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• Long-term data are essential for understanding environmental & ecological problems

these data are rarely available

indirect proxy methods must be used instead

Paleolimnology: a multi-disciplinary science



What is paleolimnology?

Paleolimnology is an inter-disciplinary science

In a strict sense, “paleolimnology” is simply the study of lake histories

In practice, however, it can provide valuable information on broader ecological & 

environmental scales  (e.g. lakes, ponds, peatlands; climate, land-use changes)

Uses physical, chemical, & biological information stored in lake sediments

Sedimentary cores provide a continuous archive of environmental information 

Paleolimnology: a multi-disciplinary science
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(from Smol, 2008)

Presenter
Presentation Notes
From Smol 2008 textbook: The four major sources of data for environmental assessments. Each of these approaches has advantages and disadvantages, but like a 4-legged stool, the most secure answer is attained when all approaches are used.  Paleoenvironmental approaches provide critical data that cannot be directly attained from other approaches. For example, rarely were ecosystems studied before impacts had occurred, nor has the trajectory of change been recorded. We used a similar diagram of a stool as part of our final oral presentation to the National Acidic Precipitation Assessment Program (NAPAP) in 1989; I believe the analogy still holds true today. 
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Modified from Smol 2008

Presenter
Presentation Notes
From Smol 2008 textbook: Environmental monitoring – a matter of time scales. Ecosystem managers should ideally use a continuum of techniques, ranging from laboratory studies and bioassays (typically working on time scales of hours to days), to field studies (often representing seasonal or a few years of observations), to paleoenvironmental studies. With the tremendous advancements in techniques and increased temporal resolution available to paleolimnologists, these approaches can now be used to dovetail with neolimnological approaches, and so allow lake managers to extend their sampling programs back in time.  The time scales shown in the figure on the left are on a logarithmic scale; the figure to the right shows a more realistic representation of the relative amount of information potentially available from sedimentary deposits! (Modified from Smol, 1992).







From Smol et al. (2001a)

Presenter
Presentation Notes
From Smol 2008 textbook: Lake sediments are composed of material from a large variety of sources, which can broadly be divided into allochthonous (outside of lake, such as from the catchment or airshed) and autochthonous (from the lake itself) sources. From Smol et al. (2001a); used with permission. 



(from Smol 2008)

The Paleolimnological Method

Presenter
Presentation Notes
From Smol 2008 textbook: The main steps in most paleolimnological studies, once a suitable coring site is chosen. 



The Paleolimnological Method

Core retrieval

• sediment cores retrieved from deep, quiet locations

• undisturbed water-sediment interface = most recent deposits retrieved

Presenter
Presentation Notes
METHODS: Cores need to be carefully retrieved from a relatively quiet part of the lake to ensure the best possible undisturbed sedimentary sequence. An undisturbed water-sediment interface ensures that the cores we retrieved included the very top of the sedimentary record…or the most recent deposits. For much of the Lake of the Woods work, we used a Glew (1989) gravity corer to retrieve sediments deposited in the last ca. 500 to 1,000 years. For records covering the entire history of the lake (ca. 10,000 years), a piston corer was used.



Core sectioning

• sediment is sectioned into intervals (Glew 1988 extruder)

• each interval (usually 0.5 cm) extruded into plastic sample bags

The Paleolimnological Method

Presenter
Presentation Notes
METHODS: Cores carefully extruded in 0.5 cm intervals. Each slice contains environmental indicators that were deposited at that time in the lake with intervals at the bottom representing the oldest sediments and intervals at the top representing the youngest sediments. This provides us with a high resolution continuous record of the environmental history of that site





Dating the sedimentary sequences: an example from the LoW

•137Cs peak ca. 1963

• corresponds to nuclear test ban treaty
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chronology for the last ca. 150 years

Presenter
Presentation Notes
METHODS: Dating the recent sediments. An important aspect of paleolimnology is to be able to pinpoint the timing of any given change archived in the sedimentary record. For sedimentary sequences covering the last ca. 150 years we use 210Pb radioisotopes to date these sediments using Gamma spectroscopy. In addition to looking at the Pb radioisotopes we also look for a peak in Cesium concentrations as it is common to see a peak at ca. 1963 the year in which atmospheric nuclear bomb testing reached its maximum just prior to the moratorium. From a paleolimnological perspective, it is very important that once you have a dated core, all other analyses should be done from this same core.





