2 3 

Navicula concentrica                 

Navicula cryptocephala       12 5 7 5 5 

Navicula cryptotenella                 

Navicula digitulus               4 
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Navicula disjuncta           2     

Navicula elginensis                 

Navicula evanida 7 9 2           

Navicula explanata         4       

Navicula gerloffi                 

Navicula globulifera                 

Navicula glomus                 

Navicula halophila                 

Navicula jaagii   2     3 5     

Navicula jaernefeltii 2 4     1 1 1   

Navicula c.f. kuelbsii                 

Navicula laevissima   1             

Navicula laterostrata                 

Navicula leptostriata 5 4 6           

Navicula marginulata                 

Navicula mediocris                 

Navicula minima 2 4 3 6 10 9 3 16 

Navicula minuscula                 

Navicula naviculadicta c.f. 
detenta                 

Navicula orucicula                 

Navicula porifera                 

Navicula pseudolanceolata   1             

Navicula pseudoscutiformis               2 

Navicula pseudoventralis         8 2   1 

Navicula pupula 4     8 7 8 3 2 

Navicula radiosa  4   3   3       
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Navicula rhynchocephala       3         

Navicula rotunda                 

Navicula schadei                 

Navicula schmassmannii                 

Navicula schoenfeldii                 

Navicula seminuloides             2   

Navicula seminulum                 

Navicula soehrensis var. hassiaca     6 5 2       

Navicula soehrensis var. 
muscicola 2         5     

Navicula submuralis   1       2 10 12 

Navicula subrotunda           2     

Navicula subtenelloids                 

Navicula subtilissima 9 3 3 2   4     

Navicula veneta                 

Navicula ventralis                 

Navicula vitabunda                 

Navicula vitiosa 6 3 10 1   5 6 4 

Navicula vulpina           2     

Naviculadicta c.f. detenta                 

Neidium affine                 

Neidium ampliatum 4 2 4   1       

Neidium bisculcatum                 

Neidium densetriatum                 

Neidium dubium                 

Neidium hitchcockii           1     

Neidium hercynicum                 
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Neidium iridis       1         

Neidium septentrionale 1               

Nitzschia bryophila   2             

Nitzschia commutata                 

Nitzschia fonticola 5 4   1 10 3   1 

Nitzschia gracilis 7               

Nitzschia hercynicum                 

Nitzschia linearis       2         

Nitzschia palea           4 3   

Nitzschia radicula   1             

Nitzschia recta 3           1   

Nitzschia sociabilis                 

Nitzschia solita                 

Nitzschia umbonata 5       1       

Nitzschia spp.     12           

Pinnularia abaujensis   5     3         

Pinnularia abaujensis var. 
lacustris     1           

Pinnularia abaujensis var. 
linearis                 

Pinnularia abaujensis var. 
subundulata                 

Pinnularia biceps         1       

Pinnularia biceps var. petersenii   1 1 1       1 

Pinnularia biceps var. pusilla 5 5 2           

Pinnularia braunii             1 3 

Pinnularia divergentissima 1               
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Pinnularia girdle     4           

Pinnularia kwacksii     2           

Pinnularia legumen           1     

Pinnularia major 2           1   

Pinnularia mesolepta   1             

Pinnularia microstauron 9 3 6 3   1 2   

Pinnularia microstauron var. 
adirondackensis                 

Pinnularia nodosa                 

Pinnularia pogoii                 

Pinnularia polyonca                 

Pinnularia rupestris                 

Pinnularia subcapitata                 

Pinnularia turnerae                 

Pinnularia viridis                 

Pinnularia wisconsinensis       1         

Pleurosigma strigilis                 

Rhizosolenia eriensis    1   2         

Stauroneis anceps 2 5 6         4 

Stauroneis anceps var. gracilis                 

Stauroneis kriegerii                 

Stauroneis lauenburgiana                 

Stauroneis nobilis 2 1 1     1 1 1 

Stauroneis phoenicenteron                 

Stauroneis prominula                 

Stenopterobia curvula 4 1 5 5 1     2 

Stenopterobia delicatissima 5 6 2           

Surirella angusta               1 
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Surirella lapponica                 

Surirella linearis       2 1       

Surirella spp.             2   

Tabellaria flocculosa strain III 19 16 22 14 10 21 6 6 

Tabellaria flocculosa strain IV                 

Tabellaria quadriseptata                 

Tabellaria ventricosa                 

Total 454 400 442 448 451 435 439 451 

         Microspheres 3320 943 639 228 665 791 1237 459 
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Upper Spectacle P. Wilcox Lake Wolf Lake 

 
            

