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Dear Mr. Sweetham:

Re:

Historical Water Quality Trends in Georgian Bay Embayments — A Paleolimnological Study

We are pleased to submit this final report on historical water quality trends in Georgian Bay Embayments.
The report includes the methods used for collecting and analyzing the sediments and presents the results
and interpretations for the various analyzed indicators.

The main findings of our study are:

L4

Before European settlement, North Bay (TP 13 ug/L) and South Bay (TP 11 ug/L), were
mesotrophic, based on fossil diatom algae analysis, while South Bay had naturally more anoxia
than North Bay;

With the onset of watershed deforestation in the 19t century, minor shifts in algae and midge
larvae communities were observed,;

A moderate, more consistent change across sediment indicators, suggesting slight nutrient
enrichment, was observed in the 1950s/1960s and is likely related to development in the
watershed and the shoreline, with a stronger effect seen in South Bay than in North Bay;
Significant shifts in algae and midge larvae assemblages to more littoral communities in the late
1960s and again after 1980 indicate increased availability of shallow water habitat, likely due to
reduced water levels and increased water clarity;

Overall, water quality in North and South Bays appears to be influenced by upstream influences
(i.e., the Severn River for South Bay) and exchange with Georgian Bay (North Bay) as well as by
local shoreline disturbance.

The aquatic biota have responded as strongly to changes in habitat in the past ca. 30 years as to
any water quality changes since pre-settlement times.

In closing, we thank you for the opportunity to assist Georgian Bay Forever with this interesting project.

Sincerely,
Hutchinson Environmental Sciences Ltd.
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dorte.koster@environmentalsciences.ca

Hutchinson Environmental Sciences Ltd.

»'

R090813_J120024_GBF-Paleo-Report-Final.docx


mailto:dorte.koster@environmentalsciences.ca

J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

Signatures

Dl (s~ =Y

Dorte Koster, Ph.D. Tammy Karst-Riddoch, Ph.D.
Senior Aquatic Scientist Senior Aquatic Scientist

Neil J. Hutchinson, Ph.D.
Principal Scientist

= Hutchinson Environmental Sciences Ltd.

R090813_J120024_GBF-Paleo-Report-Final.docx 1



J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

Executive Summary

The Honey Harbour area of Georgian Bay is heavily used by cottagers and boaters and consequently there
have been concerns raised about the impact of development and recreational use on water quality. For the
last ca. 30 years, monitoring efforts have provided much insight into the current status and functioning of
the Georgian Bay embayments. These data, however, were collected well after the development of
shorelines with cottages and resorts and therefore it is currently unknown to what extent land use had
affected water quality before monitoring started and what the relative importance of land use in any recent
ecosystem changes may be. Recognizing the influence of multiple stressors on the aquatic ecosystem,
management and stewardship by concerned stakeholders in Georgian Bay requires information on what
aspects of change may be manageable locally (e.g., land use and stewardship) and what aspects are
beyond immediate local control (e.g., climate change, water level changes and invading species).

Georgian Bay Forever has recognized that the lack of background data from the time period before
European settlement and shoreline development represents a critical knowledge gap for evaluating current
conditions and the recent observations in the inner bays of Georgian Bay. Hutchinson Environmental
Sciences was retained to design and complete a study on historical nutrient status, deep-water oxygen
conditions, aquatic plant abundance and algae community composition from pre-settlement until current
times by the means of paleolimnological techniques, i.e., the analysis of bottom sediments.

The sites selected for this study were North Bay and South Bay, two embayments north-east of the
community of Honey Harbour, in Georgian Bay Township, District of Muskoka. These bays have limited
water exchange with the open waters of Georgian Bay, as they are protected by numerous islands that
make up the eastern Georgian Bay coastline. North Bay is the deeper bay of the two, with a small Canadian
Shield watershed and occasional mixing with the Georgian Bay open waters. South Bay receives water
from a tributary, a branch of the Severn River, draining in part off-shield land of southern Ontario. This bay
has no detectable exchange with the open Georgian Bay waters, due to the predominating water influx from
the tributary.

Sediment cores were collected at deep locations in North and South Bay to represent open water conditions
and in a shallow, sheltered bay of North Bay to represent near-shore conditions. Sediment ages were
determined by lead-210 radioisotope analysis. Fossil midge (chironomid) larvae, diatom algae, algal
pigments and organic matter content were analyzed in the deep water cores and plant macrofossils in the
near-shore core. Animal and plant community composition was interpreted in terms of habitat and nutrient
preferences. Pigment concentrations and organic matter content were used to evaluate past primary
productivity and pigment composition to describe algal assemblages. Deep-water oxygen conditions were
reconstructed using a chironomid inference model and surface water total phosphorus concentrations were
reconstructed using a diatom inference model. The patterns in sediment indictors were compared to known
historical patterns of land use as well as climate and water level data from the area.

The main conclusions of this study were as follows:

= Hutchinson Environmental Sciences Ltd.
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% Before European settlement, North Bay (TP 13 ug/L) and South Bay (TP 11 ug/L) were
mesotrophic, while South Bay had naturally more anoxia than North Bay;

€ With the onset of watershed deforestation in the 19th century, minor shifts in algae and midge
larvae communities were observed in both bays, consistent with slight nutrient enrichment from
increased overland runoff;

@ The largest changes in diatom algae and midge larvae communities as well as overall algae
production were observed in the 1950s/1960s and were indicative of additional but slight nutrient
enrichment. These were likely related to cottage development and watershed alterations, with a
stronger effect seen in South Bay than in North Bay;

 Significant shifts in algae and midge larvae assemblages to more littoral communities in the late
1960s and again after 1980 indicate increased availability of shallow water habitat, likely due to
reduced water levels, increased water clarity and increased aquatic macrophyte abundance;

€ A minor, but consistent diatom algae change after 1980 indicated increased water column
stability, possibly related to climate warming, and coincided with the increased abundance of
chrysophyte algae, a regionally reported phenomenon.

% The more pronounced nutrient enrichment of South Bay is likely due to the influence of the
Severn River watershed and the more limited water exchange with the Georgian Bay open waters
compared to North Bay in addition to shoreline development.

% Overall, water quality in North and South Bays appears to be influenced by upstream influences
(i.e., the Severn River for South Bay) and exchange with Georgian Bay (North Bay) as well as by
local shoreline disturbance.

% The aquatic biota have responded as strongly to changes in habitat in the past ca. 30 years as to
any water quality changes since pre-settlement times.

The Georgian Bay embayment sediment study filled an important data gap by describing conditions
predating the water quality monitoring programs that started in 1980. This places existing water quality
measurements into context with the natural background conditions and historic changes. By matching
observed patterns in the sediment cores with known historical land use activities, and by comparing the
records of the two hydrologically different bays, we gained insight into the timing and causes of water quality
changes. We also identified differing sensitivity to nutrient enrichment between the bays. These pieces of
information put the currently collected monitoring data into a long-term perspective and help direct future
monitoring and stewardship efforts.

= Hutchinson Environmental Sciences Ltd.

R090813_J120024_GBF-Paleo-Report-Final.docx



J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

Table of Contents

Transmittal Letter
Signatures
Acknowledgments
Executive Summary

1. T a1 oo [0 1o i o o [P UTPURRPRR 1
2 HISIOrY Of the STUAY AFBA  ...eeiiiiiiie et et e s e e s abe e e neee 1
3. S L3 BT ox ] o (o o PP SRR PPRR PRI 2
4 /=1 0T To £ SRR 4
4.1 FIEIO PrOCEAUIES ..ottt ettt s et e s e s s 4
4.2 SAMPIE ANGIYSES ...t neee 6
4.2.1  ANAIYSIS SETATEOY .eeeeiiiriieiiiiiie ettt ettt 6
4.2.2  Lead-210 ANAIYSIS ....cveeeeiiiiiee et 6
4.2.3  AlGAl PIgMENTS ...ttt et 6
S O 11 (o] g To 1 1[0 PP PTPRRP 7
S - 161 1 P PP PTPRRP 7
4.2.6  Plant MacrofOSSIlS .........ccoiiiiiiiiiiiie e 7
4.3 DALA ANBIYSIS ..eeoieeeee ettt b e e s b et s b e e n e e nnneeas 9
e 0 R O [ (o] g (o] (o T |V TP PRPPPPPPPP 9
4.3.2 Diatom-based TP RECONSIIUCION .........eviiiiiiiiiiiiiee e 10
4.3.3 Chironomid-based Oxygen Reconstruction ...........cccceeee e, 10
5. TS RS 10
51 L4 o110 0T ] o o | Y2 10
5.1.1  NOIh Bay DEEP WALE .......uuuiuiiiiiiiiiiiiiiiiiiieiuieiainieinrnrsrsrsrararsrnrersrernrsrnrnrnrarnnn.. 10
LN A VLo 5 { T = oY AN [= = U] T = 12
B5.1L.3  SOULN BAY...eiiiiiiiiiei e 14
5.2 Algal Production and COMMUINILY..........cooiuuriieiiiiie ettt 18
L0t R \ VT T 1 o T = T Y 18
B.2.2  SOULN BAY....eiitiieiiiiieiiie ettt 19
5.3 Diatom Assemblages and Historical TP CONCeNtrations .............ooccuuveeeieeeeniniiiiiiieeeeeeeeee 20
I 20 R VT 1 o 0 = - RS RPRPRP 20
B5.3.2  SOULN BAY...eiiiiiiiiie e 22
5.4 Chironomid Assemblages and Historical Oxygen Conditions ..........ccccceveeviiiieiiniieeeeenn 24
I O A o] 1 I =7 YU ETT PRI 24
D542 SOULN BAY....eiiiiiiiiiiiie ettt e e e e e e e aaaeas 26
55 Aquatic Plant COMMUNITIES ...ttt e e e e st e e e e e e e e eneeeee 28
6. SUMMEATY ettt e e e e e e e s e reeeae s Error! Bookmark not defined.
6.1 History of North Bay Water Quality and Aquatic COmmUNIIeS............cevveerriiiiiiiieeeeaennnne 29
6.2 History of South Bay Water Quality and Aquatic COMMUNILIES .........ccocveeeiiiiieeeiniiieeenn 31
7. L0 o 11T o SRR 33
8. RETEIENCES ..ttt e e oottt et e e e e e b e e e e e e e e e e e e n b b e et e e e e e e e annbaaeeaaaeas 36
= Hutchinson Environmental Sciences Ltd.

