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To my students, past and present

We possess nothing certainly except the past.
Evelyn Waugh, Brideshead Reuwisited (1945)

History . . . should be a vehicle rather than a terminus.
Modris Eksteins, Globe and Mail (1999)
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Preface to the second edition

Look abroad through nature’s range,
Nature’s mighty law is change.
Robert Burns (1759-96)

We live in a constantly changing environment.
Some changes are due to natural processes, but
we now know that anthropogenic activities are
responsible for many of the environmental prob-
lems we are currently facing. Humans have un-
intentionally initiated large, global “experiments,”
with processes such as titrating our lakes with
acids from industrial emissions, to over-fertilizing
our surface waters with sewage and agricultural
runoff, to changing the physical and chemical
properties of our atmosphere with greenhouse gas
emissions, to synthesizing and releasing thousands
of compounds into our biosphere. In most cases,
we have little or no idea of the environmental
repercussions of these actions until it is too late
and the damage has been done. In almost all cases,
we only start monitoring ecosystems after a prob-
lem is recognized.

We do not have a crystal ball to see where
these environmental changes will take us, but we
can learn many lessons from the past. Historical
perspectives allow us to determine what an eco-
system was like before it was disturbed (providing
realistic targets for mitigation) and to ascertain
how the system changed as a result of human
activities. Although very little long-term and
pre-impact monitoring data are typically available
for most ecosystems, much of this information
is archived as proxy data in sedimentary records
that can be interpreted by paleolimnologists in
a manner that is useful to other scientists, en-
vironmental managers, politicians, and policy

makers, as well as the public at large. As Con-
fucius observed over two millennia ago, “Study
the past to divine the future.”

This book is about using the vast stores of
information preserved in lake, river, and reservoir
sediments to track past environmental changes.
The first edition of this textbook was published
in 2002, and I had no plans at that time to do a
second edition in such a short time. However, the
first edition sold out faster than I had initially
anticipated, and the decision was then one of
either simply reprinting the first edition or under-
taking a revision. I chose the latter. The field of
paleolimnology is rapidly evolving and improv-
ing, with new applications and approaches being
developed at a frenetic pace. It is not possible to
cover, even in a general sense, the myriad applica-
tions that paleolimnology offers in a book this
size. | have therefore focused on problems deal-
ing with the major forms of freshwater pollution.
However, with the second edition, I have added
a new chapter entitled “Greenhouse gas emissions
and a changing atmosphere: tracking the effects
of climatic change on water resources.” The
reasons for this new chapter were two-fold. First,
it is clear that climate change is having myriad
effects on water quality and other pollution
issues, and so a short chapter describing some of
the ways that paleolimnologists track past climatic
changes appeared to be warranted. The second
reason was more practical. Several professors

had told me that they liked the first edition
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and used it in their upper year courses as a
reference or text, but felt that, since paleoclim-
ate research was only peripherally mentioned, it
was not complete for a typical university course
on paleoenvironmental research or global envir-
onmental change. | hope that this new chapter
will at least partly fill this gap. In addition, a
number of new sections and figures are now
included throughout the book, as well as updates
to many original entries from the first edition.
About 250 new references are cited in this edi-
tion. Most of my examples continue to be from
lakes, as the vast majority of published studies
are from these systems. However, most paleolim-
nological approaches can also be applied to river
and reservoir systems, provided that suitable
sedimentary sequences are identified.

A frustrating aspect of writing this book was
that I had to choose from so many good examples.
Due to page limitations, I could only highlight
a few studies, with my overall goal of showing
a broad spectrum of applications. Almost all of
these case studies are from Western Europe and
North America, which is a reflection of where
most of the applied paleolimnological work has
been done to date. This, too, is changing, as
scientists and managers become more aware that
paleolimnological approaches can offer import-
ant and cost-effective answers to many serious
water-quality questions, especially in developing
countries. In fact, several of the new examples in
this second edition are from these regions.

[ have received excellent advice and assistance
from many colleagues regarding the completion
of this book. Foremost amongst these have been
members of my laboratory, the Paleoecological
Environmental Assessment and Research Lab
(PEARL) at Queen’s University in Kingston,
Ontario, who read and commented on many
sections of this book. Brian E Cumming,
William M. Last, and Andrew M. Paterson
made especially thoughtful comments on overall
structure and content. Many thanks are also
due to Wiley-Blackwell Publishers, and espe-
cially my publishing editor Dr lan Francis, for
his assistance. Thanks also to my friend and
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colleague, Ray Bradley, for his encouragement
to undertake this second edition. I also wish to
acknowledge the original reviewers for their
helpful comments.

As always, I owe a deep debt of gratitude to
John Glew, who is my right hand (and often
left hand as well) in the field and elsewhere, and
whose immense artistic talents have enhanced
the illustrations in this book. Jon Sweetman
and Daniel Selbie were especially helpful in
preparing the final photographic plates. I would
also like to thank the many journal and book
publishers, as well as individual scientists, who
granted me permission to reproduce some of
their figures.

The following individuals made important
comments to various sections of the text and/
or otherwise assisted with this volume: D.
Antoniades, P. Appleby, ]J. Baron, R. Battarbee,
B. Beierle, L. Benson, H. Birks, J. Birks, ]. Blais,
W. Blake, Jr, I. Boomer, D. Bos, R. Bradley,
M. Brenner, ]. Bright, K. Brodersen, R. Brugam,
J. Casselman, M. Chaisson, D. Charles, S. Clerk,
A. Cohen, S. Cooper, C. Dalton, E Dapples,
J. Dearing, P. DeDeckker, A. Derry, P. Dillon,
A. Dixit, S. Dixit, M. Douglas, T. Edwards. A. Ek,
S. Eisenreich, B. Finney, E. Fjeld, ]J. Flenley,
R. Flower, R. Forester, E Forrest, S. Fritz,
A. Jeziorski, K. Gajewski, Z. Gan, R. Gilbert,
B. Ginn, E Ginn, J. Glew, 1. Gregory-Eaves,
C. Grooms, P. Guilizzoni, R. Hall, J. Havelock,
M. Hermanson, D. Hodgson, E. Jeppesen,
R. Jones, V. Jones, T. Karst, M. Kowalewski, W.C.
Kerfoot, G. Kerson, K. Laird, S. Lamontagne,
D. Landers, S. Lamoureux, D. Lean, P. Leavitt,
M. Leira, L. Lockhart, A. Lotter, G. MacDonald,
R. Macdonald, A. Mackay, H. Maclsaac,
A. Martinez, M. McGillivray, R. McNeely,
P. Meyers, K. Mills, N. Michelutti, B. Miskimmin,
J. Morse, D. Muir, K. Neill, C. Neoel, P.
O’Sullivan, A. Parker, A. Paterson, D. Pearson,
R. Pienitz, M. Pisaric, S. Pla, R. Quinlan, E.
Reavie, I. Renberg, S. Rognerud, N. Rose, K.
Riithland, O. Sandman, C. Sayer, D. Selbie, C.
Schelske, D. Schindler, R. Schmidt, W. Shotyk,
E Siegel, P. Siver, A. Smol, E. Stoermer, ].
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Stone, A. Street-Perrott, ]. Sweetman, E. Turner,
D. Verschuren, W. Vincent, I. Walker, ]. Webber,
P. Werner, T. Whitmore, A. Wilkinson, A. Wolfe,
B. Wolfe, N. Yan, and B. Zeeb. Any errors or
omissions are, of course, my responsibility.

Funding for my research has come from a vari-
ety of sources, but primarily from the Natural
Sciences and Engineering Research Council of
Canada. I feel fortunate that I am able to pur-
sue my research and teaching in what I believe
is a remarkable country, at an excellent and
supportive university, where | can participate in
such an outstanding and rapidly growing field of
science. | would also like to acknowledge the moral
support supplied by my mother and my siblings,
as well their families.

Paleolimnologists often tend to look back-
wards, and as I read over the final version of my
text, | feel that I should acknowledge what will
likely be obvious to any reader of this book — I
think paleolimnology is wonderful! As such, I
suspect some will find my views embarrassingly
enthusiastic and perhaps hopelessly optimistic.

PREFACE TO THE SECOND EDITION

Certainly, as in all other branches of science,
not all paleolimnological investigations are
successful, nor can many conclusions be stated
with sufficient confidence to warrant subsequent
interventions and other actions. Nonetheless, I
believe that there is now ample evidence that pale-
olimnological studies are consistently providing
defendable answers to critically important ques-
tions. In many cases, due to the lack of monitoring
data, proxy data provide the only answers attain-
able, and so even a partial answer is better than
no answer at all.

[ am excited and immensely proud of the
accomplishments of my colleagues. The science
of paleolimnology has moved rapidly and effec-
tively to help solve many environmental prob-
lems, and has often blended itself seamlessly
with many other disciplines. These are exciting
times for paleolimnology. I hope this book cap-
tures some of this excitement.

