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ABSTRACT 

Historically remote, Canadian Shield lakes situated in boreal and mixed-boreal 

regions have become increasingly threatened by anthropogenic disturbances. Due to a 

scarcity of long-tem data, the effects of these disturbances on water quality are poorly 

understood. In this thesis, 1 applied paleolimnological techniques to examine the impact 

of watershed and regional-scale disturbances on the water quaEty of Canadian Shield 

lakes in Ontario, Canada. 

Scaled chrysophytes preserved in lake sediments were examined to assess the 

impact of logging and forest &es on water quality. A 'Before-After-Control-Impacty 

design, including six impact lakes (4 with watersheds logged, 2 with watersheds burned), 

and two reference lakes in northwestem Ontario was implemented. Despite removal of 

more than 90% of the vegetation of the dishirbance lakes, neither logging nor forest fies 

produced significant changes in chrysophyte-inferred water quality. Subtle, gradua1 

species changes, o c c e g  in both disturbance and reference lakes, suggested that a 

regional, prolonged drought may have been responsible for the observed changes in these 

lakes. 

The impact of acid deposition on changes Li lakewater pH was examined in 53 

present-day (top) and 48 pre-bdustrial (bottom) sediment samples f h m  shield lakes in 

south-central Ontario. A 117-lake reconstruction model, developed fkom a training set of 

lakes in Ontario, Adirondack Park, and the northeastem USA, was used to infer the pH of 

the top and bottom samples. The pH inferences were validated using analog matching, 

and an examination of inferences from triplicate cores in four lakes. In general, pH 
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changes were srnail in cornparison to other acid-sensitive regions. The relatively short pH 

gradient, comparatively higher pre-industrial pH values, and the amount of acid 

deposition are factors that may explain these trends. The use of a single, multi-indicator 

reconstruction mode1 for inferring pH is discussed, with special reference to lake 

management. 

Findly, a regionai increase in the taste and odour-causing chrysophyte, Synura 

petersenii, was observed in lakes in south-central Ontario. This increase was unrelated to 

observed changes in lakewater pH, and indicates that the threat of taste and odour events 

has greatly increased in these lakes since pre-industrial the .  Possible explanations for 

this trend are discussed. 
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C W T E R  1 

GENERAL INTRODUCTION AND LITERATW REVIEW 

Generai introduction and outiine of thesis chapters 

The province of Ontario contains more than 250,000 freshwater lakes, 

representing approximately one quarter of Canada's fkeshwater supply. The majority of 

these lakes are situated in boreal or mixed-boreal regions, and are underlain by igneous 

bedrock of the Canadian Shield. Historically, these sofiwater, nutrient-poor lakes have 

been relatively isolated fiom human disturbances. However, in recent decades, lakes 

within the boreal shield have been subjected to a growing number of anthropogenic 

stressors that threaten their ecological integrity, and today they are among the most 

threatened fieshwater ecosystems in the world (Schindler, 1998). 

Natural and mthropogenic disturbances occur both at a watershed-scale, such as 

clearcut logging (Keenan and Kimmins, 1993) and forest &es (Schindler et al., 1980), 

and at a regional-scale, including the deposition of strong acids fkom long-range sources 

and clirnatic change (Dillon et al., 1987; Schindler et al., 1996; Schindler, 1997; Stoddard 

et al., 1999). Disentangling the relative effects of these factors on water quality is 

complicated because they act synergisticdy in many lakes, and c lha te  may play a 

confounding role (e-g. Schindler et al., 1996; Yan et al., 1996). Despite growing 

evidence that water quality may be adversely affected by these disturbances, few studies 

have attempted to quanti@ these effects relative to background or 'natural' conditions in 

Canadian Shield lakes. 
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The impact of anthropogenic stressors on water quality of Canadian Shield lakes 

is poorly understood due to a scarcity of long-term data. While more than twenty years of 

monitoring data exist in some regions of the boreal shield (e.g. Experimental Lakes Area, 

Muskoka-Haliburton), even these are too short in duration to evaluate changes relative to 

natural or pre-disturbance conditions (e.g. pre-industrial). In the absence of these data, 

the science of paleolimnology rnay be used to reconstmct past environrnents fiorn 

information archived in lakes sediments (Smol, 1992). 

The main objective of this thesis is to assess the impacts of multiple stressors on 

the water quality of Canadian Shield lakes in northwestem and south-central Ontario, 

Canada. 1 examine the effects of major watershed disturbances (e.g. logging and forest 

fires), and the deposition of strong acids, on long-term changes in water quality. Scaled 

chrysophytes preserved in lake sediments are used as indicators of environmental change. 

The term "water quality", which is used throughout the thesis, refers to the 

physical and chemical conditions that define the lake environment, as they are important 

both to human populations, who rely on these ecosystems for drinking and recreational 

purposes, and to the biological assemblages that exist within these ecosystems. 

Ultùnately, changes in water quality may alter the structure and function of biological 

communities. Furthemore, due to the increasing number and magnitude of these 

stressors, there is evidence that these changes may be unprecedented in many lakes. 

This thesis is composed of fou. manuscripts that have been prepared for 

publication. The first manuscript (Chapter 2) assessed the effects of major watershed 

disturbances (e.g. forest harvesting, forest h s )  on the water quality of lakes in 
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northwestem Ontario, Canada Using a LLBefore-After-Controi-Impact" experirnental 

design (Underwood, 199 1)- I evaluated the response of scaled chrysophyte taxa to the 

removal of greater than 90% of the watershed vegetation in the disturbance lakes. This 

manuscript has been published in the Cunudian Journal of Forest Research (Paterson et 

al., 1998). The version that appears here has been updated, but the changes do not alter 

the overdl interpretation of our original hdùigs. 

Chapters 3,4  and 5 follow a logical sequence of work conducted in south-centrai 

Ontario. This region differs Tom northwestem Ontario in that it receives higher levels of 

acidic deposition (Jeffnes et al., 1995), and other human influences are generally greater. 

Chapters 3 and 4 involve the development and application of statisticd models for 

inferring lakewater pH in Ontario shield lakes. In the fïrst chapter, 1 develop and assess 

the performance of intra-, inter-regional, and Modem Analog Mode1 (MAT) 

reconstruction models for inferring pH Çom scaled chysophyte assemblages. In Chapter 

4 , I  use one of the models to reconstruct the pH of modem (present-day) and fossil (pre- 

industrial) sediment samples from approximately 50 lakes in south-central Ontario. 1 

discuss the impact of acidic deposition on regional changes in water quality. 1 also 

introduce a single, multi-indicator reconstruction model, developed fiom scaled 

chrysophyte (Chapter 3), chrysophyte cyst ( W i h s o n  et al., 1999), and diatom (Hall and 

Smol, 19%) inference rnodels, which may be of particular interest to lake managers. 

Finally, in Chapter 5, I discuss the importance of changes in the chrysophyte 

species assemblage in south-central Ontario lakes that are unrelated to long-terrn changes 

in lakewater pH. These findings indicate that there has been a regional increase in the 
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taste and odour causing chrysophyte, Synura pefersenii, indicating that the threat of such 

episodes are much greater now than in pre-industrial times. 1 discuss possible hypotheses 

that may explain these trends, A general discussion and conclusions are found in Chapter 

6. Relative abundance species data have been included in a series of Appendices. 

Literature review 

Each of the manuscripts prepared for this thesis provide reviews of relevant 

literature in their respective introductions. Therefore, 1 review ody  the most important 

themes in the section that follows. 

PaleoZimnoZogy and environmental change 

Paieolimnology is the science that uses the physical, chernical and biological 

information archived in lake sediments to reconstruct and interpret past environrnental 

conditions (Smol and Glew, 1992). Over the past two decades, paleolimnology has 

developed fiom a predominantly qualitative science to a quantitative tool that has been 

used to assess important issues related to long-term environmental change (Smol, 1992). 

Recent advances in field sampling (Glew, 1988, 1989), laboratory techniques (Cumming 

et al., 1 WO), and statistical analysis (Birks, 1 995, 1 998) have dramatically increased the 

po wer and reliability of paleolimnological studies. 

A knowledge of pre-disturbance conditions and natural variability are essential 

requirements of effective ecosystem management (Smol, 1992). While direct historicaI 

records are the preferred sources of such data, they are ofien absent, too short in duration, 



or of questionable quality to be used by lake managers. There are a number of 

advantages of using paleolimnogical techniques to obtain long-term data. First, the 

sediment record provides an archive of past environmental change which may be used to 

evaluate changes in water quality relative to natural variability (e-g. changes in climate). 

Second, long-term records are evaluated using consistent methodology, a detail that is 

often absent in contemporary studies of environmental change. Finally, in studies in 

which the variability of biological assemblages is compared before and after known 

disturbances (e.g. Chapter 2), paleolimnology ailows for a balanced statisticai design over 

long time penods (e-g. decades). 

Quantitative tools in pa1eoIimnoZog-y 

The use of ordination statistics and regression and calibration techniques in 

p a l e o h o l o g y  have been discussed elsewhere in detail (Birks, 1995, 1998). Briefly, 

ordination techniques may be used to detect patterns in modem species data (Le. surface 

seàiment samples) and environmental variables collected from a suite of lakes, to iden- 

lakes which are outIiers with respect to species assemblages or their environment, and to 

determine which of the measured environmental variables can be Merred downcore (ter 

Braak, 1986; Birks et al., 1990a; Birks, 1995, 1998). Regression and calibration 

techniques may then be used to model species' responses to individual environmental 

variables (regression), and to use the resulting inference model to infer past 

environmental conditions fiom the fossil species assemblage (calibration) (Birks, 1995). 

The environmental reconstructions that are obtained may be validated in a nurnber 



of ways, although direct comparison with measured variables downcore is the most 

reliable method (Fritz, 1990). However, histoncal data do not exist in many systerns, and 

indirect validation techniques may be applied. Birks et al. (1990a) have suggested three 

numerical approaches that may be used in this respect. For example, the root mean 

square error of prediction (RMSEP) of individual fossil samples may serve as a relative 

measure of the reliability of the reconstructions. In addition, fossil samples can be piotted 

passively ont0 ordination axes that are c o d e d  by the modem species and 

environmental data. Goodness-of-fit statistics, such as the squared residual distance to 

the ordination axis, may be used to assess the reliabdity of the reconstructions (e-g. Laird 

et al., 1996). Analog matching also may be used to identa  fossil assemblages with poor 

andogs in the modem training set. A distribution of lowest minimum dissunilarities may 

be calculated for al1 samples in the modem data set. Fossil samples with dissimilarities 

greater than the 95% percentile of this distribution, when compared with the modem 

samples, are considered to have poor analogs (e-g. Chapter 3). 

The Modem Analog Technique (MAT) is a conceptually simple reconstruction 

approach that provides an alternative to regression and calibration techniques @irks, 

1995). Based simply on measures of dissimilarity, MAT does not rely on an underlying 

statistical mode1 (e.g. linear or unimodal species-environment response) (Birks, 1995). 

The environmental conditions of each fossil sample are calculated as (weighted) means of 

measured variables fiom one or more modem samples, selected based on their similarity 

to the fossil species assemblage. In contrast to regression-based reconstruction 

techniques, the Modem Analogue Technique (MAT) has rarely been used in 
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paleolimnology. However, in recent cornparisons with regression-based reconstruction 

models, MAT has pesormed as well as unimodal-based regression techniques (Lotter et 

al., 1999; Olander et al., 1999). 

Analysis of Similarities (ANOSXM) is a non-parametric, re-sampling procedure 

that can be used to test the nul1 hypothesis of no difference in species assemblages 

following known perturbations (e-g. Chapter 2) (Clarke and Warwick, 2994). ANOSIM 

is preferable to the multivariate analysis of variance (MANOVA), as it does not assume 

approxirnate (multivariate) normality of the species data, which is likely to be violated in 

relative abundance data with many zero values (Clarke and Wawick, 1994)- Based on a 

rank similarity ma&, ANOSIM tests the nul1 hypotkesis in three steps. A test statistic 

(R-sîat), which contrasts the rank similarities of samples beiween time periods (Le. before 

and after the disturbance) with the rank sirnilarities within tirne periods (Le. before or 

after the disturbance), is calculated. Next, using a re-sampling procedure with 

replacement, a null distribution of the £2-statistic is generated. In the final step, the 

original test statistic is compared to the nul1 distribution to calculate a significance level. 

Scaled chrysophytes: GeneraZ ecology and their use in paleolimnology 

Chrysophycean algae (chrysophytes), members of the classes Synurophyceae and 

Chrysophyceae (Andersen, 1987), are a diverse group of predominantly freshwater 

organisms. Chrysophytes often dominate the phytoplankton of north-temperate, 

oligotrophic lakes (e.g. Sandgren, 1 98 8 ; Eloranta, 1 999, but are widel y distributed and 

exist in other environments, including tropical, polar and alpine regions (Wallen and 
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Allen, 1982; Rot& 1988; Cronberg, 1989). Taxa are typically planktonic, although 

benthic and epiphytic species exist (Sandgren, 1 988). 

Chrysophytes are generally well distributed dong many environmental gradients, 

including lakewater pH, conductivity, temperature, and trophic status (Roijackers and 

Kessels, 1986; Sandgren 1988; Siver, 199 la; Duff, 1994; Siver 1995). While many 

chrysophyte taxa have well defined ecological optima and tolerances along these 

gradients, pH is commonly cited as the most important variable influencing scaled 

chrysophyte distributions (Ciimming et al., 1992a; Dixit et al., 1992; Dixit et al., 1999). 

The scded chrysophytes, representing approximately 20% of known 

chrysophycean taxa @ S e t  al., 1995), produce siliceous scaies, brides, and spines that 

form part of the sedimentary record, and can be used to mzrentiate between taxa (Smol, 

1995). The number of scales produced by different species may Vary, and therefore scde 

abundances provide an indirect measure of hue cell abundances. While correction tables 

to convert scaies to cell numbers exist (Siver, 199 1 b), Cumming and Sm01 (1 993) have 

shown these corrections make little difference to the performance of quantitative 

reconstruction models. 

n i e  earliest applications of scaied chrysophytes as indicators of environmental 

change involved long-term examinations of changes in lake trophic status (e-g. Munch, 

1980; Smol, 1980; Sm01 et al., 1983). The fïrst studies were qualitative in approach, and 

as of yet, few studies have attempted to apply quantitative inference models to reconstruct 

past trophic stanis (Siver et al., 1999). However, there is evidence that scaled 

chrysophytes are responsive to changes in nutrient status, as is evident fiom experimental 
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sîudies of &cial fertilization @kit et al., 1990; Zeeb et al., 1994). 

Lakewater pH is considered to be the most important variable influencing the 

distribution of scaled chrysophytes. For tbis reason, these organisms are considered to be 

excellent indicators of lake acidification, and numerous quantitative inference models 

have been developed for inferring pH in many regions, including Ontario (Dixit et al., 

l992), Adirondack Park (Cumming et al,. 19 92a), northeastem USA (Siver and Hamer, 

2990; Dixit et al., 1999), and Europe (Birks et al., 1990b; Cronberg, 1990). In 

Adirondack Park, these modeis were used to infer pH changes since pre-industrial times, 

providing convincing evidence that the timing and spatial extent of lake acidification was 

compatible with the deposition of strong acids fiom indusnial sources (e-g. Cumming et 

al., 1992b, Cumming et al., 1994). In other regions, these nlodels have been vdidated 

against measured environmental data @kit et al., 1989). 

Recently, scaled chrysophytes have been used to S e r  changes in water quality 

associated with watershed disturbances (Rhodes and Davis, 1995), land-use (Marsicano 

and Siver, 1993; Lott et al., 1994), and taste and odour events (Nicholls and Gerath, 1985; 

Nicholls, 1995). Clearly, these organisms are sensitive indicators of environmental 

change, and are of particular use in Canadian Shield lakes, where they constitute an 

important part of the phytoplankton biomass. 

Ecological differences between scaled chrysophytes and diatoms may explain why 

there are often differences between inferences made using these two algal indicators. For 

example, scaled chrysophytes are planktonic organisms, while diatoms have 

representatives fhm planktonic, benthic and epiphytic habitats. Variability in the 
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chernical conditions of different regions of the lake may explain some variance in the 

inferences between diatoms and chrysophytes (Siver et al., 1999). Second, spatial 

variability with respect to vertical position within the water column may dso contribute 

to the variability between these two organismal groups. Large, colonial chrysophyte taxa 

may form population maxima below the thermocline (Sandgren, 1988)- These highly 

mobile, flagellated colonies may experience an advantage of being in a zone of reduced 

competition, while gaining access to nutrients in the hypolimnion (Sandgren, 1988). 

Third, there exist seasonal differences with respect to the timing of maximum abundance 

in north-temperate lake ecosystems, which may also reflect differences in the chemicd 

conditions of lakes. For example, in lakes receiving acidic deposition, an acid pulse 

associated with snowmelt is likely to affect chrysophyte populations more than diatoms, 

as chrysophytes ofien dominate the phytoplankton at this time in early spring, 

immediately after ice-out (Smol et ai., 1998). 

n e  impacts of watershed disturbances on lak ecosystems 

There is growing evidence that watershed disturbances, includiig logging and 

forest fies, may significantly alter water quality and quantity in Stream ecosystems 

(Bormann et al., 1974; Nicholson et al., 1975; Feller and Kimmins, 1984; Miller et al., 

1997). However, studies examinhg the effects of watershed disturbances on lake 

ecosysterns are rare, and few have examined these disturbances relative to pre-disturbance 

conditions. For example, in a recent review of the 'Impacts of Forest Harvesting on Lake 

Ecosystems' (Miller et al., 1997), less than 5% of studies assessed changes in water 
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quality relative to a minimum of two years of pre-disturbance da. and the duration of 

many of the studies was less than five years. Therefore, there is a need for long-term 

studies that evaluate the impacts of watershed disturbances on water quality, relative to 

natural variability. 

It is diBcult to make broad generalizations with respect to the effects of logging 

and forest fires on lake ecosystems because findings have been contradictory in many 

studies. Also, the impacts fiom logging and forest fires rnay differ, depending on the 

intensity of the disturbances, and the physical and chernical conditions that existed in the 

lake at the tirne of the disturbance (Enache and Prairie, 2000). Several recent studies 

fiom boreal lakes in Québec (Carignan et al., 2000; Lamontagne et al., 2000), and Alberta 

(McEachern et al., 2000), suggest that watershed disturbances may significantly alter 

water quality. Although these impacts are often short-lived, they rnay impact biological 

assemblages in some lakes (Enache and Prairie, 2000; Patoine et al., 2000; Planas et al., 

2000). However, studies in northwestem Ontario (Paterson et al., In Press; Steedman, 

2000; Steedman and Kushneriuk, 2000), and British Columbia (Laird and Cumming, In 

Press; Laird et al., In Press) have shown minimal changes in lakes followï~g watershed 

disturbances. These authors also conclude that clirnatic factors were potentially more 

important in some of these systems. Similarly, in a regional survey of the effects of 

logging and forest f ies  on the water quality of Ontario shield lakes, climate was 

determined to have a greater influence on changes in water quality than major watershed 

disturbances @lais et al., 1998 Paterson et al., 1998). 

There are several explmations that may explain the discrepancies across studies. 
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Differences in water residence tirne, largely regulated by morphometric factors (e.g. lake 

volume, drainage ratio), may be an important determinant of the degree of impact that is 

detected. Small lakes with large, steeply sloping watersheds (e-g. Mud Pond, Maine: 

Rhodes and Davis, 1999, and short water residence tirnes, may be more sensitive to 

disturbances in their catchments. Furthermore, the relative idluence of regional factors, 

such as acidic deposition and climatic conditions (e-g. drought), rnay have played an 

important role in some regions (e-g. Schindler et al., 1996). For example, northwestern 

Ontario experienced a signiflcant warm and dry period during the time period of the 

paleolimnological studies (e.g. Blais et al., 1998; Paterson et al., 1998). 

The acidification a d  recovery of Ontario shield Zukes 

The processes controlling the acidification and recovery of lakes in Ontario shield 

lakes are cornplex. A decline in the deposition of sulphate in the Sudbury and Muskoka- 

Haliburton regions since the early 1980s has produced variable results (Dillon and 

LaZerte, 1992; Stoddard et al., 1999; Keller et al., 1992). In south-central Ontario, there 

is iittie evidence of recovery following a 30-40% decline in sdphate loads (Stoddard et 

al., 1999). In part, these trends may be the result of a depletion of base-forming cations 

fiom watershed soils fiom decades of acidic deposition (Likens et al., 1996). The re- 

oxidation and release of reduced sulphur stored in wetlands has also been recognized as a 

contributing factor delaying the recovery of acidified lakes (Yan et al., 1996), which rnay 

be linked to abnomaliy dry periods, such as years following El Nifio events (Dillon et al., 

1997a). In contrat, many lakes in the Sudbury region have shown a marked 
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improvement in water quality foiiowing reduced acid loads @kit et al., 1989; Keller et 

al., 1992, Srno1 et al., 1998). In part, this may reflect differences in the degree of impacts 

experienced across regions. ~s toncal ly ,  deposition has been much greater in the 

Sudbury region (Lazerte and Dillon, 1984; Keller et al., 1992), and therefore the relative 

decrease in acid deposition rnay have been greater in the Sudbury region. Other factors, 

such as pre-industriai pH values (Ciimming et al., 1994; Sm01 et al., 1998), and 

hydrological factors such as water renewal time, may also be important. For exarnple, 

within-lake aikalinity generation is greater in lakes with longer renewal times (Schindler, 

1986). 

Recent paleolimnologicd studies of the effects of acid deposition on lakes in 

south-central Ontario (Hall and SmoI, 1996; Wilkinson et al., 1999), and in other regions 

(Cumming et al., 1992b), suggest that alkaline lakes (pH > 7) have increased in pH since 

pre-industrial times. Several mechanisms, including watenhed disturbances (Rhodes and 

Davis, 1995), cation exchange, and suiphate and nitrate reduction in watershed soils 

wetlands, and lake sediments may have contributed to these observed increases in 

aikalinity (e.g. Dillon et al., 1997b; Schindler, 1986). These processes will be further 

regulated by watershed charactenstics, such as the underlying geology and the presence of 

wetlands, and by interaction of these factors with clhate (Yan et ai., 1996). 

While conternporary studies of the impact of anthropogenic disturbances on water 

quality provide useful information, they are ofien too short in duration to estimate change 

relative to background or pre-disturbance conditions in aquatic ecosystems. This problem 



may be overcome through the use of paleolimnology, which uses the information 

recorded in lake sediments to reconstruct past environments, and to determine the timing 

of change (Smol, 1992). Scaled chrysophytes are sensitive environmental indicators that 

have been used often in paieoecoIogical studies in north-temperate regions. These 

organisms are ecologically diverse, well preserved in lake sediments, and respond rapidly 

to environmenta1 change (Smol, 1995). In this thesis, 1 apply paleolimnological 

techniques to assess the impact of watershed and regional disturbances, namely logging, 

forest fies, and acid deposition, on water quality in Canadian Shield lakes. By providing 

a long-term perspective, 1 evaluate impacts relative to pre-disturbance conditions in these 

lakes. This work was conducted on Canadian Shield lakes in northwestern and south- 

central Ontario, Canada. 
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Abstract: The eequency and intensity of large-scale watershed disturbances (e.g- logging 

md forest &es) are increasing in northwestern Ontario. Timber-harvestuig and wildfïres 

have been shown to alter water quantity and quaiity in strearn ecosystems. Unfortunately, 

scientific studies of these impacts on lakes are rare. Using paleolimnological techniques, 

we exarnined the remains of scaled-chrysophytes in sediment cores fiom four Iakes that 

have had the majority of their watersheds clear-cut, two Iakes that have had large forest 

fires in their watersheds, and two lakes that have had minimal watershed disturbance. 

Lakes in this study showed rninor changes in the composition of scaled chrysophytes at a 

temporal resolution of two to four years, despite removal of more than 90% of the forest. 

Furthemore, temporal variability in the species assemblages were similar in al1 lakes. A 

gradual change in the species assemblages of dl lakes suggested a regional influence may 

have been responsible. We hypothesize that hydrological changes brought about by a 

regional drought fiom 1 970-1990 may have exerted an overriding influence on lakes over 

this time period, 
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Introduction 

In northwestem Ontario, forests are becoming increasîngIy disturbed by farest fires and 

timber-harvestîng (Wotton and FIannigan 1993; Overpeck et al. 1990; Schindier 1998). 