R090813_J120024_GBF-Paleo-Report-Final.docx VI



J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

List of Figures

Figure 1. Map of Sites and CoriNg LOCALIONS .........ueiiiiiiiiiiiiiieeie e e e e s s e e e e e et rrr e e e e e s s s snrrnaeeeee s 4
Figure 2. Lead-210 Activity Profile for North Bay Deep-Water Sediment Core ..........coccvveevvvveeenniieeennnnn 11
Figure 3. Chronology for the North Bay Deep-Water COMe........coccuuiiiiiiiieiiiiiee ettt 12
Figure 4. Lead-210 Activity Profile for North Bay Near-Shore Sediment Core........ccccccoevvcvvveeeeeeecviicinnnen, 13
Figure 5. Chronology for the North Bay Near-Shore COre..........oocuuii it 13
Figure 6. Lead-210 Activity Profile for South Bay Sediment COre ..........cccoviiieiiiiiee e 14
Figure 7. Chronology for South Bay Deep-Water COME ............uuuuuuuurmrmrminreinrnininininrnrnrninrnrnrnnn... 15
Figure 6. Algal Pigments in North Bay Sediment COTe ........cuuiiiiiiiieiiiiiie e 19
Figure 7. Algal Pigments in South Bay SediMENt COIE ........c..uiiiiiiiiiiiiiiee ettt 19
Figure 8. Diatom Assemblages, Littoral to Planktonic Ratio and Inferred TP Concentrations in North Bay
.................................................................................................................................................................... 22
Figure 9. Diatom Assemblages, Littoral to Planktonic Ratio and Inferred TP Concentrations in South Bay
.................................................................................................................................................................... 24
Figure 10. Chironomid Assemblages, PCA scores and Inferred Hypolimnetic Oxygen in North Bay....... 24
Figure 11. Chironomid Assemblages, PCA scores and Inferred Hypolimnetic Oxygen in South Bay ...... 26
Figure 12. Macrofossil Counts at the North Bay Near-Shore Site..............uuuiuiiiiimieiiiiiiiiiiiiiiieiinienn. 29
Figure 13. Summary of Paleolimnological Indicators in NOrth Bay............coocveriiiiiieiiiiiieenice e 30
Figure 14. Summary of Paleolimnological Indicators in South Bay ..........ccocviiiiiiiii i 32
List of Tables

Table 1. List of Sub-sampled COre SECHUONS. ........coiiiiiiiiieie e 5

List of Photos

Photo 1. Core Collection Apparatus With SEdiMeNnt COTE ........cooiiiiiiiiiiiiie e 5

Hutchinson Environmental Sciences Ltd.

»'

R090813_J120024_GBF-Paleo-Report-Final.docx VI



J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

Appendices

Appendix A. Lead-210 Results
Appendix B. Complete Pigment Data
Appendix C. Complete Diatom Data
Appendix D. Complete Chironomid Data
Appendix E. Complete Macrofossil Data

Hutchinson Environmental Sciences Ltd.

»

R090813_J120024_GBF-Paleo-Report-Final.docx VIII



J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

1. Introduction

The Honey Harbour area of Georgian Bay is made up of many small embayments that have variable
morphometry and limited water exchange with the open waters of Georgian Bay. This area is heavily used
by cottagers and boaters and consequently there have been concerns raised about the impact of
recreational use on water quality (Georgian Bay Forever 2013). Recent water quality studies conducted by
the Severn Sound Environmental Association and by Georgian Bay Forever did not indicate substantial
changes in water quality or trophic status indicators in the inner bays of Georgian Bay in the last circa 30
years (Hutchinson Environmental Sciences 2011). Other observations, such as small recent changes in
Secchi depth and chlorophyll a, as well as the increase in chrysophyte algae and rooted aquatic plants
were observed but may be regional phenomena, as similar observations have been made across many
Ontario lakes. All these data were collected well after the development of shorelines with cottages and
resorts and therefore it is currently unknown to what extent land use had affected water quality before
monitoring started and what the role of land use in any recent ecosystem changes may be.

Some of the observed changes in water quality may be a response to regional processes or an external
set of multiple stressors such as climate change, changing water levels and invading species, but localized
changes such as nutrient enrichment or sedimentation cannot be ruled out with existing information.
Management and stewardship of environmental changes by concerned stakeholders in Georgian Bay
requires information on what aspects of change may be manageable locally (e.g., land use and
stewardship) and what aspects are beyond immediate local control (e.g., climate change, water level
changes and invading species).

Georgian Bay Forever has recognized that the lack of background data from the time period before
European settlement and shoreline development represents a critical knowledge gap for evaluating current
conditions and the recent observations in the inner bays of Georgian Bay. This report describes a study
designed to obtain information on nutrient status, deep-water oxygen conditions, aquatic plant abundance
and algae community composition from pre-settlement until current times by the means of paleolimnological
techniques, i.e., the analysis of bottom sediments. This information will supplement that obtained by
conventional monitoring over the past 20 years to describe a more complete history of water quality. Cross-
referencing the timing and nature of changes inferred from the paleo record against known changes in land
use, water level, climate and other potential causation factors will help to determine the most likely cause
or causes of the observed changes.

2. History of the Study Area

Evidence of Aboriginal inhabitants of the area was found from as early as 7,000 years ago (EDA
Collaborative Inc. and Planning Solutions 2011). The predominant traditional aboriginal land uses in this
area were hunting and gathering, which would not have had any impact on water quality. In the early 18t
century, the Ojibwa from the Great Lakes arrived in the area and in 1812 a reserve was established for
them on Beausoleil Island, outside of the North and South Bay watersheds, where they practiced
agriculture. Aboriginal agricultural use of the North and South Bay watersheds is unlikely due to the
unfavourable soil conditions.

i€
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Europeans traveled the Georgian Bay coast first in the 1600s and 1700s for fur trading. By the 1800s, small
villages had sprouted around the many fur trade posts. As the fur trade declined subsequently, settlers
turned to the huge natural resources around them for trade instead. They branched out into fishing and
lumber operations, spurring the need for railroads and shipyards to transport goods. Primitive lumber camps
were established along most of the Bays’ river corridors (Ketcheson, undated).

Beginning in the late 1840s the Ontario government gradually implemented a policy of northern expansion
in Canada West. As part of this policy Muskoka was surveyed and made accessible during the next two
decades (Muskoka, Parry Sound Genealogy Group 2013). In 1850 a treaty was signed between the
Honorable B. Robinson and 36 chiefs of the Ojibway Nation ceding to the government the parcel of land
northwest of Penetanguishene to Sault Saint Marie and eastward to the Ottawa River. Lumbermen and
companies from Simcoe and York Counties moved into the area, especially after 1855 when the railroad
was completed to Collingwood. Settlement was slow until the passing of the Free Grant and Homestead
Act of 1868, which offered free land against the obligation to “clear and have under cultivation at least 15
acres” and several other requirements. Some of the lumbermen and transient sailors became farmers when
free land was given in 1868 (Muskoka, Parry Sound Genealogy Group 2013). By 1881, the entire population
of Muskoka had increased to 13,000. Between 1900 and 1910 the pines that were valued for shipbuilding,
were depleted and the number of farmers decreased by 50% due to the poor land (Muskoka, Parry Sound
Genealogy Group 2013). The population history of the immediate Honey Harbor area was not directly
inferable from that source.

The first large influx of visitors to the area occurred at the start of the 20" century, when the Victoria House-
Cottage Hotel was built on the Delawana Inn site and the Royal Muskoka Hotel was opened on Royal Island
(EDA Collaborative Inc. and Planning Solutions 2011). In 1922, the Trent Severn Waterway was completed,
which had been under construction for a number of years. To ensure the water depth required for ship
travel along the route, numerous dams were erected, one of them on Baxter Lake, which is located
upstream of South Bay.

Extensive cottage development on the shorelines of eastern Georgian Bay and in other Muskoka areas did
not occur until the economy flourished again after the two world wars, around 1950.

3. Site Description

The sites selected for this study were North Bay and South Bay (Figure 1), two embayments north-east of
the community of Honey Harbour, in Georgian Bay Township, District of Muskoka. These bays have limited
water exchange with the open waters of Georgian Bay, as they are protected by numerous islands that
make up the eastern Georgian Bay coastline. The shorelines of both bays are densely developed with
cottages and multi-season residences, thanks to a well developed road network. Honey Harbour is the only
Georgian Bay community that is not fully serviced by municipal sewers (EDA Collaborative Inc. and
Planning Solutions 2011); therefore all residences are equipped with septic systems.