John P. Smol
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There is no substitute for water

Water, water, every where,
Nor any drop to drink
S.T. Coleridge, The Rime of the Ancient Mariner (1798)

1.1 Our water planet

If extraterrestrial beings ever investigated this
planet, it is doubtful they would name it Earth.
They would almost certainly call it Water. Water
covers approximately 75% of our world’s surface,
representing a volume of over one billion cubic
kilometers. However, as noted later in this chap-
ter, only a very small portion of this water is fresh
and accessible. A second feature characterizing
our planet is the incredible number and diversity
of life forms. This truly is “the Living Planet”
(Attenborough 1984). Water and life are intri-
cately linked. Water makes up about 70% of our
bodies. More than half of the world’s species of
plants and animals live in water, and even our
terrestrial-derived food is totally dependent on
and often largely composed of water. Civilizations
have flourished and collapsed due to changing
water supplies: Water can shape history; it can
make or break a king (Ball 1999). It is not surpris-
ing that over 80% of Americans live within 8 km
of surface waters (Naiman et al. 1995). Without
water, there would be no life. Plain and simple.

The study of inland waters is called limnology.
A common definition of a limnologist is some-
one who studies lakes and rivers, although the
term includes those who work with other inland
waters (e.g., ponds, swamps, saline lakes, wetlands).
Limnology is a diverse science, which includes
physics, chemistry, biology, geology, and geo-
graphy, as well as a suite of other disciplines. It
has strong links to applied fields as well, such as
engineering and management. Many applica-
tions have a clear environmental focus.

Paleolimnology, which is the theme of this
book, is the multidisciplinary science that uses the
physical, chemical, and biological information
preserved in sediment profiles to reconstruct past
environmental conditions in inland aquatic systems.
Paleolimnology has many applications. Although
pollution studies make up a significant part of
the literature, paleolimnological approaches are
used to study a wide variety of basic and applied
problems.

Most scientists seem to differentiate between
limnology and paleolimnology, as if they are
quite separate fields. As I have argued previously
(Smol 1990a), this seems to me to be an artificial
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division. I prefer to use the word “neolimnologist”
to designate scientists working with present-day
aquatic systems, whilst “paleolimnologists” often
address similar problems, but do so at much
longer time scales, using sediments as their
primary research material. Both are limnologists;
it is primarily a distinction of time scales and
temporal resolution. Whilst neolimnologists can
typically use tools and approaches with higher
resolution, paleolimnologists can extend many of
these studies back in time, and back in time is
where many of the critical answers to environ-
mental problems are hidden. The two disciplines
are tightly linked and complementary.

1.2 Water and aquatic ecosystems

Water (H,O) is a peculiar compound and it is
important to understand some of its character-
istics (Box 1.1). In contrast to almost any other
substance, water is less dense in its solid form
(ice) than it is in its liquid form, and so ice floats.
Water also has other interesting thermal and
density properties in that it is most dense at
about 4°C and less dense as it gets warmer, but
it also becomes less dense as it gets colder, until
it freezes at 0°C (these temperatures refer to pure
water; water containing dissolved solutes, such
as sea water, will freeze at lower temperatures).
Because water layers at different temperatures
will have different densities, three thermally
(and hence density-) defined horizontal strata
will often form in deeper lakes that have strong
seasonal temperature differences (Fig. 1.1; the
upper, warmer epilimnion; the middle portion of
rapid temperature change, or the thermocline,
which demarks the metalimnion; and the deep,
colder layer called the hypolimnion, often at
or near 4°C). In temperate regions, lakes are
often stratified in this way throughout much
of the summer but mix totally after ice-melt in
the spring (spring overturn, which occurs when
the lake is isothermal at or near 4°C) and again
in autumn, as temperatures begin to cool and
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thermal stratification weakens. Such lakes are
called dimictic, because their water columns mix
twice every year. In subtropical regions, only one
mixing event in the cold season may occur
(monomictic lakes), and other variations occur
(a number of limnology textbooks deal with this
topic in much more detail: Kalff 2001; Wetzel
2001). These stratification patterns have import-
ant ecological and environmental implications.
For example, on a very windy, mid-summer day,
a lake may appear to be well mixed, with large
surface waves. But this is not really the case, as
these waves are largely a surface phenomenon, and
the deeper waters are still largely segregated into
three layers. Thermal stratification is often weak
or non-existent in shallow lakes or rivers, where
wind mixing or currents are stronger than the den-
sity gradients set up by temperature differences,
and so these systems mix frequently (polymictic).

In addition to vertical stratification, there are
also marked horizontal differences in lakes and
rivers (Fig. 1.1). Water depth (and associated light
penetration) is often a major factor controlling
horizontal zonation in water bodies, with of
course shallower water occurring near the shore
and deeper water typically farther from the shore
(Box 1.2). The littoral zone is often defined as
the part of the lake or river where rooted aquatic
plants (macrophytes) can grow. This growth is
primarily depth dependent, although it can be
altered greatly by water clarity (for example, two
lakes may have similar morphometries, but the
lake with the clearer water will typically have
the larger littoral zone). Shallower sites are often
referred to as ponds; the distinction between
lakes and ponds, though, is not standardized. For
example, in some regions, a pond is defined as a
water body where the entire bottom can support
rooted aquatic macrophytes (i.e., the entire pond
is technically a littoral zone). This definition, how-
ever, is difficult to apply universally. For example,
some highly productive waters are quite shallow
and so might intuitively be considered ponds, but
because of the large amount of material in their
water columns, the photic zone is much reduced
and rooted macrophytes cannot grow. In polar
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Box 1.1 The major properties of water

The water molecule consists of two hydrogen atoms bound to an oxygen atom, forming an
isosceles triangle. Water molecules are attracted to each other, creating hydrogen bonds, which
influence many of the physical as well as chemical properties of water. Pure water at sea level
freezes at 0°C and boils at 100°C. At higher elevations, the boiling point of water decreases,
due to the lower atmospheric pressure. If substances are dissolved in the water, the freezing
point is lowered (this is why salt is often applied to some roads in winter; it deters ice from
forming).

Like other liquids, the density of water is very closely related to temperature, as well as to
the amount of solutes it contains. Perhaps the most striking feature of water is that it is less
dense in its solid form (ice) than it is in its liquid form, and so ice floats. The highest density
of pure water is reached just below 4°C, and so water of this temperature is often found in the
deep waters of a lake. The addition of solutes also increases the density of water markedly (i.e.,
salty water will be denser than fresh water). Both these features influence thermal and chem-
ical stratification patterns in lakes, with important environmental consequences.

Water has a very high specific heat, which is the amount of energy needed to warm or cool
a substance. It has amongst the highest specific heats of any naturally occurring substance.
This is why, for example, it is often cooler around an ocean or a large lake during summer, as
the water remains cooler longer than land. Similarly, regions around large bodies of water
are warmer in winter as the water is slower to cool. People who live close to large bodies of
water are often said to enjoy a maritime climate, with reduced climatic extremes between the
seasons. Farmers benefit as well, as crops are protected from nighttime freezing. In contrast,
regions far inland are often said to have continental climates, with striking seasonal changes
in temperature. In short, large bodies of water are the world’s great heat reservoirs and heat
exchangers. People exploit the high specific heat capacity of water when they bring hot water
bottles into their beds on cold nights.

Water also has an extremely high surface tension, which is a measure of the strength of the
water’s surface film. Of the other liquids one is likely to encounter, only mercury (Chapter 10)
has a higher surface tension. The epineuston is a community that takes advantage of this sur-
face tension and lives on the surface of the water. Water striders (Gerridae) are insects com-
monly seen on the surfaces of lakes and ponds; they rely on this surface tension to walk on
the water’s surface. Another group of organisms, collectively referred to as the hyponeuston,
live below the water line, but again attach themselves to the water’s surface. This surface ten-
sion can also be a deadly trap for some organisms. For example, insects that touch the water
may not be able to release themselves from this force.

One of the most important characteristics of water is that it is almost the universal solvent,
with extraordinary abilities to dissolve other substances. Consequently, when water passes through
soils or vegetation or a region of human activity (e.g., an agricultural field treated with fertil-
izers and insecticides, a mine tailings heap, a municipal or industrial landfill site, etc.) it changes
its characteristics as it dissolves solutes. Even a drop of water falling as rain will dissolve atmo-
spheric gases, and its properties will be altered (e.g., carbon dioxide dissolves readily in water,
forming a weak acid, carbonic acid).
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Fig. 1.1 A cross-section of a thermally stratifying lake, showing the density separation into three layers: the
epilimnion, the metalimnion, and the hypolimnion. The lake cross-section also shows the major habitats of

a lake, as described in Box 1.2.

regions, a pond is often defined as a water body
that freezes completely to the bottom in winter.

Water is always on the move (Box 1.3). Using
energy from the sun, over one thousand cubic
kilometers of water evaporates from this planet
every day. But then this water condenses and
returns to Earth in precipitation, which may be
in a liquid (rain), solid (snow), or gaseous (water
vapor, fog) form. All of these phases can be
affected by human activities. Once reaching the
Earth, water may be deposited directly into lakes
and rivers, but it is more likely to be intercepted
by vegetation, or to become part of the surface
runoff, which eventually makes its way to rivers
and lakes and eventually to the oceans. Some

precipitation may land in polar or high alpine
regions, and become frozen and then stored in ice
caps and glaciers for millennia. Other water may
percolate down through the soil and become part
of the groundwater system, where it too may
remain for a long period of time before resurfac-
ing. About every 3000 years, this movement of
water from the Earth to the sky and back again
recycles an amount of water equivalent to the
volume of the world’s oceans.