For example, several General Circulation Models predict that the fiequency and intensity 

of forest fires will increase in the boreal forest with clunate warrning (Schtlesinger and 

Mitchell 1987; and see review in Moser 1996). A twenty-yer (1970-90) warming and 

dryhg period reported in northwestem Ontario may be evidence that climate change has 

already begun (Schindler 1998; Schindler et al. 2996). Additional regional changes in the 

boreal forest are occuming due to human activities. Timber-harvesting hais been shown to 

alter water quantity and quality in stream ecosystems (Feller and Kimmins 1984; and see 

review in Keenan and Kimmins 1 993, and Miller et al. 1 997). For example, in small 

watersheds at the Experimental Lakes Area (ELA) in northwestern Ontario, Nicolson 

(1975) detected short-lived changes in water chemistry, stream temperatme and pH, with 

a r e m  to pre-disturbance conditions two to three years following clear-cutting. 

Unfortunately, scientific studies of the effects of forestry on lake ecosystems are rare 

(Keenan and Kimmins 1993). 

Lakes are functionally linked to geological, meteorological, and biological 

processes that occur within their catchments, and within airsheds (Likens and Bormann 

1974, 1979). Alterations to lake watersheds, occming naturally or anthropogenicdly, 

may trigger limnological changes in lakes. Wildfkes, windthrow, and tirnber-harvesting 

have been shown to increase catchent erosion, thereby altering mineral and nutrient 

input into aquatic systems (Likens and Bormann 1974; Schindler et al. 1980; Bayley et al. 



l992a, 19923; Beaty 1994; Rhodes and Davis 1995). Increased inputs of dissolved 

organic carbon @OC), and dry f d o u t  of particdates fkom large, regional wildfires have 

aiso been linked to watershed disturbances (Schindler et al. 1992). These impacts, among 

others, influence the physical, chemical, and biological characteristics of the aquatic 

environment. The underlying geology, watershed morphology, vegetation, soi1 depth? and 

biological trophic interactions are al1 factors that potentidly influence the response of a 

lake to a disturbance. Over a longer t i r n e - h e ,  climate may play an infiuential role in 

r e g d a h g  changes in lakes through changes in precipitation and evaporation ratios, 

hydrology, and vegetation (see reviews in Schindler 1997, 1998). 

The biological, chemical, and physicai histones of lakes and theïr watersheds may 

be partially reconstmcted fiom the sediment record (Smol 1992; Dixit et al. 19926). 

Through paleolimnological analyses, this information can be extracted to infer past 

aquatic and terrestrial conditions, and to determine the timing and degree of change in 

lake ecosystems. This information is not attainable fiom contemporary studies of 

watershed disturbances. Additionally, the paleolimnological approach allows for an 

examination of many years of a lake's history over a relatively short tirne period. This 

cost-effective technique can therefore be used to help evaluate ecological and 

environmental change. 

Scaled chrysophytes, taxonomically members of the algal classes Synurophyceae 

and Chrysophyceae, have been used extensively in paleoecological studies (see review in 

Sm01 1995). The siliceous body scales of these organisms preserve well in lake 

sediments, often occurring in large abundances. Body scales of chrysophytes are 
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generaily identinable to the species level, allowing for reconstruction of past chrysophyte 

populations. Furthemore, scaled chrysophyte taxa have well-dehed ecological optima 

and tolerances, and can be used quantitatively to monitor past environmental change 

(Smol 1988). 

Scaled chrysophytes are effective indicators of lake eutrophication (Srnol 1980; 

Sm01 et al. 1983; Zeeb et al. 1994), lake acidification (Smol et al. 1984; Dixit et al. 

1992~; Cumming et al. 1992, 1994), land-use (Marsicano and Siver 1993; Lon et al. 

1994), and clirnate change (Siver and Hamer 1992; Cumming et al. 1993). It has been 

suggested that scaled chrysophytes may be more sensitive to environmental change than 

other paleoindicators (e.g. diatoms). For example, in some paleolimnological studies of 

lake acidification and recovery, the ecological response of scaled chrysophytes has been 

shown to pre-date diatom changes (Dixit et al. 1990b, l992a). 

The rem- of scaled chrysophytes preserved in lake sediments have been used to 

infer changes in pH, conductivity, and trophic status associated with fire and windstorm 

events @hodes and Davis 1995), anthropogenic forest removal (Lon et al. 1994), and 

cultural development in lake watersheds (Smol 1 995). The ecological sensitivity of 

scaled chrysophytes to changes in their environment, coupled with their relatively 

straightfonvard taxonomy, make these organisms ideal paleoindicators for studying the 

effects of watershed disturbances on lakes. 

The purpose of this study was to determine, using paleolimnological techniques, 

whether lakes in northwestem Ontario (Table 1) have responded to known large-scale 

watershed disturbances. Here, we examined the remains of scaled-chrysophytes in '''~b- 
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dated sediment cores fiorn four lakes that have had their watersheds clear-cuî, two lakes 

that have had large forest fires in their watersheds, and two lakes that have had minimal 

disturbance in their watersheds (Le. reference lakes). Temporal changes in the relative 

abundance of species-specific chysophyte scales preserved in lakes sediments were used 

to determine the influence of large-scale watershed disturbances in cornparison to natural 

varïability over the last 25-3 5 years. 

Study area and study lakes 

AU our study lakes are located in NW Ontario between Thunder Bay and Kenora, Ontario 

(Figure 1). This region is characterized by southem boreal forest, with an overlap into 

Great Lakes/St. Lawrence forests. Dominant tree species include jack pine (Pinus 

banhiana), black spruce (Picea mariana), white birch (Betula papyrifera), and trembling 

aspen (Populus tremuloides). Al1 the lakes lie on Precambrian bedrock, overlain by 

glacial morainal deposits and shallow, discontinuous sandy soils (Brunski11 and Schindler 

1971; CLEW 1994). 

Eight distinct lake basins were selected for coring (Table 1). Four lake bas& 

(-2, m4w. m6n, and m6s) were categorized as "cut" lakes. The watershed of ELA lake 

442 was clear-cut during the winter months of 1975-76 (19 ha), 1977-78 (21 ha), and - 

1978-79 (53 ha), leaving only a narrow buKer strip (McCullough and Campbell 1993). 

Lakes m4w. m6n and m6s are located approximately 200 km southwest of ELA (lake 

basins m6n and m6s are two distinct bas& of the same lake). The watersheds of these 

lake basins were clear-cut to shoreline in the spring of 1983 by the Great Lake Paper 
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Company (France et al. 1996; France 19974 b). Following the rernoval of commercial 

timber, re-growth of native tree species was facilitated by the buming of the logging 

slash. During the harvest period, a logging road was constmcted within the watershed of 

lake m6n (Blais et al. 1998). In the catchments of ail cccut" lakes the re-growth of forests 

has been rapid and iinhindered. 

Two lakes, bnl (Percy) and !& (Little Joe), were categorized as "burn" lakes. 

Situated just NW of the ELA dong the Trans-Canada highway, the watersheds of these 

lakes were burned to shoreline by a severe forest fixe in 1980 (France 1997a). At ELA, 

the 1980 fire was extremely severe, resulting in the destruction of 20-50 cm organic mats 

in some watersheds (Schindler 1998). As a result, re-vegetation in watersheds burned by 

this fire has been slower, and sparser than in the watersheds of "cut" lakes. 

Lakes 26-1 and 42-2 were categorized as "reference" lakes. Situated 

approximately 250 km southeast of the Experimental Lakes Area (ELA) (Brunskill and 

Schindler 1971), the watersheds of these Iakes have been subjected to little (04%) 

disturbance over the Iast - 70 years (France and Peters 1995). The catchments of lakes 

Zo and 42-2 form part of the Coldwater Lakes Experimental Watersheds project, and 

are currently being studied by the Ontario Ministry of Natural Resources (CLEW 1994). 

Materials and Methods 

Field: Using a Glew (1989) gravity corer equipped with a modified trigger mechanism 

and a core tube (approximately 50 cm in length, intemal diameter 6.35 cm), duplicate 

sediment cores were collected by Blais et al. (1998) fiom the eight ice-covered lake 
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basins in March, 1995. Lake sediment cores were extruded vertically on site using a 

Glew close-interval extruder (Glew 1988) into the following sub-samples: 0.5-cm 

intervals for the top 5-cm; 1 -cm intervals between 5 and 10 cm; 2-cm intervals between 

10 and 20 cm; and 5-cm intervals for the rest of the core. Sediment was transferred 

immediately to plastic ~ h i r l ~ a k @  bags and transported to the laboratory for cold storage 

(at approx. 4OC). In September 1996, six of the eight lake basins were re-visited to 

coilect additional physical-chernical data (Table 1). Lake basins m6n and m6s were not 

visited, as heavy undergrowth in their catchments prevented accessibility to the shores of 

these lakes. 

Lab: By rneasurhg the 210Pb activity of every sediment interval (see Blais et al. 1995 for 

details), a temporal chronology was established for each lake. Species-specific fossilized 

remains of scded chrysophytes were isolated fiom sediment samples using a standard 

acid digestion technique (see Wilson et al. 1996 for details). The resulting aliquot fÎom 

each sample was diluted with distilled water and pipetted onto individual coverslips, and 

allowed to evaporate. Samples were mounted onto glass slides using NaphraxQ, a 

mounihg medium with a high-refkictive index (ILI. = 1.7). Under a Leica DMRB light 

microscope with phase-contrast optics, a minimum of 400 chrysophyte scales were 

enurnerated at 1 600X (1 00X objective, 16X ocular lens) fiom transects, ensuring 

adequate coverage of at least half of the coverslip. From each core, the top 15 sediment 

sub-samples (Le. the top 10 cm, representing approximately the last 25-35 years) were 

exarnined for chry sophyte scales. Taxonomie identification of scales was based on: Siver 



(1 99 1, 1993), Takahashi (1 W 8 ) ,  Wee (1 98S), Kling and Knstiansen (1 983), Nicholls 

(1982, 1988), and through discussion with colleagues. Scales from a few species were 

grouped into the categories of Mallomonas 'small' and Mallornonas 'medium', due to 

difficdty in idenwing these scales to the species level with the light microscope. Ln any 

lake, these categories accounted for no more than 10% and 5% respectively of the total 

relative abundance of all species. 

Statistical analysis: A total of 25 taxa were identified fiom al1 the lakes examined. Of 

these, eight species were considered rare (did not achieve > 1% relative abundance in a 

minimum of four lakes), and were eliminated from statistical analyses. The remaining 

species data were log (x t l )  transformed, where x was the original species abundance, to 

reduce the impact of very abundant species (e.g. Mallornonas duerrschmidfiae Siver, 

Harner & Kling). The sediment intervals within each lake were reduced in nurnber fÏom 

15 to 10 by combiaing 0.5-cm samples into 1-cm samples. This was done to produce 

approximately even-aged sediment intervals, at an inter-sample resolution of between two 

to four years. To standardize the t h e  period examined across lakes, al1 samples pre- 

dating 1960 were eliminated. This resdted in two fewer samples for Iakes a, and 

m6s. 

Non-metnc mdti-dimensional scaling (nMDS) was used to ordinate the species 

data, using the statistical package Primer v.4.0 (Plymouth Marine Laboratory 1994). 

Ordinations produced by nMDS use the rank dissimilarities (Euclidean distance 

dissimilarity matrix) to adjust the position of samples in multidimensional space, until the 
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ranked inter-point distances best approximate the original ranked dissimilarities (Clarke 

and Warwick 1994). The resultant two-dimensional ordination represents between- 

sample dissimilarities through tirne. Thus, the distance between any two points 

represents the relative dissimilariîy of the species assemblages of two sediment intervals. 

Increased species variability over a given time penod can be used as a relative 

measure of disturbance, in which samples from disturbed study sites often yield greater 

temporal variability than those fiom cori&ol sites (Warwick and Clarke 1993). To 

quaiitatively assess if the variability in species composition was greater in "cut/bum" 

lakes relative to "reference" lakes, an Index of Multivmïate Dispersion (MD) was 

calculated within each lake as a relative measure of variability in the species composition 

through time (Clarke and Warwick 1994). This was achievsd by contrasting the average 

rank dissimilarities fiom the onginal Euclidean distance dissimilarity matrices of 

"reference" and "cut/burn" lakes fiom the early 1960s to 1995. IMD values were 

averaged and standardized to a value of "1". Values greater and less than "1" represented 

above and below average variability in species composition, relative to other lakes. 

Sediment intervals were categorized a priori into pre- and post-catchment 

disturbances for Iakes with impacted watersheds and pre- and post- 1983 for the 

"reference" lakes. "Reference" lakes were included in these calculations to allow for a 

standardized cornparison of species change across ail lakes (1983 was selected as a cut- 

off point as it represented the year of disturbance in three "cut" lakes). Within each 

grouping, sedirnent intervals were treated as replicates. The nul1 hypothesis of no 

dif3erence in chrysophyte species composition between groups in each lake was tested 



using an Analysis of Simiiarities (ANOSIM), a non-parametric test analogous to a 

multivariate one-factor ANOVA (Clarke and Green 1988; Clarke and Warwick 1994). 

Between sample pairs, within- and across-group rank dissimilarities were computed, 

shufned, re-calculated repeatedly (1 0,000 times), and compared to the original rank 

dissimilarities to calculate a si@cance @) value. ANOSIM produced a R-statistic for 

each analysis (between "1 " and "- 1 "), indicative of the strength of the statistical 

relationship. R = 1 when ail replicates within groups were more similar to one another 

than any replicates fiom other groups, and vice versa for a R value of "-1" (Clarke and 

Warwick 1994). 

The probability of making a Type 1 statistical error, in which the null hypothesis is 

rejected when Ho is tme, increases with the number of comparisons made. To account for 

this a Bonferroni correction may be used, in which the significance level for individual 

comparisons is adjusted based on the number of tests performed (see Pagano and 

Gauvreau, 2000 for deiails). However, in studies in which statisticai power is likely to be 

low (e.g. low sample sizes), reducing the significance level with a Bonferroni test may 

increase the likelihood of making a Type II statistical error. As a result, the null 

hypothesis may be incorrectly accepted (Pagano and Gauvreau, 2000). In environmental 

impact studies, a Type II error may be more of a concem than a Type 1 error, as it 

decreases the ability to detect significant impacts where they exist. For this reason, 

Bonferroni corrections were not performed in this study . 



Results 

The chrysophyte species assemblages observed in this study are typical of oligotrophic, 

Canadian Shieid lakes in Ontario (Kling and Kristiansen 1983; Nicholls 1982, 1988; 

Nicholis and Gerrath 1985, Zeeb et al. 1994) (Figure 2a,b). In five of the eight lakes 

examined, MalIomonas duewschrnidriae Siver, Hamer & Kling attained relative 

abundances of over 30%. This species, only recendy separated taxonomicaliy fkom 

crassisquama (Asmund) Fott, is cornmonly found in slightiy acidic, oligotrophic lakes of 

low conductivity (Siver 199 1, 1995; Cumming et al. 1992). Other common taxa were 

Synura spinosa Korshikov and S. petersenii Korshikov, the latîer of which is considered 

to be an ecological generalist. In two lakes cm4w and b ) ,  S. sphagnicola (Korshikov) 

Korshikov occurred in relative abundances of over 30%. At the time of sampling, these 

Iakes had a dark, tea colour, and had relatively shallow Secchi depths of 1.8 and 2.3 m, 

respectively. This may reflect a distinct preference of S. sphagnicola for coloured, humic 

waters (Siver 1987; Dixit et al. 1 99Oa). Relative to differences between lakes, temporal 

changes in the chrysophyte species assemblages were subtle in individual lakes (Figures 

2a,b, 3). The most similar species assemblages occur in the cccut'7 lakes m6n and m6s, 

two distinct lake basins of the same Iake (Figure 3). 

Greater species variability associated with watershed disturbances was not 

apparent in this study. "Reference" lakes, on average, were of equal or greater variability 

through time than cccut/burn" lakes (Table 2). In particular, "reference" lake 26- 1 was the 

most variable, and the "burn" lakes the least variable over the time period examined 

(Table 2). 
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In each lake, sediment intervals were divided a priori irito two groups: before and 

after watershed disturbances (or before and after 1983 in "reference" lakes). The nul1 

hypoîhesis of no merence in the similarities between chrysophyte species assemblages 

was tested in each lake, and could not be accepted in five of the eight lakes examined 

(Table 3). In general, the "reference" lakes showed the greatest difference in species 

assemblages before and d e r  1983, as indicated by higher R values (Table 3). "Cut/burn" 

lakes bnl . m6s, and m6n showed si@cant, but weaker dBerences in species 

assemblages before and after catchment disturbances. Lakes 442, m4w. and did not 

show a significant difference in species assemblage across groups. 

Discussion 

Contemporary studies of the impacts of Iogging and forest fues on watersheds have 

s h o w  that the removal of catchent vegetation can alter the physical, chernical, and 

biological components of lake ecosystems. Disturbance of the landscape can resuit in 

increased watershed erosion, disrupting mineral and nutrient balances in aquatic systems, 

and increasing suspended sediments in lakes (Likens and Bormann 1974; Schindler et al. 

1980; Bayley et al. 1992a, 1992b; Beaty 1994; Rhodes and Davis 1995). Dissolved 

organic carbon @OC), the most abundant dissolved input from the catchment in 

oligotrophic lakes (Schindler et al. 1997), may also increase in lakes following watershed 

clear-cutting, or decrease in lakes in which the watershed has been severely burned 

(Schindler et al. 1992). Furthemore, major forest disturbances have been shown to affect 

lake water pH, through a disniption in the relative inputs of base cations and acid anions 
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fiom catchment sods (Nicolson 1975; Rhodes and Davis 1995; Korhola et al. 1996; 

Schindler et al. 1996). 

Limnological changes resdting fiom watershed disturbances were not apparent in 

our lakes, as determined through an examination of chrysophyte populations in lake 

sediment cores. Our results suggest that clear-cuttuig and wildfire have had Iittle effect 

on these study lakes, despite removal of over 90% of the forest in the disturbance lakes. 

The composition of chrysophyte populations in our study Iakes remained relativeIy stable 

through t h e ,  at a tempord resoluîion of two to four years. Changes in the relative 

abundances of chrysophyte taxa, considered to be sensitive indicators of environmental 

change were subtle, and gradual (Figures 2a.,b). Furthermore, the temporal variability of 

chrysophyte populations was not greater in disturbance lakes then in "reference" Iakes 

(Table 2). These hdings  are supported by an on-going study of the effects of timber- 

harvesting on lakes at the Coldwater Lakes Experimental Watershed (CLEW 1994) in 

noahwestern Ontario. In the fkst year foilowing major watershed clear-cuts (30-70% of 

catchent), nutrient levels have shown no consistent pattern in reference (n = 2) and cut 

(n = 3) watersheds, relative to five years of pre-disturbance data (Steedman et al., In 

Press). Furthermore, analysis of chlorophyll a levels, summer thermocline progression, 

and the relative abundance of phytoplankton species have revealed no significant 

differences one year following clear-cutting at CLEW (Steedman et al., In Press). 

The magnitude of limnological change following watershed deforestation may be 

regulated by site-specific characteristics. For example, the presence of a bmer  strip in 

the watershed of one lake (m) and rapid regrowth of vegetation in a watershed may 



minimize the loss of nutrients fiom the catchment (Marks and Bormann 1972), and 

shorten the period of increased runoff often associated with clear-cuthng (Patric 1980). 

In our study, regrowth of vegetation proceeded rapidly, with re-colonization of the 

watershed by native tree species (e-g. Pinus banksiana and Picea mariana). As a result, 

impacts in our study lakes may have been short-lived, and undetectable at a temporal 

resolution of two to four years. Furthemore, morphometrïc characteristics such as the 

ratio of watershed to lake are- lake volume, and the slope of the catchment may also 

influence how lakes respond to watershed disturbances. In general, small, shailow lakes 

with large, steeply-sloped watersheds are the most susceptible to limnological changes 

following deforestation (Keenan and Kimmins 1993; Rhodes and Davis 1995; Miller et 

al. 1997). The watershed areas of our study lakes were relatively smali in size (less than 

100 ha in 6 Iakes -- Table 1), with shdlow slopes (max. relief = 60 m -- Steedman 

personal communication), and may have been less sensitive to disturbances within their 

catchments. 

Watershed-level characteristics may provide a p d a l  explanation for the minimal 

species changes observed in the disturbance lakes. However, the subtle temporal changes 

in chrysophyte populations observed in both "reference" and "burn/cutY' lakes suggest that 

a regional factor rnay have influenced the lirnnology of these lakes over the last 25-35 

years. Below, we discuss the importance of climate (e.g. a regional drought) as a 

potential factor regulating water quality in the study lakes. 
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Evidence of regional change: Drought as a possible controlling mechanism? 

Limnological changes directiy attributable to watershed disturbances were not evident in 

our study lakes. Temporal changes in the relative abundance of chrysophyte taxa were 

subtle in both "reference" and "cut/burn" lakes relative to other studies that have used 

scaled chrysophytes as indicators of environmental change (Figure 2% 2b) (Cumming et 

al. 1994; and see review in Sm01 1995). Furthemore, the temporal variability of species 

assemblages was similar in al1 lakes (Table 2), and significant differences were found in 

chrysophyte populations before and after watershed disturbances (and before and after 

1983) in "reference" and "cut/bum" lakes (Table 3). These fïndings suggest that 

limnological changes may be the result of regionai-scale processes over the past 25-35 

years. Unusually warm and dry weather characteristic of drought conditions were 

recorded in northwestern Ontario fiom 1970-1990 (see Schindler 1997, 1998 for detailed 

review of impacts on lakes). Due to an increase in average annual air temperature and a 

decrease in precipitation, there was an approximate 70% decrease in surface runoff Eom 

catchments reported at ELA over this time penod. Reduced runoff coupled with 

increased rates of evaporation were responsible for a severalfold increase in water 

renewal times in many lakes at ELA. While elevated water renewd time increased the 

concentrations of many inorganic chemicals, a decrease in total phosphorus, silica and 

dissolved organic carbon @OC) was found, presurnably a result of reduced annual 

exports fiom the catchment, and alterations in biogeochemicai processes within the lake 

(Schindler et al. 1996, 1997; Curtis and Schindler 1997). The removal of DOC caused an 

increase in lake transparency, resulting in larger zones of photosynthetic activity, a 



deepening of the thermocline, and weaker stratification (Schindler et ai. 1 996). 

In a recent study, Blais et al. (1998) linked marked changes in sedimentation 

patterns in our study lakes to the 1970 to 1990 drought An examination of "'Pb- 

cumulative dry mass c w e s  revealed signifïcant declines in slope near the surface in six 

of the eight sediment cores exarnined in our study. These inflections, apparent in 

sediment cores fiom "reference" and cccut/burn" lakes, provide evidence of a regional 

decrease in sedimentation rate occurring after 198 1 * 1.9 years (Blais et al. 1998). 

Observed sedimentation rates declined by an average of 80%, a value proportional to the 

approximate 70% decrease in surface =off recorded at ELA over the same time interval. 

Furthemore, these findings differed h m  previous studies that have reported increases in 

sedimentation rates following watershed deforestation (Flower et al. 1 9 8 7; Dearing 

1991). This pattern was not apparent in "reference" lake 42-2 or "hum lake m. the 

latter of which showed potential evidence of mixing near the surface of the core (Blais et 

al. 1998). In general, lake 42-2 is hydrologically dserent fkom the other lakes as it has a 

relatively small watershed area (Table l), and does not have a channelized inflow 

(Steedman et al. In Press). Therefore, changes in sedimentation rate resulting fkom 

decreased stream inputs and reduced erosion fiom the catchment may not have been 

important in lake 42-2 (Blais et al. 1998). 

Chrysophyte species assemblages differed significantly before and after the early 

1980s in £ive of eight study lakes (Table 3). Although species changes were subtie and 

gradud (Figures 2a,b), some commonalities exist. In six lakes, there were increases in 

the relative abundances of Chrysosphaerella spp. Lauterbom em. Nicholls andor Synura 
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petersenii Korshikov, concurrent with a decrease in the relative abundance of 

Mallornofias duerrschmidiiae and/or S. spinosa Korshikov. In New England, similar 

shifts have been linked to the anthropogenic alteration of watersheds, including logging 

(Lott et al. 1994), urbanizattion, and agriculture (Marsicano and Siver 1993). Lott et al. 

(1994) suggest that logging in the catchment of a small Pemsylvanian lake may have 

increased inputs of dissolved ions and sediment matter, leading to an increase in lake 

water conductivity. In our study, these patterns were apparent in both "reference" and 

cbcut/burn'y lakes, with species changes commencing before the disturbances (Figure 2a,b). 

Therefore, it is unlkely that these fïndings are a result of logging or forest fires. A 

possible hypothesis is that the 1970-1990 drought may have been responsible for a small, 

regional increase in conductivity. Similar to hdings at ELA (Schindler 1997, Schindler 

et al. 1996), an increase in water renewal times may have caused elevated concentrations 

of inorganic ions in lakes. However, gradual species changes were not observed in 

diatom populations (Paterson et ai. In Press), which have been shown to be sensitive 

indicators of conductivity changes (Stoermer and SmoL 1999). 