The main differences between North Bay and South Bay are their depth, the size and nature of their
watersheds and the resulting flushing rates and exchange with the Georgian Bay open waters. North Bay
is the deeper bay of the two, with a maximum depth of 22 m in the inner bay and of 20 m in the outer bay.
The watershed has a size of approximately 9 km? and includes the typical surrounding forested Canadian
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Shield. It has usually limited mixing with Georgian Bay open waters, but in very windy years, such as 2006,
water mixing with the lower-nutrient and higher-conductivity Georgian Bay waters does occur and can result
in large inter-annual differences in phosphorus concentrations in this bay (Schiefer et al. 2006).

South Bay receives water from a major tributary at its northeastern end. This tributary is a branch of the
Severn River that flows through Gloucester Pool and Baxter Lake and then into South Bay (Schiefer et al.
2006), draining a local watershed area of 113 km2. This tributary causes a naturally higher flushing rate of
South Bay compared to North Bay?! and introduces higher conductivity (harder) Severn River water. It also
represents a barrier against exchange with the open waters of Georgian Bay and therefore is less
susceptible to wind-driven mixing events, resulting in a more stable water quality in South Bay.

In North Bay, one sediment core was collected at an open, deep-water location of the outer bay at 15 m
depth and one sediment core was collected in a small, sheltered, shallow bay (approx. 3 m depth) at the
eastern end of the bay. In South Bay, one core was collected from a deep-water site, at 11 m depth.

! Flushing rate can be described by the “areal water loading rate”, or gs, the total annual flow through a water body divided by
its surface area. The value is 2.2m for North Bay and 11.1m for South Bay, such that the flushing rate of South Bay is 5X
that of North Bay.
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Figure 1. Map of Sites and Coring Locations
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4. Methods
4.1 Field Procedures

Sediment cores were collected on July 12, 2012, using a gravity corer fitted with a 6.5-cm diameter plastic
tube. Cores were covered with black bags to limit light exposure that degrades pigments and transported
on ice and upright to the sub-sampling location. The sediment cores were sectioned on the same day into
0.5 or 1 cm-thick slices, which were immediately stored in the dark, at 4°C.

The length of the cores measured 27 cm at the North Bay deep-water site, 30 cm at the North Bay near-
shore site and 40 cm at the South Bay site.

‘é% Hutchinson Environmental Sciences Ltd.
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Photo 1. Core Collection Apparatus with Sediment Core
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Note: This picture was taken at another site, but the same piece of equipment was used in North and South Bay.

Table 1. List of Sub-sampled Core Sections

North Bay Deep-water

North Bay Near-shore

South Bay core (cm

Interval thickness core core (cm from top) from top)
(cm from top) P i
0.5cm 0-10 0-15 -
1cm 10-30 15-25 0-40

Hutchinson Environmental Sciences Ltd.
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4.2 Sample Analyses
4.2.1 Analysis Strategy

, The analysis strategy was based on pre-established time periods, where known major stressors to water
quality were expected, in order to optimize the obtained information within the available resources. In
addition, analyses were focused on time periods when observed changes in the aquatic ecosystem were
reported, e.g., the recent increase in aquatic plant abundance. The main periods of interest included the
following:

1) Pre-settlement period (pre-1800)

2) Logging period (1820-1900)

3) Post-war depression (1920-1940)

4) Cottage Development (1950 to present)

5) Post-zebra mussel invasion (1980 to present)

The advantage of this approach was that a diverse array of analyses was possible on a limited number of
samples, providing independent evidence of water quality and aquatic ecosystem change over time, while
respecting limited resources. The disadvantage of this approach was that any unexpected changes
between these main time periods may have been missed. Complete high-resolution analyses of thinner
sediment core sections representing shorter and more time intervals from the study sites would be required
to assure that all historical trends in water quality have been identified, which was outside the scope of this
study.

4.2.2 Lead-210 Analysis

The lead-210 dating analyses were completed first, in order to provide chronologies for the cores. At least
two sub-samples representing the main periods of interest were then selected for the analysis of sediment
indicators, with higher numbers of samples for recent times to allow for correlation with climate and water
level records. Subsamples of ca. 5to 10 g wet weight were submitted to a laboratory specialized in sediment
chronologies, MyCore Scientific Inc. Sediments were analyzed using alpha-spectrometry of 2°Po
(polonium-210), which is part of the decay series of 21°Pb (commonly referred to as lead-210). In short,
each radioactive decay of 21°Po emits an alpha particle that is counted by the spectrometer. The counts per
unit time and mass unit of sediment represent the 21°Po activity. Assuming isotopic equilibrium, the 21°Pb
activity is equal to the 21°Po activity. Using the known half-life of these isotopes, the activity data were then
used in the calculation of sediment ages (see section 4.3.1).

4.2.3 Algal Pigments

For algal pigment analysis, a known pre-weighed amount of 0.74 g (+ 0.24 g) and 0.91 g (= 0.04 g) of
freeze-dried sediment per subsample was treated from the North Bay and South Bay cores, respectively.
Pigments were extracted into 5 ml (final volume) of 100% acetone, and pre-processed by sonication in an
ice bath for heat dissipation. Sample vials were purged of oxygen/air and placed in an atmosphere of argon.

i€
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The extraction was allowed to continue for 24 h at -20 °C. Sediments were separated from the supernatant
by centrifugation in a refrigerated unit and filtration through 2 ym PTFE filters. Aliquots were analyzed using
high performance liquid chromatography (Waters HPLC, model no 600/626 with a Waters Photodiode Array
2996, a Waters 2475 Multi A Fluorescence detector and a refrigerated waters autosampler 717, (Zapata et
al. 2000)). Individual pigments were identified and quantified using external standards purchased from DHI
(Denmark). Sedimentary pigment concentrations were expressed relative to organic matter content, in order
to control for the potential confounding effect of variable inorganic sediment deposition. Organic matter and
carbonate content were measured by loss on ignition (Heiri et al. 2001) and pigment concentrations were
expressed relative to the organic content as ng pigment/mg organic matter. Pigments are susceptible to
degradation when oxygen, light and temperatures are elevated. Phaeophytin a (Ph a) is a specific
breakdown product of chlorophyll a (Chl a) and so the ratio of Chl a : Ph a was calculated as an indicator
of pigment degradation (Leavitt and Hodgson, 2001).

4.2.4 Chironomids

The fossil remains of midge (chironomid) larvae that are preserved in the sediments are their head
capsules, which are composed of chitin. Subsamples for chironomid analyses were soaked in KOH 10%
overnight. The samples were filtered into a 100 um-mesh. The remnant was poured into a Bogorov tray
and observed under a stereomicroscope at 10x magnification. Each head capsule found was mounted
individually into a drop of Hydromatrix on a microscope slide. The head capsules were identified under a
Motic microscope at 40-100x magnification. The identification followed Larocque and Rolland (2006). The
head capsules were counted and reported as percentages.

4.2.5 Diatoms

In order to extract the siliceous cell walls of diatoms that are used for microscopic identification, subsamples
for diatoms were treated with a 10% hydrochloric acid mixture to eliminate calcium carbonate from the
sediment. This was followed by treating the sediment with a 1:1 mixture of strong sulfuric and nitric acids
which were then heated for several hours to digest organic remains. Once digestion was complete, the
samples were repeatedly rinsed with deionized water in order to neutralize the pH. The concentrated slurry
was then diluted to obtain optimal counting concentrations and small volumes of sample were dried on
glass microscope cover slips. The dried cover slips were mounted on microscope slides using Zrax medium,
which has a high refractive index (>1.7), allowing observations under high magnification. Diatoms were
identified and counted at 1250x magnification using a Nikon microscope equipped with differential
interference contrast optics and using immersion oil. Photographs of the most common species were taken
using a microscope camera.

4.2.6 Plant Macrofossils

Macrofossil samples were prepared by washing wet sediment samples through a 125-um mesh screen with
lukewarm tap water. Material retained on the sieve was sorted in water using a binocular dissecting
microscope at 8-40x magnification. All identifiable macrofossils were enumerated. When multiple types of
remains were present from single taxa, the most abundant type was used in numerical analyses. Data
were presented as influx of macrofossils per surface area and year, in order to correct for increased
sediment density with depth and changes in sedimentation rates. Analyses focused on the identification
and enumeration of plant macrofossils; however animal macrofossils present in the samples were also
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counted. All identifications were made to the finest taxonomic resolution possible, with the aid of the modern
reference samples (Courtesy of Lakehead University, Department of Anthropology) as well as with the use
of keys by Martin and Barkley (2000), Berggren (1969), Montgomery (1977), Schoch et al. (1988) and
Artjuschenko (1990).

4.2.7 Climate and Water Level Records

Mean annual temperature and total annual precipitation records were obtained from Environment Canada’s
National Climate Data and Information Archive for eight stations located within 25 km of Honey Harbour
(http://www.climate.weatheroffice.gc.ca/climateData/canada_e.html) (Table 2). We used multiple stations
because they covered different time periods at differing levels of seasonal detail. The records were
combined by calculating mean values for each year where multiple station data existed. Only station years
with at least 11 months of data were included in the calculations. The combined record extends from 1884
to 2012 and includes 106 years of temperature data and 110 years of precipitation data. Annual water level
records for Lake Huron dating back to 1918 were obtained from the website of the Canadian Hydrometric
Service (Department of Fisheries and Oceans 2013).