Species name 0-1 19.75-20 0-1 19.75-20 
0-
1.0 18.5-18.75 

Achnanthes biasolettiana             

Achnanthes bioreti             

Achnanthes chilidanos             

Achnanthes clevei 1 1   2     

Achnanthes curtissima             

Achnanthes daonensis             

Achnanthes didyma       1     

Achnanthes exigua 7 10         

Achnanthes flexella 2     1     

Achnanthes granulata             

Achnanthes helvetica 1           

Achnanthes impexa             

Achnanthes impexiformes       3     

Achnanthes kranzii             

Achnanthes kuelbsii       5   7 

Achnanthes laevis 3           

Achnanthes lanceolata              

Achnanthes lanceolata ssp. 
frequentissima             

Achnanthes levanderi     12 2 2   

Achnanthes marginulata 1     1     

Achnanthidium minutissimum 
(syn. Achnanthes minutissima) 24 22 8 6 9 23 

Achnanthes minutissima var. 
macrocephala             
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Achnanthes oblongella             

Achnanthes peragalli             

Achnanthes pseudoswazi             

Achnanthes pusilla  2 3   1     

Achnanthes rechtensis             

Achnanthes rossi       1     

Achnanthes rupestoides             

Achnanthes scotica             

Achnanthes stewartii             

Achnanthes stolida             

Achnanthes subatamoides       9     

Achnanthes submuralis             

Achnanthes subtilissima             

Achnanthes suchlandtii   1         

Achnanthes ventralis             

Actinella punctata             

Amphora libyca   1         

Amphora ovalis             

Asterionella formosa 2 23 5 13   5 

Asterionella ralfsii             

Aulacoseira ambigua 1 6 25 3 5 30 

Aulacoseira crassipunctata     2       

Aulacoseira distans         2   6 

Aulacoseira distans var. humilis 
(line)   33   6     

Aulacoseira distans var. humilis 
fo. 1 (dot)             

Aulacoseira distans var. nivalis             

 



 

 

 

188 

Aulacoseira distans var. 
nivaloides             

Aulacoseira distans var. 
septentrionalis       9     

Aulacoseira granulata             

Aulacoseira lacustris     2       

Aulacoseira lirata           14 

Aulacoseira lirata var. biseriata 1 3   10     

Aulacoseira nygaardii     7 10   13 

Aulacoseira perglabra     11   5 5 

Aulacoseira perglabra var. 
floriniae   1 2 8 7   

Aulacoseira subarctica         2 10 

Aulacoseira tenella 8 20         

Aulacoseira valida 2           

Brachysira brebissonii     1   3 4 

Brachysira follis             

Brachysira garrensis             

Brachysira intermedia 1   5 1   9 

Brachysira neoexilis (capitate) 8 2 3 1 3 8 

Brachysira neoexilis (non-
capitate)             

Brachysira procera 4 2         

Brachysira serians             

Brachysira styriaca             

Caloneis alpestris             

Caloneis bacillum 1     1 2   

Caloneis silicula 2           

Caloneis undosa             
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Caloneis undulata             

Caloneis girdle, unknown             

Cyclotella bodanica var. 
lemanica   1 17 17 10 7 

Cyclotella michiganiana             

Cyclotella ocellata             

Cyclotella pseudostelligera 15 24         
Cyclotella stelligera (Discostella 
stelligera)     154 85 270 231 

Cyclotella tripcutita             

Cymbella affinis         1   

Cymbella amphicephala             

Cymbella cesatii             

Cymbella cistula             

Cymbella cuspidata             

Cymbella cymbiformis             

Cymbella descripta 2           

Cymbella ehrenbergii             

Cymbella gaeumannii             

Cymbella girdle             

Cymbella gracilis     5 1 2 5 

Cymbella incerta 4 1         

Cymbella lapponica             

Cymbella leptoceros             

Cymbella mesiana             

Cymbella microcephala 1 4         

Cymbella minuta   3   3 2   

Cymbella naviculiformis     5       

Cymbella pankowii             
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Cymbella silesiaca 3           

Denticula kuetzingii 4 2         

Diploneis elliptica   2       1 

Diploneis marginestriata             

Diploneis oblongella             

Epithemia sorex             

Eunotia arcus       2 2   

Eunotia bilunaris 1 2 5 4 2 1 

Eunotia bilunaris var. mucophila             

Eunotia circumborealis             

Eunotia diodon             

Eunotia elegans             

Eunotia exigua             

Eunotia faba     1 1     

Eunotia girdle             

Eunotia implicata             

Eunotia incisa 3     2     

Eunotia intermedia             

Eunotia major             

Eunotia microcephala             

Eunotia minor             

Eunotia muscicola var. tridentula             

Eunotia paludosa             

Eunotia parvulum             

Eunotia pectinalis var. undulata       3     

Eunotia praerupta             

Eunotia rhynchocephala       2   1 
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Eunotia rhynchocephala var. 
rhynchocephala             

Eunotia serra             

Eunotia serra var. diadema           1 

Eunotia serra var. tetradon         1   

Eunotia subarcuatoides             

Eunotia sudetica           4 

Eunotia zasuminensis             

Fragilaria brevistriata 4 15 17 7     

Fragilaria capucina     4   1   

Fragilaria capucina var. gracilis 1 4         

Fragilaria constricta     1       

Fragilaria construens  4 10   1     

Fragilaria construens f. venter             

Fragilaria construens f. binodis 2     17     

Fragilaria delicatissima       1     

Fragilaria exigua  4 2   3 1 2 

Fragilaria famelica 2           

Fragilaria javanica             

Fragilaria lapponica       4     

Fragilaria leptosi             

Fragilaria leptostauron   4         

Fragilaria nanana 42 71 39 12 6 4 

Fragilaria parasitica             

Fragilaria pinnata 54 25 44 65 0 3 

Fragilaria tenera 5 26         

Fragilaria ulna             
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Fragilaria virescens             