A gradual change in water transparency is a second hypothesis that may explain 

the observed trends in chrysophyte assemblages, that were not found in the diatom 

assemblages. During the 1970- 1990 drought at the ELA, Schindler et al. (1 990, 1996) 

noted a sigxdicant increase in water transparency, primady due to a decrease in DOC 

concentrations in lakes (Le. decreased export nom watershed, and increased in-lake 

removd). These changes resulted in a deepening of the thermocline, and an increase in 

the zone of sub-thermocline production (Schindler et al. 1990, 1996). Colonial (e.g. 
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Synura), and large unicellular chry sophytes (e-g. Mallornonas caudata), which increased 

in our study lakes, rnay selectively f o m  deep-water peaks below the thermocline 

(Sandgren, 1988). Large chrysophytes are often successfiil in clear lakes when the photic 

zone extends beyond the thermocline, a pattern that was detected at the Experimentd 

Lakes Area during a twenty-year drought (Schindler et ai., 1990). Furthemore, deep- 

water populations, domuiated by large, flagellated chrysophytes, rnay also have an 

advantage over epilirnnetic taxa, as they rnay be protected Çom increased W - B  radiation 

associated with increased water transparency (Leavitt, et al.? 1999; Xenopoulos et al., 

2000). 

The signincant decreases in sedimentation rates @lais et al. 1998): in 

combination with the subtle, regional changes in chrysophyte species assemblages 

suggest that a twenty-year drought rnay have had a significant influence on the limnology 

in many of our study lakes. Most importanly, the eEects of increased watershed erosion 

often associated with deforestation (e-g. increases in the influx of nutrients, DOC, 

suspended sediment) rnay have been reduced by large decreases in surface runoff (up to 

70% at ELA) in the watersheds of these lakes. Thus, climate rnay have exerted an 

ovemding influence on these lakes (through changes in hydrology), with changes in the 

watershed exerting a secondary role. In closing, these results support the long-terrn 

climate change research conducted in northwestern Ontario. At ELA, the limnological 

impacts of watershed disturbances (forest f ies  and windthrow) were outweighed by the 

gradua1 limnological changes that occurred in study lakes as a result of reduced water 

flow during the 1970 to 1990 drought (see Schindler 1997, 1998; Schindler et al. 1996 for 



Summary 

Lakes in this study showed rninor changes in the species composition of scaled 

chrysophytes at a temporal resolution of two to four years, despite removal of over 90% 

of the catchment vegetation or complete burns of the watershed. A gradua1 change in the 

chrysophyte species assemblages of both "reference" and "cuthuni" lakes suggested that 

a regional idluence rnay have been responsible for our findings. We propose that climate 

may exert a dominant influence on these lakes, with changes in a lake's watershed 

exerting a secondary role. Future attempts at disentangling the relative importance of 

these two factors would benefit fiom examinhg multiple kdicators of envùonmentaI 

change at a variety of temporal scales, as impact detection is dependent on the ecological 

response of taxa, as well as the temporal scale of the study. Finally, an increase in sample 

size (e.g. the number of lakes examined) may provide a greater regional signal, 

recognizing that there is a trade-off between the number of lakes that can be andysed and 

temporal resolution at which each lake is studied. 
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Table 1. Summary of physical-chernical variables of the study lakes. 

Lake Lake bn1 bn2 Lake m4w m6n m6s 
26 42 (burn) (bum) 442 (cut) (cut) ( c m  

(refl (rer) (tut) 

Longitude: 92O08' 9î01 0' 94O06' 94O51' 94"49' 92"lî' 9î0I 1' 9Z01 1' 

Latitude: 4g007' 4g005' 4g046' 4g051' 4g046' 49"15' 49"lS 4g015' 

Lake area 
(ha): 30 26 39 10 6 22 14 19 

Waters hed 
area (ha): 88 44 170 87 145 42 76 21 

Waters hedl 
Lake area: 2.9 1.7 4.4 8.7 9.1 1.9 5.9 1.1 

z-max (m): 37 17 30 - 18 12 13 13 

Coring 36 17 19 12 15 9 13 13 
depth (m): 

% basin 5 O 1 O0 100 65 90 99 99 
disturbed: (1 987) (1 980) (1 980) (1 975- (1 983) (1 983) (1 983) 

79) 

Specific 
cond. (IJS): 21 -7 14.8 142.7 160.2 25.3 17.6 - - * 

pH: 6.7 6.7 6.6 6.4 6.7 6.5 - - 
Secchi (m): 7.9 6.3 2.3 3.3 4.1 1.8 - - 

' no data are available 



Table 2. Summary of temporal variability within lakes, with respect to 
chrysophyte species assemblages. 

Lake Index of Multivariate 
Dispersion ([MD)* 

Cut lakes 
Lake 442 
m4w 
m6n 
m6s 

Burn lakes 
bn 1 
bn2 

Reference lakes 
Lake 26 
Lake 42 

* IMD of 1 represents average value 



Table 3. Summary of ANOSIM results, before and after catchment 
disturbances (and before and after 1983 in reference lakes). 

Lake Pre-dist Post-d ist. R-stat p-value 
tirne period time period 

Cut lakes 
442 1966-1 980 1980-1 995 -0.02 0.51 
m4w 1961-1 983 1983-1 995 0.17 0.1 0 
m6n i 976-1 983 1983-1 995 0.36 0.04 
m6s 1962-1 983 1983-1 995 0.62 0.04 

Burn lakes 
bnl  1963-1 980 1980-1 994 0.67 0.02 
bn2 1972-1 980 1980-1 995 0.1 5 0.22 

Reference lakes 
26-1 1967-1 983 1983-1 995 0.69 0.02 
42-3 -1960-1 983 1983-1 995 0.79 0.02 



Figure captions 

Figure 1. Map showhg the three study areas in northwestem Ontario, Canada. Cross- 

hatched boxes represent regions containhg study lakes. 

Figure 2a. Stratigraphies of the relative abundance of species through time in "burn" and 

"reference" Iakes. Estimated 210Pb dates are s h o w  alongside the core depth. Dotted 

lines represent disturbance horizons (or the year 1983 in "reference" lakes). 

Figure 2b. Stratigraphies of the relative abundance of species through time in '%ut'' 

lakes. Estimated "'Pb dates are shown alongside the core depth. Dotted lines represent 

disturbance horizons. 

Figure 3. Ordination of nMDS values. Each transect represents a diEerent lake through 

t h e .  Inter-point distances reflect the relative dissunilarity of species assemblages 

between sedîment intervals. Al1 lakes were inchded in the nMDS calculation. 



2. Lakes: m4w, m6n. m6s; 
3. Lakes: 26,42. 



Burn lakes: 

Reference lakes: 

Relative obundance (48)  

i?e!orive anundance (%) 

eJ 
Relaiive cbunaonce (%1 

Figure 2a 





Lake 42 - reference 

Lake 26 - reference 
(1 967-1995) 

Lake 442 - cuf 
(1 966-1 995) 

m6s - cut 
(1962-1 995) 

bnl - bum 

m6n - eut (1 963-1994) 

(1 976-1995) #['j- . i 

$,,-, 
bn2 - bum (1961-1995) 

O 1 

nMDS axis one 

Figure 3 



CHAPTER 3 

THE IMPORTANCE OF MODEL CHOICE ON PRESENT-DAY AND PRE- 

INDUSTRIAL pH INFERENCES FROM SCALED CHRYSOPfIYTE 

ASSEMBLAGES IN ONTARIO SHIELD LAKES 

Andrew M. Paterson1, Brian F. Cumming, Sushi1 S. Dixit, & John P. Sm01 

Paieoecological Environmental Assessment and Research Laboratory (PEARL) 

Department of Biology, Queen' s University, Kingston, Ontario, K7L 3N6 

E-mail addresses: paterson@biology.queensu.ca, cummingb@biology.queensu.ca, 

dwB@biology.queensu.ca, smolj@biology.queensu.ca 

' author to whom dl correspondence should be addressed 

Key words: Inference models, Modem Analog Technique, chrysophytes, iakewater pH, 

Ontario shield lakes 

- submitted to the Journal of PczZeoZimnoZogy - 



Abstract 

The selection of a reliable inference model is the rnost crucial step in developing 

ecologically-sound reconstructions of environmental variables in the past. We compared 

intra-, inter-regional, and Modem Analog Technique (MAT) reconstruction models in 

their ability to infer lakewater pH fiom scaled chrysophyte assemblages. The 

performance of each model was assessed by examining cross-validated coefficients of 

determination and prediction errors, and through reconstructing the pH of 48 modem and 

fossil samples in south-centrai Ontario, Canada. Using the intra- and inter-regional data 

sets, we found little difference in the ability of the regression-based models to Mer pH. 

Partial Least Squares (PLS) regression, Weighted Averaging (WA), and Weighted 

Averaging Partial Least Squares (WA-PLS) inference models for pH showed similar 

values for jack-knifed coefficients of determination (?,,J, root mean squared errors of 

prediction (RMSEP,,J, and mean biases. Based on an analog matching approach, the 

inferred values fiom 48 top-bottom sediment samples in south-central Ontario lakes 

suggested that the intra-regional model did not provide reliable reconstructions for 

approximately half of the fossil samples. However, Merences fiom the Modem 

Analogue Technique (MAT), and the inter-regional reconstruction models, were found to 

have appropriate analogs and thus considered to be more reliable. We conclude that the 

inter-regional WA-PLS model provided good estimates of pH, as  it did not suffer from 

the poor analog problem, and was less variable than the MAT model. 
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Introduction 

The primary aim of many paleolimnological studies is to reconstruct past environments 

fiom the biologicai assemblages preserved in lake sediments. For this purpose transfer 

functions may be developed fiom a number of modem surface-samples and 

corresponding environmental variables. First, a regression step is used to mode1 the 

relationship between the conternporary species assemblage and an environmental variable 

of interest (e-g., pH). A second step, termed caiibration, applies the modeled responses to 

infer past enWonments fiom fossil species assemblages. For reconstructions to be valid, 

the training set of modem samples and environmental varîables must represent the range 

of species assemblages and environmental conditions that have occurred in the past, and 

samples (modem and fossil) must be of consistent taxonomy and quality (Birks, 1998). 

The selection of an appropriate training set is an important first step in the development 

of ecologicaliy-sound reconstruction models. 

The size of the data set is often limited by the relatively short duration of most 

studies. Intra-regional training sets, usually consisting of fewer than 100 lakes, are 

cornrnonly used in paleolimnology. These smaller, region-specific training sets are 

thought to be more homogenous than larger data sets. For example, large data sets may 

suffer fkom taxonomical or methodological errors which result fkom the involvernent of 

more than one analyst (Birks, 1994). Furthemore, there may exist biogeographical 

differences in the distribution of taxa (Lotter et al., 1999), or ecotypic variation which 

translate to differences in the ecological optima and tolerances of taxa dong 

environmental gradients. In contrast, inter-regional or combined training sets may extend 
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the environmental gradient of interest, thereby afiowing more accurate estimates of the 

ecological parameters (e-g., optima, tolerances) of species. Moreover, a large modem 

training set increases the likelihood of finding good analogs for fossil samples, a 

necessary component of reliable reconstructions (Birks, 1998). 

Few studies have critically evaluated the performance of intra- versus inter- 

regional statistical models in the reconstruction of environmental variables. Lotter et al. 

(1999) determined that a combined, inter-continental inference model for reconstructing 

paleotemperature nom fossil midges provided similar reconstructions to those of the 

intra-regional models. While the inferred rate and magnitude of change differed among 

models, comparable patterns of change were detected. Walker et al. (1997) found that an 

expanded chironomid inference model for inferring paleotemperature greatly improved 

climate reconstructions fiom a pond in Atlantic Canada, suggesting that the original 

model underestimated the magnitude of late glacial temperature change. An expanded 

reconstruction model (217 lakes) for inferring lakewater pH fiom scaled chrysophyte 

assemblages was created by combining a training set of 71 lakes in Adirondack Park 

(Cumming et al., 1992a), and 146 lakes in northeastem USA @kit  et al., 1999), although 

the performance of the model relative to its component parts has not been undertaken 

(Dixit et al., 1999). 

In contrast to regression-based reconstniction techniques, the Modem Analogue 

Technique (MAT) has rarely been used in paleolimnology (see Lotter et al., 1999; 

Olander et al., 1999). MAT is considered to be an intuitively and conceptually simple 

means of reconstructing one or more environmental variables, and is not based on an 
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underlying statistical model of species response dong an environmental gradient (e.g., 

linear or unimodal species-environment response) (Birks, 1995). Based simply on 

measures of simiIarity, MAT reconsmcts the past environment of fossil samples as a 

mean (or weighted mean) fiom a pre-detennixled number of modem samples. Modem 

samples with species assemblages most similar to the fossil sample are seIected for the 

reconstruction. In recent cornparisons with regression-based reconstruction models fiom 

chironomids, MAT has performed as well as unimodal-based regression techniques, 

including weighted averaging regression and calibration (Lotter et al., 1999; Olander et 

al., 1999). MAT has not yet been applied to scaled chrysophyte assemblages to 

reconstnict environmental variables. 

Lakewater pH is one of the most important environmental variables influencing 

the distribution of scaled chrysophytes (Siver, 1995; Smol, 1995). Numerous studies 

have demonstrated that regression-based reconstruction models with scaled chrysophytes 

as environmental indicators can reliably infer the pH of fossil samples (e.g. Cumming et 

al., 1992b; Dixit et al., 1992). In some cases, this has been verified by matching inferred 

values with direct measurements over penods of rapid environmental changes in pH 

(Dixit et al., 1989a). The strong relationship between pH and chrysophyte assemblages, 

make chrysophytes ideal environmental indicators for comparing the relative performance 

of reconstruction models. 

This study criticdly examines the impact of mode1 choice on present-day and pre- 

industrial pH inferences fiom 48 shield lakes in south-central Ontario. We develop two 

regression-based models, and a MAT model, that can be used to infer the pH of lakes in 



Ontario. The first regression model is derived fiom a training set of 53 lakes in south- 

central Ontario (Hall & Smol, 1996). The larger, inter-regional regression model, and the 

MAT model, are created using a 11 7-lake training set fiom south-centrai Ontario (Hall & 

Smol, 1996), Adirondack Park (Cumming et al., 1992a), and northeastern USA (Dixit et 

al., 1999), respectively. First, the models are used to predict the pH of 53 modem 

samples f?om lakes in south-central Ontario. Second, we infer the pH of 48 fossil 

samples, and use indirect vdidation techniques to assess the reliability of the 

reconstructions made fiom each of the three models. 

Methods 

Sample collection and preparation details fiom the south-central Ontario and northeastem 

USA lakes are presented in Hall & Sm01 (1996) and Dixit et al. (1999), respectively. Al1 

of the sediment cores were colIected fiom the deepest basin of each Iake, and the top 0.5 

to 1-cm of each core was sectioned on-site using a Glew vertical extruder (Glew, 1988). 

The fossil samples fiom the south-central Ontario lakes were collected as 1-cm 

increments f?om a depth of 20-cm or greater, and are representative of the pre-indusPial 

t h e  period (Hall & Smol, 1996). Scaled chrysophytes were enumerated by two research 

scientists at the Paleoecological Environmental Assessrnent and Research Laboratory, and 

taxonomy was harmonized through discussions and the preparation of a photographie 

archive. Prior to statistical analysis, ambiguous taxa were grouped ïnto broader 

categories (e.g. Mallomonas 'small') to ensure that taxonomy remained consistent across 

regions. nie inference models ody  included taxa that were present in at least two lakes, 



at a relative abundance of at least 1% in one of the lakes. 

Measured pH values were plotted against detrended correspondence analysis 

@CA) axis one scores fiom the 53-lake and 1 17-lake data sets. The strength of the 

relationship was used to evaluate whether pH tracked an important direction of variation 

in the training sets. Detrended canonical correspondence analysis (DCCA), with pH as 

the sole constraining variable, was performed to determine whether linear or unimodal 

modeling techniques were most appropriate when developing regression-based inference 

models. The statistical program CANOCO version 4 (ter Braak & Smilauer, 1998) was 

used for these analyses. 

The intra- and inter-regional data sets were examined independently using square- 

root bransformed species data to reduce the influence of very dominant taxa (e.g. Synura 

petersenii), and to produce supenor inference models (cf., Cumming & Smol, 1993). 

Principal components analysis @CA) of the environmental data, and DCA of the species 

data were used to screen for samples outliers. Samples falling above the 95% confidence 

interval of both the PCA and DCA axis one sample scores were considered to be outliers. 

No samples were found to be outliers in either the intra- or inter-regional training sets. 

nie statistical package CALIBRATE version 0.54 (Beta) (Juggins & ter Braak, 

unpublished program) was used to compare the results h m  Partial Least Squares (PLS), 

Weighted Averaging (WA) (with and without tolerance down-weighting) with inverse 

and classical desbrinking, and Weighted Averagbg Partial Least Squares (WA-PLS) 

regression models. The jack-knifed coefficient of determination (ijZJ, root rnean square 

error of prediction (RMSEPjaJ, and the mean biases were used as relative measutes of 



the performance of each rnodel (Birks, 1 998). 

The statistical prograrn ANALOG version 1.6 (Line & Birks, unpublished 

program) was used to develop the MAT model. MAT-inferred pH values were calculated 

for each of the modem samples and plotted agahst measured pH values. The jack-knifed 

9 and the RMSEP were estirnated f?om the mean and a weighted mean (weighted by the 

dissimilarity) of the 1,2, ..., 10 closest matches. Al1 tests were performed on square-root 

and untransformed species data, using both the Bray-Curtis and Euclidean dissimilarity 

measures. The simplest model that gave the highest i,,, and lowest RMSEPj,, was 

selected for the reconstructions. 

The regession-based Uiference models that performed best fiom each of the intra- 

and inter-regional training sets, and the MAT model were used to estimate the pH of 

modern samples of 53 lakes in south-central Ontario. For each model, rneasured values 

were plotted against predicted values, and the jack-knifed coefficient of determination 

and residual structures were compared. 

The pH of fossil samples was uzferred fiom 48 lakes in south-central Ontario 

(Hall & Smol, 1996) using the best intra- and inter-regional inference models, and the 

MAT model. The following criteria were used to evaluate the ability of the models to 

reconstruct the pH of fossil samples (Birks, 1998). First, bootstrapped standard errors of 

prediction for al1 modem and fossil samples were estunated using the statistical prograrn 

WACALIB version 3 -3 (Line et al., 1994). Prediction errors from fossil samples were 

compared to a distribution of errors fÏom the modem samples. Fossil samples with errors 

greater than the 95% percentile of the error distribution fiom the modem samples were 



considered to be poor reconstructions. Second, analog matching was used to iden ta  

fossil assemblages with poor analogs in the modem training set. Using the statistical 

program ANALOG, a distribution of lowest Bray-Curtis dissimilarities was calculated for 

al1 samples in the modem data set. Fossil samples with dissimilarities greater than the 

95% percentile of this distribution, when compared with the modern samples, were 

considered to have poor analogs. 

Results and Discussion 

DeveIoping models for inferring pK 

Regression-based rnodels 

The pH gradient of the 53-lake data set was narrower than that of the 1 17-lake set (Table 

1). The latter, which incIuded lakes from the smaller training set, was created to provide 

an even distribution of samples along the pH gradient (Figure 1). Samples within each 

pH range were randomly selected fiom the 270-lake trauiuig set from south-central 

Ontario (53 lakes: Hall & Smol, 1996), Adirondack Park (71 lakes: Cummllig et al., 

1992a), and additional lakes fiom the northeastem USA (146 lakes: Dixit et al., 1999). 

In the 1 1 7-lake training set, 34 taxa were identined in a minimum of two Mes, at 

a relative abundance of at least one percent in one lake (Table 2). Three taxa present in 

the inter-regional training set were not found in the south-central Ontario lakes. An 

additional six taxa included in the inter-regional training set were deleted fiom the 53- 

lake trainhg set as they were extremely rare. In general, the taxa that were missing or 
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eliminated fiom the intra-regional inference models had pH optima towards the ends of 

the measured pH gradient. 

Scatter plots of observed pH versus detrended correspondence analysis @CA) 

axis one scores showed strong linear correlations for the 53-lake and 1 17-lake training 

sets, indicating that pH tracked an important direction of variation in the species data 

(Figure 2). A detrended canonicd correspondence analysis (DCCA) with pH as the sole 

. . constrauwig variable revealed a compositional gradient of less than 2 SD units for the 53- 

lake model, suggesting that Iinear methods would be most appropriate for developing 

inference models (Birks, 1 995). For the 1 1 7-Iake model, a compositional gradient of 

greater than 2 SD uni& indicated that unimodal methods would be more appropriate 

(Table l), although we tested the use of both linear and unimodal reconstruction models. 

Partial l e s t  squares (PLS) and weighted-averaging partial least squares (WA- 

PLS) (2 components) regression models provided higher jack-knifed coefficients of 

determination and lower errors of prediction than the WA models developed using the 

53-lake training set (Table 3). Due to the short gradient length of DCCA axis 1 

constrained to pH, and a lower mean bias, PLS was considered to be the best model for 

inferring pH with the data set. WA-PLS (2 components) proved to be the best model 

using the 1 17-lake training set, resulting in the strongest overail measures of the 

coefficient of dete&ation, prediction error, and mean bias (Table 3). The ability for 

WA-PLS to outperform WA has been noted in other studies (e.g. ter Braak & Juggins, 

1993), and may resuit fiom two main factors. First, WA-PLS tends to have a greater 

reduction in the edge effect commonly associated with WA, in which the response curves 
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of taxa near the ends of the pH gradient are truncated, resulting in poor estimates of their 

pH optima (Birks et al., 1990; ter Braak & Juggins, 1993). Second, WA does not 

consider the influence of additional environmental variables on the biological 

assemblage, which often provide additional structure to the data (Birks, 1995). In 

contrast, WA-PLS uses the additional structure left in the residuals to improve the 

estimation of taxa optima (Birks, 1 998). 

On average, inter-regional models produced a j ack-Wed RMSEP twice as large 

as the ha-regional models (Table 3). This was likely the result of differences in the 

length of the pH gradients (Table l), as error esthates are constrained by the 

environmental gradients used in their development (Walker et al., 1 997). To make 

cornparisons across training sets the errors were standardized as a percentage of the 

gradient lengths. Standardized errors for the 53-lake and 1 17-lake training sets were 

found to be sunilar, equaling 12% and 11% of gradient lengths, respectively. The cross- 

validated error estimates fiom the 1 17-lake models are comparable with published results 

fiom North American inferences models, with values ranging fkom 0.41-0.69 pH units 

(Cumming et al., 1992a; Dïxit et al., 1999; Siver et ai., 1999). 

Modern Analog Technique ( M g  

As with WA models (Cumming & Smol, 1993), the MAT reconstruction model improved 

when the species data were square-root transformed. The choice of the dissimilarity 

coeEcient (i-e., Bray-Curtis versus Euclidean) made little difference in the performance 

of the model. The Bray and Curtis (Bray & Curtis, 1957) dissimilarity was selected for 
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developing the model, and for reconstructions, as it is intuitively simple, and gives equal 

importance to ail taxa (Prentice, 1980). The use of a weighted mean in the estimation of 

inferred values did not improve the model, and therefore a standard mean was used for 

the analysis. As the number of closest matches was increased fiom one to four, there was 

an increase in the jack-knifed ? and a decrease in the jack-knifed RMSEP of the model 

(Figure 3). Increasing the number of closest matches fkom four to ten resulted in only a 

minor improvement in the jack-knifed 9 and error values, suggesting that four closest 

matches produced the simplest model for Serrïng pH (Figure 3). 

In developing the MAT model, the pH of modem sampies was estimated using a 

training set of the four closest matches, excluding the modem sample for which pH was 

being inferred (Birks, 1995). In this manner, a jack-knifed 2 and error estimate was 

calculated fkom observed and predicted values, dlowing for a direct cornparison with the 

regression-based inference models. Applying the 1 17-lake training set, MAT produced a 

higher coefficient of determination and lower error of prediction than regression-based 

models. However, the mean bias was aiso highest for the MAT model (Table 3), which 

showed the largest discrepancies between measured and predicted values at the ends of 

the pH gradient. A doser examination revealed that MAT underestimated and 

overestimated the measured pH of alkaline and acidic lakes, respectively. This represents 

a potential drawback of MAT reconstructions, which may be less reliable towards the 

ends of the gradient (Birks, 1995), in cases where there is poor a poor representation of 

samples at the gradient extremes. A similar pattern, termed the edge effect, may also be 

encountered using WA regression. In this case, the response curves of taxa with optima 
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near the ends of the environmental gradient may be tnincated resulting in poor estimates 

of taxa optima and of measured pH (Birks et al., 1990). 