The water level and climate data were averaged over the time period represented by each sediment interval
from the South Bay and North Bay cores for comparison with the paleolimnological records,.
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Table 2. Environment Canada Climate Station Information

Elevatio Years Years
. . . First Last with with
: Latitude | Longitu n Climate .
Station Name °N) de W) (m D Year of | Year of | Precip | Temp
as.l) Record | Record | itation erature
T Data Data
Beausoleil 44.85 -79.87 183 | 6110617 2004 2006 3 3
Big Chute 44.88 79.67 190.5| 6110731 1913 1972 13 13
Coldwater 44.7 79.67 182.9| 6111766 1883 1954 44 49
Coldwater 44.63 79.54 285 6111769 1971 2012 38 37
Warminster
Honey Hbr 44.85 79.87 182.9| 6113490 1974 2003 23 24
Beausoleil
Midland 44.68 79.93 234.7| 6115130 1987 2002 14 14
Huronia A
Midland 44.76 79.88 180 | 6115127 1889 2012 63 31
Water
Pollution
Control Plant
Waubaushene 44.77 -79.7 181.4| 6119399 1936 1956 15 14

4.3 Data Analysis
4.3.1 Chronology

The constant-rate-of-supply (CRS) model was used to estimate sediment ages from lead-210 activity data
(Appleby and Oldfield, 1978). This is the most commonly used model for establishing sediment ages for
lakes with regular sedimentation patterns. It assumes that the supply of lead from the watershed and the
atmosphere occurred at the same rate over the time that the sediment was formed, which is a reasonable
assumption for our study sites. 21°Pb concentrations are therefore assumed to change in the cores due to
radioactive decay (aging) and changes in sediment accumulation rate.

The sediment layers beneath the lowest dated depth were estimated using a linear extrapolation of the
lowest five dated samples and their cumulative dry mass. While a linear fit is not the appropriate model for
long sediment chronologies due to the compaction of sediments, it is the simplest available approximation
for a short section of sediment, for which compaction would not change significantly. In addition, any other
model would require assumptions that we cannot verify. Also, the purpose of the radioisotopic analysis was
mainly to determine the specific sediment dates for known post-settlement activities and assure that the
oldest analyzed sediments represent pre-settlement times, which is still fulfilled with this approach.
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4.3.2 Diatom-based TP Reconstruction

We applied a diatom-based phosphorus model to the fossil diatom data in order to reconstruct historical
total phosphorus (TP) concentrations. For the model used in our study, the data from three previously
published diatom-based TP inference models in Ontario (Hall and Smol 1996; Reavie and Smol 2001;
Werner and Smol 2005) and one unpublished dataset from the Oak Ridges Moraine (Prévost, personal
communication) were compiled into one large set of Ontario lakes (n = 210). This procedure has the
advantage that information on species ecology regarding nutrient concentrations contained in all of these
datasets is combined into one model, increasing the chance of finding all fossil species encountered in a
sediment core in the model. We used the method of weighted averaging with inverse deshrinking and
tolerance down-weighting, as this method resulted in the best model performance, as indicated by the
correlation between measured and modeled TP values (jackknifed coefficient of determination: rZack = 0.40)
and the error (RMSEP = 0.20). The model had a similar statistical performance as previously published
models (compared to Hall and Smol: 0.41, Reavie and Smol: 0.47, Werner and Smol: 0.44).

In order to assess the applicability of the model, we assessed how well the fossil diatom communities found
in the collected cores were represented in the model. We documented the percentage of individuals in the
fossil samples that were accounted for in the model and also estimated modern analogues. This technique
determines the differences between fossil and model assemblages by the way of a multivariate distance
method (chord distance), which allows assessing if these differences lie within an acceptable level of
statistical variance of the model assemblages.

4.3.3 Chironomid-based Oxygen Reconstruction

A chironomid-based inference model developed by Quinlan and Smol (2010) was applied to the chironomid
fossil assemblages in the North and South Bay cores to reconstruct oxygen concentrations as Volume-
Weighted Hypolimnetic Oxygen (VWHO). The model was constructed from fossil chironomid assemblages
and oxygen data from 80 lakes on the Precambrian Shield in south central Ontario (Quinlan and Smol,
2001). This weighted-averaging model with inverse deshrinking and tolerance down-weighting provides
good estimates of VWHO (root mean squared error of prediction, RMSEP = 2.06 mg O2/L) with a strong
relationship between measured and modeled values (jackknifed coefficient of determination, r3jac = 0.57).
Reconstructions were performed using the computer program C2, version 1.5 (Juggins, 2007).

5. Reslults
5.1 Chronology
5.1.1 North Bay Deep Water

The North Bay deep-water core profile of lead-210 showed the typical exponential decline of radioisotope
activity with accumulated sediment mass. When plotting the activity on a logarithmic scale, such a pattern
is shown as a linear decline until background levels are reached (Figure 2).
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Figure 2. Lead-210 Activity Profile for North Bay Deep-Water Sediment Core
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The sediment chronology was established using the measured activity levels and the CRS model (Figure
3). The oldest dated sediment layer was at 15 cm depth, which represented approximately the year 1872.
The extrapolation of sediment ages beyond the dated levels resulted in an estimated date of 1530 for the
bottom-most sample (27 cm) of the core.
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Figure 3. Chronology for the North Bay Deep-Water Core
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Note: This chronology is based on Lead-210 dating of the intervals displayed in Figure 2. Linear
interpolation was used for samples between dated levels and dates for older samples were extrapolated
(see methods for details).

5.1.2 North Bay Nearshore

The near-shore core collected in North Bay showed a similar pattern to the deep-water core from the same
bay, with a near-linear decline in log lead-210 activity with accumulated sediment mass. Background values
were reached at a lesser depth (11 cm), indicating a lower sedimentation rate at this location. Given the
small surface area of this sheltered bay compared to the larger open area where the deep-water core was
taken (Figure 1), a lower sedimentation rate was expected.
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Figure 4. Lead-210 Activity Profile for North Bay Near-Shore Sediment Core
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Figure 5. Chronology for the North Bay Near-Shore Core
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5.1.3 South Bay

The South Bay core showed a near-linear decline in log lead-210 activity with depth in two phases, above
and below ca. 15 cm depth, where activities varied and the slope of the activity decline changed.
Sedimentation rates declined above 15 cm (ca. 1955), and returned to higher values above 10 cm (ca.
1980). The lowest lead-210 dated level was 34 cm with a date of 1848. The oldest core sample of 39-40
cm in the South Bay core was estimated to represent 1760, based on extrapolation of lead-210 dates.

Compared to North Bay, the South Bay sediments have accumulated at a higher rate. This result was
expected due to the comparatively larger watershed, which includes the upstream Baxter Lake and part of

the Severn River.

Figure 6. Lead-210 Activity Profile for South Bay Sediment Core
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Figure 7. Chronology for South Bay Deep-Water Core
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The instrumental records from climate stations near Honey Harbour provide a nearly continuous record of
mean annual temperature (Figure 8) and precipitation (Figure 9) that extends back to the late 1800s. There
are gaps in earliest part of the record to ~1940 and measurement frequency (i.e., the number of data points
per year) varied between years and stations, however, the data provide sufficient resolution to identify major
patterns in temperature and precipitation over the time intervals represented by the sedimentary record for
comparison with the paleolimnological records. The record of measured water levels is shorter and begins
in 1918 (Figure 10).

Mean annual temperatures displayed an overall pattern of warming over the period of record consistent
with global warming trends. In the earliest part of the record from 1886 to 1917, mean annual temperature
was 5.2°C. There is a gap in the record from 1918 to 1930, after which time temperatures increased until
~1960 with a mean temperature of 5.7°C over that time period. From 1960 to 2000, mean temperature
increased over the previous 30-year period to 6.5°C. Temperatures fluctuated with cooler temperatures in
the 1960s to the early 1980s, warmer temperatures in the late 1980s and a return to cooler temperatures
in the early 1990s. From the late 1990s to 2012, temperatures increased again with a mean of 7.7°C and
included the three hottest years of the record (1998, 2010, 2012).

Mean annual precipitation over the period of record was 927 mm. Precipitation declined in the earliest part
of the record from 1884 to the early 1920s reaching the lowest recorded value of 518 mm in 1917. There
are several missing years of data in the record from 1917 to 1940, but this period includes the so-called
“dirty thirties” when drought conditions persisted in xxx and were likely in the study area. From the 1940s
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to present, there have been large fluctuations in precipitation, but this period is characterized by generally
higher precipitation (mean precipitation = 981 mm) than in the preceding ~60 years (mean precipitation =
827 mm). Key patterns in precipitation in the late 20t Century include a peak in 1951, lows in the early
1960s reaching the lowest precipitation observed in the last 70 years of 692 mm in 1964, and a period of
relatively stable precipitation from the mid 1960s to 2000 but with a large peak in 1985 to 1429 mm which
is the highest recorded precipitation in the record. In the 215t Century, average annual precipitation was
lower than in the late 20t Century at 971 mm, with lower than average precipitation occurring in 2002,
2005-2007 and in 2010. High precipitation occurred in the last year of record in 2011, which was the third
highest precipitation recorded since 1884.