Human activities alter the quality and quant-
ity of water passing through all these systems by
their activities, often with negative repercussions.
This book will examine the repercussions of these
activities.
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Box 1.2 Horizontal zonation and the major habitats and communities in aquatic
ecosystems

The littoral zone is typically defined as the shallow part of a lake where rooted aquatic macro-
phytes can grow. Although the littoral zones of some lakes are not very large, a significant,
sometimes dominant, portion of the overall production occurs there. Many organisms, such as
some fish, feed, find refuge, and reproduce in these areas. Since littoral zones are the closest
to land (and to human influences), they are often critical areas in pollution studies.

Organisms, such as algae, living in the littoral zone are often attached to a substrate and
are collectively called the periphyton. Substrates typically delineate this region (Fig. 1.1). For
example, the epiphyton are organisms living attached to plants, whilst the epilithon are attached
to rocks and stones, the epipsammon are attached to sand grains, and the epipelon live on the
sediments.

The deeper, open-water region is often referred to as the pelagic region. Plankton live unattached
to any substrate in the open-water system, and are largely at the mercy of water movements,
although some have limited motility (e.g., with flagella). Plankton that are photosynthetic,
such as algae, are called phytoplankton; those that are more animal-like, such as water fleas
(Cladocera), are called zooplankton. Animals with strong locomotory capabilities, such as fish
and large invertebrates, are called the nekton.

A smaller, poorly studied community, collectively called the neuston, lives closely associated
with the surface tension of the water’s surface. Organisms living in such a manner above the
water line are called the epineuston; those below the water line are called the hyponeuston.

The profundal region typically refers to the deep waters in the middle of the system. Organisms
living on and in the sediments are called the benthos.

Box 1.3 The hydrological cycle

Water is always on the move, cycling through the various compartments of our planet (e.g.,
the atmosphere, the lithosphere, the hydrosphere; Fig. 1.2). Driven by energy from the sun,
water evaporates as water vapor into the atmosphere, where it can be transported long dis-
tances. During this gaseous phase, it can be transformed and contaminated by a variety of
pollutants (e.g., acids). Eventually, the water vapor will condense and precipitate back to Earth
in either a liquid (rain) or solid (snow) phase.

Some precipitation falls directly on water bodies, such as lakes and rivers, and so will not
be directly influenced by watershed characteristics. However, catchments typically have much
larger surface areas than the water bodies they drain into, and so much of the incoming water
precipitates on land. Water quality is influenced by natural characteristics of the drainage basin
(e.g., local geology, vegetation) as well as anthropogenic activities (e.g., industrial contaminants,
agricultural fertilizers and pesticides, etc.). Because of water’s ability to dissolve many substances
(see Box 1.1), and the fact that moving water is often a very effective vector for eroding and
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Fig. 1.2 A schematic diagram showing the major processes involved in the hydrological cycle.

transporting particulates, the water that eventually enters a lake or river can have dramatic-
ally different water-quality characteristics than the water droplets that had condensed in the
atmosphere.

Moreover, not all the precipitation falling on a catchment will be flushed into the receiv-
ing water body. Some will be re-evaporated back into the atmosphere. Some of the water may
percolate into the groundwater, where it will continue to move, albeit very slowly. It may
stay underground for thousands of years before it resurfaces. The water quality may change
dramatically while it is underground, as it is naturally filtered by passing through the cracks
and pores in the soil and rocks. In addition, due to water’s high solubility characteristics, it is
constantly dissolving substances with which it is in contact. It may also be contaminated by
human-produced compounds, such as pesticides.

Water may be intercepted by vegetation, taken up by plants as part of their physiological
activities, and then released back into the atmosphere through the stomata in their leaves.
For example, the roots of a typical birch tree may take up over 300 liters of water each day,
but then the tree transpires much of it back into the atmosphere. This is called evapotran-
spiration. A good way to show how significant terrestrial vegetation is in evapotranspiring water
is to remove it (e.g., logging), and then see how much more water is released from the catch-
ment via overland flow (Likens 1985).
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1.3 Water: a scarce resource,
becoming more valuable daily

Although water characterizes this planet, much
of it is not available to humans in a form that
can readily be used as a source of drinking water
or other uses (e.g., agriculture, industry), as the
vast majority of it is salty (~ 95.1%) and con-
tained in the world’s oceans (Speidel & Agnew
1998). Of the small percentage that is fresh
water' (~4.9%), most of this is inaccessible in
groundwater or frozen in glaciers and polar ice.
Once you account for this and other sources
of water, only about 0.01% of the vast amounts
of water on this planet is fresh and available as
surface waters in a liquid form — equivalent to
about a drop in a bucket. Of this small percent-
age, much of it is contained in lakes and rivers
that are far from human populations. Hence,
many of our water reserves are simply not
readily accessible.

Certain regions are blessed with large amounts
of fresh water. Wetzel (2001) estimates that the
Earth contains approximately 100 million lakes
that are greater than 1 ha in area, and approxi-
mately one million lakes that exceed 1 km?’
However, other regions, including areas of high
population growth, have very serious water prob-
lems. Fresh water is a very valuable resource,
and is getting more valuable every day. Each
day, our limited water supplies have to be shared
by a larger population. You can live without oil,
but you can’t live without water. As plainly
stated by the 19th-century American author,
Mark Twain: “Whiskey is for drinking; water is
for fighting.”

! There are a number of salinity boundaries used in the
literature delineating fresh from saline waters. Most bio-
logists define fresh waters as those with less than 1 g I™! salt
concentration, although 3 g1 is also commonly used as a
boundary, especially amongst geologists.
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1.4 Human influences on water quality

The Earth is about 4.5 billion years old and
certainly many natural environmental changes
have occurred on this planet during that time.
Hominids only evolved a few million years ago,
and our species, Homo sapiens, has only been
around for about the past 150,000 years. If we put
the 4.5 billion year history of the Earth on a
24-hour clock, the arrival of our species would
only occur in the last 3 seconds before midnight!
However, unlike any other species, our short
visit on this planet has been very influential.

Throughout most of this approximately
150,000 years, humans made little impact on the
environment. Their numbers were too small, too
dispersed, and their technology was so primitive
that they made little impact on the landscape
except for footprints. Things began to change,
though, about 10,000 years ago, when the
experiment called “civilization” began. Starting
at similar times in regions ranging from the Far
East and the Near East to the west coast of Peru,
people began clustering in larger groups with
the development of agriculture. New technolo-
gical advancements came shortly afterwards, as
did food surpluses. Populations started to grow,
slowly at first, but then faster — much faster.
People first clustered in small groups, then towns,
and eventually cities. The impact of humans on
the environment grew in step with the popula-
tion increases, but not on a linear scale. Human
influences, due to continued technological devel-
opments, increased far more than their rising
numbers might first predict. Fifty people with
Stone Age technology made far less environ-
mental impact than 50 people with our present-
day technology. The human “footprint” became
much larger and deeper very quickly, and the
potential for a crisis began to loom. Anthro-
pogenic impacts have become so profound that
Crutzen (2002) has proposed the designation of
a new geological epoch, called the Anthropocene,
representing the recent human-dominated period
of Earth’s history.
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The human population reached the 1 billion
persons level around 200 years ago. Since that
time, our population has grown to over 6 billion.
Each day, about 200,000 more people are born
than die. Humans need about 50 liters of water
a day to stay healthy (e.g., for drinking, cooking,
washing, sanitation). With increasing popula-
tions and increased technological growth, the
ecosystems we depend on are under greater stress.
The Earth’s supply of accessible fresh waters is
especially at risk. One out of three people in the
developing world does not have access to safe
drinking water. The United Nations Environ-
ment Programme (UNEP) estimated in 1999 that
the present shortage of clean water will only get
worse, to the point that by AD 2024 two-thirds
of the world’s population will not have adequate
access to clean drinking water. In addition to
municipal uses, water provides us with many
other services, such as fisheries and other food
resources, transportation, recreation, and other
societal needs (Postel & Carpenter 1997). Trends
outlined in the recent Millennium Ecosystem
Assessment (2005) are even less encouraging.
The quantity of water will not increase; it will
stay the same. The quality of water will almost
certainly decline further. Unlike resources such
as coal, oil, or wheat, there is no substitute for
water. We have a crisis on our hands, and we have
to explore and develop new approaches to meet
these challenges.

A major problem that faces water managers is
that much of what happens in lakes and rivers is
out of the sight of the public, below the water
line. People tend to respond to obvious problems
and symptoms, such as fish carcasses accumulat-
ing on a lakeshore or algal blooms fouling water
intakes. However, many water problems begin
with few obvious signs, but then steadily escalate
to full-blown crises. It is often more difficult,
or impossible, to correct the problem once it
reaches these late stages. Extinction is forever.
As Ricciardi and Rasmussen (1999) remind us,
since 1900 some 123 freshwater animal species
have become extinct in North America alone,
and hundreds of other species are considered
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imperiled. These alarming trends in loss of
biodiversity appear to be accelerating each year
(Millennium  Ecosystem Assessment 2005).
Human impacts are clearly implicated in almost
every case. The numbers are staggering. For
example, Ricciardi and Rasmussen (1999) estim-
ated that species losses from temperate fresh-
water ecosystems are occurring as rapidly as
those occurring in tropical forests. Surprisingly,
these data from aquatic ecosystems receive little
attention compared to the headline news of
species diversity issues from tropical terrestrial
ecosystems. We clearly need to use all the informa-
tion we can garner to help managers and policy
makers make responsible decisions to preserve
these ecosystems.