Using the poilen record fiom Elk Lake to reconstruct climate, Bartlein and 

Whitlock (1993) determined that regression, MAT, and response-surface approaches 

produced similar reconstructions. Furthemore, MAT models have performed as well as 

regression-based techniques when used to infer lakewater and air temperatures fiom fossiI 

chironomid assemblages (Lotter et al., 1999; Olander et d., 1999). Despite îhese 

encouraging results, MAT h a  not yet been used extensively in paleolimnological 

reconstructions. Although it is the least statistical of the recomtniction approaches 

(Bartlein & Whitlock, 1993), it requires a large, comprehensive training set which covers 

a range of biotic and environmental gradients (Birks, 1995). For some indicators, such as 

diatoms, the number of lakes required to achieve reliable analogs is cunently prohibitive. 

Furthemore, as is true for al1 inference models, the training set must be of comparable 

quality and taxonomy. Constructing large training sets is time consuming if smaller 

training sets are combined, and few training sets of this nature currently exist (Birks, 

1995). Nevertheless, with the creation of larger, combined training sets for the less 

species rich scaled chrysophytes, we suggest that MAT can now be used as an alternative 

to regression-based techniques for reconstnicting past environments. 

Inferring the pH of modem and fossü samples 

The intra-, inter-regional, and MAT reconstruction models were used to infer the pH of 

53 modem and 48 fossil samples fiom lakes in south-centcal Ontario. To simpliQ 



73 

comparisons, the best rnodels £iom the 53-Iake and 1 17-lake training sets were used. In 

other studies, where there was no obvious optimal model (e.g. Walker et al., 1997), 

uiferences have been made fiom several models, and then combined into a single 

reconstruction- In this study, due to the short DCCA gradient iength when constrained 

solely to pH (Table 1), we determined that unimodal regression-models were not 

appropriate for the inka-regionai data set. Therefore, the linear-based PLS model (2 

components) was selected for reconstructing pH. The DCCA gradient length of the inter- 

regional training set was greater than two SD unis, indicating that a iinimodd model was 

more appropnate than the linear-based methods (Table 1). WA-PLS was the best inter- 

regional model, outperfomiing the WA models when used to infer the modem pH of 

lakes in south-central Ontario. 

Jack-knifed coefficients of detennination and residual structures were examined 

fiom comparisons of measured and predicted pH of the south-central Ontario lakes. The 

53-lake PLS and 11 7-lake WA-PLS models showed a strong relationship between the 

measured and inferred values (Figure 4a, 4b). Surprisingly, the MAT model, which had 

the highest jack-knifed coefficient of detennination and lowest prediction error when 

developed with the 11 7-lake training set, did not perform as well as the regression-based 

models (Figure 4c). Due to its dependence on the size and composition of the trainhg 

set, MAT predictions could be improved by using a larger data set. For example, when 

the 1 17-lake training set was increased to 270 lakes, the relationship between measured 

and predicted pH improved fkom $j,, of 0.59 to 0.69. The larger training set, however, 

was strongly skewed to the upper end of the pH gradient resulting in overestunates of the 



measured values, and so the resdts of the Iarger mode1 are not shown here. 

An examination of residual structures revealed that the WA-PLS model 

overestimated the pH of the modem samples. This may have been due to differences in 

the gradient lengths of the two models, which resulted in higher estimates of taxa optima 

using the 117-lake model. For example, other studies have consistentiy reported the pH 

optimum of Synura curîispina to be greater than 7.3 @kit et al., 1989b; Cumming et al., 

1992; Dixit et al., 1999). Using WA, the estirnated optima for this taxon fiom the 53-lake 

and 1 17-lake training sets were 6.9 and 7.4, respectively. 

There were strong correlations between the 53-lake PLS model and each of the 

1 1 Wake WA-PLS and MAT models, when inferring present-day pH r = 0.93, and 0-84, 

respectively) (Figure 5a). In contrast, correlations of pH inferences for the fossil samples 

were weaker, with the strongest relationship existing between the PLS and WA-PLS 

models r = 0.73) (Figure Sb). Furthermore, the 117-lake models inferred a higher pH for 

most fossil samples than the intra-regional model. In part, this may be due to the 

presence of taxa that were not well represented in the modem training sets. For exarnpie, 

the pH optimum of Mdomonas allorgei, estimated from the 53-lake and 1 17-lake 

training sets, differed by approximately one pH unit across models, and was higher in the 

1 17-lake data set. As a result of differences in the reconstruction of fossil pH, the WA- 

PLS and MAT models showed a larger decrease in pH since pre-industrial b e s  (Figure 

5c). A total of 54% and 52% of the lakes showed an acidifying trend using the WA-PLS 

and MAT models, respectively. The PLS model determined that 83% of lakes had 

increased in pH since pre-industrial times, with 67% showing increases greater than the 
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RMSEP,, of the model. These discrepancies are of interest to lake managers who must 

decide which model to believe, and therefore the validation of these reconstructions is 

essential. Below, we discuss the use of indirect validation techniques that can be used to 

evaluate the reliability of the infened pH values. 

Validating the pH reconstructions 

The most powerful means of validating paleoenWonmenta1 reconstructions is to compare 

the inferred values with measured water chemistry (Birks, 1998). As historical records of 

pH were not available for these lakes, we used two indirect numerical criteria. First, 

bootstrapped error estimates were calculated for each modem and fossil sample. Using 

the 53-lake model, 27 of the 48 fossil samples were found to have estimated errors of 

prediction greater than the 95% confidence limit of the distribution of modem errors. In 

contrast, only one fossil sample had an error Iarger than the distribution of modem errors 

when the 1 17-lake models were used. Second, analog statidcs indicated that 18 of the 

48 fossil samples had poor modem analogs in the 53-lake training set, 14 of which had 

also failed the first criterion. Four fossil samples were considered to have poor modem 

analogs in the inter-regional models. 

The above critena strongly suggest that reconstructions using the intra-regional 

model are less reliable than either the inter-regional, or MAT inferences. The existence 

of poor analogs suggests that the taxa present in the fossil samples were poorly 

represented in the 53-lake training set. This problem was overcome using the inter- 

regional training set, as a greater number of modem samples provided better analogs for 
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fossil assemblages. A potential disadvantage of the 1 17-lake models is that they tend to 

overestimate the pH of lakes in south-central Ontario. The longer gradient length in the 

inter-regional training set may have allowed for estimations of taxa optima greater than 

the pH range of lakes in south-central Ontario. 

MAT showed greater variability than the WA-PLS model, resultïng in a larger 

mean bias. Larger biases using MAT have been found in other studies Pirks, 19981, and 

may result when poor modem analogs exist for fossil samples, or in cases where multiple 

close analogs exist, but fiom different environrnents. Furthermore, MAT models often 

show greater short-term variability in the record caused by their over-dependence on the 

range and composition of the modem training set (I3artiei.n & Whitlock, 1993)- 

Nevertheless, the models show a relativefy good correlation r = 0.64, p < 0-00 1) of 

inferred pH change, suggesting that either model could be used to reliably estimate the 

pH of lakes in south-central Ontario. 

In conclusion, we suggest that the 53-lake PLS model cannot be used to reliably 

reconstruct the pH of fossil samples in south-central Ontario lakes. While the model 

provided the best estimates of modem pH, approximately half of the fossil species 

assemblages were found to have poor analogs in the modem samples. WA-PLS and 

MAT models developed using a 1 17-lakes training set fkom south-central Ontario, 

Adirondack Park, and northeastem USA provide an alternative to the 53-lake PLS model. 

Finally, we suggest that the WA-PLS model is the most satisfactory model overall, as it 

generally did not suffer fiom a poor analog problem, and was less variable than the MAT 

model. 
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Table 1. Cornparison of intra- and inter-regional training sets, including the gradient 

Iengths of the first DCA axis and the first DCCA axis constrained to pH. 

rntra-rePional mode1 Inter-remonal mode1 

number of samples 53 117 

number of taxa 

minimum pH 

maximum pH 

DCA gradient Iength (SD) 

DCCA h, 

DCCA gradient length (SD) 1 .O7 2.23 

species-environment correlation 0.89 0.90 



Table 2. Summary of the nurnber of occurrences, and maximum abundances of taxa 

ïnciuded in the intra- and inter-regional training sets. 

Intra-regional training set Inter-regional training set 
(53 In kes) (117 Iakes) 

# of Max # of Max. 
occurrences abundance occumences abundance 

Chrysodidymus synuroïdes 
Chrysosphaerella spp 
Mallomonas acamides f. muskokana 
M. akmkomas 
M. allorgei 
M. alpina 
M. caudata 
M. crassisquama 
M. duemchmidtiae 
M. elongata 
M. hamata 
M. heterospina 
M. hindonii 
M. insignis 
M. lelymene 
M. MEDlUM 
M. pemnoides 
M. pseudocomnata 
M. pugio 
M. punctifera 
M. SMALL 
M. forpuata 
M. transsylvanica 
Paraphysomonas spp 
Spinifenmonas spp 
Synura curtispina 
S. echinulata 
S. Iapponica 
S. mollispina 
S. petersenii 
S. sphagnicola 
S. spinosa 
S. spinosa f. Iongispina 
S. wella 



Table 3. Cornparison of the performance of the intra-, inter-regional, and Modem Analog 

Technique (MAT) inference models for reconstructing pH. Apparent and jack-knifed statistics 

are reported for the regression-based rnodels. 

PLS' WA (clas12 WA (invlZ WAPLS'  MAT^ 

Intra-regional training 

set 

Apparent rZ 

Jack-knifed i 

Apparent RMSE 

Jack-knifed RMSEP 

Jack-knifed mean bias 

Inter-regional training 

set 

Apparent 9 

Jack-knifed i 

Apparent RMSE 

Jack-knifed RMSEP 

Jack- knifed mean bias -0.019 -0.0 1 O -0.0 1 O -0.004 -0.049 

'PLS and WAPLS models are with 2 cornponents. 
'WA models were calculated without tolerance downweighting. 
'MAT mode1 was estimated using the mean of the four most simihr samples. 



Figure captions 

Figtrre 1. The distribution of lakes in the inter-regional training set with respect to pH. 

Open, cross-hatched, and closed bars represent lakes fiom south-central Ontario (Hall & 

Smol, 1996), Adirondack Park (Cumming et al., 1992a), and the northeastem USA (Dixit 

et al., 1 999), respectively . 

Figure 2. Relationship between measured pH and DCA Axis 1 for the intra- (53 lakes) 

and inter-regional (1 17 lakes) training sets. 

Figure 3. Summary ofjack-knifed 3 and RMSEP values f b m  a cornparison of observed 

and predicted pH values, as inferred using the modem analog technique (MAT) model. 

The predicted pH was estimated fiom one to ten of the closest analogs. Analysis was 

performed on square-root transformed species data, using the Bray and Curtis 

Dissimilarity Measure (Bray & Curtis, 1957). 

Figure 4. Relationship between measured and predicted pH, and the residual structures, 

for modem samples fiom 53 lakes in south-central Ontario. Cornparisons were made 

using each of the three models: 53-lake PLS, 1 17-lake WA-PLS, and 1 17-lake MAT. 

Squares represent samples with poor analogs, as assessed using analog matching. 

Diagonal lines represent 1 : 1 lines. 



Figure captions (continued) 

Figure 5. Inferred pH values for modem and fossil samples, and the pH change fiom 48 

Lakes in south-central Ontario. Painvise cornparisons were made between each of the 

three models: 53-lake PLS, 1 17-lake WA-PLS, and 1 17-lake MAT. Squares represent 

samples with poor analogs, as assessed using analog matching. Diagonal lines represent 

1:I lines. 
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Abstract 

Scaled chrysophytes preserved in 53 present-day and 48 pre-industrial sediment samples 

fkom Mes in south-central Ontario were examined to evaluate changes in water quality 

since pre-industrial times. The relationship between modern species assemblages and 

measured environmental variables was explored using the constrained ordination 

technique, redundancy analysis. The distribution of chrysophyte taxa was related to a 

primary gradient of pH, alkaliniw and ion concentration (1, = 0.26), and a secondary 

gradient of DOC and nutrients (& = O. 12). A combined, 1 17-lake reconstruction model 

fiom Ontario, the Adirondacks, and northeastern USA was used to infer the lakewater pH 

of present-day (top) and pre-industrial (bottom) samples. A cornparison of the predicted 

and measured pH of modem samples, analog matching, and an examination of inferences 

fiom triplicate cores in four lakes, suggeçted that the pH inferences were reliable. Al1 of 

the Iakes with measured pH c 6, and 63% of lakes with a pH < 6.5, showed a decline in 

pH since pre-industrial times. In contrast, 71% of lakes with a rneasured pH > 7 

increased in pH. However, in cornparison to other acid-sensitive regions, the overall 

change was smaLl in these lakes. The relatively short pH gradient, comparativeiy higher 

pre-industrial pH values, and the amount of acid deposition are factors that may explain 

these trends. Findly, we introduce a new, multi-indicator reconstruction model that c m  

be used to interpret changes in lakewater pH in the Muskoka-Haliburton region. We 

discuss how this model, which provides an average of environmental reconstructions 

fiom diatom, chrysophyte cyst, and scaled chrysophyte inference models, may be of 

particular interest to lake managers. 



Introduction 

Muskoka-Haliburton is located within the Canadian Precambrian shield, 

approximately 200 km north of Toronto, Ontario (Fig. 1). Since the mid-19th century, 

the water quality of Muskoka lakes has been hcreasingly threatened by anthropogenic 

disturbances. These disturbances occur both at a watershed-scale, such as the input of 

nutrients fiom septic systems (Dillon and Rigier 1 975; Dillon e t  al. 1993), and at a 

regional-scale, including the deposition of strong acids fiom long-range transport (Dillon 

et al. 1987; Stoddard et al. 1999). Disentangling the relative effects of these factors on 

water quality is complicated because they may act synergistically in many lakes. 

Furthemore, changing clirnatic conditions caa play a confounding role (e.g. Schindler et 

al. 1996; Yan et al. 1996). Despite growing evidence that water quality may be adversely 

affected by these disturbances, few studies have attempted to quanw these effects 

relative to background or pre-industrial conditions. 

The processes controllhg the acidincation and recovery of lakes in south-central 

Ontario are complex. Despite a decline of 3 5-4O% in the deposition of sulphate in the 

region, the response in lakes has been variable (Dillon and LaZerte 1992; Stoddard et al. 

1999). McNicol et al. (1998) reported that the majority of 21 6 small, acid-sensitive M e s  

in the Muskoka region of Ontario showed no change in pH following the reduction in 

deposition. In part, these trends may be the result of a depletion of cations fkom 

watershed soils from decades of acidic deposition (Likens et d. 1996). The re-oxidation 

and release of reduced sulphur stored in wetlands has dso been recognized as a 

contributhg factor delaying the recovery of acidified lakes (Yan et al. 1996), which rnay 
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be linked to abnormally dry penods, such as years foilowing El Niiïo events (Dillon et al. 

19973). 

Long-term data and a knowledge of pre-disturbance conditions are required to 

assess the effects of environmental stressors on water quality (Sm01 1992). Historical 

records and monitoring programs provide direct measurements and are prefened sources 

of such data, but are rare or non-existent in many regions. In the Mukoka-Kdiburton 

region of south-central Ontario, more than twenty-five years of continuous monitoring 

has provided insight into the impacts of anthropogenic disturbances on the hydrology and 

ecology of Canadian Shield lakes (e-g. Dillon et al. 1987). However, even these 

programs are not long enough to provide information about environmental conditions 

prior to the omet of many perturbations (e-g. acidification). This problem may be 

overcome through the implementation of paleolimnological techniques, which use 

information that is archived in the sediment record to reconstruct past environments 

(Sm01 1992). 

The top-bottom paleohological approach may be used to obtain regional 

estimates of environmental change since pre-industrial times. Biological assemblages 

that are preserved in the surface sediments of lakes (top samples) are compared with 

those fkom pre-industrial (Le. pre-1850s) samples (bottom samples), providing a measure 

of environmental change relative to background or 'natural' conditions. The top-bottom 

technique has been used successfully to infer changes in water quality variables (e.g. pH, 

allcaiïnity, heavy metals, total phosphorus) in many regions of North America, including 

Sudbury, Ontario (e.g. Dixit et al. 1 Wîb), and the Adirondacks, NY (e.g. Sullivan et al. 



95 

1990; Cumming et al. 1 9 9 2 ~ ) ~  as well as in other regions (e-g. Sweden: Korsman 1999). 

Recently, top-bottom paieolimnological studies in the Muskoka-Haliburton region have 

been used to infer changes in lake water pH, total phosphorus (diatoms: Hall and Sm01 

1996; chrysophyte cysts : Wilkinson et al- 1999), and lakewater oxygen (chironomids: 

Quinlan et al. 1998). Resdts fiom these studies suggest that changes in water quality 

have been minimal in many of the Muskoka lakes. For example, Hall and Sm01 (1 996) 

and Wilkinson et al. (1999) determined that 60% and 70% of lakes, respectively, had not 

changed significantly in pH and total phosphorus since pre-industrial times. 

Using multiple indicators in paleoiimnologicd studies may provide a more 

complete understanding of environmental change. Scaled chrysophytes are sensitive 

indicators of changes in water quality (Smol 1995). These planktonic organisms are 

important components of the phytopIankton of lakes in the Precarnbrian shield (Sandgren 

1988; Siver 1995). The siliceous scales and bristles of scaled chrysophytes are often 

abundant and well preserved in lacustrine sediments (Smol 1995). Using a Light 

microscope, the scales fiom many taxa may be reliably identified to the species or sub- 

species level. Individual taxa have been shown to have well-deked ecological optima 

and toierances that can be quantitatively modelled to infer environmental conditions in 

the past (Siver 1995). For example, the distribution of chrysophyte taxa may be 

idluenced by many variables, including lake water conductivity (Siver 1993a), total 

phosphoms (Siver 199 1 ), and temperature (Siver 1 995). Lakewater pH, however, has 

been shown to be the primary physical-chernical variable influencing scaled chrysophyte 

assemblages in many of these studies (e.g. Cumming et al 1992a; Dixit et ai. 19926; Dixit 
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et al. 1 999). Since the early 1980s (Sm01 et al. 1 984), paleolimnological studies have 

used scaled chrysophytes as indicators of lake acidification in many regions of North 

America (e.g. Cumming et al. 1994; Dixit et al. 1990, Dixit et al. l992a). 

In this paper, we explore changes in water quality since pre-industrial times in 

Mus koka-Kaliburton lakes, using scaled chrysop hytes as indicators of environment ai 

change. First, ordination techniques are used to explore the relationship between scaled 

chrysophyte assemblages and measured environmental variables fkom 53 lakes in south- 

central Ontario. Gauiing an understanding of the ecological preferences of chrysophyte 

taxa dong environmental gradients is an important first step in interpreting changes in 

water quality. Second, we explore regional trends in lakewater pH since pre-industrial 

times. Monitoring studies in the Muskoka-Haliburton region suggest that many lakes 

have been adversely affected by the deposition of strong acids (e-g. Stoddard et al. 1999). 

However, the paleolimnological evidence suggests that these impacts have been srnall 

since pre-industrial times (Hall and Sm01 1996, Wilkinson et al. 1999). Scaled 

chrysophytes provide an additional interpretation of changes in pH in these lakes. These 

organisms have been shown to be sensitive indicators of lake acidification (Srnol 1995), 

oîten showing inferred pH changes greater than those nom other indicators (e.g. 

diatoms). Finally, we introduce a new, multi-indicator reconstruction xnodei that may be 

used to better understand changes in lakewater pH in the Muskoka-Haliburton region. 

We discuss how this model, which incorporates idormation from diatom (Hall and Sm01 

1996) and chrysophyte (Wilkinson et al. 1999; this study) inference models, may be of 

particuiar interest to lake managers. 



Methods 

Study region 

The Muskoka-Haliburton region of south-central Ontario is underlain by Precambrian 

&tic bedrock of the Canadian Shield (Jeffnes and Snyder 1983). A marble intrusion, 

found in the eastem portion of the study area, underlies twelve of the study lakes. Soils 

are generally shallow and acidic, although thicker deposits of clay, sand, or grave1 occur 

locally (Chapman and Putnam 1984). Much of this region is characterïzed by secondq 

mixed-deciduous and coniferous forests, foliowing widespread deforestation in the mid- 

to Iate-1800s (Mïchalski et al. 1973). Due to the rough topography, thin soils, and cool 

climate, agriculture is marginal in the region. Presently, human activity consists 

primarily of recreational activities associated with seasonal cottages, and rural 

municipalities. 

Field and laboratov work 

In the fa11 of L992,54 lakes in the Muskoka-Halibwton region were selected for study 

(Hall and Sm01 1996) (Table 1). Sediment cores were extracted from the deepest basin of 

each lake using a Glew (1989) gravity corer fitted with a 6.35-cm interna1 diameter Lucite 

tube, and sectioned at the lakeshore into stratigraphic sections using a Glew (1988) 

vertical extruder. Two sediment sections were examined: the top centimetre (present-day 

lake conditions), and a 1-cm interval taken at a minimum core depth of 20-cm @re- 

industrial lake conditions). Although the precise date of the bottom sample of each core 

is not known, radiometric 210Pb-dating of other cores fiom the south-central Ontario 
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region has shown that background conditions (i.e. > 150 years) are typicdy reached at 

core depths of 15-20 cm (e-g. Clerk et al. 2000; Dixit et al. 1990; Dixit et al. l99îa). 

Water chemistry data were collected fiom 1990 to 1992 by personnel of the 

Ontario Ministry of the Environment (Hall and Sm01 1996). Al1 variables, excluding 

total phosphorus, were calculated as volume-weighted averages of ice-fiee concentrations 

for this time period. Total phosphorus measurements were calculated as spring ove- 

values. Morphometric variables, including maximum dep th (Zmax), surface area (SA), 

watershed area (WA), and a volume-weighted measure of lakeshore development (# of 

cottages. SA-' .Zmax) were also calculated (Wilkinson et al. 1 999), bringing the total 

number of physical-chemical variables to eighteen (Table 2). 

Microscope slides were prepared following the standard acid-digestion techniques 

described in Hall and Smol (1992). A minimum of 300 chrysophyte scales were 

enumerated along transects at 1500X (100X objective, 15X ocular lem) using a Leica 

DMRB light microscope with differentiai-interference-contrast optics. Taxonomie 

identification of scales followed Siver (1991, 19933), Takahashi (1 978), Wee (1 982), 

Kling and Kristiansen (1983), Nicholls (1982, 19881, and a reference collection at the 

Paleoecological Environmental Assessrnent and Research Laboratory, Queen's 

University. Scales of a few taxa were grouped into broader taxonomie categones because 

of difficulty in identifying these scales to the species level using a light microscope. For 

example, unidentifiable small and rnid-sized scales were grouped into the categories 

Mallornonas 'small' and 'medium', respectively. These groups were relatively rare, with 

abundances of no greater than three or six percent in any lake. 
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Statistical analysis 

In total, 32 taxa were identified in the top and bottom sediment samples of the study 

lakes. Eight taxa were considered rare as  they did not reach a relative abundance of 

greater than 1% in any sampIe, and were eliminated fiom subsequent analyses (Table 3). 

For statistical analyses, species data were square-root transformed to reduce the impact of 

very abundaut taxa (e.g. Cumming and Sm01 1993). Detrended correspondence andysis 

@CA), with detrending by segments, was used to determine the maximum amount of 

variation in the species data (Hill and Gauch 1980). Due to the short gradient Iength of 

the first DCA axis (1 -44 standard deviation units), linear ordination techniques were used 

to determine the main directions of variation in the chrysophyte data (principal 

components andysis), and to explore the relationship between scaled chrysophyte 

assemblages and the eighteen environmental variables (redundancy analysis). 

A forward selection step was used with redundancy analysis (RDA) to reduce the 

problern of CO-linearity in the explanatory variables. Environmental data were screened 

for nomality, and log or square-root transformed if appropriate, to meet the assumptions 

of parametric statisticd analyses. Monte Carlo permutation tests (999 permutations) were 

used to: 1) test the signifîcance of each fonvard seiected variable, and 2) test the 

significance of the first and second RDA axes defined by the forward selected 

environmental variables. The statistical package CANOCO version 4 (ter Braak and 

Smilauer, 1998) was used for the ordinations. 

Variance partitioning (Borcard et al. 1992) was used to determine the importance 

of chernical variables and spatial structure (calculated as Cartesian coordinates: x, y, x2, 
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y) x?, xyZ, fiom latitude and longitude values), in addition to their interaction. Two 

RDA's constrained to forward chemical variables (pH, DOC, logma], [SO,], log[NH,], 

and PO3]), and spatial (y2, xy, xy3 variables, to determine the variance explained by 

these groups. The CO-variance explained by chemical and spatial variables was estimated 

(see Borcard et al. 1992). This was calculated fiom the total variance explained by the 

chemical variables minus the variance explained when spatial variables were included as 

CO-variables (Borcard et al. 1992). 