Water levels have varied widely since 1918, but overall patterns are generally consistent with the
precipitation record. From 1918 to 1930, mean water level was 176.4 masl. From 1931 to 1937, water
levels were consistently low with a mean of 175.9 masl., coincident with drought conditions that occurred
at that time. Water levels recovered over the next fifteen years and reached a peak in 1952, after extreme
precipitation in 1951. Water levels then declined in over the next decade to the lowest recorded level of
175.7 m a.s.l. in 1964, in the same year of record low precipitation. Water levels increased from 1964 to a
maximum in 1973, then peaked again in 1986, the latter peak occurring the year following record high
precipitation of 1985. Water levels then declined to levels in the 1990s that were lower than in the previous
two decades. Water levels continued to decline and since 1999, have been consistently low with a mean
of 176 masl., but still higher than the extreme low water levels that occurred in the 1930s and early 1960s.
The high precipitation that occurred in 2011 was not reflected in a change in the water level in 2011 or
2012. This illustrates the complex nature of water levels in Georgian Bay that are controlled by factors
other than precipitation.
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Figure 8. Instrumental temperature record from climate stations near Honey Harbour showing the
annual mean, and the mean temperatures over the time period represented by each sediment
interval in the North Bay (NB) and South Bay (SB) cores.
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Figure 9. Instrumental precipitation record from climate stations near Honey Harbour showing the
annual mean, and the mean precipitation for the time period represented by each sediment
interval in the North Bay (NB) and South Bay (SB) cores.
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Figure 10. Annual water levels and mean water levels for the time period represented by each
sediment interval in the North Bay (NB) and South Bay (SB) cores.
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5.2  Algal Production and Community
5.2.1 North Bay

The oldest fossil pigment assemblages extracted from the North Bay core dated back to the late 1600s
(Figure 11). The pigment assemblage indicated that green algae (Chlorophyll b, lutein), cryptophytes
(alloxanthin), diatoms (diadinoxanthin, diatoxanthin) and blue-green algae (echinenone and zeaxanthin)
were all present in the algal community, but relatively low concentrations of pigments indicate that algal
biomass was likely low. The pigment assemblage in 1843 was very similar to that in the late 1600s
indicating that early settlement did not significantly alter the algal community structure or increase algal
productivity.

Sometime between 1843 and 1935, algal productivity increased with higher abundances of all pigments
and fucoxanthin (produced by diatoms and chrysophytes) in the record indicating nutrient-enriched
conditions and possibly increased occurrence of chrysophytes in the algal community. The timing of this
change is coincident with early settlement and may reflect increased nutrient inputs from human activities
in the watershed, but the change may also be in response to the period of warmer temperatures, drought
and low water levels that occurred in the early 1930s. In the next two samples representing the period of
cottage development from 1958 to 1967 , the algal community composition did not change, but pigment
concentrations from all groups decreased slightly suggesting that nutrient concentrations may have been
lower over that time frame. Beginning in ~1980 and coincident with the zebra-mussel invasion,
concentrations of all pigments increased, with a notable increase in aphanizophyll, a pigment that is specific
to filamentous blue-green algae, and the chrysophyte pigment, fucoxanthin. These changes suggest an

i€
ﬁ%’ Hutchinson Environmental Sciences Ltd.

R090813_J120024_GBF-Paleo-Report-Final.docx 18




J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

increase in algal production in North Bay with a greater representation of filamentous blue-green algae and
chrysophytes. The post-settlement increases in pigment concentrations are not likely due to increased
pigment preservation as the ratio of Chlorophyll a to phaeophytin a is relatively stable throughout the
record.

Figure 11. Algal Pigments in North Bay Sediment Core
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5.2.2 South Bay

The pre-settlement pigment assemblages in South Bay were similar to those in North Bay with
representation of pigments from green algae, cryptophytes, diatoms and blue-green algae (Figure 12). One
difference is that unlike North Bay, fucoxanthin (diatoms and chrysophytes) and aphanizophyll (filamentous
blue-green algae) were present in the pre-settlement assemblages from South Bay, albeit at low
concentrations.

In post-settlement samples, pigment concentrations varied but generally indicated slight nutrient
enrichment with an overall increase in algal production based on higher concentrations of chlorophyll a and
beta-carotene from ~1850 to 1980. The highest pigment concentrations occurred ~1850 with the greatest
increases observed in chlorophyll b (green algae) and diatoxanthin (diatoms), suggesting nutrient
enrichment at that time. In ~1949, all pigments decreased in concentration with the exception of
aphanizophyll. These samples were also characterized by a high sedimentation rate and low organic matter
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content. These patterns indicate increased sediment input from the watershed, and may have occurred due
to high runoff events that likely occurred with the record high precipitation in 1951 (dates may be offset due
to error in chronology), or possibly from construction activities, either of which would have diluted sediment
pigment concentrations.

Beginning around 1980, in timing with the zebra-mussel invasion, the total algal abundance (chlorophyll a
and beta-carotene) increased consistent with eutrophication in South Bay, which has persisted to at least
2009. A shift in community composition also occurred over that time period with a decrease in diatom
pigment diatoxanthin, while other pigments including alloxanthin (cryptophytes) and fucoxanthin (diatoms
and chrysophytes) increased in concentration. This indicates that the algal community has been changing
to favour non-diatom algae in the last few decades.

As with the North Bay core, changes in pigment preservation have not likely caused the observed changes
in concentrations as preservation of pigments has been stable over the period of record.

Figure 12. Algal Pigments in South Bay Sediment Core
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5.3 Diatom Assemblages and Historical TP Concentrations
5.3.1 North Bay

The oldest fossil diatom assemblages extracted from the North Bay core (dating back to the 17" century)
and the diatom-inferred TP concentrations of 13.5-14.5 ug/L (Figure 13) indicate that this bay was naturally
mesotrophic. The predominant species Aulacoseira ambigua is an indicator of mesotrophic conditions. The
diatom-inferred TP concentrations correspond well with the background TP concentrations of 13.5 ug/L for
North Bay that were modeled using the Lakeshore capacity model (Gartner Lee Limited 2005), providing
additional confidence that the diatom model is predicting phosphorus levels in North Bay..
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From pre-settlement times until today, the fossil diatom assemblages in the North Bay core have undergone
three noticeable changes. The first change occurred sometime between 1700 and 1840 and consisted of a
shift from a dominance of littoral,(attached), algae to planktonic,(free-floating) algae. The ratio of littoral to
planktonic diatoms decreased from 1.7 to 0.8 in this time interval. A change to a more planktonic
assemblage can be caused by more open-water habitat (deeper water) or by nutrient enrichment. The
diatom inferred TP did increase slightly, but not beyond levels observed in the 1600s. Pre-1800 climate and
water level data are not available, so we cannot explore if the change was due to changes in these
parameters. It is possible that logging activities in the watershed in the 19t century led to a minor nutrient
enrichment, which was noticeable in the diatom communities but not strong enough to be detected by the
diatom model of inferred phosphorus concentrations

The second noteworthy change occurred in the mid-1950s, when Fragilaria crotonensis, a mesotrophic to
eutrophic species, became more abundant and Stephanodiscus hantzschii, a eutrophic species, appeared.
These species have been indicators of eutrophication in many lakes, including Ontario lakes (Ekdahl et al.
2007) and Great Lakes (Stoermer and Tuchman 1979, Yang et al. 1993). Diatom-inferred TP
concentrations increased from 13 ug/L in the 1930s to 14 ug/L in 1950s and peaked in the late 1970s at
14.3 ug/L. While these numeric increases appear minor and well within natural variability, they are likely
significant, as the diatom-inferred TP concentrations integrate conditions from a number of years, thereby
“smoothing out’ natural variations. A large humber of other, abundant diatom species, however, remained
stable throughout this time period, such as Asterionella formosa and Tabellaria flocculosa, indicating that
the nutrient enrichment was only subtle, or only occurred on a seasonal basis.

Two changes happened around 1980, with the proportion of littoral taxa increasing from 1967 to 1979 and
diatom-inferred TP decreasing from 1979 to 1990. The increased abundance of littoral taxa may be the
result of two causes: reduced water levels following the record-low water levels in the early 1960s and
increased water clarity following the invasion of zebra mussels in the early 1980s. Zebra mussels filter
particles out of the water column, thereby increase light penetration and the size of the littoral zone
inhabitable for attached algae. Notably, the type of littoral taxa that increased after 1967 differed somewhat
from those that made up the higher littoral proportion in pre-settlement times. The littoral taxa predominant
in the pre-settlement samples consisted of small Staurosirella and Pseudostaurosira species, which are
ubiquitous pioneer species that attach to any kind of substrate, including sediments. The post-1980
assemblages contained the same species, but in addition, hosted species of the genera Navicula and
Gomphonema, which are mostly epiphytic diatoms, i.e., they attach to the surface of aquatic plants. These
patterns were also observed in South Bay. The overall increase in littoral taxa possibly indicates an
increased size of the littoral area from increased water clarity and reduced water levels, while the changes
in littoral diatom assemblages indicate an increase in aquatic macrophytes after 1980.

The post-1980 TP decrease has been documented in measured data and is a phenomenon observed in a
number of Muskoka lakes on the Precambrian Shield (Eimers et al. 2009). Interestingly, this decrease was
not observed in South Bay, possibly due to the influence from the Severn River watershed, which drains
sedimentary, non-acid sensitive geology. The diatom-inferred TP concentrations for the most recent years
(12.5-13.3 ug/L for 1990 to 2012) lie well within the range of measured data from the District of Muskoka
(10.6 — 13. 8 ug/L for 2002 to 2012) and data collected by Georgian Bay Forever (average: 13. 5 ug/L,
HESL 2011).

i€
ﬂ%’ Hutchinson Environmental Sciences Ltd.