From Smol (2008)

Dating the sedimentary sequences: schematic

Presenter
Presentation Notes
From Smol 2008 textbook: Schematic diagram showing the major steps used in determining 210Pb dates for sediment cores.  A) The core is sectioned into appropriately spaced intervals (e.g. 0.5 cm slices) for the study in question.  B) 210Pb and other radioisotopes are counted using a low-background gamma counter (an alternate procedure is to use alpha spectrometry).  C) Activities of total 210Pb and 137Cs in this core.  The level of supported 210Pb activity assumed in the age estimates is shown with a dotted line. The peak in 137Cs activity at around 5 cm is assumed to represent the height of atmospheric fallout in 1963.  D) The resulting age-depth relationship for the sediment core based on calculations using a model such as the Constant Rate of Supply (CRS) or Constant Initial Concentration (CIC) model. Age determinations cannot be made accurately for depths below the level of detection for 210Pb; in this example, for sediments below about 15 cm depth.  Ages below this depth can only be extrapolated. The dotted line shows the placing of the 137Cs peak on the dating curve, revealing (in this hypothetical example) a good match with the 210Pb-estimated date of 1963. Error bars are standard deviations. 



• well preserved in lake sediments

• remain stable in sedimentary sequences

• taxonomically specific ornamentation

• many have narrow optima and tolerances

• respond rapidly to environmental change

Diatoms as Indicators of Environmental Change

The Paleolimnological Method

Presenter
Presentation Notes
METHODS: One of the mainstays of paleolimnological studies are the diatoms for some very important reasons. 1) They are made up of silica (basically glass structures) that preserve extremely well in most sediments and so when we want to look at long-term changes we can be assured that the diatoms will remain in the record…even going back thousands of years. 2) Diatoms are also very stable within the sedimentary sequence ..so for example if we are examining diatom assemblages from the 12cm depth of the core  and our chronology tells us that this sequence was deposited in 1980 we can be assured that the diatoms that were deposited in this interval was deposited in 1980. In other words, we do not need to worry about these diatoms undergoing post-depositional migration to other sections of the sedimentary record. 3) They can be identified down to species level and often variety 4) Many have well-defined optima and tolerances to a given environmental variable 5) Their fast turnover rates allow them to respond very quickly to changes in their environment 6) Collectively these characteristics make them ideal and reliable paleo-indicators of environmental change.





• Exchange of diatom datasets requires 
taxonomic consistency

• Diatom workshop, August 2006

Diatoms as Indicators of Environmental Change

The Paleolimnological Method

To view our taxonomy workshop notebook go to the 
Research button and then Click on Diatoms

Presenter
Presentation Notes
To successfully exchange these diatom datasets among various researchers requires taxonomic consistency.



From Smol (2008)

Chrysophyte Scales as Indicators of Environmental Change

The Paleolimnological Method

Presenter
Presentation Notes
From Smol 2008 textbook:  Micrographs of fossil chrysophyte scales. A: Transmission electron micrograph of a Mallomonas hindonii scale. B: Scanning electron micrograph of M. pseuodocoronata scales.  C: Light micrograph of M. pseuodocoronata scales.  D: Transmission electron micrograph of a M. hamata scale.  E: Scanning electron micrograph of M. punctifera scale.  F: Transmission electron micrograph of a Synura petersenii scale.



Modified from Duff et al.
(1995)

From Smol (2008)

The Paleolimnological Method

Chrysophyte Stomatocysts as Indicators of Environmental Change

Chrysophyte cysts can be 
used as biomonitors of
• pH

• Climate

• Trophic status

• Lake-level changes

• Habitat availability

• Metal concentrations

• Salinity

Presenter
Presentation Notes
From Smol 2008 textbook: Scanning electron micrographs of fossil chrysophyte stomatocysts.  A and B: Light and scanning electron micrographs of Stomatocyst 204 (Uroglena volvox). C: Scanning electron micrograph of Stomatocyst 97 (biological affinity not yet determined).  D and E: Scanning electron and light micrographs of Stomatocyst 41 (Dinobryon cylindricum). F: Scanning electron micrograph of Stomatocyst 35 (biological affinity not yet determined).  Modified from Duff et al. (1995).