The pH of modem and fossil samples was iderred using a 1 17-lake reconstruction 

model, which included lakes from this study (Hall and Sm01 1996), Adirondack Park 

(Cumming et al. 1992a), and northeastem USA (Dixit et al. 1999). The 1 17-lake model 

was used in place of an intra-regional mode1 developed using the 53 lakes in south-central 

Ontario. The 53-lake model was found to be unreliable when reconstructing the pH of 

fossil samples, as many had species assemblages that were not well represented in the 

modem samples (Chapter 3). A strong relationship between measured pH and detrended 

correspondence analysis @CA) axis one scores (r = 0.89) detennined that pH tracked the 

main direction of variation in the 1 17-lake training set. Detrended canonical 

correspondence analysis (DCCA), with pH as the sole constraining variable, suggested 

that unimodal modelling techniques were appropnate for inferring the pH of modem and 

fossil samples (Chapter 3). A weighted averaging partial least squares (WA-PLS) 

regression and calibration model (2 components) was used to reconstruct the pH of south- 

central Ontario samples, using the program CALIBRATE (S. Juggins & C.J.F. ter Braak, 
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unpublished program). 

Variability as a result of sampling, counting and random errors may influence the 

reconstructions in this study (Cumming et al. IWO). A number of tests were performed 

to assess the reliability of the pH inferences. First, the 1 17-lake mode1 was used to 

predict the pH of the modem samples. The jack-knifed coefficient of determination and 

residual structure of the cornparison were exarnined. Second, anaiog matching was 

applied to determine whether fossil species assemblages were well represented in the 

modem samples of the 1 17-lake training set Using the Bray-Curtis coefficient (Bray and 

Curtis 1957), a distribution of minimum dissimilarities was calculated through 

cornparisons among modem samples. When compared to modem samples, fossil 

samples with minimum dissimilarities greater than the extreme 5% of modem 

distribution were considered to have poor analogs. Analog matching was performed 

using the statistical program ANALOG version 1.6 (J.M. Line and H.J.B. Birks, 

unpublished program). Third, triplicate cores were collected from the deepest basin of 

four of the lakes p a s  (2), Crosson (13), Dickie (14), and Little Clear (34)]. Top and 

bottom samples were enumerated for each of the cores, and pH inferences were 

compared. 

To test whether species changes were related to changes in pH, a Bray-Curtis 

dissimilarity was calculated between the modem and fossil sarnple of each lake, and 

compared to the absolute value of the inferred pH change. Lakes that had both a: 1) 

Bray-Curtis dissimilarity greater than the mean value (0.41), and 2) pH change less than 

the mean change (0.28 pH units), were considered to be outliers. These lakes exhibited 
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species changes that were not strongly related to changes in pH. 

A single, multi-indicator reconstruction model for inferring iakewater pH was 

calculated by combining the diatom (Hall and Sm01 1996), chrysophyte cyst (Wilkinson 

et al. 1999), and scaled chrysophyte (this study) inferences of pH in two ways: 1) a mean 

weighted by the cross-validated coefficient of determination (8) of each model, which 

was calculated fiom cornparisons of predicted and observed pH, and 2) a mean weighted 

by one minus the cross-validated prediction error (RMSE), which was calculated 

separately for each paleolimnological indicator. The performance of the multi-indicator 

models was evaluated by comparing the predicted inferences of the modem samples with 

measured values. 

Resuits and Discussion 

A total of 32 scaied chrysophyte taxa or groups were identified in the surface 

sediment of the study lakes. Chrysophyte scales were extremely rare in the surface 

sediment of Three Mile Lake, and therefore this lake was excluded fiom füxther analyses. 

In general, the present-day sediment samples were dominated by taxa of the genus 

Synura. In 41 of the 53 lakes examined, the relative abundance of Synura taxa was 

greater than 50%. Synura accounted for greater than 75% of the species assemblage in 16 

of the lakes. The most abundant chrysophyte taxon in the modem samples was S. 

petersenii, occurring at an average relative abundance of 28% across dl lakes, and 

reaching relative abundances of greater than 30% in 20 of the Mes. S. sphagnicola and 

S. echinulata also conûibuted to the high total Synura abundances, with average relative 
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abundances of 14% and 8%, respectively. By cornpanson, the most abundant 

MaZZornonas taxa in the d a c e  samples were A 4  crassisquunza and M. duerrschrnidtiae, 

with average relative abundances of 9% and 7%, respectively. 

Chrysophyte scaies were extremely rare in five fossil samples [Sruce (7), 

Butterfly (9), Frazer Island (16), Heney (25), and Plastic (42)], and therefore top-bottom 

cornparisons were not possible for these Iakes. A cornparison of modern and fossil 

sediment intervais suggested that there has been a regional shift from a ~Mallomonas to a 

primarily Synura-dominated species assemblage (Fig. 2% 2b). M duermchmidtiae and 

M crussisquama were the most abundant taxa in the pre-industrial time period, occwring 

at mean relative abundances of 26% and 15% across al1 Iakes (Fig. Sb), S. petersenii, the 

most abundant Spura taxon in both the present-day and pre-industrial tirne periods, was 

found at a mean relative abundance of approximately 8% in the fossil samples (Fig. Sa). 

The relationship between scaled chrysophytes and environmental variables 

Eigenvalues (1, = 0.3 1, & = 0.19) of îhe fïrst and second PCA axes accounted for 50 -2% 

of the variation in the species data. The strength of the first axis suggested that the 

distribution of chrysophyte taxa in the modern samples was related to a strong primary 

gradient. In an exploratory RDA, including all of the rneasured environmental variables, 

the first (h, = 0.28) and second (h, = 0.14) axes expiained 42.1% of the cumulative 

variance in the species data. Forward selection found six environmental variables (pH, 

DOC, logPa], [SO,], logCNH,], and PO,]) that explained significant directions of 

variation in the chrysophyte data. Constrained to the forward selected environmental 
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variables, the eigenvalues of the first (1, = 0.26) and second (& = 0.12) RDA axes were 

significant @<; 0.01), and explained 37.9% of the cumulative variation in the chrysophyte 

data. Species-environmental correlations of the Est two RDA axes were high (0.92 and 

0.81), suggesting that the forward selected environmental variables explained major 

directions of variation in the species data. 

An examination of the importance of spatial stnicture on chrysophyte 

distributions determined that three fonvard selected spatial variables (y', x2y, xy2) could 

significantly explain 16% of the c d a t i v e  variance in the chrysophyte data. After the 

removai of the variance shared with the forward selected chemical variables, the variance 

explained by space alone was reduced to 9%, considerably less than the variance unique 

to the chemical variables alone (35%). Given the small amount of variance accounted for 

by space alone, in cornparison to the importance of the chemical variables, we only 

discuss the latter in detail. 

The RDA axis 1 captured a gradient of pH and pH-related variables (Table 4, Fig. 

3). Alkalinity, conductivity, and ionic concentration (wg], @Cl, [Ca], and [SO,]) were 

highly correlated with pH dong the first axis (Fig. 3a). RDA axis one effectively 

separated low conductivity, acidic lakes pig. 3c: Chub (1 l), Ciear (12), Crosson (13), 

Dickie (14), Heney (25), and Plastic (42)], f?om some of the more aikaline lakes Fig. 3c: 

Eagle (1 5), Moose (3 9), and Oblong (4 l)]. Ail of the lakes found within the marble 

inclusion were clustered towards the more alkaline end of the first RDA axis (Fig. 3c). 

When dissolved with acid precipitation, the marble provides a source of CaCO,, thereby 

increasing the buf3ering capacity of these lakes. 
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Similarly, chrysophyte taxa that commonly occur at higher relative abundances in 

more acidic environments (Siver 1 999, such as Mailornonas acaroides v. muskokana and 

Synura sphagnicola, were positioned at the acidic end of the pH gradient Fig. 36; Fig. 4). 

M. hindonii, an excellent indicator of low pH (e-g. Cumming et al., 2992a), did not meet 

the abundance criteria in these lakes, and therefore was not included in the ordinations 

(see Methods). The Synura species, S. uveZZa and S. curtispina, were positioned at the 

alkaline end of the first RDA a i s  (Fig, 3b; Fig. 4). Interestingly, S. echinulata was also 

positioned at the alkaline end of the gradient, despite evidence that this species is largely 

acidophilous in its preference to pH (Siver 1995). This finding is supported by Cumming 

et al. (1992a) and Dixit et al. (1 999), who reported a bimodal response of S. echinulata 

dong a gradient of pH fiom lakes in Adirondack Park, and northeastern North hnerica,  

respectively. Due to the absence of strongly acidic Iakes in this study (Table S), the more 

acidophilous form of the taxon may have been under-represented in the lake set. It is 

possible that the taxon identified here is actually Synura Zeptorrhabda (Asmund) Nichoils 

comb. nov., which has been shown to occur in south-central Ontario lakes (Nicholls and 

Gerath 1985). This taxon may only be reliably separated fiom S. echinulata using an 

electron microscope. Previous reports of this taxon have given Little indication regarding 

its ecological preferences, although it has been shown to occur in lakes within the 

Canadian S hield (Kling and Kristiansen 1 983). 

The importance of pH to the distribution of scaled chrysophytes has been well 

documented in other stuclies (Smol 1995). For example, in a study of 7 1 Iakes in the 

Adirondack Mountains, NY, pH and related variables (e-g. monomeric aluILLinum) were 



found to be important variables influencing the distribution of chrysophyte taxa 

( C d g  et al. 1992a). A recent, cornprehensive ~ m d y  of the relationship of scaled 

chrysophytes to environmental variables fiom surface samples of 2 17 lakes in 

northeastern, USA, determined that pH was the most important variable influencing 

species distributions @kit et al., 1999). In the south-central Ontario lakes, conductivity 

was strongly correlated to pH dong the first RDA a i s ,  and has been identified as an 

important variable influencing chrysophyte populations in other studies. Siver (1 993a) 

reported a good relationship (apparent 6 = 0.87) between observed and chrysophyte- 

inferred conductivity values in an analysis of 28 lakes in Connecticut (mean conductivity 

range: 28-294 pS/cm, with 13 lakes greater than 100 pS/cm). The comparatively narrow 

gradient of conductivity observed in the Muskoka-Haliburton lake-set (22-87 pS/cm) is 

too short to obtain meaningfui estimates of the ecological optima and tolerances of the 

chrysophyte taxa. 

Gradients of dissolved organic carbon @OC), trophic variables ([m and 
p ] s o ) ,  and morphometric variables (Zmax and COT/SA*Z) were captured by the 

second RDA axis (Table 4, Fig. 3a). The ordination separated shallow, more productive 

lakes fiom deeper, less productive lakes. Furthemore, the second axis separated 

naturally acidic lakes with higher concentrations of DOC [e.g. Guilfeather (1 9)] fiom 

clear, acidic lakes, that have acidified as a result of anthropogenic influences [e.g. Plastic 

(Q)]. M. hamata and M. duevschmidriae were positioned at the low end of the 

Dochutrient gradient, indicating that these taxa were most comrnon in deeper, 

oligotrophic lakes (Fig. 3b). This is supported by Siver (1991), who reported these taxa 
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at higher abundances in oligotrophic or mesotrophic habitats with low total phosphorus. 

With the exception of S. spinasa, Synura taxa were more common in shallower lakes, 

characterized by higher DOC and nutrient levels (Fig. 3 b). This was tme of taxa 

independent of their positionhg dong the pH gradient (e.g. S. sphagnicola and S. 

mrtispina). Although DOC was highly correlated with trophic variables (m and 

[TPJso) dong the second RDA axis, the data did not dlow us to separate the relative 

importance of DOC and trophic variables to the distribution of chrysophyte taxa. 

Assessing the reliability of the pH reconsfructions 

The pH of the 53 modem and 48 fossil samples was inferred using a 1 17-lake weighted- 

averaging partial least squares (WA-PLS) reconsûuction model, which included lakes 

from Ontario (Hall and Sm01 1 996), Adirondack Park (Cumming et al l992a), and the 

northeastem USA @kit et al. 1999). The WA-PLS mode1 was found to be robust, 

producing a cross-validated coefficient of determination and prediction error well within 

the range of other pH models developed using scaied chrysophytes (e-g. Cumming et al. 

1992a; Dkit et al. 19926). A detailed summary of the development of the WA-PLS 

model is found in Chapter 3. 

To test the ability of the 1 17-lake model to reconstruct the pH of Ontario lakes, 

the WA-PLS model was used to predict the measured pH of the 53 modem samples. 

There was a strong relationship between predicted and measured pH, as idened using the 

WA-PLS mode1 (Fig. 5). An examination of the residuai structure of the relationship 

suggested that the 1 17-lake model tended to overestimate the pH of the Ontario samples. 
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However, this bias was constant dong the pH gradient (Fig. 5), suggesting that reliable 

inferences of pH change (rnferred modem pH - inferred fossil pH) could be made. 

A second test of the reliability of the pH inferences was analog matching which 

determined that only four fossil samples had species assemblages that were poorly 

represented in the 1 17-lake training set. The fossil samples of one of these lakes [Clear 

(12)] was dominated by the chrysophyte allorgei, a taxon that is poorly represented in 

modem samples of many regions of North America (Siver 1991). A second poor analog 

[Solitaire (49)] had an unusual species assemblage CO-dominated by S. uvella and M. 

duemschmidtiae, taxa that do not t y p i d y  occur together in high abundances in either the 

53 -1ake and 1 1 7-lake training sets. 

A cornparison of pH inferences fiom modem and fossil samples of triplicate cores 

suggested that the variability among replicates was low (Fig. 6). In two lakes that have 

shown a signifïcant change in pH since pre-industrial times, the variation between top and 

bottom inferences was greater than the variation among replicates (Fig. 6). Collectively, 

these results suggest that pH inferences from scaled chrysophyte assemblages examined 

in sediment cores extracted from the deep basin of lakes are reproducible (Cumming et al. 

1990), and the pH of the Muskoka lakes can be reliably inferred. 

In modem training sets, ordination techniques can be used to determine if an 

environmental variable of interest tracks the main direction of variation in the species 

data (Birks 1995). However, these comparkons are rarely made with fossil assemblages, 

and have yet to be used in top-bottom paleolimnological studies. To determine if pH 

tracked an important direction of variation in the species data through time, we compared 



109 

the absolute value of inferred pH change with a measure of species dissimilari~y (Le. 

Bray-Curtis coefficient). Across lakes, a moderate relationship existed between Bray- 

Curtis dissimilarities and the inferred pH change (r = 0.56, n = 48, p < 0.00 l), further 

validating the pH reconstnictions, and suggesting that pH was an important variable 

related to species changes (Fig.7). However, ten lakes exhibited species changes that 

were not strongly related to infierred changes in lake water pH (see criteria in Methods) 

(Fig. 7). The chrysophyte S. petersenii dominated the species assemblage of five of these 

lakes. Interesthgly, S. petersenii increased in relative abundance in al l  but four Mes 

since pre-industriai times, and presently is the most abundant scaled chrysophyte in 

approximately halfof the lakes. The importance of this species as it relates to the water 

quality of lakes in south-central Ontario is discussed elsewhere (Chapter 5). 

Changes in Zakewater pH since pre-industrial times 

Our hdings  suggest that changes in lakewater pH have been small in the study 

lakes. Approximately 80% of the lakes showed pH changes less than the prediction error 

of the scded chrysophyte inference model (Fig. 2c). Similar results have been reported 

using other paleolimnological indicators. For example, greater than 60% of the study 

lakes showed non-significant pH changes as iderred fkom both diatom (Hall and Sm01 

1996) and chrysophyte cyst (Wiikinson et al. 1999) inference models. 

Although the magnitude of pH change was not significant (Le. greater than 

prediction error of model), there were regional trends with respect to the direction of 

change in many lakes. For example, of the 10 lalces that had changed significantly since 
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pre-industrial thes ,  90% had acidified. Al1 of the lakes with measured pH c 6, and 63% 

of lakes with a pH < 6.5, showed a decline in pH (Fig. 2c). In contrast, 7 1 % of lakes with 

a measured pH > 7 increased in pH, although only one lake had increased signLficantly 

since pre-industrial times (Fig. 2c). Equa! numbers of circurnneutrai lakes (measured pH 

6.5-7) either increased or decreased in pH (Fig. Sc). 

Top-bottom paleolimnological studies, using scaled chrysophytes as indicators of 

environmental change, have reported similar trends in Sudbury, Ontario @ E t  et al. 

19926) and the Adirondacks (Cumming et al. 1992a). However, the magnitude of change 

was considerably smaller in south-central Ontario, with only one lake showing 

acidification of greater than 1 pH unit. In part, this discrepancy may reflect the gradient 

of lakes examined in the Muskoka study. Very acidic lakes (e.g. measured pH < 5 .9 ,  

that often show the greatest declines with acid deposition (e.g. Cumming et al. 1992a; 

Dixit et al. 1992b), were excluded fkom this data set, thereby underestimahg the extent 

of overall acidifïcation in this region. Furthermore, inferred values of pre-industrial pH 

were higher in the Muskoka than the Adirondack lakes, suggestùig that the former were 

comparatively well buffered, and therefore more resistant to acidification (Cumming et 

al. 1994). Fioally, the amount of sulphate deposition, as measured in the early 1980s, has 

been considerably less in south-centrai Ontario (Lazerte and Dillon 1984: 70-1 00 peqL) 

than in the Sudbury region (Keller et al.  1992: > 200 peqL), which may have 

contributed to the smaller inferred changes in the Muskoka lakes (Smol et al. 1 998). 

Diatom (HaU and Sm01 1996), chrysophyte cyst (Wilkinson et al. 1999), and 

scaled chrysophyte (this study) inference models suggest that study lakes with a measured 
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pH > 7 have increased in pH since pre-industrial times. In south-central Ontario and in 

other regions receiving elevated acidic deposition (e-g. Sudbury: Dixit et al. 19923; 

Adirondacks: Cumming et al. 1992b), several mechanisms may have contributed to the 

observed increases in alkalinity. F k t ,  the disturbance or removal of watershed 

vegetation may increase soi1 erosion, causing an increase in the export of base cations 

(e.g. Rhodes and Davis 1995). The removal of forests for timber in the late l8OOs, the 

building of roads, and the construction of seasonal cottages and resorts are disturbances 

that may have contributed to this process. The importance of these disturbances on the 

acid-base chemistry of the lakes will be regulated by watershed characteristics (e-g. 

underlying geology, drainage ratio, catchment slope). For example, more than 85% of 

the lakes that increased in alkalinity overly a marble intrusion, and are relatively well 

bdered  cornpared to lakes situated on granitic bedrock (Wilkinson et al, 1999) (Fig. 2c). 

Cation exchange, and sulphate and nitrate reduction in watershed soils, wetlands, 

and lake sediments are other processes that may have contributed to the observed 

increases in alkalinity in the Ontario lakes (e-g. Dillon et al. 1997a; Schindler 1986). 

These too are reguiated by watershed characteristics (e.g. % wetlands), and by changes in 

climate, which may cause a reversa1 of these trends immediately following drought (Yan 

et al. 1996). Without knowing the timing of changes in these lakes, we cannot separate 

the relative contributions of these mechanisms to alkalinity generation. Analyses of 

continuous sediment cores will be required to M e r  address these questions. 
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A rnukiple-indicolor measure of lake acidification in the Muskoka-Haliburton region 

At a regional scaie, pH inferences from the diatom and chrysophyte models 

showed similar trends, with greater than 60% of the lakes indicating a non-significant 

change since pre-industria1 times. These similarities were not always apparent at a Me-  

scale. Scaled chrysophyte and diatom models showed moderate agreement (r = 0.56, n = 

48, p < 0.001) across lakes in inferring changes in lakewater pH (Fig. 8). In general, 

scaled chrysophytes inferred a greater decrease in pH, which rnay reflect organism- 

specific differences in habitat and life history (see beiow). Merences derived fiom 

chrysophyte cysts showed little agreement with the scaled chrysophyte (r = 0.00, n = 48, 

p >O.OS) (Fig. 8) or diatom models, which rnay reflect differences in the predictive ability 

of the inference models (Fig. 9). Although chrysophyte cysts have been shown to be 

sensitive indicators of lake acidification (Smol 1995), cyst models generally do not 

perform as well as diatom or scaled chrysophyte models developed with comparable data 

sets. This rnay reflect variation associated with cyst taxonomy and identification. 

Furthermore, cysts represent a resting stage, and therefore abundances rnay not directly 

reflect conditions in the planktonic environment. 

The existence of three models for inferring iakewater pH in the Muskoka region 

introduces an interesting dilemma for lake managers. On one hand, each mode1 rnay 

provide unique ecological information that rnay be used to evaluate ecosystem-level 

changes in water quality. On the other hand, the lake manager is faced with three, 

different interpretations of change in the study lakes, and faces a difficult challenge of 

deciding which indicator to believe. One option is to take a conservative approach, and 
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base management decisions on the paleolimnological indicator that is inferring the 

greatest amount of change since pre-industrial times. However, this approach does not 

consider differences in the predictive ability of the individuai inference models, and may 

also result in a loss of important ecological information. We propose an alternative 

approach which takes into account the predictive ability of each inference model, without 

sacrificing the ecological relationships of each indicator with its environment. 

The combined reconstruction models, whether based on 3-weighted mean or 

RMSE-weighted mean values, performed better than the modeis fiom individuai 

indicators, when used to predict the measured pH of the modem samples (Fig. 9a and 9b). 

There are at least two reasons that may explain these trends. First, the combined models 

are calcdated as averages of the indicator models, and therefore numerically smooth the 

biases associated with the individual models. For example, inference models from 

diatom and chrysophyte cysts under and overestimate the measured pH of samples with a 

pH < 6, respectively (Fig. 9a). Combining these inferences into a single prediction may 

have reduced the organism-specific biases, resulting in a inferred value close to the 

measured pH. 

Second, when reconstructions fiom several indicators are combined, the 

biological record is smoothed, and may more appropriately match the resolution of the 

environmental data. In our training set, measured pH was calcdated as an average of ice- 

free measurements over the 1990-1992 seasons. Similady, the biological data of each 

indicator was smoothed temporally, representing the top 1-cm of each sediment core 

(approx. 2-5 years in this region). However, the deposition of each indicator is not 



constant through the iceaee season. For example, severai cbrysophyte taxa reach 

population maxima immediately d e r  ice-out, with srnalier maxima in the fa11 (Sandgren 

1988). The conbribution of cbrysophyte scales and cysts to the lake sediment may be 

dominated by seasonai periods of higher deposition. Therefore, combining the inferences 

of chrysophytes and diatoms may produce biological data that are more representative of 

the entire ice-fiee season, and reduce the impact of these seasonal biases. This is 

particularly important for environmental variables, such as pH, that vary during the ice- 

free season. Snow-melt in early spring may contribute acidic nui-off to Ontario Iakes, 

resulting in a signifïcant decrease in pH at this time (Smol et ai. 1 998). This may also 

explain why chrysophyte models generally show a greater acidification trend than the 

diatom mode1 in south-central Ontario (Hall and Smol, 1996; Wilkinson et al. 1999; this 

study), and in other regions (Davis et al. 1990; Cumming et al. 1 W2b;  Dixit et al. l992a; 

Sullivan et al. 1992). 

The main disadvantage of combining inference models to infer lakewater pH is 

that the calculation of a mean reduces the impact of extreme values associated with each 

indicator, resulting in a smaller estimate of change since pre-indutrial times. However, 

if the smoothed biological data are a more reliable fit with the environmental data, as 

suggested above, then the smaller inferred changes may reflect true changes in these 

lakes. It should be recognized that these models can only estimate environmental change 

at a resolution equal to that of the training set. Therefore, inferred changes in this study 

reflect mean conditions over two ice-fiee seasons. This combined inference approach 

may not be advantageous in other midies, where water chemistry data are representative 



of single measures or seasonal values. 

Multiple indicators in paleolimnological studies are usefûl in that they rnay 

provide information about environmental change at an ecosystem level. However, due to 

differences in the predictive power of individual reconstruction models, prediction and 

random errors, and merences in the ecological preferences of organisms, the magnitude 

and direction of iaferred change may Vary across indicators, From a lake management 

perspective, interpreting these Merences may be difficult. We have explored the use of 

a single, mean inference fiom three phycological indicators, that is weighted by either the 

coefficient of determination of the reconstruction models, or the prediction error- This 

mode1 performs as well or better than the individual models when used to predict the pH 

of modem sarnples. This suggests that the mode1 is reliable, and can be used to infer the 

pH of lakes in south-central Ontario. 
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Table 1. Latitude, longitude, and the measured pH of the 53 study lakes. 
Lake code Lake name Latitude (N) Longitude (W) PH 

12 Mile 
Bass 
Basshaunt 
Bigwind 
Blue Chak 
Boshkung 
Bruce 
Buck 
Butterfly 
Canning 
Chub 
CIea. 
Crosson 
Dickie 
w e  
Frazer Lsland (L. Joseph) 
Gravenhurst Bay (L. Muskoka) 
Green 
Gullfeather 
EMiburton 
Hall's 
Hamer Bay (L. Joseph) 
Hamme1 Bay (Three Mile L.) 
Warp 
HeneJf 
Kashagawigamog North Basin 
Kashagawigamog South Basin 
KeUy 
Kennisis 
Kushog North Basin 
Kushog South Basin 

Leonard 
Little Clear 
Little Kennisis 
Little Redstone 
Maple 
McKay 
Moose 
Muskoka Bay (L. Muskoka) 
Oblong 
Plastic 
Red Chalk East Basin 
Red Chalk Main Basin 
Red Pine 
Redstone 
Rwthog Island (Lake of Bays) 
Seagull Rock of Bays) 
Solitaire 
Soyer's 
St Nora 
Walker 

53 Young 45O12' 79'33' 6.7 



Table 2. Minimum, maximum, and mean values of 18 physical-chernical variabIes fiom the 

53 study lakes. 