R090813_J120024_GBF-Paleo-Report-Final.docx 2 1




J120024, Georgian Bay Forever
Historical Water Quality Trends in Georgian Bay Embayments

The recent increase in the oligotrophic Cyclotella ocellata could be interpreted as reflecting lower nutrient
concentrations, but it was also observed at exactly the same time in South Bay, where nutrient
concentrations remained stable. Given the continued significant abundance of Fragilaria crotonensis, and
overall increases in algal pigments that are indicative of more nutrient rich-conditions, the appearance of
C. ocellata may be interpreted not as an indicator of lower nutrient conditions, but as an indicator of
changing habitat, and therefore may have biased the diatom-inferred TP concentrations to some extent
towards lower values. Post-1980 increases in Cyclotella species across the northern Hemisphere have
occurred after 1980, including Ontario lakes, such as Lake of the Woods, and been associated with
increased water column stability following climate warming trends (Ruhland et al. 2008). It is highly likely
that this is the case for the Georgian Bay embayments as well. As this change occurred at about the same
time as the most recent changes in algal communities with chrysophytes increasing at the cost of diatoms,
these may be linked to temperature and water column stability as well.

Figure 13. Diatom Assemblages, Littoral to Planktonic Ratio and Inferred TP Concentrations in
North Bay
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5.3.2 South Bay

The pre-settlement diatom assemblage in South Bay was very similar to that of North Bay in terms of the
encountered species (Figure 14). The relative abundance of several species, however, was different and
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the diatom-inferred TP was lower at ca. 11 ug/L, indicating oligotrophic to mesotrophic conditions. The main
differences were higher abundances of Cyclotella pseudostelligera and C. distinguenda and lower
abundances of Pseudostaurosira brevistriata and Staurosirella pinnata compared to North Bay, resulting in
a much lower ratio of littoral to planktonic species. The diatom-inferred TP concentrations were only slightly
higher than the DMM Water Quality model estimate for South Bay background of 8.4 ug/L (Gartner Lee
Limited 2005).

Diatom-inferred TP increased from 11.4 to 14.4 ug/L from 1911 to 1920. The timing of this change is
coincident with the construction of the Trent Severn Waterway, which may have altered hydrology and
nutrient inputs to South Bay. Given that this increase is only documented for one sample and diatom-
inferred TP returns to 12 ug/L in the subsequent sample (1940), the significance of this event is uncertain.
A high-resolution analysis of all collected core samples would provide more insight into the continuous
nutrient history.

The first major change in fossil South Bay diatoms was observed at ca. 1960, when Aulacoseira ambigua
decreased in abundance and Cyclotella pseudostelligera disappeared while Fragilaria crotonensis
increased in abundance and Stephanodiscus hantzschii appeared. These changes were reflected in
increasing diatom-inferred TP, from around 11.5 in 1954 to 14.5 ug/L in 1980. At this time the ratio of littoral
to planktonic taxa increased from 0.2 to 0.5, including the first occurrence of the epiphytic taxon Cocconeis
placentula. The increase of littoral taxa after 1960 may be a response to the record-low water levels in
Georgian Bay in the mid-1960s (Department of Fisheries and Oceans 2013).

The increase of littoral taxa abundance and species richness continued after 1980, reaching the highest
levels of 1 about the year 2000. A number of littoral taxa appeared for the first time, mostly from the genera
Navicula, Gomphonema and Nitzschia. These patterns were similar to North Bay, although in South Bay
all littoral species, including Staurosirella pinnata increased in relative abundance recently, and the species
richness of littoral taxa increased, possibly indicating that the combined effect of increased light penetration
and increased macrophyte cover was stronger in shaping a diverse littoral habitat for attached diatoms
compared to North Bay. Alternatively, the coring site in South Bay may be closer to a littoral under-water
shelf or the shoreline, increasing the likelihood of littoral diatom deposition at the coring site. Still, in both
North and South Bay, we were able to distinguish two factors that had a cumulative favourable effect on
littoral algae taxa, based on the lagged responses in the 1960s, likely to lower water levels, and further
increases after the zebra mussel invasion in 1980.

The only planktonic, oligotrophic species that increased after 1980 was Cyclotella ocellata, showing the
same pattern as in North Bay. This indicates that this species responds to a regional signal rather than local
nutrient patterns and water sources, supporting the hypothesis that this species is related to higher water
column stability from climate warming.

The diatom-inferred TP in South Bay remained at levels between 14 and 16 ug/L after 1980. This is in
contrast to the declining TP in North Bay from 1980 to 2012. This difference shows that site-specific factors
control patterns in recent TP concentrations in these two embayments. While the shorelines of both bays
are well developed, the fossil chironomid assemblages indicate that South Bay has had more severe anoxia
in the hypolimnion (see section 5.4.2) and therefore may have a stronger internal TP recycling mechanism
that prevents a TP decline. This means that the legacy of previous nutrient loading may affect this bay for
longer than it does in North Bay. In addition, the hydrology of South Bay differs with larger water inputs from
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the watershed and therefore likely less residence time, which has an effect on phosphorus processes as
well and possibly a larger spring inflow of nutrients from the larger watershed. North Bay, on the other hand,
is more susceptible to occasional mixing events from strong winds with the open water Georgian Bay, which
would help keep phosphorus levels low.

The most recent diatom-inferred TP concentrations (14.3 ug/L) agree well with monitoring data (14.3 ug/L,
mean TP measured by Georgian Bay Forever, 10 ug/L measured by the DMM (Figure 14)).

Figure 14. Diatom Assemblages, Littoral to Planktonic Ratio and Inferred TP Concentrations in
South Bay
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5.4 Chironomid Assemblages and Historical Oxygen Conditions
5.4.1 North Bay

The chironomid record from the North Bay core indicates that, in the 17t Century, the bay was naturally
moderately productive with chironomid-inferred oxygen concentrations of 4.3-5.0 mg O2/L (Figure 15). The
assemblages were dominated by profundal taxa that are known to be tolerant of low oxygen conditions
(i.e., Procladius and Chironomus anthracinus-type) and eutrophic indicators represented 16-20% of the
taxa. Several littoral taxa including Tanytarsus, and Sergentia coracina-type were also well-represented
comprising between 27-40% of the assemblages.

In the sediment interval representing ~1820-1860, the previously dominant profundal taxon, Chironomus
anthracinus-type, disappeared from the record as did all eutrophic indicator taxa, and the diversity of
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chironomids was the lowest that was observed in all the intervals analyzed. Only 9 taxa were present in
this interval, in comparison to between 14 and 26 taxa in the other intervals. The cause of this taxonomic
shift is uncertain, but the loss of the dominant profundal, eutrophic and anoxia indicator suggests that lower
water levels, lower nutrients or improved oxygen conditions may have occurred at that time. This is
contrary, however, to the increase in open-water habitat or nutrient enrichment that was inferred from the
increase in planktonic diatoms that also occurred at that time. While the change in chironomid assemblages
is notable, overall, there was no change in the relative contribution of littoral and profundal taxa that would
suggest a large change in water levels, or in chironomid-inferred oxygen concentration that would indicate
improved oxygen conditions. A similar event occurred in the 1868-1877-sample in South Bay, but given the
low resolution of analyses for this time period and limited historical knowledge, the reasons for this change
remain uncertain.

In the post-settlement times from the late 1800s to ~1950, the proportion of eutrophic chironomid-indicator
taxa increased indicating that the bay became more nutrient enriched. Over that time period, chironomid-
inferred oxygen also declined to 3 mg O2/L from 5 mg O2/L in the mid 1800s. This was followed by the
greatest changes in the chironomid assemblages as indicated by the fluctuations in PCA scores from ~1950
to 1980. This period is first marked by a decrease in the littoral taxon Tanytarsus (no spur) and the first
appearance of several taxa including Limnophes, Polypedilum, and Chironomini. This community shift is
coincident with the record high precipitation and water levels in the early 1950s. In the early to mid 1960s
during the period of record low water levels, there was a shift to increased representation of littoral taxa
such as Tanytarsus lugens, Corynocera oliveri-type, Polypedilum, and Corynoneura and a decline in the
profundal taxon Procladius. The shifts in chironomid assemblages indicate that this indicator group is
sensitive to the large variations in precipitation and water levels that occurred over that time period. The
relative contribution of littoral taxa remained higher in the records from the 1960s to present relative to
earlier periods in the record. Of note, the chironomid-inferred oxygen concentration has increased in the
last two sediment intervals from ~2000 to present, which is consistent with the reduced total phosphorus
concentration inferred from the diatoms.
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Figure 15. Chironomid Assemblages, PCA scores and Inferred Hypolimnetic Oxygen in North Bay
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5.4.2 South Bay

The chironomid assemblages in pre-settlement times from ~1750-1800 in South Bay were similar to those
in North Bay with a dominance of the profundal, low-oxygen indicators Chironomus anthracinus-type and
Procladius (Figurel6). These two taxa, however, occurred in greater abundances in the South Bay record
and chironomid-inferred oxygen concentration was lower ranging from 1.6 to 2.3 mg O2/L VWHO. These
low oxygen concentrations indicate that South Bay has naturally low oxygen levels at end-of-summer in the
hypolimnion and has likely experienced periods of anoxia prior to disturbance by human settlement.
Overall, a shift to lower water levels, more eutrophic conditions and lower oxygen concentrations occured
following settlement, similar to that observed in the North Bay record, with some minor differences in
taxonomic shifts and the timing of those shifts.