Photographs taken by Darren Bos

The Paleolimnological Method

Cladocera as Indicators of Environmental Change

From Smol 2008

Cladocerans used to track
• Climatic changes

• Trophic oscillations

• Acidification

• Water-level changes

Presenter
Presentation Notes
From Smol 2008 textbook: Light micrographs of cladoceran body part. A:  Chydorus piger headshield. B: Graptoleberis testudinaria carapace. C: Daphnia dentifera postabdominal claw. D: ephippium of a Daphnia. Photographs taken by Darren Bos.



The Paleolimnological Method

Chironomids as Indicators of Environmental Change

Photographs taken by Saloni Clerk From Smol 2008

Hypolimnetic oxygen
• Climate
• Salinity
• Lake productivity

Presenter
Presentation Notes
From Smol 2008 textbook: Light micrographs of fossil chironomid head capsules.  A: Chironomus.  B: Protanypus.  m = mentum.  vm = ventromental plate. Photographs taken by Saloni Clerk. 



Modified from Uutala (1990)

The Paleolimnological Method

Chaoborus as Indicators of Environmental Change

From Smol 2008

Chaoborus americanus – presence of 
this taxon is a good indication of fishless 
conditions

Presenter
Presentation Notes
From Smol 2008 textbook: Light micrograph of a fossil Chaoborus americanus mandible (a = anterior tooth; m = medial tooth; p = posterior tooth). The presence of this taxon is a good indication of fishless conditions, as it is very susceptible to predation.  Modified from Uutala (1990). 



The Paleolimnological Method

Ostracodes as Indicators of Environmental Change

Photographs by Jordon Bright From Smol 2008

• Nutrient status• Salinity• Temperature • Chemical composition of their host water• Trace element (especially Mg and Sr) content and stable isotope (18O/16O and
13C/12C) ratios of their shells reflect important limnological variables such as water 
temperature, water chemistry, and productivity.

Presenter
Presentation Notes
From Smol 2008 textbook:  Scanning electron micrographs of ostracode valves. A) A male, left valve of a Candona species, believed to be endemic to Bear Lake, Utah.  B) Left valve of Ilyocypris bradyi, a cosmopolitan taxon. Photographs by Jordon Bright.



The Paleolimnological Method

Sedimentary Pigments as Indicators of Environmental Change

From Leavitt and Hodgson (2001): In:J. P. Smol, H. J. B. Birks & W. M. Last (eds.), 2001. Tracking 
Environmental Change Using Lake Sediments.
Volume 3:Terrestrial, Algal, and Siliceous Indicators. KluwerAcademic Publishers, Dordrecht, The Netherlands.

Pigments from algae, phototrophic bacteria and higher plants often preserve in lake 
sediments long after all morphological structures have disappeared. 

These lipophilic molecules are widespread in suitable sedimentary environments 
(organic, anoxic, aphotic). 

Fossil pigments are now used as indicators of a wide variety of ecological 
questions/problems including algal and bacterial community composition, changes in 
the physical structure of lakes, as well as anthropogenic impacts on aquatic 
ecosystems, including eutrophication, land-use practices and climate change. 



From Meyers and Lallier-Vergès (1999)
From Smol (2008)

The Paleolimnological Method

Stable Isotopes (C/N) as Indicators of Environmental Change

Presenter
Presentation Notes
From Smol 2008 textbook:   The proportion of sedimentary organic matter that originated from non-vascular aquatic (algal) versus terrestrial (vascular land plant) sources can be estimated by the elemental ratio of carbon to nitrogen (C/N). By also using stable isotope methods (e.g. δ13C), material sourced to C3 land plants can be distinguished from C4 land plants. From Meyers and Lallier-Vergès (1999); used with permission.
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Rühland et al. in preparation
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Whitefish Bay

Whitefish Bay, Lake of the Woods: reference siteWhitefish Bay, Lake of the Woods: reference site
A Dated Diatom Stratigraphy

Presenter
Presentation Notes
Temporal changes in diatom communities from 210Pb-dated sediment core retrieved from Whitefish Bay within the Lake of the Woods.  Whitefish Bay is relatively low in nutrients and does not experience algal bloom – therefore it was chosen as our reference site. Diatom assemblage changes are expressed as relative percentages of total number of valves counted. Diatom-inferred changes in total phosphorus (DI-TP) was estimated through the development of a calibration set (see slides #24-28).  The yellow highlighted area indicates the approximate time of greatest diatom assemblage turnover and is consistent to greatest recorded temperature change in nearby Kenora. 