1.5 Ecosystem approaches to
water management

Lakes, rivers, and other water bodies cannot
be treated as isolated systems. Although 19th-
century naturalists at times referred to lakes as
microcosms, often believed to be separate from
the environment around them, we now know this
is certainly not the case. Freshwater systems are
intimately linked to their catchments or drainage
systems (watersheds), as well as to the “airsheds”
above them. They are also influenced by the
quantity and quality of groundwater inflows. Lakes
and rivers are downhill from human influences,
and so much of what happens in a lake’s catch-
ment or watershed eventually has an effect on the
aquatic system.

Environmental research requires this ecosystem
perspective, involving trans-disciplinary studies
explaining the processes and interactions among
air, water, land, ice, and biota, including humans.
Humans have currently transformed somewhere
between one-third to one-half of the Earth’s sur-
face with their activities, such as agriculture and
urbanization, and the rate of land transforma-
tion is increasing at an alarming rate. Further-
more, some industries have been treating the
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atmosphere as an aerial sewer, with the airways
now transporting a suite of pollutants that can
affect aquatic systems. The wind carries no pass-
port; we are truly living in a global world of pol-
lution transportation and deposition. Humans
are capable of altering and affecting each part
of the hydrological cycle (Fig. 1.2), whether via
chemical, physical, or biological means. These
repercussions, and some of the ways we can track
and study them, are described in this book.

1.6 Pollution

Webster’s dictionary defines the verb “pollute” as
“ ” s

to make foul.” There is, however, a large range
in the extent of pollution. As will be shown
in the subsequent chapters, humans have now
impacted all water bodies on this planet to some
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extent. Some impacts are minor and barely per-
ceptible; others have degraded lakes and rivers to
enormous degrees. This pollution is often chem-
ical (e.g., contaminants, acid rain, nutrients) or
physical (e.g., heat inflows), although “biological
pollution,” such as the introduction of exotic
species, is also considered a form of pollution in
its broadest sense.

Pollutants originate from many sources and are
classified a number of ways. Pollutants are often
discussed, in a general way at least, with respect to
their source, and are divided into “point source”
and “non-point source,” or “diffuse source,” pol-
lutants (Fig. 1.3). A point source pollutant is
simply one originating from a clearly defined
source, such as a smoke stack from a smelter, an
outflow pipe from a factory, or untreated sewage
draining into a river. These point source pol-
lutants are often easier to control, as they have
a clearly defined origin, they can often be readily

Fig. 1.3 Surface waters can be affected by both point and diffuse sources of pollutants.
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measured and monitored, responsibility can be
more easily assigned, and often technological fixes
(e.g., a scrubber for a smoke stack or a treat-
ment facility for an outflow) can be implemented
more effectively and economically. Non-point
or diffuse sources of pollution are often more
challenging for managers and scientists. Pesticide
or fertilizer runoff from agricultural fields in a
lake’s catchment would be examples of non-
point sources.

1.7 The format of this book

This book is about the effects that humans have
had on aquatic systems, and the ways in which
we can study and assess these problems using
long-term perspectives. Following this brief
introduction, I discuss the need for long-term
data (Chapter 2) and introduce the science of
paleolimnology (Chapter 3). A brief overview of
the basic techniques used by paleolimnologists
and “thumbnail” sketches of some of the primary
environmental indicators found in sediments are
included in Chapters 4—06. I then explore some of
the major pollution problems affecting freshwater
ecosystems and show how paleolimnological
approaches can be used to assist scientists, man-
agers, and the general public. The first application
deals with acidification (Chapter 7), a subject
that received intense attention in the 1980s.
Paleolimnology played an important role in these
debates, and many of the paleolimnological
tools that are used in applied studies were honed
at this time. Discussion of other contaminants,
such as metals and persistent organic pollutants,
follow in the next chapters (Chapters 8-10).
Collectively, these early chapters are loosely
clumped together, as they often have an atmo-
spheric transport component. A series of chapters
more closely related to watershed and terrestrial
changes follow (e.g., eutrophication, erosion;
Chapters 11 and 12). The applications part of this
book concludes with chapters that might best
be described as dealing with relatively newer
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environmental problems, such as exotic species
invasions and extirpations (Chapter 13), green-
house gas emissions and the resulting effects of
climatic change on water resources (Chapter 14),
ultraviolet radiation penetration (Chapter 15),
taste and odor problems, and a suite of develop-
ing issues (Chapter 16). I conclude with some per-
sonal perspectives (Chapter 17) and a Glossary.
The paleolimnological literature is expanding
very rapidly, and so many good examples could
not be used. I acknowledge that I have tended
to use studies with which I am most familiar,
but I have attempted to provide examples that
are applicable to other regions. My focus is on
freshwater lakes, as almost all the pollution-
related work to date has dealt with these systems.
Consequently, I will often use the terms “lake”
and “lake sediments” in this book, but in almost
all cases these examples should be taken in a
more collective sense, as most standard paleolim-
nological approaches, with some modifications and
due caution, can be used in other freshwater
systems, such as rivers, reservoirs, and wetlands.
I have included such examples when possible. 1
have tried to emphasize ecosystem approaches,
where individual symptoms are not treated in
isolation, but examined and interpreted within a
broader, more ecologically relevant framework.

1.8 Summary

Qur planet is characterized by large volumes of
water that cover about three-quarters of the
Earth’s surface. The vast majority (~ 95%) of
this water is salty, and most of the fresh water is
stored as groundwater or frozen in glaciers and
polar ice. Only a tiny fraction (~ 0.01%) of our
water resources is contained in freshwater lakes
and rivers. The volume of water on our planet
will not change, but its quality can be dramat-
ically altered by human activities. With the
establishment of civilizations, the development of
technological advances, and a burgeoning human
population, we have been polluting and altering



our water supplies at an alarming rate. Degrada-
tion of lakes and rivers has taken many forms,
ranging from the direct input of chemicals and
other substances into receiving waters to more
indirect sources of pollution, such as the emission
of pollutants into the atmosphere that may then
be transported long distances before they are
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redeposited back to Earth. Water is essential to
life; we cannot live without it. Many researchers
believe that we are fast approaching a crisis in
our water supplies. This book explores the diverse
ways in which paleolimnological approaches can
be used to address some of these pressing envir-
onmental issues.
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How long is long?

The farther backward you can look, the further forward you are likely to see.

2.1 History as a vehicle for
exploration and study

History is not just a retelling of the past. It pro-
vides context. It tells us where we were, and where
we may be going. It reminds us of our successes
and of our failures. The past can encourage us,
but it also warns us. A central focus in this book
is that history plays a fundamental role in envir-
onmental issues.

Observers of trends in society’s attitudes have
repeatedly noted that people tend to become
more interested in history when they are worried
about the future. There is much cause to worry
about the future of our planet and the quality of
our water supplies. It is not surprising, then, that
interest in the historical development of envir-
onmental problems has increased in recent years.

As I (e.g., Smol 1990a,b, 1992, 1995a) and
others (e.g., Anderson & Battarbee 1994) have
argued in previous reviews and commentaries,
historical perspectives often provide vital infor-
mation for environmental assessments. Without
long-term data, it is not possible to show how
much a system has degraded (or recovered),
is it possible to set realistic mitigation goals,
nor determine what levels of disturbance have

Winston Churchill (1874-1965)

elicited negative consequences in ecosystems,
or determine the trajectories of environmental
change. Each of these issues has a temporal com-
ponent that requires long-term data.

But what kinds of long-term data sets are
accessible to ecologists and environmental
managers! The short answer is: “Not very good
ones.” | will use a few examples to emphasize this
point.

2.2 How unusual are unusual events?

In 1986, Weatherhead asked the simple but power-
ful question: How unusual are unusual events? He
wondered how often ecologists invoked “unusual
events” to explain the outcome of their obser-
vations. He questioned whether these were truly
unusual events or whether they were simply
artifacts of the observational approach and
perspective of the investigators.

Weatherhead explored these issues using a
library search of 380 published ecological studies
(averaging about 2.5 years in duration) and
found that an astounding 11% of these studies
invoked unusual events to explain the outcome
of their observations. The first conclusion from
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this study was that supposed “unusual events” are
not so unusual after all! This finding is especially
relevant as none of these 380 papers was actually
published to report specifically on the “unusual
event.”

A second finding of Weatherhead’s analysis was
that the duration of a study greatly influenced
interpretations and conclusions. Put more plainly,
the longer the study, the clearer were the inter-
pretations. He showed that there was a relation-
ship between the length of observations and the
frequency with which researchers invoked unusual
events to explain their observations. As one
might expect, the frequency of reported “unusual
events” increased with the length of studies,
but interestingly this trend continued only until
the length of study increased to about 6 years in
duration. For longer-term studies (up to 15 years
of observations), the reporting of unusual events
actually decreased. When ecologists had access
to longer-term data sets, “unusual events” became
less common or, more correctly, events were no
longer perceived as unusual, given the benefit of
a longer-term perspective that sensitized invest-
igators to the range of natural variability. As
Weatherhead (1986, p. 154) concluded, “. . . we
tend to overestimate the importance of some
unusual events when we lack the benefit of the
perspective provided by a longer study.”