In the early pre-settlement period until ~1920, the chironomid assemblages were stable with one notable
change in the late 1800s when C. anthracinus-type decreased in abundance and eutrophic taxa
disappeared from the record. This change is very similar to the one that was noted in North Bay between
~1820 and 1860, when C. anthracinus-type and eutrophic taxa were absent in the assemblages. The
change in the South Bay record is later than that in the North Bay record, but this difference in timing may
be due to the time intervals analyzed in the two cores and potential error in the chronology. The similarity
of the taxonomic changes and their timing suggest that both bays were subject to a similar event.
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From ~1920-1950, pronounced changes in the chironomid assemblages indicate a shift to lower water
levels and more productive conditions as evidenced by the increase in a large number of littoral taxa
including Dicrotendipes, Parachironomus varus, Cladopelma lateralis and Tanytarsus sp. B (mendax), a
decrease in the profundal taxon, Procladius, and greater representation of eutrophic indicators. In ~1948,
the large increase in the anoxia tolerant, profundal Chironomus anthracinus-type, and decrease in
chironomid-inferred oxygen to its lowest level in the record of 0.8 mg O2/L VWHO would indicate
pronounced anoxia. The timing of this change, however, just precedes the high precipitation event of 1951
and may reflect an increase in deepwater relative to littoral habitat with higher water levels rather than
increased anoxia.

In later settlement years from ~1970 to present, changes in chironomid assemblages reflect lower water
levels and likely stable oxygen levels. Several littoral taxa appear for the first time in the record or increase
in abundance (Dicrotendipes, Polypedilum, Paratendipes, Cladopelma, and Cladotanytarsus) indicating
overall shallower conditions and increased abundance of aquatic plants. In contrast to the North Bay record,
chironomid-inferred oxygen in South Bay increased to higher levels over that time period than those inferred
in pre-settlement times. It is possible, however, that the chironomid-inference model does not provide
accurate estimates of oxygen over this period in South Bay. Chironomus and Procladius are taxa that can
sustain periods of anoxia and have low ecological optima for oxygen in the inference model. Their decline
in relative abundances, expressed as percentage of the total, however, may be more strongly related to the
lower water levels indicated by the greater abundances of littoral taxa than changes in oxygen conditions.
Decreases in Chironomus and Procladius abundances have been observed under relatively stable
hypolimnetic oxygen conditions but general eutrophication in Lake Mendota, Wisconsin, where changes in
sediment chemistry were the hypothesized causes of declines in these taxa (Lathrop 1992).

There is a possibility that some of the anoxia increase was due to more extended periods of stratification
caused by warming climate. The longer the thermal stratification persists, the longer the midge taxa would
be exposed to low-oxygen conditions and therefore low-oxygen taxa would be more important in the
chironomid community. This hypothesis, however, is difficult to test based on the sediment data due to the
confounding effect of littoral taxa in the sediment samples.

In summary, the South Bay Chironomid assemblages have responded most strongly to changes in habitat
availability over the past ca. 25 years, but some minor changes also indicated some nutrient enrichment
after 1940 and some periods of lower hypolimnetic oxygen levels.
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Figure 16. Chironomid Assemblages, PCA scores and Inferred Hypolimnetic Oxygen in South Bay
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5.5 Agquatic Plant Communities

The remains of 21 specimen types (e.g., stems, leaves, seeds, shells) from 18 taxa of aquatic plants,
terrestrial plants and aquatic invertebrates.were identified through macrofossil analysis of the near-shore
core. Samples included remains of emergent wetland plants, submerged and floating-leaved macrophytes
and terrestrial species, including trees, shrubs and herbaceous plants.

Species with similar habitat requirements were grouped together and plotted (Figure 17) to facilitate
interpretation. Submerged macrophytes, such as pondweeds (Potamogeton sp.), macrophytic algae
(Stonewort or Chara sp.) and aquatic mosses generally require a greater water depth than emergent
species such as horsetails (Equisetum sp.), bullrushes (Scirpus sp.), spikerushes (Eleocharis sp.), bur-
reeds (Sparganium sp.), cattails (Typha sp.) or rushes (Juncus sp.). There was a greater incidence of
submerged vegetation in more recent samples when compared to samples from 1850 and 1910, suggesting
an increase in the available dissolved nutrients in the water over time, beginning at the latest in 1965. No
samples were analysed between 1910 and 1965, so the exact timing of this change cannot be inferred from
the available results. There was a larger number of emergent species present in samples around 1910,
which may be indicative of shallower water levels in the area at that time.

The presence of aquatic animal remains throughout the samples indicates that there has been standing
water present at the site for the duration of the timeframe captured by the sediments. An increased
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abundance of mussels since 1980 may represent the zebra mussel invasion. There is little change in the
abundance of terrestrial plant remains throughout the sediments, indicating little change in the surrounding
upland vegetation.

It was also noted that samples between 1850 and 1910 had much more hydrophobic soils than samples
from 1965 to 2012 (i.e. these sediments resisted dissolution in warm water, but no evidence of clay was
present). These samples also had a noticeably higher sand content than the more recent samples, with a
considerable portion of the sediment remains consisting of silica. High sand content in older samples and
lower sand content in more recent samples, suggests an increase in sediment organic content due to the
presence of increasing amounts of decaying macrophyte remains on the lake bottom.

Figure 17. Macrofossil Counts at the North Bay Near-shore Site
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In conclusion, an increase in the presence of submerged macrophytes between 1910 and 1965 and
decreasing sand concentrations in the sediment samples suggests eutrophication of the water body during
this time frame. Periods of increased presence of emergent species around 1970 and in the early 2000s
suggest lower water levels and retreat of the riparian habitat in the immediate area of coring.

6. Summary
6.1 North Bay Water Quality History

Sediment indicators retrieved from the North Bay core showed a variety of changes in water quality before
regular monitoring activities started in the 1980s. The first noticeable, but minor change occurred during
the mid-1800s, when the eutrophication indicator diatom Fragilaria crotonensis increased in abundance,
followed by an increase in eutrophic chironomid taxa and a decrease in inferred hypolimnetic oxygen in the
late 1800s (Figure 18).
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Figure 18. Summary of Paleolimnological Indicators in North Bay

Chironomids Algal Pigments Diatoms
O v
¢ &
S
S Q’O
©
N N G » g
> < S &
Y © & & &
N o" & & $ ~oQ
© & @ & & & &
QQQ’ o$ 0\\\ > 'Q/e \Q ?9\‘) Q}
AN I G & & F & >
&5 6\& o) & <& & ¢ S N &Q}o '\Q}\o &
6\@ 060 & & \0@ & @ & ‘06\@ Qé\\ @Qe Qf"\Q\ 'z}e\
PR & & X & & & o) <@ & R\
L s L . L1 . ) [ S T R S S T S S S L
e e SIS LD N T [T e
‘ ¢ ol = == = (1N (1o 1S < ostao
- mom |}
| L . 4
1900 - I
i Post-settlement
1850 -
5 1800 -
)
N i
1750 -
1700 -
1 I I Pre-settlement
1650 -
1600 - I |
1550_r_7—1ﬁfﬁ7ﬁﬁﬁ7ﬁ‘r T 1 T 1 T 1 T T rrrrrr rr T 1 T 1 T T 1 rrrrrrl TT T T T T T T L
0 20 20 2 345010203024 44 6400 02 040 1 20 1025 70 100 10 200 1 236 44 52121314150 10 20 3017 19 21 4 6 8 10 700 10001300176 177
% % VWHO (mg/L) % % ng/mg ng/mg ng/mg ng/mg % % ug/L  #/g/dm2/yr % degrees C mm ma.s.l

Notes: The time zones were based on historical data, not on any sediment data collected in this study. The unit for submerged aquatic plant is number of fossils per square decimetre

and year.

‘é%’ Hutchinson Environmental Sciences Ltd.
30

R090813_J120024_GBF-Paleo-Report-Final.docx




J120024, Georgian Bay Forever
Historical Water Quality Trés1in Georgian Bay Embayments

The sample representing 1920-1935 showed a peak in eutrophic chironomid taxa, low inferred-DO and
increased algae pigment concentrations, indicating nutrient-enriched conditions. This change coincided
with a period of drought and high temperatures, possibly indicating a response to climate, but a higher-
resolution study would be required to confirm any detailed relationships of sediment indicators with climate.
In the subsequent sample (1950-58), the low oxygen persisted and the diatom assemblages started to
show a moderate nutrient enrichment signal as well, with increases in Fragilaria crotonensis and diatom-
inferred TP. The latter part of this period corresponds to the time when cottage development increased in
the area and therefore the observed changes likely reflect a moderate increase in nutrient input from land
disturbance.

Around 1980, the eutrophic diatom taxon, F. crotonensis, attained the highest levels recorded in North Bay,
sediment organic matter content increased and submerged aquatic macrophytes became more abundant,
indicating the maximum extent of nutrient enrichment at that time in North Bay. There was also a peak in
littoral chironomid taxa and an increase in littoral diatom taxa, which may be related to the record-low water
levels in the late 1960s and possibly increased water clarity following the zebra mussel invasion in the late
1980s. After 1980, the eutrophication indicator F. crotonensis maintained its relative abundance and the
lower oxygen levels persisted for most of the time, except the most recent years. Low hypolimnetic oxygen
is usually linked to high nutrient concentrations and measured data indicate variable hypolimnetic oxygen
and TP concentrations since the early 1980s, but no trend, confirming the trends in sediment indicators.
The diatom-inferred TP decreased after 1980, which is not supported by measured data. This discrepancy
may either be due to a seasonal signal in the diatom assemblages that is different from that at the time of
the year when F. crotonensis blooms, or the reconstructions are biased by the larger importance of littoral
species.