PP1-Impact Site 
Bigstone Bay-Impact Site
Whitefish Bay-Reference Site

Ye
ar

 (A
D

)

1890
1895
1900
1905
1910
1915
1920
1925
1930
1935
1940
1945
1950
1955
1960
1965
1970
1975
1980
1985
1990
1995
2000
2005

0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

Chla (mg/g dry wt)

Lake of the WoodsLake of the Woods
An example of spectrally-inferred Chla trends from 3 sites in the LoW

Rühland et al. in preparation

Presenter
Presentation Notes
Another avenue we explored was whether or not there were changes in overall primary production over time in the 3 Lake of the Woods sites we had sampled. The figure in this slide depicts the trends in sedimentary Chlorophyll a  (Chla), one of the more broadly distributed pigments that is a valuable indicator of algal production (see Leavitt & Hodson, 2001 in DPER series 3; Michelutti et al. 2005). Not surprisingly, the reference site Whitefish Bay (in blue) had the lowest Chla concentrations, PP-1 higher and Bigstone Bay the highest (the latter two sites having elevated TP concentrations and algal blooms – impact sites). Both impact sites recorded a clear increase in primary production over the last few decades but our reference site Whitefish Bay showed no clear pattern of change.



The “Top-Bottom”

 

or “Before-After”

 

approach in paleolimnology

Modified from Smol (2008)

TOP - After

BOTTOM - Before

Open water (planktonic) diatoms abundant

Shallow water (benthic) diatoms abundant

Diatoms deposited in recent sediments

Diatoms deposited in pre-1850 sediments

Example from Rühland et al. 2003

Presenter
Presentation Notes
Modified from Smol 2008 textbook: Using the “top/bottom” approach, typically only the surface (“top”) sample of sediment is analyzed representing present-day limnological conditions and one deeper sediment sample (“bottom”) representing conditions that existed prior to marked anthropogenic influences.  In some cases, additional sediments are analyzed, representing other time slices (e.g. diatoms from ca 1900 in this example). This approach typically examines two discrete sedimentary intervals. In comparison to detailed paleolimnological analyses of full, continuous sedimentary sequences, this approach provides an effective and relatively quick technique that can be applied to a large number of lakes for a regional assessment of environmental change.



From Smol (2008)

Calibration sets: quantitative paleolimnological

 

methods

Presenter
Presentation Notes
From Smol 2008 textbook: Schematic diagram showing the main steps used in constructing a transfer function using a surface-sediment calibration set or training set. A suite of appropriate calibration lakes (A) is chosen for which limnological data are available (or will be collected); these environmental data provide the first data matrix used in the development of the transfer function (C). Surface sediments (often the top 1 centimeter of sediment) are collected from the same set of lakes (B), and indicators (e.g. diatom valves, chironomid head capsules, etc.) are identified and enumerated from these samples, thus producing the second matrix used in the training set (C). By using a variety of statistical techniques, environmental variables that are highly related to the species abundance data are used in the development of transfer functions that include estimates of species parameters (e.g. optima, tolerances) based on this training set (D).



lake surface sediments 

environmental data species response curves
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Development of a paleolimnological

 

inference model

Model assessment

Presenter
Presentation Notes
From Smol 2008 textbook:  The typical steps used in developing and assessing the predictive ability of an inference model.  A) Selection of a modern set of lakes that span the limnological gradient of interest from which both environmental variables and species assemblages (often from the surface sediments) are collected.  B) The regression step, where species response curves are estimated based on their distributions in the calibration set of lakes.  The calibration steps: C) where the same set of lakes from which the species responses were estimated is also used to generate the inference model (thus producing an overly optimistic r2apparent); D) where an independent test set of lakes is used to generate the inference model; or E) where computer re-sampling techniques, such as bootstrapping or jackknifing, are used to assess the inference model.  Modified from Fritz et al. (1999). 