- - --- pp 

Variable Minimum Maximum Mean 

PH 5 -6 7.3 6.6 
alkalinity (mg.L" CaCO,) 0.4 23 .O 6-2 
conductivity (pS .cm-') 22.2 87.0 43 -3 
DOC (mg.L-') 1.7 5.8 3 -5 
[Ca] (mgL-') 1.8 14.2 4.3 

Lw%] (W-L-') 0.5 2.3 1 .O 
mal (mg-L-') 0.5 9.0 1.8 
Fr1 (mg-L-l) 0.2 1 .O0 0.6 

[SOJ (W-L-') 4.2 9 -4 7.5 
[N&I (Pg-L") 5 .O 83 -9 20.2 
CNOJ (mg.L-'1 2.0 247.0 103.6 

ml (W-L-') 140.0 380.0 236.2 
[TP] spring overtum (P~.L-') 2.7 24.3 7-3 
[Si] (mg.L-') O. 1 1.9 0.9 
Surface area (ha) 10.9 1675 .O 274.5 
Watershed area (kmZ) 127.6 89658.0 12388.5 
Maximum depth (rn) 5.8 82.4 31.9 
COT.SA-'.Zmax (#.ha-lm)' 0.0 1.3 0.6 

. - 

COT-SA-'.Zmax is aa index of volume-weighted lakeshore development (Wilkinson et ai. 1999). 



Table 3. The number of occurrences, the effective number of occurrences (HiLi's NZ), 

mean, and maximum relative abundances of the 24 taxa that occurred in at least three 

Iakes, and had a relative abundance of >l% in at least one of the 53 study lakes. 

Taxon Taon 
d e  

Malkmonas acaroides v. muskokana' Nicholls 
hi, akmkomas Ruttner in Pascher 
M. allorgei (Defl.) Conrad 
M. caudara Ivanov em. Krieger 
M. crassiaquama (Asmund) Fott 
ItL duerrschmidriae Siver. Hamer & Kling 
1M. elongata Reverdin 
M. hamata Asmund 
M. heterospina Lund 
M. 'medium' gouP2 
M. pseudocoronata Prescott 
M. punctifera Korsh. 
M. cmiallv @0up3 
M. tonsurata Teiling em. Krieger 
M. forquata Asmund and Cronberg 
Synura curtispina (Petersen & Han.) Asrnund 
S. echinulata Korsh. 
S. petersenii Korsh. 
S. sphagnicola Korsh. 
S spinosa Korsh, 
S. uuella Stein em. Korsh. 
Chrysosphaereh Lauterborn4 
Paraphysomonas desaedeleer 

' may include the nominate varieV in some samples 
inchdes unidentified Mallomonas scales Iarger than M. 'small', e.g. intermedia Kisselew and M. 

cotymbosa Amund & Hillard 
includes small unidentified Mdlomonas scales, e.g. M. galeifomis Nichoils 
includes C. brevispina Korshikov and C. iongispina Lautefbom em. Nicholls 



Table 4. CanonicaI coefficients, approximate t-test values, and intraset correlations of the 

environmental variables for each of the rirst three RDA axes. 

Canonical coefficients t values htraset correlations 
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Fig. 1. Map showing the location of the 53 study lakes in the Muskoka-Haliburton region 

of south-central Ontario. 

Fig. 2. The relative abundance of dominant scaled chrysophyte taxa (>IO% in one 

sample) in present-day (open bars), and pre-industrial (closed bars) sediment sarnples that 

have a) increased or b) decreased in mean abundance since pre-industrial tirnes. The 

Merred pH change is shown in c), where open bars represent lakes in which fossil 

samples were determined to have poor analogs. Dashed, vertical lines in c), denote plus 

or minus the root mean square error of prediction. Lakes are arranged in order of 

increasing measured pH. 

Fig. 3. Redundancy analysis (RDA) ordination plot showing a) the forward selected 

(so lid lines) and passive (dashed lines) environmental variables, b) the scaled chry sophyte 

taxa, and c) the 53 study sites in relation to forward selected environmental variables. 

Taxon and site codes are found in Tables 3 and 1, respectively. 

Fig. 4. The distribution of the 12 most dominant scaled chrysophyte taxa with respect to 

measured pH. Taxa are arrstnged in order of increasing WA pH optima (square brackets), 

and lakes are arranged in order of increasing measured pH. 
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Fig. 5. Relationship between measured and predicted pH, and the residual structure, for 

modem samples fiom 53 lakes in south-central Ontario. Predicted values were calculated 

using a 1 17-lake WA-PLS model, which includes lakes fiom Ontario (Hall and Sm01 

1996), Adirondack Park (Cumming et ai. 1992a), and the northeastern USA @kit  et al. 

1999). Diagonal line represents a 1: 1 line. 

Fig. 6. Inferred pH values fkom triplkates of modem and pre-industrial sediment 

samples, for four lakes in south-centrai Ontario. Points represent inferred values, error 

bars represent plus or minus the root mean square error of the inference model. 

Fig. 1. Scatterplots of the absolute value of the inferred pH change, and the Bray-Curtis 

dissimilarity of species assemblages since pre-industriai times for 48 lakes in south- 

central Ontario. Squares in the second plot represent lakes that exhibit species changes 

that are not strongiy related to changes in pH. 

Fig. 8. Scatterplots comparing scaled chrysophyte inferred pH and diatom-inferred (left 

figure), and chrysophyte cyst-inferred pH (nght figure) fiom 48 lakes in south-central 

Ontario. Diagonal line represents a 1 : 1 line. 
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Fig. 9. Scatterplots of predicted and measured pH fioom 48 lakes in south-cenbal Ontario, 

calculated using a) diatom (Hall and Sm01 1996), scaled chrysophyte, and chrysophyte 

cyst (Wilkinson et al. 1999) inference models, and b) combined inferences weighted by 

the 6 and RMSE of the individuai inference models. 
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Abstract 

As measured by a rïse in the number of cornplaints by local users, taste and odour events 

have increased over the past twenty years in Ontario Shield lakes. Chrysophytes have 

been shown to be the causative organisms. Specifically, blooms associated with the 

scaled chrysophyte, Synura petersenii, have been widespread. Using paleolimnological 

techniques, we tracked changes in the relative abundance of S. petersenii in 48 Shield 

lakes in south-centrd Ontario since pre-industrial times. An examination of scaled 

chrysophytes in top (present-day) and bottom @re-industrial) sediment samples 

determined that S. petersenii was the most dominant taxon in the modem sediment 

samples, and has increased in relative abundance in neariy al1 of lakes. This trend 

suggests that the threat of taste and odour events has increased in south-central Ontario 

lakes, and that one or more regional, anthropogenic stressors is involved. However, 

canonicd variates analysis found no significant relationship between S. petersenii 

abundances and acidification or eutrophication-related variables. We discuss the 

importance of other factors, including iong-term changes in M e  water transparency, as 

possible exphnations for the observed trends. 



142 

Introduction 

Lakewater pH has been shown to be an important variable influencing the distribution of 

scaled chrysophyte taxa in south-central Ontario lakes (Chapter 3). However, in some 

lakes, there exist species changes that are not related to inferred changes in lakewater pH. 

The scaled chrysophyte Synura petersenii is one species that has increased in relative 

abundance in many lakes, irrespective of changes in lakewater pH (Chapter 4) 

The past twenty years has seen a rise in the number of user cornplaints associated 

with algal bloorns in south-central Ontario lakes (Nicholls, 1995, and personal 

commun.ication). While chrysophytes of the genus Uroglena have been implicated as the 

causative organisms in some of these lakes, taste and odour events caused by the scaled 

chrysophyte S. petersenii appear to be more widespread (Nicholls & Gerrath, 1985; 

Nicholls, 1995). A visible colouration of the water, and a 'Kishy" or "cucumberY' odour, 

are the most common cornplaints that have been received (Nicholls, 1995). A recent 

compilation suggests that these events are occurring in a variety of lakes, spanning a 

range of environmental conditions (Nicholls & Gerrath, 1 985; K.H. Nicholls, Ontario 

Ministry of the Environment, personal communication). However, these reports are 

based solely on cornplaints tiom the general public, and there is presently no scientifïc 

knowledge of long-term trends in taste and odour blooms in Canadian Shield lakes. 

S. petersenii is a large, colonial, scaled chrysophyte that ofien foms metalimnetic 

populations during periods of stable stratification (Sandgren, 1 98 8). Considered a 

generalist with respect to many environmental variables (Siver, 1995), it has been 

reported to be the most abundant taxon in a number of chrysophyte s w e y s  (e.g. 
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Connecticut: Siver, 1987; Iowa: Wee, 1982, and Minnesota: Wujek et al., 198 1). S. 

petersenii has been found to prefer cold water habitats (i.e., during the cold months, or in 

colder waters below the thermocline), reaching maximum abundances in waters below 

12°C (Siver, 1987, and references therein). S. petersenii produces siliceous scales that 

can be used to track its abundance relative to other scaled chrysophyte taxa (Smol, 1995). 

In other studies, paleohological records suggest that this species is generally more 

comrnon in recent sediment samples (Le., last - 75 years) than in pre-industrial times, and 

often increases in abundance beginning in the early to mid- l9OOs (e.g. Dixit et al., 1992). 

Several, at times contradictory, hypotheses have been suggested to explain the increase in 

S. petersenii in many North Amencan lakes, including land-use (Marsicano & Siver, 

1993, Dixit et al., 1992), nutrient enrichment &ott et al., 1994), and atmospheric 

deposition (Nicholls & Cierrath, 1985; Kodama et al., 1997). These findings suggest that 

the environmental conditions that are most suitable for the growth of S. petersenii are not 

well understood. 

Presently, our understanding of taste and odour events has relied solely on 

complaints fiom local users. However, these are often biased, as they rnay exclude 

remote lakes, and are often restricted to the summer, recreationai season. Furtherrnore, 

some events may not be reported in this region, as many local users do not rely on lake 

water for drinking purposes (NichoUs, 1995). Therefore, two main questions remain 

unanswered with respect to taste and odour events in south-central Ontario lakes. First, is 

the threat of taste and odour events, as caused by S. petersenii, regional in south-central 

Ontario lakes (Nicholls & Gemth, 1985)? Second, has this threat increased since pre- 
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industriai times as a result of anthropogenic disturbances, or have problems always been 

common? In this study, we use paleolimnological techniques to provide evidence that S. 

petersenii is presently the most abundant taxon in many lakes in south-central Ontario. 

Second, we show that the regional abundance of S. petersenii has increased dramatically 

since pre-industrial times. These results strongly suggest that taste and odour events are 

increasulg in south-central Ontario lakes, and that direct or indirect human activities may 

be responsible. 

Methods 

The Muskoka-Haliburton region of south-central Ontario is underlain by Precambrian 

granitic bedrock of the Canadian Shield (Jeffnes & Snyder, 1983). A rnarble intrusion, 

found in the eastem portion of the study area, encompasses twelve of the study lakes. 

Soils are generally shallow and acidic, although thicker deposits of clay, sand, or grave1 

occur locally (Chapman & Putnam, 1984). Much of this region is characterized by 

secondary mixed-deciduous and coniferous forests, following widespread deforestation in 

the rnid to late-1 800s (Michalski et al., 1973). Agriculture is minimal in the region, due 

to the rough topography, thio soils, and cool climate. Presently, human activity consists 

primarily of recreational activities associated with seasonal cottages and rural 

municipalities- 

In the fa11 of 1992, sediment cores were rernoved fiom the deepest basin of 48 

lakes in the Muskoka-Haliburton region of south-central Ontario @dl & Smol, 1996). 

The cores were sectioned at the lakeshore into stratigraphie sections using a Glew (1988) 
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vertical extruder. Two sediment sections were examined: the top centimetre (present-day 

lake conditions), and a 1-cm interval taken at a minimum core depth of 20-cm @re- 

industrial lake conditions). Although the precise date of the bottom sample of each core 

is not known, radiometric 210Pb-dating of other cores fkom the south-central Ontario 

region has shown that background conditions (> 120 years) are typically reached at core 

depths of 15-20 cm (e-g. CIerk et al., 2000; Dïxit et ai., 1990; Dixit et al., 1992). Water 

chemistry data were collected fiom 1990 to 1992 by personnel of the Ontario Ministry of 

the Environment, and are summarized in HdI & Sm01 (1 996). A minimum of 300 

chry sophyte scales were identified and enumerated along transects, using oil immersion 

at a magnification of l5OOX (Chapter 4). 

Canonical variates analysis was used to determine if linear combinations of 

physical-chernical environmental variabIes could discriminate lakes dominated by Synura 

petersenii, £iom lakes dominated by other species (Le., S. echinuIata, S. sphagnicola, 

MaZZornonas taxa). CVA with a forward selection step was perfonned using CANOCO 

version 4 (ter Braak & Srnilauer, 1998). 

Results 

Thirty-two scaled chrysophyte taxa or groups were identified in the present-day sediment 

samples of the study Iakes. The most abundant chrysophyte taxon in the modem samples 

was Synurapetersenii, reaching relative abundances of greater than 30% in 20 of the 

lakes (Fig. la). However, pre-industrial abundances of S. petersenii were much lower, 

present at a mean relative abundance of 8% (Fig. 2). S. sphagnicola and S. echinuluta 
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also contributed to the high total Synura abundances, with average reIative abundances of 

14% and 8%, respectively (Fig. la). By cornparison, the most abundant Mallornonas taxa 

in the surface samples were M. crassisquama and M duerrschrnidtiae, with average 

relative abundances of 9% and 7%, respectively. In contrast, M. duerrschmidtiae and M- 

crassisquama were the most abundant taxa in the pre-industrial t h e  period, occurring at 

mean relative abundances of 26% and 15% across ail lakes (Fig. lb). 

Canonicai variates analysis (CVA), with forward selection, identified three 

environmental variables that codd significantly differentiate between the groups (see 

Methods). The first and second CVA axes (Fig. 3a) captured gradients of pH-related 

variables, and DOC and nutrients, respectively. Clusters of lakes dorninated by S. 

echinulata, S. sphagnicola, and MalIomonas species were separated along the k t  CVA 

axis, supporting previous studies showing that pH is an important variable influencing the 

distribution of chrysophyte taxa (Cumming et al., 1992; Chapter 3) (Fig. 3b). However, 

M e s  dominated by S. petersenii could not be differentiated fkom other groups along the 

first or second CVA axes (Fig. 3c). 

Discussion 

Over the past twenty years, casual reports of taste and odour (T&O) events have 

increased steadily in the Muskoka-Haliburton region (Nicholls, 1995). It was not known, 

however, if this was caused by a real increase in problem algae, or simply an increased 

awareness of the problem. Our paleolimnological data suggest that the number of lakes 

that are susceptible to T&O chrysophyte blooms may be considerably greater than have 
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been reported by local users. Synurapetersenii, which has been identified as the ody  

scaled chrysophyte iïnked to T&O events in Ontano (Nicholls & Gerath, 1985), presently 

dominates the species assemblage of approximately half of the study lakes (Fig. la). 

Furthemore, recent evidence suggests that there may be a link between high S. petersenii 

abundances and the occurrence of T&O events. For example, this taxon dominated the 

modem sample of Solitaire Lake (i.e. 1990-1992) (Chapter 4), which was reported to 

have a T&O bloom in 1994 (Ken Nicholls, Ontario Ministry of the Environment, pers. 

cornm.), approximately two years after the lake was sampled for this study. 

A cornparison of modem and fossil sedirnent intervals indicates that there has 

been a regional shifi in the floristic composition of scaled chrysophytes, from an 

assemblage dominated by MuZZomonas to one dominated by Synuru species. The taxon S. 

petersenii showed the greatest mean change since pre-industrial times, and increased in 

relative abundance in greater than 90% of the study lakes. In other paleolirnnological 

studies, large increases in S. petersenii were detected predominantly in circurnneutral 

lakes receiving acidic deposition that have shown little change in lakewater pH since pre- 

industrial times (e-g. Sudbury region: Dixit et al., 1990; Connecticut: Marsicano & Siver, 

1 993 ; Adirondack Park: Cumming et al., 1994). Several hypothesis, including land-use 

(Dixit et al., 1992; Marsicano & Siver, 1993) and nutrient enrichment (Lott et al., 1994), 

have been proposed to explain these trends in other lakes. However, in our study there 

were no trends between these variables and increases in S. petersenii, with increases 

occurring in: 1) acidic and more alkaline lakes; 2) oligotrophic and mesotrophic Mes; 

and 3) lakes with and without watershed development (e-g. cottages or resorts). 
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A long-term change in water transparency is an alternative hypothesis that rnay 

explain the observed trends in chysophyte assemblages. Recent warm temperatures, 

unusually strong El Nino events in the 1980s and early 1 990s (DiIIon et al., 1997), the 

long-term effects of acid precipitation (Dillon et al., 1987), and the interactive effects of 

these variables on lakewater transparency (Schindler et al., 1996), rnay have contributed 

to the observed species trends in this study. Colonial (e-g. Synura), and large unicellular 

chysophytes (e.g. Mallomonas caudata) have increased in abundance in many Iakes, and 

rnay selectively form deep-water peaks below the thermocline (Sandgren, L 98 8). Large 

chrysophytes are often most successful in clear lakes when the photic zone extends 

beyond the thermocline, a pattern that was detected at the Experimental Lakes Area 

during a twenty-year drought (Schindler et al., 1990). Furthemore, changes in water 

transparency rnay increase the zone of subthermocline production (Schindler et al., 1 996), 

increasing the habitat of metalimnetic chry sophytes (S andgr en, 1 9 8 8). Finally , deep- 

water populations rnay also have an advantage over epilirnnetic taxa, as they rnay be 

protected fkom increased W - B  radiation associated with increased water transparency 

(Leavitt, et al., 1999; Xenopoulos et al., 2000). Long-term trends in dissolved organic 

carbon concentrations are presently being examined in Ontario Shield lakes, and rnay 

provide additional support for this hypothesis. 

The importance of top-down controls on chrysophyte populations is poorly 

understood (Sandgren, 1988). Sandgren & Walton (1995) suggest that increased size and 

motility are two advantages that large, colonial chrysophytes rnay have over smaller 

forms when predation fiom small zooplankton taxa is high. However, this advantage 
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does not exist when the zooplankton assemblage is dominated by large Daphnia taxa 

(Sandgren & Walton, 1995). It is possible that the gradua1 decline of large piscovores, 

fiom decades of recreational fishing, may have altered the trophic structure of the lake, 

resulting in an increase in planktivorous fish taxa. Ultimately, this may have led to 

subsequent increases in smaller zooplankton forms and larger, colonial chrysophytes. 

Unfortunately, neither long-term fisheries data nor information on zooplankton size 

structure is available for these lakes. However, many cladoceran taxa leave remains in 

the sediment record which may be used in the firture to obtain long-term changes of size 

structure. 

In conclusion, we recognize that T&O chrysophyte blooms are tnggered by a 

combination of factors that are presently not well understood (Nicholls, 1999, and that 

high abundances of S. petersenii may exist without producing T&O episodes (P.A. Siver, 

Connecticut College, persona1 communication). Furthemore, we acknowledge that the 

sediment record cannot be used to detect individual bloom events, which may last for Iess 

than two weeks in some lakes. Despite these limitations, our results cleariy indicate that 

the threat of T&O events exists in many circumneutd lakes in south-central Ontario, and 

this threat has greatiy increased since pre-industrial times. Therefore, it is likeiy that the 

observed species trends are the result of one or more regional, anthropogenic stressors on 

lake environments. 
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Figure I .  The relative abundance of dominant scaled chrysophyte taxa (relative 

abundance > 10% in one sample) that have a) hcreased, or b) decreased in mean 

abundance since pre-industrial times. Open and closed bars represent present-day and 

pre-industrial species assemblages, respectively. Lakes are arranged in order of 

increasing Bray-Curtis dissimilarity of species assemblages when comparing pre- 

industrial and present-day samples. 

Figure 2. Scatterplot comparing the relative abundance of S y n m  petersenii in pre- 

industriai and present-day sediment samples, fiom 48 lakes in south-central Ontario. 

Figure 3. Canonical Variates Analysis ordination plot, showing a) forward selected (solid 

arrows) and passive (dashed arrows) environmental variables, b) clusters of lakes that are 

dominated by S. sphagnicoia (stars), S. echinulata (diamonds), S. petersenii (squares), 

and by Mdomonas spp (closed circles), in relation to the forward selected environmental 

variables, and c) lakes dominated with S. petersenii in relation to forward selected 

environmental variables, with other clusters removed fkom the figure. 
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUSIONS 

Canadian Shield lakes that are located in boreal and mixed-boreal regions, are 

sensitive ecosystems that have become increasingly affected by anthropogenic 

disturbances since pre-industriai times (Schinder, 1998). Understanding the effects of 

these stressors on water quality is important both to human populations, who rely on 

Canadian Shield lakes for drinking water and recreational purposes, and to the aquatic 

biological assemblages, as the ecological structure and function of these lakes may be 

threatened (Schindler 1997, 1998). Histoncal records and monitoring data are ofien too 

short in duration to assess long-term changes in water quality that are associated with 

these impacts. In addition to these data, paleolimnological techniques can be used to 

reconstnict environmental conditions prior to the onset of disturbances, to determine the 

timing, and possible causes of change in Ontario shield lakes. 

In the four manuscripts presented in this thesis, 1 have used paleolimnological 

techniques to assess the effects of anthropogenic disturbances on the water quality of 

Canadian Shield lakes in Ontario, Canada. Scaled chrysophytes, which form an 

important part of the phytoplankton of these north-temperate lakes (Sandgren, 1988), 

were used as paleolimnological indicators of environmental change. These organisms are 

sensitive to changes in their environment (Smol, 1995a) and have been shown to respond 

rapidly to changes in water quality (e.g. Dixit et al., 1989). A number of important 

conclusions and implications, summarized below, arise fkorn this thesis. 



Logging and forestfires rnay on& cause minimal. short-terrn changes in water quality 

Relative to pre-disturbance conditions, lakes in northwestem Ontario showed 

minimal changes in water quality following the removal of greater than 90% of the 

watershed vegetation (Chapter 2). These disturbances were considered to be severe, 

having occurred in a single season, with logging and forest fies reaching the shoreline of 

the lakes. A number of factors may have contributed to the nul1 response in these 

ecosystems. Perhaps the duration of the effect was too short to be detected at the two to 

four-year resolution of the sedirnent record. Examinuig streams in northwestem Ontario, 

Nicholson et al. (1975) determined that changes in water qualitty were apparent for the 

first three years following logging. In other studies, however, (e.g. Maine: Rhodes and 

Davis, 1995; Michigan: Scully et al., 2000), impacts were detected for several years to 

decades, and a recovery period of a century was recorded in one lake. Therefore, the 

question of resolution is a difficult one, as the effects may Vary across lakes. Higher- 

resolution paieolimnological studies do exist (e-g. - 1-2 years: Laird and Cumming, In 

Press; Laird et al., In Press), but generally support the findings that these types of 

watershed disturbances have had minimal impacts on water quality. Moreover, additional 

changes apparent in the northwestem Ontario lakes, including a significant decrease in 

sedimentation rate in the early 1980s, suggest that other factors, related to clkate, were 

responsible for the gradua1 species changes observed through tirne. 

Watersbed charactenstics, such as slope, lake volume and the drainage ratio 

(watershed:lake area), and their effects on water residence time, are likely to be important 
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factors regulating the impact watershed disturbances have on aquatic ecosystems. 