Frustulia rhomboides 1 3 1 2     

Frustulia rhomboides var. 
crassinerva         1 2 

Gomphonema acuminatum             

Gomphonema amoenum 1           

Gomphonema angustatum             

Gomphonema girdle             

Gopmhonema gracile             

Gomphonema minutum       1     

Gomphonema parvulum   1   1     

Gomphonema subtile           2 

Gomphonema truncatum   4         

Melosira arentii           2 

Meloseira linearis             

Meloseira lineata             

Meridion circulare             

Navicula aboensis 1           

Navicula absoluta             

Navicula angusta         1   

Navicula arvensis var major     2       

Navicula atomus             

Navicula cocconeiformes     3   2   

Navicula concentrica             

Navicula cryptocephala 15 16 2   3 3 

Navicula cryptotenella             

Navicula digitulus             

Navicula disjuncta 2 3   2     
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Navicula elginensis             

Navicula evanida       4     

Navicula explanata   2         

Navicula gerloffi             

Navicula globulifera             

Navicula glomus             

Navicula halophila             

Navicula jaagii             

Navicula jaernefeltii     1       

Navicula c.f. kuelbsii             

Navicula laevissima 9 18         

Navicula laterostrata             

Navicula leptostriata             

Navicula marginulata             

Navicula mediocris       4     

Navicula minima 4 10 21 7 21 4 

Navicula minuscula             

Navicula naviculadicta c.f. 
detenta             

Navicula orucicula             

Navicula porifera             

Navicula pseudolanceolata             

Navicula pseudoscutiformis   2   2     

Navicula pseudoventralis 2 7   6     

Navicula pupula 3 6 1 2 1 3 

Navicula radiosa    3   2     

Navicula rhynchocephala             

Navicula rotunda             
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Navicula schadei 2 1         

Navicula schmassmannii             

Navicula schoenfeldii             

Navicula seminuloides       3     

Navicula seminulum             

Navicula soehrensis var. hassiaca         2   

Navicula soehrensis var. 
muscicola       5     

Navicula submuralis       2     

Navicula subrotunda             

Navicula subtenelloids             

Navicula subtilissima         1   

Navicula veneta             

Navicula ventralis             

Navicula vitabunda             

Navicula vitiosa       14     

Navicula vulpina             

Naviculadicta c.f. detenta             

Neidium affine             

Neidium ampliatum 1   1     4 

Neidium bisculcatum             

Neidium densetriatum             

Neidium dubium             

Neidium hitchcockii           1 

Neidium hercynicum             

Neidium iridis             

Neidium septentrionale             
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Nitzschia bryophila             

Nitzschia commutata             

Nitzschia fonticola             

Nitzschia gracilis 3 1   5     

Nitzschia hercynicum             

Nitzschia linearis   8   2     

Nitzschia palea       1     

Nitzschia radicula             

Nitzschia recta     5   4 11 

Nitzschia sociabilis             

Nitzschia solita         4   

Nitzschia umbonata             

Nitzschia spp.             

Pinnularia abaujensis               

Pinnularia abaujensis var. 
lacustris             

Pinnularia abaujensis var. 
linearis 3 3         

Pinnularia abaujensis var. 
subundulata             

Pinnularia biceps             

Pinnularia biceps var. petersenii             

Pinnularia biceps var. pusilla 43 6   1     

Pinnularia braunii 2 5         

Pinnularia divergentissima             

Pinnularia girdle     2       

Pinnularia kwacksii             

Pinnularia legumen   5         

Pinnularia major             
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Pinnularia mesolepta 64 2 1       

Pinnularia microstauron 6 4 2   10 7 

Pinnularia microstauron var. 
adirondackensis             

Pinnularia nodosa 4 7         

Pinnularia pogoii             

Pinnularia polyonca             

Pinnularia rupestris 2           

Pinnularia subcapitata             

Pinnularia turnerae             

Pinnularia viridis             

Pinnularia wisconsinensis             

Pleurosigma strigilis             

Rhizosolenia eriensis      30       

Stauroneis anceps 1 2 3 1 2 4 

Stauroneis anceps var. gracilis             

Stauroneis kriegerii   1         

Stauroneis lauenburgiana       1     

Stauroneis nobilis             

Stauroneis phoenicenteron         1   

Stauroneis prominula             

Stenopterobia curvula     3 3     

Stenopterobia delicatissima     2 1     

Surirella angusta           1 

Surirella lapponica             

Surirella linearis             

Surirella spp.             

Tabellaria flocculosa strain III 30 24 18 7 11 13 
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Tabellaria flocculosa strain IV       2     

Tabellaria quadriseptata             

Tabellaria ventricosa             

Total 421 468 473 407 400 451 

       Microspheres 1882 645 1879 428 674 586 

        