2.3 Managing aquatic ecosystems:
a matter of time scales

Weatherhead’s (1986) analysis warned us that the
time frame we are using can influence our inter-
pretations of observational data. But what types
of data sets are we using as a basis for environ-
mental decisions? Tilman (1989) undertook a
library study to begin to answer this question.
He documented the duration of field studies pub-
lished in the internationally respected journal
Ecology for a randomly selected subset of papers,
encompassing a total of 623 observational and
experimental studies. Of the observational stud-
ies, about 40% were under 1 year in duration (and
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many were less than one field season), and 86%
lasted less than three field seasons. Fewer than 2%
of field investigations continued for more than
5 years. His analysis of experimental studies was
even more biased toward short-term data sets.

Many of the papers published in Ecology are
terrestrially based, and so I attempted a similar
survey of 111 papers published in one randomly
selected volume of Limnology and Oceanography
(Smol 1995a). Over 70% of these aquatic studies
were less than 1 year in duration. Environmental
monitoring studies do not fare much better. A
similar survey of 302 papers published in the
international journal Environmental Monitoring
and Assessment revealed that, again, over 70%
of the monitoring and assessment studies were
1 year or less in duration (Fig. 2.1). By and large,
ecologists, limnologists, and environmental sci-
entists are using short-term data sets.

Before I continue to build the case for the need
for long-term data, I acknowledge that short-term
studies are often entirely appropriate for many
types of investigations. For example, some of the
aquatic papers cited above were physiological,
and short-term experiments and observations
may answer important questions. Moreover, it is
not hard to see why most field-based ecological
and environmental studies rarely exceed 3 years
in length. This is the typical duration of a
research grant, and it is the average length of time
most universities would recommend their doctoral
students devote to field data collection. But is it
enough time to determine the range of natural
variability? Can we distinguish reliably the rate
and magnitude of environmental change? Can
we assess ecosystems without knowing what
they were like before human impacts? Can we
distinguish between “environmental noise” and
sustained environmental changes? Given the
quality and short duration of most of the avail-
able data sets, it is not surprising that ecologists
and other scientists are invoking “unusual events”
to explain their observations (Weatherhead
1986).

Almost all ecological and environmental
work is based on data gathered over a very short
period (i.e., a few years of data, if lucky, but often
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Fig. 2.1 The duration of studies
published in the international journal
Environmental Monitoring and
Assessment between 1981 and 1993.
A total of 302 papers were used in
my analysis. Over 70% of papers
published during this time period
were based on observations of 1 year’s
duration or less. A survey of more

<1 year 1 year 2 year 3 year 4 year 5 yeor
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much shorter). Most environmental decisions
are based on “the invisible present” (Magnuson
1990), with little understanding of how the sys-
tem came to its current state. Much like some-
one taking a photograph of a train entering a
station, we may have a good idea of what the train
looks like now, but we have no idea where it came
from or how it got to its present state. Managers

8 year > B year

recent papers (2006) indicated that
most environmental monitoring is
still based on relatively short-term
data sets.

are often presented with a system that is in some
way altered, with little if any information on how
it got to its present state. Almost all environmental
assessments are done after-the-fact, after a prob-
lem has been identified. We have to find ways
to separate important ecological and environ-
mental “signals” from the “noise” that characterizes
most ecosystems (Box 2.1).

neolimnological example

Box 2.1 The importance of time scales in separating “noise” from “signal”: a

An example from the Great Lakes illustrates how long-term monitoring data are often needed
to put environmental changes into perspective. Nicholls (1997) explored how interpretations
of data can be dramatically different when one is presented with, in his case, a relatively short-
term (5—10 year) data set with longer-term data (30 years). Lake Erie (USA and Canada) has
had two major interventions over the past 30 years, one planned (phosphorus reduction) and
the second unintentional (the introduction of zebra mussels). Both would have had the effect
of reducing algal standing crop. When Nicholls examined the short-term data (i.e., 5-10 years,
which, for most monitoring programs, would actually be relatively long-term data!), one could
easily have concluded that the invasion of the zebra mussels had dramatic consequences on
algal concentrations, as a comparison of a few years of pre-invasion data with a few years of
post-invasion data showed a reduction in green algal density of 85%. However, when viewed
in the context of a 30-year data set, the 1988 arrival of the zebra mussels was now barely per-
ceptible in the algal data, with much more significant declines in chlorophyte (green algae)
densities beginning well before the arrival of this exotic bivalve. In fact, the annual chloro-
phyte density in the few years before the arrival of zebra mussels was only approximately 6%
of their density during the 1970s (before phosphorus abatement programs were in place). The
longer-term decline in chlorophyte abundance places the more recent effects of zebra mussels
in their proper perspective, and underscores the need for long-term monitoring data. Short-
term changes may simply be part of long-term noise.
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Fig. 2.2 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 the increased temporal
resolution available to paleolimnologists, these approaches can now be used to dovetail with neolimnological
approaches, and so allow managers to extend their sampling programs back in time. The time scales shown in
the figure to 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).

Day-to-day environmental monitoring can be
expensive and uninteresting. Both claims are, to
some degree, true. But there are now alternative
ways to obtain the long-term data sets for the
variables we never bothered to monitor, or did
not know how to monitor, or could not afford to
monitor. In some cases, no one was even around
to monitor some ecosystems. In this book, I
hope to demonstrate that longer-term data are
required and often attainable, at least in an indi-
rect manner, from paleoenvironmental studies
(Fig. 2.2). Aquatic sediments archive a tremend-
ous library of information that can be interpreted
by paleolimnologists, and then used by managers,
other scientists, and the public at large.

2.4 A medical analogy to
“ecosystem health”

A concept that has been espoused by some
managers is “ecosystem health” and the melding

of medical criteria with those used for environ-
mental assessment. A medical analogy to aquatic
ecosystems might be useful, but it does force
some important comparisons (Smol 1992). As
noted in a book review [ read on medical history,
the “retroscope” remains medical science’s most
accurate instrument. The same may be true of
aquatic ecosystem health.

“What is a healthy ecosystem?” is a funda-
mental question for managers. 1 have argued
that a healthy ecosystem is one that has similar
characteristics to those that were present before
significant human impacts occurred (Smol 1992).
These data are important for determining whether
a problem exists and for setting realistic mitiga-
tion goals or target conditions. To use the medical
analogy, one of the first things a physician will
do with a new patient is to obtain a medical his-
tory. In order to treat a problem, it is important
to know the progress of any disease or condition.
Although probably put more diplomatically by
a medical doctor, it is also important to ask
“Are you sure that you are sick?” The same is true



U

of ecosystems. How can we treat an ecosystem
if we do not know what it was like before it was
polluted? For example, was the lake naturally
acidic or naturally eutrophic, or did it naturally
have large growths of aquatic macrophytes? Is
any intervention justified? If so, to what con-
ditions or attributes do we want to restore the
system! (What was it like before it got “sick”?)
Historical data, just as those supplied in a
patient’s medical history, are required to answer
these questions.

In some cases, ecosystems may not yet be
“sick” but are believed to be showing signs
of “stress,” similar to a patient who has been
exhibiting some symptoms but has yet to have a
diagnosed disease. The word “stress” has been used
by ecologists in a number of ways, but, from an
ecosystem perspective, few would argue with
Schindler’s (1990) definition: “. . . to denote any
human agent that causes an ecosystem or com-
munity to respond in some way that is outside of
its natural range of variation...”. A medical
definition of stress would likely be similar to the
one noted above. But again, without an ecosys-
tem or medical history, how do we know what
is “outside of its natural range of variability”?
Long-term data are needed.

Medical doctors know very well that not all
patients are equally resistant to diseases. The
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same is true for water bodies. Based on their
pre-disturbance (i.e., “healthy” characteristics),
some lakes, for example, will be more suscept-
ible to the effects of acid rain or to inputs of
other contaminants. Establishing the susceptib-
ility of ecosystems is an important management
issue. Important issues include the determina-
tion of “critical loads” or thresholds (Box 2.2) for
different types of ecosystems (see, for example,
Chapter 7). Once again, long-term data are
needed. By knowing when different types of
systems began to show signs of impacts, these
critical loads (and hence allowable pollution
loads), and the resiliency of different ecosystems,
can be estimated. With these data, the traject-
ory of ecosystem impairment (or disease) can be
followed.

Just as it is important to study the development
of disease, it is also important to monitor any
recovery following treatment. Using the medical
analogy, patients are advised to continue seeing
their doctors following the prescription of a medi-
cine or other intervention to determine if the
treatment is working. However, just as there is
very little monitoring data available document-
ing ecosystem degradation, there is often surpris-
ingly little data gathered after implementation
of mitigation efforts to determine if a system is
responding. For example, are lakes increasing in

for interpretation.

(Fig. 2.3).