Variabilïty in lake morphometry may therefore result in a continuum of response to 

watershed disturbances among lakes and streams. At one end of this continuum are 

streams, as well as lakes with very large drainage areas (e-g. Mud Pond, Maine: Rhodes 

and Davis, 1995), small lake volumes, and consequently, low water residence times (i-e. 

measured in months, not years). Annual water flow to these systems, which may bring in 

elevated nutrient and sedhent loads following a disturbance (Miller et al., 1997), will be 

considerably larger than to lakes with higher water residence times. Additionally, lakes 

with small volumes may have less of an ability to dilute the impact. However, this 

relationship may be complex, as rapid flushing rates in smaller lakes may also shorten the 

duration of the impact. At the other end of the continuum are lakes such as Lake 42 

(Chapter S), which has an estimated water residence t h e  of approxirnately 10 years. The 

maximum annual contribution of water f?om the catchment will be no greater than 10% 

of the volume of this lake. In fact, the annual contribution will be less, as this does not 

consider contributions fiom groundwater, and fiom precipitation fdling directly ont0 the 

lake7s surface. 

The above hypothesis deserves m e r  exploration, and could be tested using a 

regional, fine-resolution paleolimnological approach (Le. annual resolution). Lake 

selection should include sites that have experienced similar watershed disturbances 

(ideally the same fie or logging episode), but have varying water renewal times (which 

can be estimated using rnorphometric variables). The variability of species assemblages 

before and after known disturbances, and paleolimnologicaI reconstructions of changes in 
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water quality (e.g. pH, nutrients, dissolved organic carbon, see Enache and f rairie, 2000), 

could be examined. Furthemore, paleolimnological records fiom flowing ecosystems are 

potentially possible if a suitable sedimentation basin is found (e-g. Reavie et al., 1998), 

and may allow for direct cornparisons of the response to watershed disturbances in Stream 

and lake ecosystems over long tirne periods. Such a study must be of an appropriate 

duration to estimate natural variability before disturbances (Le. decades), and should 

include both disturbance and reference ecosystems, in order to distinguish between 

watershed disturbances and regional factors, such as changes in climate. 

Waîershed versus regional disturbancesi The wuence of dimare 

In some regions (e.g. Vancouver Island, Intenor Plateau, B.C.: Laird and 

Cumxning, 2000; Laird et al., 2000), the continuum hypothesis does not provide a suitable 

explanation for the minimal impacts which have been observed. Other influences, such 

as climate, may be of greater importance. In unusually dry years, when water flow from 

the catchment is reduced, the increased export of nutrients and soi1 detritus following a 

disturbance may be diminished (Schindler et al., 1996). This has important management 

implications, as a knowledge of past and present climate should be considered when 

evaluating the effects of watershed disturbance on aquatic ecosystems. 

There is evidence that drought was an important factor affectkg lakes during the 

1970- 1990 time period in northwestem Ontario. Significant changes to physical, 

chernical, and biological variables were detected at the Experimental Lake Area (ELA) 

(Schindler et ai., 1990, 1996), that were more important than short-lived changes in water 
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quality foliowing two watershed fires (Schindler et al., 1980). Moreover, there is 

evidence that this drought affected our study lakes in northwestern Ontario (Chapter 2). 

Simiificant decreases in sedimentation rate, beginning in the early 1 9 8 0 ~ ~  were detected in 

six of the eight lakes examined @lais et al., 1998). These trends were apparent in 

disturbance and reference lakes, with sedimentation rates decreasing by approximately 

80% in the study lakes. Similar decreases in sediment load were recorded at ELA (ca. 

63% decrease), associated with a reduction in runoff fkom ca. 400 mrn.yfl to 150 mm-yr-', 

over the twenty-year drought period (Schindler et al., 1996). In northwestern Ontario, 

Blais et al. (1998) detenmined that lakes with larger drainage areas exhibiteci greater 

reductions in sedimentation rate, fbrther illustrating the importance of hydrology in 

regulating watershed interactions. 

An examination of scaled chrysophyte assemblages (Chapter 2) revealed subtle, 

gradual changes in both disturbance and reference lakes. Interestingly, species changes 

detected in northwestem Ontario were qualitatively similar to the changes obsemed in 

south-central Ontario. Regional shifts from an assemblage dominated by smaller, 

unicellular taxa (e.g . MalZomonas deurrschrnidtiae) to larger, unicellular (e-g . M. 

caudata), and colonial taxa (e-g. Synurapetersenii, S. echinulata) were observed in both 

regions (Chapters 2 and 4). Although there are a number of possible explanations for the 

O bserved species trends (Chapter S), changes in water transparency, associated with 

drought in northwestem Ontario (Schindler et al., 1990; Schindler et al., 1 W6), and the 

combined effects of acidification and warm temperatures in south-central Ontario (Yan et 

al., 1996), provide interesting possible causes for these changes. Large unicellular and 
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colonial chrysophytes, which have increased in abundance in the studies presented here, 

are commonly associated with deep-water peaks, below the thermocline (Sandgren, 

1988). Increased light penetration has been shown to increase the zone of sub- 

thermocline production (Schindler et al., 1 W6), which rnay favour deep-water 

phytoplankton populations. Furthemore, unusually warm spring temperatures (Schindler 

et al., 1 99O), causing a more rapid omet of stratÏfïcation, are conditions that rnay be 

conducive to the formation of chrysophyte blooms (Sandgren, 1988). Within the scaled 

chrysophytes, deep-bloorning taxa rnay also gain an advantage in having reduced 

exposure to h a r d  W - B   eno op ou los et al., 2000), which rnay be of greatest threat to 

these spring bloomers (Smith et al., 1998a). Finally, the observed species changes were 

generraily Iarger in south-central than in northwestem Ontario. This rnay reflect 

clifferences in the time periods examined (30-50 years in northwestem Ontario, versus > 

150 years in south-central Ontario), and the influence that elevated loads of acid 

deposition rnay have on increasing water transparency (Schindler, 1997, 1998). 

The Ontario Ministry of the Environment has seen an increase in taste and odour 

events caused by the colonial chrysophyte, Synura petersenii (Nicholls, 1995), although 

data are sketchy. These episodes have occurred in lakes spanniog a wide range of water 

chemistry conditions, including those that are acidic or alkaline, oligotrophic or 

mesotrophic, and have varying disturbances in their watersheds (Nicholls and Gerath, 

1985). What is presently unknown, however, is whether these events were common in 

the past (Le. pre-industrial times), or are the result of anthropogenic impacts on water 

quality. Our hdings, in a study of present-day and pre-industrial sediment samples 
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(Chapter 5), clearly indicate that there has been a dramatic, regional increase in taste and 

odour-causing chrysophytes in Ontario shield lakes. Issues of water quafity, as they relate 

to aesthetic and health concem, are of keen interest to the general public. However, the 

causative factors are presently not well understood, and therefore, this represents an 

interesting avenue for future research, 

The existence of long-term monitoring programs (Le. 25 years) in south-central 

Ontario, with continuous water chemistry data that cm be compared to sedimentary 

species assemblages, provides an opporhmity to address these questions M e r .  New 

advances in multivariate statistical analy sis, including variance partitioning analysis 

V A ) ,  may be used to assess the relative importance of multiple stressors on changes in 

water quality (e-g. Hall et ai., 1999). For example, variations in species assemblages 

explained by changes in climate may be estimated with VPA, and contrasted with other 

effects, including acidic deposition (as estimated by changing sulphate loads). 

Furthemore, the combined influence of these impacts on biological assemblages rnay be 

calculated. 

Inferred changes in Zakewater pH have been small in presently circumneutral Zakes 

In cornparison to studies in other acid-sensitive regions (e-g. the Adirondacks: 

Cumrning et al., 1992; Sudbury: Dixit et ai., 1 W2), that have used scaled chrysophytes as 

paleolimnologicaI indicators, inferred changes in lakewater pH were small in south- 

central Ontario (Chapter 4). Of the 48 lakes examined, approximately 80% showed 

inferred changes, compared to pre-industrial times, less than the cross-validated 
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prediction error of the model. Sirnilar conclusions were found using other indicators in 

these lakes, inciuding diatoms (Hall and Smol, 1996) and chrysophyte cysts (Wilkinson et 

al., 1999). In part, these findings may be expf ained by the pre-industrial buffèring 

capacities of the lakes. The Ontario lakes were relatively more buffered in cornparison to 

many of the Adirondack lakes (Cumming et al., 1994; Smol et al., 1998), indicating that 

they were less susceptible to changes in pH associated with acidic deposition. The 

amount of acid deposition has also been lower in south-central Ontario than in other 

regions, such as Sudbury, Ontario (Keller et al., 1992). Findy, the lakes examined here 

were of a relatively narrow pH gradient, and included few very acidic lakes, that rnay 

have s h o w  the greatest signs of acidification (e-g. Plastic Lake: Dillon et al., 1987). 

However, despite the relatively narrow environmental gradient (pH range: 5.61 to 7-30), 

pH was found to be the most important variable influencing phytopiankton distributions 

in present-day sediment samples (Hall and Smol, 1996; Wilkinson et al., 1999; Chapter 

4). 

In south-central Ontario, however, there is stili cause for concem that continued 

deposition may adversely affect these ecosystems in the future. Despite a 3540% 

reduction in sulphate deposition, beginning in the early 1980s (Dillon and LaZerte, 1 992), 

many lakes in the region have shown no signs of recovery in pH, relative to pre- 

disturbance levels (Hall and Smol, 1996; Stoddard et al., 1999). A number of hypotheses, 

including a coincident decrease in the deposition of base cations (Hedin et al., 1994), and 

the depletion of cations fiom watershed soils (Likens et al. 1996), have been proposed. In 

Ontario, the re-oxidation and release of reduced sulphur stored in wetlands-has also been 



recognized as an important factor delaying the recovery of acidified lakes (Yan et ai. 

1996), which may be linked to abnormally dry periods, such as years following El Nino 

events (Dillon et al. 1997). These explmations suggest that the processes governing the 

acidification and recovery of Iakes are complex, and that even with greater reductions in 

sulphate emissions, lake acidification will likeIy remain a problem in this region for 

several decades. 

Changes in water qualiity in Canadian Shield lakes: General conclusions 

Perhaps the most striking finding fiom this thesis is that changes in water quality, 

as uiferred from scaled chrysophyte assemblages and other indicators (diatoms: Hall and 

Smol, 1996; Paterson et al., In Press; chrysophyte cysts: Wilkinson et al., 1999; 

chironomids: Quidan, 2000; Little et al., 2000), have generally been small in these 

Canadian Shield lakes. Given the magnitude and number of disturbances affecting lakes 

within the boreal shield (Schindler, 1998), these results are unexpected. In part, 

watershed characteristics may regulate the impact of these disturbances in lakes. For 

example, the percentage of the catchent that is composed of wetlands, which may store 

strong acids in reduced forms (Gorham et al., 1984; LaZerte, 1993), and the depth of 

catchent soils, which may be indicative of the relative buffering capacity of the 

watershed, may be important variables infIuencing the magnitude of acidification that is 

occuring in lakes. In general, smdler lakes, with shallow soils, and a smdler percent 

wetfand area are more susceptible to acidification (e-g. Plastic Lake, south-central 

Ontario: Dillon et al., 1987). 
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1 recognize that there are limitations associated with the top-bottom 

paleol~ological  approach used in this thesis, as it does not provide a continuous record 

of change between the pre-industnal and present-day time periods. However, this 

technique provides useful information about lakes at a regional-scale (Smol, 1 995b), and 

has been used successfûlly in other studies (e-g. Cirmming et ai,, 1992; Hall and Smol, 

1996). A trade-off is often made between examining few Iakes at a high-temporal 

resohtion, or many lakes at a much coarser resolution. While we have prïmarily chosen 

the latter approach in this thesis, these techniques are complimentary, and therefore an 

examination of continuous sediment cores will continue to be an important direction of 

research in this region (e-g. Clerk et al., 2000; Little et al., 2000). 

In conclusion, it is possible that the full impact of these stressors on the water 

quality of Canadian Shield lakes hm yet to be realized. Despite a reduction in suiphate 

Ioads to lakes in south-central Ontario, many have not recovered in Iakewater pH, 

indicating that their watershed have been severely denuded of base cations (Stoddard et 

al., 1999). Therefore, even under reduced loads, lakes may continue to acid* in south- 

central Ontario. Finally, Global Climate Models predict an increase in temperatures and 

the fiequency of droughts in many regions of the boreal shield (Smith et al., 1998b). 

There are signs that the synergistic ef5ects of acidification, climate, and increased 

transparency in lakes increasing hamiful UV-B exposure (Xenopoulos et al., 2000) may 

significantly alter biological communities in Canadian Shield lakes Ceavitt et al., 1 999 ; 

Yan et al., 1996). Long-term data, such as the records obtained ushg paleolimnological 

techniques, will be required to assess these changes relative to pre-disturbance (Le. pre- 



industrial) conditions, and to help predict trajectories of change in the füture. 
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Appendix B (continued) 

BN2 - Eum Lake 
Relative abundance data 
Eslimated Pb210 d m  19% 1994.6 1994 1993 1992 1991 1990 1988 
Micipoint depth (an) 025 0.75 1.25 1.75 225 275 325 3.75 

. . 
fkraphyçomones spp 0.50 0.50 0.73 024 024 0.73 0.46 0.50 

Eslimated Pb210 dsle 1988 1986 1985 1982 1979 1975 1972 
Midpoint depth (an) 425 4.75 5.50 6.50 7.50 8.50 9.50 

0.49 025 0.49 0.99 0.75 
P a r a p h ~ o n a s  spp 0.00 0.00 0.00 0.00 0.49 0.00 0194 

Taxa 
Synura petemnii 
S. spPIKISB 
S. spinosa L longspina 
S. cumspina 
S. uvella 
S. sphagnida 
S. echinulata 
S- lapponica 
S mollispina 
Mallomonas SMALL 
M. pteudoa,mata 
M. audata 
M- duerrschmidliae 
M. uassisquama 
M. elangata 
M. hamaia 
M. mquafa 
M. p u n B w  
M. lrannsybnica 
M. gaieobmis 
M. al-- 
M. lonsunita 
M. acamid8s L muskokana 
M. MWlUM 
M. aicirihumas 
M. haterospina 
M. dognii 
M. insignis 
M. lelymene 
Chrysospheemüa bravispina 
C. longspina 
ChrysodiidLmus synu~W~us 
Spinhmmonas spp 



Appendix C: Relative abundance species data from the 'cut' lakes 

M6N - Cut Lake 
Relative abundance data 

Wmated Pb210 date 1995 1994.5 1994 1992 1991 1990 1989 1988 
Midpoim deplh (cm) O25 0.75 125 1.75 225 275 325 3.75 

Taxa 
Synura pelemnii 
S. spinosa 
S- spinosa f. Iongispina 
S. wmspine 
S. uvella 
S. sphagnicda 
S- echinulata 
S. lappanice 
S. mollispina 
MalIomonas SMALL 
M. pseudapmnata 
M. audata 
M. duenschmidDdDae 
M. aassrsquoma 
M. alongara 
M. hamata 
M. lbquata 
M. punctiRtra 
M- Wannsyivanica 
M. galeitwnis 
M. allagei 
M. tonsurata 
M. 8camkâzs L muskokana 
M. MEDIUM 
M. akmkomw 
M. heh3mspina 
M. boigm17 
M. insignis 
M. lelymene 
ChfysasphBemlIa Orevispina 
C. Iongispina 
cn-us J v n u ~ u s  

_ 1.18 025 0.49 025 
Paraphysomonas spp O.W O& O.W 0.w 0.00 o.oo 024 0.00 

Estirnatecl -210 date 1986 1985 1984 1981 1979 la78 1976 
hiidpoint depm (an) 425 4.75 5.50 6.50 7.50 8.50 9-50 



Appendix C (continued) 

M6S - Cut Lake 
Relative abundance data 
Em'mared Pb210 date 1995 1994 1991 1989 1987 1985 1982 1980 
Midpoint depth (un) 0.25 0.75 125 1.75 225 275 325 3.75 

Taxa 
Synura pefersenii 
S. spinosa 
S. spinasa L Iongispina 
S. cummsp.sp.na 
S. &la 
S. sphagnicda 
S- echinulafa 
S. bpp~nica 
S. mdlispina 
MalIomonas SMALL 
M. pseudcmmnaîa 
M. cauùata 
M. duerrschmidbée 
M. ctassiquama 
M. ebngata 
M. hamata 
M. tqua ta  
M. punclillsra 
M. trannsvhgnica 
M. galeiknmis 
M. elloigei 
M. tonsurah 
M. eeam&?s f. rnuskdœna 
M. MEDIUM 
M. akdarmas 
M. tmbtuspina 
M d&@mnii 
M. insignis 
M. lelymene 
ChrysospheeraUa bmvispïna 
C- longisrw'na 
~ r i a w u s  synuraideus 
Spirilemmonas spp 

Estimateci -21 0 date 1977 1923 1970 1967 1963 195' 1952 
Midpcnnt depth (cm) 4.25 4.75 5.50 6.50 7.50 8.50 9.50 

Taxa 
.S)mura peisrsenii 
S. spinosa 
S. spinosa l. longng@na 
S. wm'spina 
S. wek 
S sphagnicda 
S. echinulata 
S- lappana 
S. mdlispina 
MalIomonas SMALL 
M. pseuda*,mnata 
M. caudafa 
M. duensdcmiUic 
M. CcBssisquama 
M. dangara 
M. hamaîa 
M. foquata 
M. punCbCb&ra 
M. mnnqyhmnica 
M. galeabmis 
M. allorgel 
M. tonwraia 
M. aca-s I. muskokvta 
M. MWIUM 
M. a m a s  
M. hsbmpi ia  
M. &iQnl'i 
M. insignis 
M. leiymene 
Chrysosphaarslla bmvispina 
C. langspina 
Chrvsodidnnus svnumdnus 



Appendix C (continued) 

M4W - Cut Lake 
Relative Abundance Data 

Estimated Pb210 date 1995 1994 1993 1991 1990 1988 1987 1985 
Midpoint depth (an) 0.25 0.75 125 1-75 225 275 325 3.75 

Taxa 
Synum petemnL 
S. spinose 
S spinasa L Iongispina 
S. wr6sspina 
S. uveila 
S. sphagNcola 
S. echinuiata 
S. lapponica 
S. mdlispina 
Maliomonas SMALL 
M. pseudowmnata 
M. caudata 
M. duensd,miüîiae 
M. aasisquama 
M. elongaa 
M. hamata 
M. toquata 
M. puncWtta 
M. trannsyivanica 
M. gaieiR,nnis 
M. allotgei 
M. tonsunrta 
M. a c a m s  L muskokana 
M. MEDIUM 
M. aiuukomas 
M. hemmspina 
M. obignonif 
M. insignis 
M. lelymene 
ChrysosphaetRiIa brievispina 
C. Iongisma 

EJtimmad Pb-210 data 1984 19.32 1979 1975 1971 1966 1961 
Midpoint depth (an) 425 415 5.50 6 . 9  7.50 8.50 9.50 

Taxa 
Synurs petemnii 
S. spi-11058 
S. spinasa L IOngWna 
S. cuiiispina 
S. d a  
S. sphagmCUcda 
S. edrinulata 
S. lapponica 
S. mdlispna 
MaUomMas shf.4I.L 
M. pseudocdmata 
M. caudata 
M. duemdimidtiae 
M. ciassisquama 
M. tilongata 
M. hameta 
M. zoquata 
M. punctillira 
M. Dannsylvenica 
M. gairsolbmus 
M. allorpei 
M. tonsurata 
M. eaimrOl&s L muskDkzina 
M. MEDIUM 
M. akmkomas 
M. hemwpina 
M. doignii 
M. insignis 
M. Ililvmene 

0.97 1.74 A50 1.47 120 123 0.50 
Pamphysomonas spp 0.00 025 0.75 025 0.00 025 025  





Appendix D (wntinued) 

Muskoka-Haiiburton (Tops) 
Relative abundance data 

Hamme1 
Gravenhurst Green Guiifearixrr Halibunon Halh Hamer Bay Bay iiarp 

Taxa 
Mailamanas aïamides I: mudakana 0.00 0.00 5.93 0.00 0.00 0.00 0.00 0.00 
M. aiuukomas 024 0.50 0.00 O. 00 0.00 025 025 O. 00 
M. ai~detd 121 1.74 0.74 0.98 524 0.74 246 123 
M. aassisquama S.93 6.97 3.70 9.56 5.74 7.8s 6.88 1429 
M. duensdmiàtiae 024 0.00 296 123 1.47 23.15 1122 43.24 
M. dong- 0.00 1.24 0.99 0.49 0.75 0.49 0.00 0.74 
M. galeilbmiis 0.00 0.00 O Z  0.00 0.75 0.49 0.00 0.74 
M. hamata 0.00 1.99 123 270 1322 10.07 1.23 0.25 
M. hetempPna 0.48 0.00 0.00 0.00 025 0.00 0.74 0.00 
M. lelymene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 
M. Iychenensis 0.00 0.00 0.00 0.00 0.00 0.98 0.00 0.00 
M. MEDIUM 024 0.75 0.49 0.49 0.25 0.25 0.00 296  
M. p~euaroUomnata 0.97 1.99 1 23 245 11 22 9.09 1 -72 34.24 
M. pun&bli? 0.00 0.75 1.73 0.00 0.00 0.00 025 1.97 
M. SMALL 0x3 1 24 0.49 025 0.98 0.25 015 

la 1.47 M. tonsurata 1.45 0.00 0.75 0.98 0.98 1 .72 
M. torpUata 024 1.99 123 la 0.25 0.75 0.49 0.25 0.74 
M. ûannsyhranica O. 00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 
Synura wtîispVra 111 4.73 0.49 221 025 0.49 0.98 0.00 
S echinulata 5.57 37.81 17.53 4.90 1.75 1 -72 270 0.74 
S- petenen17 69.49 24.38 12.10 48.0s 27.18 7.86 7224 5.17 
S- sphagnicola 5 . 9  025 37.78 0.25 9-23 025 246 7.64 
S. spinosa 1.45 0.99 5 .a  274 1.47 1.47 1 -72 
S. uvella 0.00 4.48 423 222 16.18 4.24 0.49 0.74 0.00 
Cttrysarphaerslla spp 0.73 3.73 5.93 0.98 0.75 11.30 246 123 
Paraphysomonas spp 0.00 0.50 0.00 0.49 0.75 0.00 025 0.00 
Spn&~w~~x)as spp 024 0.75 025 123 274 0.49 02s 0.74 

Kushog 
Hr*y  W n i S  KiWlaN l l l y  (<.m. 2 S m  Ucn 

Taxa 
Mailornonas ecammdes f. musicohna 200 0.00 0.00 0.00 0.00 0.23 0.00 0.49 
M. akmiwmos 0.00 0.00 O Z  0.72 0.00 0.47 0.76 0.00 
M. wudata 1-50 6.37 6.48 1.91 5.46 4.46 3.30 3.89 
M. aassisquama 3.99 24.26 8.98 3.1 1 11-77 1244 11.17 8.52 
M. duensdrmidüae 18.95 0.74 0.75 8.37 24.07 258 254 1.95 
M. aongata 0.00 1.47 125 1.44 0.50 0.00 0.00 0.73 
M. gaEeiIbmis 0.00 0.00 0.00 0.24 0.00 1 .64 1 27 0.00 
M. hamata 324 1.96 025 3.59 10.92 329 6.85 0.00 
M. hetemspna 0.00 0.25 0.00 0.00 0.00 0.00 0.00 O. 00 
M. Ielymene 0.00 0.00 O. W 0.00 0.00 0.00 025 0.00 
M. l@mnensis 0.W 0.00 0.00 0.00 0.00 0.00 025 0.00 
M. MEDIUM 0.00 3.43 249 024 0.50 0.00 0.00 0.49 
M. pseudoamnata 1.75 3.43 1-00 3.11 4.96 0.70 203 0.00 
M. punclilbra 1.75 0.49 0.50 0.00 0.00 0.47 0.00 0.00 
M. S M  025 0.49 0.W 0.00 0.00 0.70 1.52 0.00 
M. tonsurata 0.00 0.98 0.50 0.48 0.99 6.34 3.55 0.00 
M. torguata 1.00 0.25 025 0.72 0.25 023 1.27 0.24 
M. ûannsyivanica 0.25 0.00 0.00 0.00 0.00 0.47 0.00 O. 00 
Synura curüspina 0.00 9.56 8.73 0.00 025 0.70 0.76 0.00 
S- echinulata 0.25 9.56 13.47 0.96 0.50 5.16 6.60 0.49 
S. petemnii 1-50 14.71 43.89 53.83 2258 19.01 14.72 63.26 
S. sphagnioda 59.35 0.00 0.75 8.61 0.00 21.36 25.13 11.68 
S spima 0.50 1 -72 299 7.89 6.70 6.81 8.38 5.35 
S. uveua 0.m 19.12 6.73 239 8.44 3.99 203 1.46 
ChrYSOSDhB(tRtlI8 SDD 3.49 0.49 0.25 1.91 1.49 7.04 6.60 0.49 
~a(.pU&wnmn~s $p 0.00 0.25 0.00 024 0.74 0.94 0.5 1 0.00 
Sptnilbmonas spp 025 0.49 0.50 024 0.50 0.70 0.51 024 