In summary, lower hypolimnetic oxygen, more abundant eutrophic diatom species as well as increased
organic matter and aquatic plant abundances indicate that some nutrient enrichment has occurred in North
Bay in response to shoreline development in the mid-20t century, peaking approximately in 1980. While
the anoxia pattern was significant, there was comparatively little variation in diatom-inferred TP
concentrations and algae assemblages since pre-settlement times, indicating that either spring and fall
flushing remove recycled hypolimnetic phosphorus from the bay before it could affect algal assemblages
or that a different factor, for example, prolonged stratification, played a role in anoxia patterns. Both the
chironomid and diatom assemblages indicated that the availability of littoral (i.e., shallow-water) habitat has
increased in North Bay since the late 1960s.

6.2 South Bay Water Quality History

The South Bay sediment record showed similar midge larvae and diatom assemblages as well as similar
historical changes to that from North Bay, with some changes that were more or less pronounced (Figure
19). There was a slight increase in algal production in the mid-1800s, as indicated by increases in algal
pigments and F. crotonensis, but no change in hypolimnetic oxygen conditions.

In the period from 1960 to 1980, F. crotonensis increased more, diatom-inferred TP increased by 4 ug/L
and sediment organic matter increased as well, indicating increased aquatic productivity in response to
nutrient enrichment. There was also a higher abundance of eutrophic chironomid taxa, and some low
hypolimnetic oxygen occurrences, but these indicators were variable in the following decades.
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Figure 19. Summary of Paleolimnological Indicators in South Bay
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Around 1980, the total algal abundance, including that of blue-green algae, increased, while the diatom
pigment levels decreased, indicating a shift in the composition of major phytoplankton groups towards non-
diatoms. Diatom-inferred TP increased to maximum values of 15 to 16 ug/L and organic matter content
reached the highest historical values ca. 1990. The increase in littoral midge and diatom species after 1980
was more significant in South Bay than in North Bay.

Two minor recent changes in algae remains that occurred in both North and South Bay are notable. The
oligotrophic diatom Cyclotella ocellata appeared around 1980 in both bays and reached the highest
abundance in North Bay around 2000, possibly indicating a more stable water column associated with
increased temperature. The pigment of golden algae (Chrysophytes), Fucoxanthin, has also increased
since the year 2000, a change that has been observed in contemporary phytoplankton studies in Georgian
Bay embayments and other Ontario lakes, but the reasons for which have not been confirmed. Given the
almost simultaneous occurrence of these changes, it is possible that the increase of chrysophytes is also
related to warming and water column stability.

6.3 Comparison Between North and South Bay

The water quality and aquatic biota in North and South Bay are generally very similar and have undergone
similar historical changes in the past. Both Bays were naturally mesotrophic and are still today, although at
different levels, as discussed below. The aquatic ecosystems of both bays have been modified by human
activities in the watersheds before water quality monitoring began. A minor nutrient enrichment was
recorded during the logging period in the 19™ century, while a moderate nutrient enrichment after
approximately 1950 likely resulted from shoreline development. An increased availability of habitat for
attached algae and insects since the late 1960s, which intensified after 1980, was observed in both bays,
likely reflecting a combination of lower water levels, increased water clarity and increased aquatic plant
growth. The recent changes in algae communities, such as increased abundances of golden algae
(Chrysophytes) and the diatom Cyclotella ocellata, were also observed in both bays, indicating that these
changes are part of larger-scale patterns (e.g., climate change) that are independent of local factors.

Differences between North and South Bay were mainly observed in the pre-settlement nutrient status and
the degree to which the water quality and biota have responded to land use activities. Based on fossil
diatom assemblages, North Bay was naturally mesotrophic, with TP concentrations at ~ 13 ug/L. This
naturally slightly elevated nutrient status compared to the majority of shield lakes is possibly due to the
depth and potential for internal phosphorus load, plus inputs from wetlands in the northeastern part of the
watershed. South Bay was at the lowest end of the mesotrophic spectrum, with diatom-inferred TP
concentrations at ca. 11 ug/L. Based on fossil midge larvae, the pre-settlement volume-weighted
hypolimnetic oxygen was above 4 mg/L in North Bay and around 2 mg/L in South Bay. In pre-settlement
times, the larger flushing rate of South Bay may have prevented the expression of potential phosphorus
recycling from deep-water anoxia in terms of productivity in the epilimnion.

While North Bay bottom-water oxygen levels have been lower since the logging period, the algae
communities and nutrient concentrations changed only slightly over the entire period of record. In South
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Bay, oxygen conditions deteriorated only shortly around 1950 and improved recently, while algae
assemblages showed a stronger nutrient-enrichment response since the 1960s. These discrepancies
indicate that North and South Bay display different sensitivities to nutrient enrichment from the watershed.
One main reason for that is likely the much larger watershed of South Bay that would continuously provide
nutrient-enriched waters to South Bay. Although South Bay has a higher flushing rate than North Bay, which
can reduce sensitivity to eutrophication from local sources by dilution, , this is probably not the only process
in South Bay. The South Bay watershed also includes some drainage from the Severn River, which drains
some off-shield areas of more intewnroisive land use and is hence more enriched. which contains enriched
waters from This has likely contributed to the historical eutrophication of South Bay, in addition to local
shoreline development.

The differing hydrology may be the reason for another, different, process that results in higher sensitivity of
South Bay to nutrient enrichment than North Bay. Conductivity surveys have shown that South Bay is
continuously dominated by Severn River influx, with limited or no mixing with Georgian Bay open waters.
North Bay, on the other hand, was shown to receive large inputs of lower-conductivity, lower-nutrient
Georgian Bay waters during a windy period in 2006. Assuming that this water exchange was not an isolated
incidence, such events can significantly dilute any nutrient inputs from the watershed or from sediment
recycling and thereby reduce the sensitivity of North Bay to nutrient enrichment. More detailed, year-round
conductivity surveys of both bays, but in particular of North Bay, would provide more insight into the mixing
patterns with the Georgian Bay open waters and better define the importance of this mechanism for
embayment nutrient status.

7. Conclusion

The analysis of sediment cores retrieved from North and South Bay, two sheltered bays on the eastern
coast of Georgian Bay, has provided a historical perspective on water quality at these two sites. The multiple
lines of evidence used to reconstruct past water quality included lead-210 sediment chronologies, algal
pigments, diatom assemblages, diatom-inferred TP, chironomid assemblages, chironomid-inferred bottom-
water oxygen, aquatic macrofossils and sediment organic matter.

The main conclusions of this study were as follows:

% Before European settlement, North Bay (TP 13 ug/L) and South Bay (TP 11 ug/L) were
mesotrophic, while South Bay had naturally more anoxia than North Bay;

 With the onset of watershed deforestation in the 19t century, minor shifts in algae and midge
larvae communities were observed in both bays, consistent with slight nutrient enrichment;

% The largest changes in diatom algae and midge larvae communities as well as overall algae
production were observed in the 1950s/1960s and were indicative of additional nutrient
enrichment. These were likely related to cottage development and watershed alterations, with a
stronger effect seen in South Bay than in North Bay;
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% Significant shifts in algae and midge larvae assemblages to more littoral communities in the late
1960s and again after 1980 indicate increased availability of shallow water habitat, likely due to
reduced water levels, increased water clarity and increased aquatic macrophyte abundance;

% A minor, but consistent diatom algae change after 1980 indicated increased water column
stability, possibly related to climate warming, and coincided with the increased abundance of
chrysophyte algae, a regionally reported phenomenon.

% The more pronounced nutrient enrichment of South Bay is likely due to the influence of the
Severn River watershed and the more limited water exchange with the Georgian Bay open waters
compared to North Bay in addition to shoreline development.

% Overall, water quality in North and South Bays appears to be influenced by upstream influences
(i.e., the Severn River for South Bay) and exchange with Georgian Bay (North Bay) as well as by
local shoreline disturbance.

% The aquatic biota have responded as strongly to changes in habitat in the past ca. 30 years as to
any water quality changes since pre-settlement times.

The Georgian Bay embayment sediment study filled an important data gap by describing conditions
predating the water quality monitoring programs that started in 1980. This places existing water quality
measurements into context with the natural background conditions and historic changes. By matching
observed patterns in the sediment cores with known historical land use activities, and by comparing the
records of the two hydrologically different bays, we gained insight into the timing and causes of water quality
changes. We also identified differing sensitivity to nutrient enrichment between the bays. These pieces of
information put the currently collected monitoring data into a long-term perspective and help direct future
monitoring and stewardship efforts.

The results presented here were inferred from three sediment cores that were interpreted at a coarse
temporal resolution. Increasing the spatial and temporal resolution by, for example, sampling more sites
and analysing cores in finer sections would improve the power of the interpretation. Comparison of the
upper and lower sections of the cores in this study provided a good comparison between historic and current
conditions in South Bay and North Bay. Analysis of cores taken from uninhabited embayments would
provide better resolution of the relative roles of shoreline development and other factors such as water
levels and climate change in the changes observed in the North and South Bay cores since 1950.
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Appendix A. Lead-210 Results
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Appendix B. Complete Pigment Data
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Appendix C. Complete Diatom Data
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Appendix D. Complete Chironomid Data
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Appendix E. Complete Macrofossil Data
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