Box 2.2 Critical and target loads for pollutants

Determining the level of permissible pollution for an ecosystem forms a major part of envir-
onmental science and policy. Calculating the tolerable level of pollutants is often difficult. Critical
loads (Fig. 2.3) are defined as the highest load of a pollutant that will not cause changes lead-
ing to long-term harmful effects on the most sensitive ecological systems (Nilsson 1986). As

noted by the Swedish NGO Secretariat on Acid Rain (1995), this definition allows much room

Target loads are determined using similar criteria, but take other factors into consideration,
such as national environmental objectives, tempered with financial and social considerations.
As such, the target load may be lower (allowing for a margin of safety) or higher (reflecting
a deliberate acceptance of some environmental damage or risk that is deemed acceptable)
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lakewater pH following declines in acidic emis-
sions or after liming? Without monitoring data,
these questions remain unanswered.

Most managers and politicians stress “looking
forward.” I would agree. But I feel we also have
to “look backward” — for back in history is much
of the information that we will need for effective
management of our water bodies. Patients have
memories and maintain medical records. Lakes and
other water bodies accumulate sediments, which
contain their records of environmental change.
As Sgren Kierkegaard (1813-55) astutely noted,
“We live forward, we understand backward.”

The proxy data contained in sediment profiles
is not always clearly “written,” nor is it always
easy to “read” (Frey 1974). At times, it seems that
some of the pages are missing or the lettering is
smeared. But our abilities to read and interpret
this information have increased at such a rapid
rate that these approaches can now be applied to
studies of water-quality degradation and recovery.

Fig. 2.3 A graph showing the effects of an increasing load of a hypothetical pollutant, showing the
critical and target loads. Modified from the Swedish NGO Secretariat on Acid Rain (1995).

2.5 Requirements for effective
ecosystem management

As discussed above, several important questions
need to be addressed for effective ecosystem
management, each of which has an important
temporal component. These questions include
the following:

1 What were the baseline (i.e., pre-impact, back-
ground or sometimes referred to as nominal or ref-
erence) conditions, prior to human disturbances?
Without knowing what a system was like before
a disturbance, how can we attempt to gauge the
extent of a problem? Furthermore, how can we set
realistic mitigation goals? We need to know what
our restoration targets should be. For example,
was the lake naturally acidic or eutrophic? Were
deepwater oxygen depletions natural phenomena?
Almost all environmental assessments are done
after a problem has been identified, and so crucial
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data are missing on what the system was like before
human interference. People were not monitoring
the system, but sediments were accumulating.

2 What is the range of natural variability? Eco-
systems are often naturally “noisy” and it is often
difficult to discern a signal of change from back-
ground variability. How then can we determine
whether any trends that managers are now record-
ing in monitoring programs over, say, the past few
years have any significance? Are they within the
range of natural variability? Or is this a sustained
and significant trend? Only long-term data can
answer these questions, and rarely are such data
available from standard monitoring programs.
The proxy data archived in sediments can often
provide this missing information.

3 At what point in time and at what level of dis-
turbance or contamination did negative impacts
become apparent? Ecosystems are under constant
stress from a variety of sources, some natural and
others caused by humans. This will not change.
What we need to know is the level of stress that
a system can be subjected to before, for example,
fish die or algal blooms develop. Long-term data
are often needed for these assessments. What
were the critical and target loads (Box 2.2) of
pollutants for the ecosystem under study?

Historical perspectives put present and pre-
dicted changes into context. They can assess
whether a change is occurring, as well as the
direction, magnitude, and rate of change. They
help us identify and understand the mechanisms
and driving forces of change. We can understand
nothing if it is without context. History provides
this context.

2.6 Sources of information on
long-term environmental change

Managers can potentially choose from four sources
of information to address the management ques-
tions posed above. Each approach has advantages
and limitations, and the strongest environmental
assessments are made when all four approaches
are used simultaneously (Fig. 2.4):
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Fig. 2.4 The four major sources of data for
environmental assessments. Each of these
approaches has advantages and disadvantages but,
like a four-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.

1  Historical measurements. Instrumental and other
observational measurements of environmental
conditions and changes obviously represent the
most direct approaches, and such data are very
important, when available. However, as discussed
above, such data sets are often very sparse and
are rarely of sufficient quality or duration. Other
sources of information must be used. Nonetheless,
direct measurements are required for calibrating
our other sources of data, and direct observational
data are critical for understanding present-day
processes, and for calibrating, evaluating, and
interpreting other approaches.
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2 Space-for-time substitutions (i.e., comparing con-
ditions in affected lakes to those in similar but
unaffected lakes). This approach has been used
in a variety of environmental applications. For
example, with acidification work, researchers
have compared the present-day characteristics of
water bodies from similar lake regions (e.g., sim-
ilar climate, geology and vegetation), the only dis-
tinction being that one set of lakes was affected
by acidic precipitation and the other set was not.
The overall assumption is that the lakes in the
low-deposition zones (i.e., relatively unaffected
by acid rain) display the limnological character-
istics that the affected lakes likely exhibited
before they were subjected to acidic precipitation.
With eutrophication assessments, managers may
compare lakes with similar morphometric and
catchment features, but with differing amounts
of anthropogenic fertilization. For example, one
lake may have a pristine, unaltered catchment,
whilst a nearby lake may have similar features,
except that agriculture has fertilized the lake with
nutrients. The unaltered lake would be considered
an analogue for the limnological conditions that
existed in the latter lake before cultural eutro-
phication. This comparative approach makes
several important assumptions, such as that the
lakes are very similar in all respects, except for the
intervention under study (e.g., acidic deposition,
nutrient enrichment, etc.). One also assumes
that other stressors (e.g., climatic change, etc.) have
not altered the lakes used to estimate “pre-impact”
conditions (i.e., the “unaffected lake” has been
unchanged and is similar to what the affected lake
was like before cultural disturbances).

3 Hindcasting past environmental conditions using
empirical and dynamic models. The lack of direct
monitoring data, coupled with the availability of
high-speed computers, has prompted some environ-
mental managers to exploit modeling approaches
more fully. Based on our understanding of pre-
sent-day conditions and processes, modelers have
attempted to show how conditions have changed
(and will change) with specific stressors (e.g., the
amount of acidification one might expect with
the additional deposition of 25 kg ha™ yr™' of sul-
fate on an acid-sensitive lake, or the expected
eutrophication one should expect with the con-
struction of 10 additional cottages and septic
systems in a lake’s drainage basin, and so forth).

HOW LONG IS LONG?

Joint research collaborations between paleolim-
nologists and modelers are becoming increasingly
common, as paleoenvironmental data can be
used to evaluate many types of models (Box 2.3).
4  Palecenvironmental reconstructions. These will be
the focus of the remaining chapters in this book.

There is widespread evidence that paleolim-
nological approaches continue to be accepted
and integrated into a large number of environ-
mental assessments. For example, the European
Water Framework Directive (WFD 2000/60/EC)
is now the general policy document for Euro-
pean water management (European Commission
2000). The goal of the Directive, established
in 2000, is that European water bodies should
be returned to “good ecological statuses” by
the years 2015-27. According to the WEFD, this
goal of good ecological status is characterized by
“low levels of distortion resulting from human
activity,” and deviating “only slightly from those
normally associated with the surface water body
type under undisturbed conditions.” Hence the
key term “undisturbed conditions,” and thus the
identification of reference conditions, becomes
a cornerstone of this European Commission ini-
tiative. A guidance document for the Directive
(European Commission 2003) outlines the fol-
lowing methods that could be used to establish
these reference conditions: (i) spatially based
reference conditions using data from monitoring
sites; (ii) reference conditions based on predic-
tive modeling; (iii) temporally based reference
conditions using either historical data or paleo-
reconstructions, or a combination of both; or
(iv) a combination of the above approaches.
As recognized in the fourth point, none of
these approaches are mutually exclusive, and the
most robust and defendable assessments will be
attainable when data from a variety of sources
are used (Fig. 2.4). Clearly, though, the WEFD
has recognized paleolimnology as a pivotal
approach for defining reference conditions for a
wide spectrum of European water bodies. Many
new research opportunities are on the horizon

(Bennion & Battarbee 2007).
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Box 2.3 Model evaluation using paleolimnological hindcasts

A growing area of research is the use of paleoenvironmental data to evaluate model outputs.
Many models are being developed to predict future environmental changes, based on set
boundary conditions and anticipated changes in stressors (e.g., climate change, changes in
contaminant emissions, etc.). Often, different models will provide different scenarios for
future changes, and so it is difficult to determine which model is the best predictor of future
change. One way to evaluate models is to simply wait and see which one was correct! This
does little to help those who must make policy decisions. Instead of waiting for future
changes, another way to evaluate models is to hindcast the models back in time. Because
paleolimnolgical data can be used to reconstruct past conditions, it is possible to undertake
a model-paleoenvironmental comparison. The models that are most successful at hindcasting
environmental conditions correctly are likely the models we should use to forecast future
environmental changes. Such comparisons are now being used commonly in assessing models
of climatic change (so-called general circulation models, or GCMs), and are being used to
evaluate the effects of many other types of stressors, such as the amount of acidic deposi-
tion, nutrient input, and so forth. Several of these applications will be described in subsequent
chapters.