Appendix D (continued) 

Muskoka-Haliburton (Tops) 
Relative abundance data 

Solitaire Soyefs St Nom WaIker Young 

Taxa 
Mallamonas acamIWdt?s f. muskokdna 0.00 0.00 0.25 0.99 0.00 
M. ekokomos 1.60 0.00 0.25 0.50 0.00 
M. caudaîa 13.24 274 5.65 124 8.18 
M. massisquama 14.84 299 8.85 273 15.89 
M. duemchmidbae 10.05 0.25 5.41 0.50 200 
M. &ngata 0.68 0.75 0.98 0.50 0.70 
M. gakifonnk 0.00 0.00 1.72 0.00 0.00 
M. hamata 10.73 0.25 4.67 1.49 3.74 
M. heiempna 205 0.25 0.25 0.09 0.00 
M. lelymene 0.23 0.00 0.00 0.00 1.87 
M. lychenensis 0.00 O. 00 0.00 0.00 1.17 
M. MEDIUM 0.68 0.00 0.25 0.00 0.23 
M. pseudommnata 320 0.75 1 .n 0.74 13.55 
M. p~ndk m  o n  0.50 0.00 0.00 1.64 
M. SMAU 0.46 0.50 1.72 025 0.23 
M. fonsurata 0.46 0.50 4.18 O25 0.47 
M. forpuata 0.23 0.75 0.74 0.25 0.93 
M- ~nnqhanica 0.23 0.00 0.00 0.00 0.93 
Synura curtispna 0.91 1.75 0.00 O25 13.79 
S. edunvlata 0.68 50.87 1.72 14.39 27.34 
S. petersem- 26.71 17.21 25.55 47.64 0.47 
S. sphagnitxia 0.00 0.25 28.01 6.20 0.00 
S. spPnasa 9.36 723 3.19 3.97 4.91 
S. uvella 205 9.48 1.47 273 0.00 
Chrysosphaerrtlla spp 0.00 274 246 14.39 0.23 
Pamphysomnas spp 0.00 0.00 0.00 0.25 0.00 
Spfl&mmnas spp 1.37 0.25 1.23 0.74 0.93 



Appendix E: Relative abundance species data from 48 pre-industrial sediment samples 

Muskoka-Haliburton (Bottoms) 
Relative abundance data 

12 Mile Bass Basshaunt Bigwind Blue Chaik Bashkung BU& Canning 

Taxa 
Mallamanas acertlides ï. muskokana 0.00 0.99 O. 00 0.92 0.00 0.00 0.00 0.W 
M. akmkomos 0.00 0.00 0.00 0.92 0.00 0.00 0.00 0.32 
M. audata 4.98 0.99 147 3.98 239 299 299 4.21 
M. -quama 10.96 1 1.39 1911 20.18 21.51 15.95 1229 2233 
M. dciemchmidb'm 40.86 41.58 3424 24.46 50.60 5249 73.09 13.92 
M. eiongat. 0.33 O. 00 0.99 122 0.00 1.00 0.66 0.00 
M. gaieikmnis 0.66 O. W 025 0.00 0.00 0.00 0.00 0.00 
M. hamata 1.99 0.00 223 4.89 0.40 299 0.33 0.32 
M. hetemrpina O. GU 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
M. lelymene 0.00 0.00 0.00 0.00 0.00 0.66 0.00 0.00 
M. lydienensis 1.00 297 25.81 1.53 239 0.66 3.99 227 
M- MEOlUM 1.66 0.00 0.25 0.61 0.40 233 0.00 1.94 
M. preu&wmnata 20.93 36.63 1.49 14.98 10.36 8.31 3.32 33.01 
M. puncMC,ra 2 3 3  0.00 0.25 3.98 0.00 0.33 0.00 0.00 
M. SU4U 0.33 0.00 0.99 0.00 0.40 0.66 0.00 0.00 
M. tonsurata 299 0.00 1.74 1.83 5.58 266 0.33 259 
M. toquata 0.33 0.00 0.25 0.6 1 0.40 1 .O0 0.00 0.32 
M. trannsytMnica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
w u t a  cufris@na 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.32 
S. ediinulata 1 .O0 0.99 0.74 0.61 0.00 1.00 0.00 9.39 
S. pe(ersenii 6.61 0.00 3.72 8 . S  0.40 5.65 0.00 6.15 
S. sphagnioda 1 .O0 0.99 025 0.31 0.00 0.33 0.00 0.32 
S. spispimua 0.66 0.00 0.50 0.61 0.00 0.00 0.00 0.32 
S. uvella 0.00 1.98 3.47 7.95 279 0.00 299 1.94 
Chrysrsphaendla s p p  0.33 0.00 0.00 0.92 0.80 0.33 0.00 0.32 
Paraphy5omonas spp 0.00 0.00 0.00 0.3t 0.00 0.33 0.00 O. 00 
Splnill-mnas spp 0.66 1.49 025 0.61 0.00 0.35 0.00 0.00 

Chub Uear CmsJon Didàe Easle Gravenhum Green Gullfeather 

Taxa 
MaIlornonas acam&s I. muskdtana 0.00 0.00 1.33 268 0.W 0.33 0.00 0.97 
M. akokomos 0.33 0.00 0.00 0.00 0.W 0.98 0.65 024 
M. caudafa 1.32 0.00 1.66 1.78 1.66 1.97 3.90 a.n 
M. ~ ~ s q u a m a  1623 0.84 10.63 5.06 11.59 14.43 13.31 4.13 
M. duemchmidtiae 21.19 1 1 -76 7.97 36.61 11.92 9.84 6.17 14.32 
M. elongaia 0.99 0.00 0.W 0.00 0.33 0.33 0.32 0.49 
M. gakaR,nnis 0.66 0.00 0.66 1.19 0.00 230 0.00 0.97 
M. h8mBi-â 1.99 1.68 1.33 0.89 265 6.89 5.19 267 
M. he4erarpiha 0.W 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
M- talymene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
M. iycfwnenss 0.66 61 3 4  266 0.89 232  5.90 7.79 243 
M. MEDIUM 0.00 O. 00 0.00 0.00 0.89 0.33 227 0.49 
M. pseudauoronat8 7.95 924 6.31 0.89 33.77 f 4.43 5.19 3.40 
M. puRcolbra 2 9 8  0.00 0.33 1.19 0.33 1.31 0.32 121 
M- SMALL 0.99 1.68 0.66 0.60 0.99 0.00 1.30 0.49 
M. tonsutata 4.64 0.00 299 625 3.64 9.51 5.52 7.04 
M. toquata 232 0.W 299 0.00 0.00 1.97 0.32 291 
M. tnnnsyhgniS9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Synura cum'spina 0.66 0.00 0.00 0.00 0.00 0.33 0.65 0.00 
S. ed,nrilrita 6.95 3.36 40.20 29.76 3.64 2 3 0  4.87 3.16 
S. pemSOM 1258 0.84 8.97 2 3 8  16.89 10.49 25.97 3.16 
Ssph8gnkxMa 9.M) 0.84 3.99 5.06 0.66 426 1.30 48.54 
S. s p i m  265 0.00 0.00 0.00 0.99 0.33 0.65 0.00 
S. vwils 2.65 1.68 3.99 4.17 5.30 328 227 2 1  8 
~ i y s o S p h ~ ~ a  SPP 1.99 0.00 1 .66 0.30 1.66 8.52 9.09 024 
pa~physomona~ WP 0.66 420 0.33 0.00 0.33 0.00 0.97 0.00 
Spinilbmmonas spp 0.W 252 1.33 0.30 0.33 0.00 1.95 024 



Appendix E (continued) 

Muskoka-Haliburton (Bottoms) 
Relative abundance data 

Harnmel 
Haliburtwi Halh HamerBay Bay Harp Kasha. S. Kasha- N. Kelly 

Taxa 
Malhamonas eairaicles L muskDkana 0.00 0.00 0.00 0.33 0.74 0.00 0.00 015 
M. ahlromos 0.00 1.66 0.33 1.64 0.00 0.33 0.99 0.75 
M. eaudata 5.96 266 0.98 4.59 298 5.32 3.31 115 
M. crass~~squama 10.93 1827 6.21 820 13.40 1229 2020 1421 
M. d o e ~ ~ i m  9.93 51.M 73.53 23.61 41.44 1 229 5.63 59.10 
M. aongata 0.66 233 0.00 0.00 O. W 0.56 0.66 0.75 
M. galerrtKmis 0.33 0.33 0.33 0.33 298 0.00 0.33 224 
M. hamafa 0.66 6.31 415 295 7.69 5.65 1.66 249 
M. halerwpina 0.00 0.00 0.00 0.00 O. W 0.33 0.00 0.00 
M. lelymene 0.00 0.00 0.00 0.00 0.50 0.00 0.00 0.00 
M. b~henensis 4.30 0.33 523 6.89 1.74 233 1.32 0.50 
M. MEDIUM 4.64 0.33 0.00 0.98 0.M 5.98 1.66 0.25 
M. psedacumneta 21.19 4.98 5.88 3.61 5.71 15.61 1623 324 
M. pur~îifara 1.32 0.00 0.65 0.33 7.94 0.00 0.33 200 
M. S M W  0.66 1.66 0.33 0.33 0.50 0.66 0.66 025 
M. mnsorata 1.99 1.99 1.63 1.31 8.44 4.65 4.64 3.99 
M. taquata 0.66 0.33 0.00 0.98 0.74 1 .O0 1.99 0.50 
M. Irannqlmn& 0.33 O. 00 0.00 0.00 0.00 0.00 0.00 O. W 
Synura cumspna 0.00 0.00 0.00 0.00 025 0.00 0.00 025 
S- echinulata 1258 0.33 0.33 13.11 0.00 1921 

4.65 13.58 
0.00 

S- petenen17 7.62 233 0.00 2û.98 1.99 23.59 224 
S sphagnffora 0.00 1.33 0.00 6.89 0.00 0.66 1.32 0.00 
S SpinOSa 232 0.66 0.00 O. 00 1.49 0.33 1.99 1.00 
S- uvelI8 13.58 0.66 0.00 1.31 0.00 0.33 265 3.99 
ChrVsosphaentna spp 0.00 1.00 0.33 1-31 oz5 1.99 0.33 0.00 
Parap/~ysomanas spp 0.00 1.00 0.00 0.00 0.50 0.66 0.99 0.75 
Spniiï?mmonas spp 0.33 0.W 0.00 0.33 025 0.66 0.33 O. 00 

Lime Little 
Kennensis Kushog. N. -S. Leech Leonetd LimeQear Kennensis Redstone 

Taxa 
MalIomanas acamicbs f. muskokvia 0.00 5.13 1.00 0.98 3.96 1.72 0.m 1 .32 
M. akmkomos 0.33 224 1 .OO 0.65 0.00 0.49 0.33 0.99 
M. Wudate 3.00 1.92 1.66 1.96 2 4 8  246 298 263 
M. aasisquama 9.33 6.73 1827 10.46 13.12 48.03 9.93 17.11 
M- euemmidoee 37.67 33.33 18.94 7.52 58.17 1281 19.87 18.09 
M. dongab 1.33 0.64 0.00 0.98 025 246 0.00 0.00 
M. g a l m i s  0.67 O.% 1.66 0.65 0.99 O. W 1.32 1.32 
M. hamat4 6.00 4.17 1.99 327 0.74 246 6.95 230 
M. hemn~spina 0.00 0.00 0.66 0.00 0.00 025 0.00 0.00 
M. le&lwne 0.00 0.00 0.00 0.98 0.49 0.00 0.00 
M. &t2mwn.üs 0.64 0.00 0.98 7.43 025 0.33 0.33 
M. MEDIUM 0.33 128 0.66 0.98 1.98 123 0.00 0.66 
M. methamnata 3.33 1 1.86 8.31 1.63 1.98 1.99 

lZ3 3.64 
8.55 

M. puncoRit-a 233 5.45 1 .O0 0.33 0.99 2.22 3.62 
M. SMALL 0.33 0.32 1.89 1.63 0.00 025 0.66 1.32 
M tonsurata 6.33 7.69 4.65 1.31 1 .TJ 0.25 3.31 428 
M- taquafa 0.33 128 1.66 t .31 0.00 0.00 1.32 0.33 
M. tmnnsytvenica 0.00 O. 00 0.00 0.00 025 0.00 0.33 0.33 
m u r a  wrtïspna 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
S- ediinulefa 1.33 0.32 1.00 1 1.76 025 0.74 232 4.61 
S. pelemnii 6.67 9.94 13.95 10.78 1.73 6.65 9.60 18.75 
S. sphagnicda 3.00 0.00 1329 30.07 025 0.00 21.19 1.32 
S. spinosa 4.33 0.00 1 .O0 1.96 0.00 7.14 1.66 0.66 
S. uuella 9.67 0.00 3.99 284 3.22 5.67 629 0.99 
Chrysosp)iaenYla spp 200 4.49 266 6.21 0.25 246 4.30 8.88 
Pamphysamonas spp 1 .O0 0.32 0.33 0.00 0.00 0.49 0.66 0.00 
SpinlRm,monas spp 0.00 128 0.33 0.65 0.00 025 0.99 1 .84 





Appendix F: Relative abundance species data from top and bottorn triplicate samples 

Muskoka-Haliburton (Tripkates) 
Relative abundance data 

Bass-tl Bassa Bass-t3 Baual Bassdz BaSs-43 

Taxa 
MalI~m~nas acaroides fi muskokana 0.61 0.66 230 0.99 0.00 0.00 
M. aiwbnms 0.61 0.33 0.33 0.00 0.00 0.33 
M- audala 0.92 1.66 1.97 0.99 1.31 0.33 
M. aas~~squama 275 298 1.64 1 1.39 15.03 17.55 
M. duensci~rn~ae 0.92 0.66 0.98 41.58 44.77 39.40 
M. eiongata 0.00 0.00 0.00 0.00 0.00 0.33 
M. galeirbmiis 0.00 0.33 0.33 0.00 0.00 0.00 
M. hamata 0.31 0.66 0.66 0.00 0.00 0.99 
M. hetemspna 0.31 0.00 0.00 0.00 0.00 0.00 
M. EeEymend 0.3 1 0.00 o. 00 0.00 0.00 o. 65 
M. Wenensis 0.00 0.00 0.00 297 294 3.31 
M. MEDIUM 0.00 0.00 0.33 0.00 0.33 0.00 
M. pseudax,mata 1.83 0.99 1.31 3663 29.41 29.80 
M. punctiR,ra 0.00 0.33 0.00 0.00 0.00 0.00 
M. SMALL 214 0.66 1.64 O. 00 0.00 0.66 
M. tansuma 1.83 1-32 0.98 0.00 0.33 0.66 
M. toquata 0.00 0.33 0.98 0.00 0.98 0.65 
M. bannsVhgnica 0.00 0.00 0.00 0.00 0.33 0.00 
Synura wriispna 0.61 0.99 0.66 0.00 0.33 0.00 
S- echinulata 6-12 7.95 6.89 0.99 1.63 1.66 
S. petemntï 18.04 16.56 14.43 0.00 0.33 0.66 
S- sphagnicda 37.00 33.44 37.38 0.99 0.33 0.33 
S- SpnaSB 275 4.64 230 0.00 0.00 0.33 
S. uvella 1.63 298 1.97 1.98 0.98 0.66 
ChrysosphmreUa spp 19.57 P l 9  2262 0.00 0.00 0.33 
Paraph~somanus SPP 0.61 0.33 0.00 0.w 0.33 0.99 
SpiniRtnnnonas spp 0.92 0.00 0.33 f .49 0.65 0.33 

Cmssall-tl c2msm-Q Crosson43 Cmssoll-bl cmx0n-U Cro~sona3 

Taxa 
MalIomonas acam'des I. muskdrana 0.63 0.97 0.98 2M 3.03 1.33 
M. ahkomos 0.00 0.00 O. 00 1.17 0.30 0.00 
M. wudata 219 129 0.98 262 4.85 1.66 
M. aassisquamii 0.00 0.00 0.73 1283 727 10.63 
M. Uuenschrnidüae 1.57 324 1.71 1429 14.85 7.97 
M. eiongata 0.00 0.00 0.00 0.00 0.00 O. 00 
M. galeilbmus 0.00 0.00 0.00 0.87 1 2 1  0.66 
M. hamata 0.94 0.00 0.73 262 1.52 1.33 
M. heterospna 0.00 0.00 0.00 0.00 0.00 0.00 
M. ldymene 0.00 0.00 0.W 0.00 0.00 0.00 
M. îjcimnensis 0.00 a.00 0.00 0.87 0.30 1.99 
M. M&DIUM 0.00 0.00 0.00 0.00 0.91 0.00 
M. pseudaamnata 0.00 0.65 0.49 4.66 424 6.31 
M. pumafera 0.00 0.00 0.00 0.00 0.00 0.00 
M. SMAU. 0.31 0.00 0.00 0.58 0.30 0.66 
M. Consurata 0.31 0.32 O. 00 525 3.64 299 
M. tor~~atüi 0.94 0.97 024 262 9.39 299 
M. trannsjivanica 0.00 0.00 0.00 0.00 0.00 0.00 
Synura wrtispina 0.00 0.00 0.00 0.58 0.00 0.00 
S. eahinulata 0.63 0.65 0.00 2245 3.64 4020 
S. petersni 76.49 66.34 67.32 1254 20.00 8.97 
S. sphagnfcda 13.79 23.30 n.17 525 17.27 3.99 
S. SpillOSB 0.31 0.65 024 0.00 0.00 0.00 
S. umua 0.00 0.00 0.00 3.79 3.94 3.99 
Chrys~spheerslla spp 1.88 0.97 3.41 2.04 1.21 1.M 
Paraphysornonas spp 0.00 0.32 0.00 0.00 121 0.33 
SpniRNOmanas spp 0.00 0.00 0.00 029 0.30 1.33 



Appendix F (continued) 

Muskoka-Haliburton (Tnplicates) 
Relative abundance data 

Diaict-ll O idoeO Dickie-U Didrie-41 Dime-b2 Didatl-b3 

Taxa 
Makmonas acaroidss f. muskDkana 274 248 280 268 2.52 224 
M. ahlawnos 0.75 0.00 0.00 0.00 0.63 0.00 
M. Ce&& 224 3.42 3.32 1.79 1.89 0.64 
M. aassisquama 200 3.42 280 5.06 5.68 256 
M. d U B m d , W s  424 6.52 218 36.61 29.65 30.67 
M. elongata 0.00 0.62 0.93 0.00 0.95 O. W 
M. galeihmis 0.50 1 24 0.62 1.19 0.32 0.64 
M. hamata 1% 1.24 0.93 0.89 3.47 0.96 
M. hetsrospcnd 0.00 0.00 0.00 0.00 0.00 0.00 
M. Ielymene 0.00 0.00 0.31 0.00 1 .Sa 0.00 
M. I@mnensis 0.25 0.00 0.31 0.60 1.89 0.32 
M. MEDIUM 0.25 0.00 0.00 0.00 0.00 0.00 
M. pseudDcomnata 0.25 0.93 0.00 0.89 0.95 0.64 
M. puncM9ra 0.00 0.31 0.00 0.00 0.32 0.00 
M. SMALL 0.75 0.31 0.62 0.60 0.95 0.32 
M. tonsunta 200 3.1 1 3.1 2 625 6.31 6.71 
M. mquata 0.50 124 1-56 0.00 1.26 0.96 
M. bannq4mnica 0.00 0.00 0.00 0.00 0.00 0.00 
Synura cum'splna 0.75 0.00 0.00 0.00 0.00 0.00 
S- echinulata 723 7.14 8.72 29.76 1.89 36-10 
S petersenr? 24.69 21.14 27.10 238 10.09 4-79 
S. sphagnicola 39.40 3820 33.33 5-06 23.03 4.15 
S- spinosa 1 .O0 280 249 0.00 1.58 0.64 
S. &/a 249 217 249 4.17 1.58 4.1 5 
ChiyswphaetRiia ~ p p  6.48 280 5.92 0.30 221 1.60 
paraphysomonas spp 0.00 0.31 0.31 0.00 0.32 0.64 
SpBi&monas spp 025 0.00 0.00 0.30 0.32 0.64 

Halib.41 Halib.-Q Halib.43 Halib.-bl Halib.42 Hdib.-b3 

Taxa 
Mallotnanas acatcides I. muskdtlina 0.00 0.00 O. W 0.00 0.00 0.00 
M. akmhmos 0.00 0.00 0.00 0.97 0.00 0.98 
M. caudata 1.95 0.98 1.66 258 6.16 4.25 
M. aassisquama 6.51 9.56 1262 9.03 11.30 9.80 
M. d~rrshmidb'ae 0.65 123 0.66 1323 6.85 15.36 
M. elongata 1.63 0.49 0.66 0.32 0.68 0.33 
M. g a r n i s  0.00 0.00 0.00 0.00 0.34 0.00 
M. hamata 1.63 270 1.33 0.65 0.68 0.98 
MA hetemspina 0.00 0.00 0.00 0.00 0.00 0.33 
M. &&mene 0.00 0.00 0.00 0.00 0.00 0.00 
M. lychenenws 0.00 0.00 0.00 2 5 8  4.45 3.92 
M. MEDIUM 0.65 0.49 0.66 5-16 4.79 4.60 
M. pseudmmnata 9.12 245 9.30 17-74 21.92 18.95 
M. puncfilbra 0.33 0.00 0.00 0.32 1.37 1 .96 
M. SMAU 0.65 0.49 0.33 0.32 0.68 0.65 
M. tonsurata 0.33 1.47 0.33 4.19 205 229 
M. toquata 1.30 025 1.00 0.32 0.68 0.33 
M. îrannsyfvanica 0.00 0.00 0.00 0.32 0.34 0.00 
!3ynura amspina 0.88 221 0.66 1 29 0.00 0.00 
S- echinulaîa 6.51 4.90 4.65 7.74 13.01 5.56 
S. peiarSenii 4267 48.04 4120 10.97 7.88 8.50 
S. sphagniosa 0.00 025 0.00 0.32 0.00 0.65 
S-  spi^ 8.47 5.04 4.98 4.52 240 0.98 
S- U Y B I I ~  14.98 16.18 1827 1290 14.04 13.40 
Chrysosphaerella spp t .30 0.98 0.66 323 0.00 327 
Paraphysomonas spp 0.00 0.49 1.00 0.97 0.00 1.63 
Spiniriommanas spp 0.33 1.23 0.00 0.00 0.34 0.33 



Appendix F (continued) 

Muskoka-Haliburton (Tripkates) 
Relative abundance data 

L Clear-t1 L Ciear42 L Clear43 L Clear-bt L Char-b2 L Clear-b3 

Taxa 
Malionmnas acaroides f. muslcokana 0.00 0.92 0.00 1 .S 1.72 3.96 
M. akr0komo.s 1.62 0.92 0.00 125 0.49 264 
M. caudata 1.62 0.23 292 0.94 2 4 6  1.98 
M. aassisquama 18.51 14.55 17.86 34.17 48.03 36.96 
M. dmrrsdm~idtiae 0.97 1.39 0.97 9.40 1281 9.24 
M. etcngaia 0.32 0.00 0.00 1 2 5  246 1.65 
M. galeilbnnrs 0.00 0.00 0.00 0.00 0.00 0.00 
M hamata 1.62 3.46 3.57 282 2 4 6  3.96 
M. hetempina 1.62 1.39 0.32 0.63 0.25 0.66 
M. EeIymene 0.00 0.00 0.00 0.31 0.49 0.00 
M. lydrenensis 0.00 0.00 0.00 0.31 0.00 
M. MEDIUM 0.32 0.23 0.32 1 .s7 OZ5 1 .23 0.66 
M. pseudacotunah 0.00 0.92 0.00 1 .n 1 .23 264 
M. pundsbra 0.00 023 0.32 125 123 1.32 
M. SMALL 0.00 0.23 0.00 2 1  9 0.25 0.33 
M- tumurah 0.00 0.23 0.00 0.31 0.25 0.66 
M. lwpuata 0.32 0.69 0.32 0.3 1 0.00 0.00 
M. bannsyhmnica 0.32 0.00 0.00 0.63 0.00 0.00 
Sflura CurOspna 0.97 1.15 227 0.00 0.00 0.00 
S echinulata 3.90 3.23 292 0.00 0.74 0.00 
S. peterseniT 21.10 26.56 24.68 10.34 6.65 13.53 
S sphagnicola 0.00 0.23 0.32 0.31 0.00 1.32 
S. spinasa 1299 4.39 9.09 8.46 7.14 4.95 
S. m R a  1.62 1.39 227 627 5.67 1.98 
Chrysosphaerella spp 3 -17  36.03 29.87 11.60 2 4 6  8.91 
Paraphysomonas spp 0.65 0.92 0.32 0.31 0.49 0.66 
Spnikromonas SDD 0.32 0.69 1.62 0.31 015 0.99 