Lake of the Woods training set
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Developing Models for Total Phosphorus on the LoW

Presenter
Presentation Notes
To reconstruct past changes in total phosphorus(TP), a TP model based on the modern distributions of diatoms along a TP gradient was applied down-core. A series sediment cores were collected throughout the lake to give us a cross-section of diatoms found at different parts of the nutrient gradient across the lake. At the same time, water chemistry data was also collected. This resulted in the collection of surface sediments from about 16 sites throughout the LOW along a gradient of total phosphorus.



Lake of the Woods training set

Developing Models for Total Phosphorus on the LoW
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Presenter
Presentation Notes
In general, the pattern of increasing TP with higher TP concentrations in the centre of the lake, lower in the quieter bays and highest in the south and centre. The three sites that we are interested in are circled – this figure makes it apparent that there is a fair bit of variability in the TP concentrations at any given site.







Developing Models for Total Phosphorus on the LoW

+

Lake of the Woods training set

16 sites in LOW 55 Minnesota lakes

Northern Lakes and Forests (NLF) sites

Presenter
Presentation Notes
In addition to the sites sampled throughout the northern parts of the LoW, as subset of lakes collected for a Minnesotan calibration study was also used to develop the TP model. This resulted in a relatively strong model for inferring past changes in TP based on changes in the fossil diatom assemblages from the cores that we collected in the LOW. 





From Smol (2008)

Eutrophication: an important water quality issue

Presenter
Presentation Notes
From Smol 2008 textbook: Eutrophication may result in a large number of water quality problems. The most obvious ones include excessive phytoplankton blooms (often with a shift to less desirable species, such as cyanobacteria, that are not readily grazed by many invertebrates), and sometimes thick growths of aquatic macrophytes and periphyton. Taste and odor problems may also occur. Once this increased biomass dies and settles to the bottom of the water body where decomposition occurs, oxygen levels may become depleted thus killing off fish and other animals, releasing phosphorus from the sediments (i.e. internal loading), and a suite of other problems.



August 31st

July 18th

June 19th

Development of an Algal Bloom on the LoW-

 

2003

(Terra MODIS images – G. McCullough, U. of Winnipeg)

Presenter
Presentation Notes
There is a perception that water quality in the LOW has deteriorated over recent years due to a reported increase in the frequency and intensity of cyanobacterial algal blooms. Typically blooms in late summer early fall in north end….mid summer in south end. 





Long-term data are essential for understanding environmental & ecological problems

Algal blooms on the LoW

• Total phosphorus (TP) is an important, limiting nutrient for algal growth

• Much interest in determining whether TP has changed historically

Has TP been historically high in LoW?

Has TP increased recently?

• Historical documents back to early 1820s describe algal blooms on the LoW

Presenter
Presentation Notes
Consequently, there has been a lot of interest in determining the factors in the LOW that may contribute to the development of algal blooms…for example phosphorus … whether there have been changes in historical phosphorus concentrations throughout the LOW and whether recent increases in blooms coincide with increased phosphorus levels. Are there other recent environmental changes (e.g. warmer temperatures) that may contribute to possible increases in the intensity and frequency of algal blooms? Historical records going back to the early 1800s suggest that algal blooms are not new to the LOW. 



Some Important Lake Management Questions:

1) What is the ‘natural’ or baseline condition of the lake?

2) Has the water quality changed since pre-development (or pre- 
industrial) times?

3) If so, when did these changes occur?

4) What is the direction and magnitude of this change?

5) What are the possible reasons for this change?

Presenter
Presentation Notes
A major focus of our paleolimnological research on the Lake of the Woods will be to provide answers to some of the key lake management questions such as: what is the baseline condition of the lake, is the water quality and lake ecosystem substantially different today than it was in the past, if so when did these changes take place and how much have things changed. The answers to these questions can give us some important evidence as to the possible mechanisms behind these changes.
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