ﬂ

Simulate future
{ FORECAST changes
Process based
models
HINDCAST Simulate past
T— changes
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MODEL vs. PALEO.
COMPARISONS

L

Observed past
changes

Palecenvironmental
data

Fig. 2.5 Evaluating models with paleoenvironmental data. By hindcasting models back into time,
they can be evaluated by comparison to paleoenvironmental data.
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2.7 Summary

We live in a constantly changing environment;
some of these changes are due to natural causes,
whilst others are related to anthropogenic influ-
ences. Only short-term monitoring data (e.g.,
3 years or less) are typically available for some
aquatic ecosystems, whilst no monitoring data
have been collected for most lakes and rivers. It
is therefore difficult to determine whether a sys-
tem has changed as a result of human influences,
or whether any recorded environmental changes
are within the boundaries of natural variability.
Moreover, as most environmental assessments
are done after a problem has been identified,
knowledge of pre-disturbance background condi-
tions was rarely recorded. Without these data it

HOW LONG IS LONG?

is difficult to determine if a system has changed,
and if so, by how much. We cannot go back in
time and sample lakes and rivers using neolim-
nological techniques, but in most cases we can
reconstruct these missing data sets using the
vast stores of proxy data archived in sediment
deposits. Sediments, like other sources of pale-
oenvironmental data, are much like the flight
recorders, or the so-called “black boxes,” on
aircraft — steadily recording information that can
later be retrieved once problems arise and his-
torical data are needed. Such paleolimnological
data can be used to determine the trajectories of
environmental changes, to help establish target
and critical loads for pollutants, to set realistic mit-
igation targets, and to help evaluate computer
model outputs.



Sediments: an ecosystem’s memory

Coaxing history to conduct experiments.
Edward S. Deevey, Jr (1969)

3.1 Sediments and
environmental change

Because lakes and their sediments collect
and integrate regional and local environmental
signals, they are often used as sentinel ecosystems
(Carpenter & Cottingham 1997). Every day,
24 hours a day, sediments are accumulating. In
many ways, sediments provide a history book of
our environmental sins. This chapter provides
an introduction to the overall approach that
paleolimnologists use to read the record stored
in sediments.

Many deep lake basins are natural traps for
sediment, because the energy levels within them
are seldom high enough to transport material
out once it has settled to the lake bottom. This,
however, is not always true for shallow lakes, where
wind and other mixing can at times redistribute
sediments, nor for flowing water systems, such as
rivers, which are effective at moving sediments.
Nonetheless, as will be shown by examples in this
book, even these more problematic systems can
be studied within a paleolimnological context if
coring sites are carefully chosen and due care is
given to interpreting the data.

As summarized by Hikanson and Jansson
(1983), the distribution of sediments is a function
of many factors, such as flow rates, topography,
and climate. As a result of these processes, lake
basins can typically be divided into three zones:
an erosion zone, a transportation zone, and an
accumulation zone. It is the latter zone that
is of most interest to paleolimnologists, as it is
least affected by wind-driven turbulence and
other processes, allowing for the accumulation of
even fine-grained sediments and resuspended
material. In short, sediments in the accumulation
zone should provide the most complete, conti-
nuous, and reliable record of past environmental
change.

Accumulating sediments have many attributes
that make them useful archives. The most fun-
damental of these is summarized by the Law of
Superposition, which states that for any undisturbed
sedimentary sequence, the deepest deposits are the
oldest, since these are progressively overlain by
younger material. Hence, a depth—time profile
slowly accumulates. The job of the paleolimno-
logist is to interpret the information contained
in these profiles. Paleolimnological approaches
allow us to view present and predicted future
changes against a historical backdrop.
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As noted in other sections of this book, the
sedimentary record can at times be blurred by
mixing processes, such as bioturbation by ben-
thic animals or physical mixing. However, using
geochronological techniques (Chapter 4), such
potential problems can often be assessed. Fur-
thermore, some mixing does not preclude many
interpretations, even though it may decrease
the temporal resolution and precision of some
studies. As with all scientific endeavors, a sense
of proportion is required to deal with these issues.
Moreover, paleolimnologists do not assume that
sediments accumulating at the centre of a lake
are solely originating from the water column
above the coring site. Sediment focusing does
occur, but this is an advantage, not a problem.
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One reason paleolimnological approaches are so
powerful is that they integrate information from
many regions of the water body. A considerable
volume of quality assurance and quality control
data (e.g., multi-core studies, comparisons of
inferred changes to long-term monitoring data,
etc.) has been amassed over recent years to show
that if sediment cores are collected and interpreted
properly, they provide accurate reconstructions
of past environmental conditions.

Sediment material is divided into two broad cat-
egories based on its sources: allochthonous and
autochthonous (Fig. 3.1). Allochthonous refers to
material that originated from outside the lake or
water body, such as from its watershed or airshed.
For example, clay and soil particles eroded into
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Fig. 3.1 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.
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a lake would be considered allochthonous, as
would pollen grains from trees or contaminants
from a smoke stack. Autochthonous material,
such as dead algal material or the bodies of
aquatic animals, remains of aquatic macrophyte
plants, and chemical precipitates from processes
occurring within the lake basin, originates from
the water body itself. The environmental inter-
pretation of this allochthonous and autochthon-
ous material preserved in lake sediments is the
focus of this book.

3.2 Sediment records from reservoirs,
rivers, and other lacustrine deposits

The majority of paleolimnological studies have
focused on lake sediments, as these records
are the most prevalent and easiest to interpret
stratigraphically. However, other types of water
bodies may also archive paleoenvironmental
information, although interpreting these proxy
data is often more challenging.

Rivers, by definition, contain flowing waters.
They are often of prime interest in environmental
assessments, as many major cities have developed
along rivers. However, being often high-energy
systems, rivers typically have the opposite char-
acteristics to those that paleolimnologists rely
upon in lakes to preserve reliable sedimentary
sequences (i.e., relatively still, low-energy regions,
where sediments can accumulate in a well-
ordered sequence). The fact that many rivers
appear to be colored due to the high sediment
loads that they are carrying attests to their
potential for scouring and transporting sedi-
ment. In short, many river systems do not allow
sediments to accumulate, but instead are remov-
ing them — exactly opposite to what is required
for paleolimnological studies. A further compli-
cation is that water quality can change much more
quickly in flowing waters than in lakes, as the
latter have much longer residence times or flush-
ing rates. As the pre-Socratic Greek philosopher
Heraclitus (c. 535—-475 BC) astutely noted, “You
cannot step twice into the same river.”
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The situation, however, is not totally hopeless
for understanding past riverine environments;
paleolimnological and other historical perspec-
tives are attainable for most river systems (Reid
& Ogden 2006). In certain reaches of the river,
the flow may be reduced so that sediments may
accumulate in a similar manner to lakes. For
example, fluvial lakes are regions where the river
widens, water flow typically slows, and the river
deposits sediments (Fig. 3.2). Other areas of sed-
iment accumulation may include embayments or
other regions that are outside of the direct flow
of the river. In some cases, oxbow lakes or other
cutoff features of old river systems contain sedi-
ments that can be used to track portions of a river’s
history. Paleolimnological analyses of deltaic
sediments, where the river widens and slows as
it enters the sea or another large body of water,
may also provide a record of past river environ-
ments. In some cases, river sediments and the
proxy data they contain may be carried out and
deposited in the nearshore environment of the
river’s receiving waters, such as the ocean, where
paleoenvironmental approaches can be used.

In regions where natural lakes do not exist,
humans have created artificial reservoirs by
damming rivers. Such reservoirs are needed to
maintain reliable water supplies for municipal,
industrial, and agricultural purposes, as well as to
develop enough hydrological head to turn turbines,
run mills, and provide hydroelectric power.

As summarized by Callender and Van Metre
(1997), reservoir sediments may provide a reli-
able medium for detecting water quality trends if
certain conditions are met. The first condition is
that there should be continuous sedimentation
at the sampling site since the time the reservoir
was formed, or at least for the time period of
interest. Reservoirs typically have three zones:
(i) the riverine zone, which is most influenced
by the river feeding the reservoir, and is typically
characterized by complex sedimentation with
periodic resuspension; (ii) a transition zone, as the
riverine environment approaches a lake envir-
onment; and (iii) the lacustrine zone where,
with increased water depth and slower currents,
the water body more closely resembles a lake
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Fig. 3.2 A schematic diagram of a river system, showing areas where sediments may accumulate in a
stratigraphic sequence. For example, fluvial lakes are regions where the river widens and flow is reduced.
Embayments may also archive useful sedimentary profiles, as may delta or delta lake sediments, other alluvial
floodplain lakes, or nearshore sediments in the river’s receiving waters.

than a river, characterized by more steady and con-  be greatly altered by diagenetic processes. This
stant sedimentation (Fig. 3.3). Paleolimnological  is, of course, also true of lake studies. However,
studies typically focus on the lacustrine zone. because sediment accumulation rates are typically

The second condition is that the sediments  higher in reservoirs than in nearby lake profiles,
and the information they contain should not  preservation may be better in some reservoirs,
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Fig. 3.3 The three major zones e e
in a river/reservoir system. Most
paleolimnological studies of reservoirs
focus on the lacustrine zone, where
sedimentation patterns are often more
easily interpretable. Modified from

Thornton (1990).
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possibly because of faster burial (Callender &
Van Metre 1997). The faster sedimentation rates
may provide finer temporal resolution.

Other aquatic ecosystems, such as wetlands,
bogs, and peatlands, have also been used in
paleoenvironmental assessments. Although they
are not the focus of this book, I have included a
few examples in some chapters to illustrate how
these natural archives can be used in applied
studies.

3.3 The paleolimnological approach

The basic approaches used by paleolimnologists
are not overly complex (Fig. 3.4), although some
techniques and certainly taxonomic skills require
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considerable patience and expertise. Significant
errors and problems can be introduced at each step,
and since many of these problems cannot be cor-
rected after-the-fact, careful attention to details
is a major requirement for a project’s success. Short
sketches of the eight basic steps are summarized
below; they are of course discussed in much more
detail in the subsequent chapters.

Step 1. Choice of study site(s)

The first step is the choice of study site. This
selection will sometimes be based on a specific
problem, such as contamination of a specific
reservoir or problems associated with deepwater
anoxia in a particular lake. In such cases, the
choice is straightforward, and then one can pro-
ceed with the remaining steps. However, in some
cases, the problem is not site-specific, as some
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Fig. 3.4 The main steps in most paleolimnological studies, once a suitable coring site is chosen.
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management questions are more general, such
as “How much lake acidification has occurred
in a particular region?” Careful thought must
be given to what sites will be sampled. This
requires a solid understanding of neolimnolo-
gical processes that can affect or bias the study.
For example: Has a representative range of lake
sites been included in the sampling program?
Are there any biases that can be addressed? Was
the range of limnological variables sampled suf-
ficiently broad? Was the range appropriate for
the question(s) being addressed? — and so forth.

Step 2. Selection of coring site(s)

The second major step is to select a coring site
in a lake, river, or reservoir. Because most pale-
olimnological analyses are time-consuming, often
only a few or a single sediment core is analyzed
in detail. It is therefore critical that this core
be representative of overall limnological and
other environmental changes. Variability studies
have repeatedly shown the high reproducibility
between multiple core analyses from the deep cen-
tral regions of simple basin lakes (e.g., Charles
et al. 1991), but the choice of coring site is crit-
ical. The overall goal is to retrieve a sediment
profile from a region of the lake that integrates
the most representative sample possible for the
question(s) being posed. In most simple basin
lakes, deep, flat, central areas have repeatedly been
shown to archive representative profiles of over-
all lake changes. However, to some extent, the
choice of coring site will be driven by the ques-
tions being posed. This step is discussed further
in Chapter 4.

Step 3. Collection of sediment core(s)

The actual collection of the sediment core(s), the
raw materials used by paleolimnologists, is the next
step. Paleolimnologists have an enviable array of
excellent coring equipment available, some of
which are described in Chapter 4. The choice will
depend, to some extent, on the location of the
sampling site (Is it remote or easily accessible? Is
it in a warm region or an area that might sup-
port a winter ice cover? — and so forth), the nature
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of the sediments (e.g., organic, clay, etc.), and,
very importantly, the length of the core and
temporal resolution that is required.

Step 4. Sectioning the sediment core(s)

Equally important to the care taken in collect-
ing the core is the sectioning of the sediment into
appropriate temporal slices for the study at hand.
As with most steps, compromises may have to be
made. For example, as paleolimnological studies
become more interdisciplinary, the requirements
for sediment subsamples are increasing (e.g.,
sediment from the same slice may be needed
for dating, for geochemical analyses, for isotope
analyses, for biological examination, etc.). As
most of these treatments are destructive (i.e.,
they destroy the sediment’s usefulness for subsequ-
ent analyses), there may not be enough material
for all analyses to be undertaken if the cores are
sectioned at close intervals (i.e., thinner slices of
the profile, resulting in higher temporal resolu-
tion but less available sediment). One option is
to collect larger-diameter cores, but this causes
sampling problems. Multiple cores can be taken,
but this introduces the problem of correlation of
temporal patterns amongst cores, and thus addi-
tional variability. As described in the subsequent
chapter, a variety of techniques and equipment
have been developed to section cores into the time
intervals set by the investigator.

Step 5. Dating the sediment profiles
Establishing chronology is critical, for without
a reliable depth—age profile, the timing of trends
and events cannot be established. A wide spec-
trum of geochronological approaches is available,
although most paleolimnological studies depend
on “°Pb, P'Cs, and "C radiometric dating tech-
niques (see Chapter 4).

Step 6. Gathering proxy data

Collecting proxy data is the biggest step. A
plethora of environmental indicators can be
retrieved from sediment cores, which includes
physical, chemical, and biological information.
Most of the effort in a paleolimnological study
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is devoted to this step. Summaries of the main
indicators used in pollution-based studies are
summarized in Chapter 5, and explored more
fully in the subsequent chapters dealing with
specific applications.

Step 7. Interpreting proxy data for
environmental assessments

This important step has seen considerable pro-
gress and quantification over the past 25 years.
As with the previous step, much of this book
addresses the interpretation of paleolimnolog-
ical data. In many recent studies, interpretation
includes the construction of transfer functions,
using surface-sediment calibration or training

sets (Chapter 6).

Step 8. Presentation of data

Paleolimnological data may be complex. A
challenge for paleolimnologists is to effectively
present their data not only to their peers but
also to other scientists, managers, politicians
and decision makers, as well as the general pub-
lic, which includes concerned citizens who are
interested in the outcome of many applied
paleolimnological studies. In my view, parallel
development of both scientific and communica-
tion skills is important.

3.4 Recent advances in paleolimnology

Paleolimnology has enjoyed tremendous progress
over the past two decades, with the implemen-
tation of many new techniques. It is therefore
not surprising that this field has experienced
considerable expansion and the development of
new bridges to a diverse array of subdisciplines.
Many recent advances have been instrumental
in developing the applied aspects of paleolimno-
logy, which is the focus of this book, but equally
important advancements have been made in
basic aspects of paleolimnological research.
About 15 years ago (Smol 1990b), I felt that

there were three major areas of advances that

CHAPTER 3

have allowed paleolimnology to accelerate rapidly
in its development, expand its range of poten-
tial applications, and demonstrate its credibility.
Given the benefit of hindsight, I would still main-
tain that the major advances were the following:

1 Technological developments. Technology and
infrastructure often drive progress, and this is
also true for paleolimnology. Under this heading,
I would include the ways we have learned to col-
lect and section sediment cores (Chapter 4).
This is especially important for applied aspects of
paleolimnology, where high-resolution sampling of
unconsolidated recent deposits is often import-
ant. Paleolimnology had been used for some time
as a research tool; however, most of the earlier
work focused on time scales of millennia and
centuries, and not decades, years, and in some
cases, sub-annual resolution. With new corers
and sediment sectioners, some of which are dis-
cussed in the next chapter, as well as the avail-
ability of other laboratory equipment, many new
and powerful applications have become possible.
Major progress has also been made in the dating
of sediments (geochronology), which is also dis-
cussed in Chapter 4.

2 The amount and quality of information we have
learned to glean from the sediments. It was not
long ago that if asked what information was pre-
served in sediments, many scientists would have
said pollen grains, diatoms, and perhaps some
geochemical information. Over the past 25 years,
there has been an explosion of activity in the devel-
opment of techniques and methods to glean a
tremendous amount of information from sedi-
mentary profiles. We now know that virtually
every organism living in a lake (and many living
outside the lake, in its catchment) leaves some
form of morphological or biogeochemical marker
(Chapter 5). Certainly, not all of these records are
complete, nor are they of equal quality. Nonethe-
less, a surprisingly large library of information is
archived in sediments. The job of the paleolim-
nologist is to find this information and analyze it
in a scientifically sound and defensible manner.

3 Application of new procedures to interpret and
use this information in a quantitative and robust
manner. Most paleolimnological data are com-
plex and multivariate. With increased computer
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facilities, coupled with impressive advancements
in statistical and data-handing techniques, pale-
olimnologists have taken advantage of these new
developments and have made impressive pro-
gress in ways to “read” the information preserved
in sediments (Chapter 6). These approaches
are often highly quantitative and reproducible,
although qualitative data are still very important
and useful for many studies.

The above advances will be illustrated further
with the examples used in this book. But first I
will review some of the ways in which paleolim-
nologists collect sediment and date sediment
cores (Chapter 4) and so provide a depth—time
sequence, and briefly review some of the informa-
tion preserved in these profiles (Chapter 5).

3.5 Summary

On the geological time scale, lakes are only tem-
porary landscape features. Slowly — often imper-
ceptibly at the time scales that we are usually
accustomed to — lakes fill up with accumulating
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sediment until eventually they become land.
Sedimenting materials can be broadly assigned into
two categories:

= autochthonous materials that are composed of
materials produced in the lake or river (such as
the remains of aquatic organisms, precipitates,
etc.);

= allochthonous materials that originate from out-
side the water body (such as eroded soils, terres-
trial plant remains, etc.).

Provided that these materials are accumulating in
a relatively undisturbed stratigraphic sequence
(e.g., mixing processes at the sediment surface are
not greater than the temporal resolution required
by the study), then paleolimnologists can recover
the information archived in these depth—time
profiles and interpret these proxy data in a man-
ner that is relevant to environmental managers,
other scientists, and the public at large. Paleo-
limnology has witnessed major advances over
the past 25 years or so, which allow these tech-
niques to be used at the levels of accuracy and
precision required to answer many lake and river
management questions.
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Retrieving the sedimentary
archive and establishing
the geochronological clock:
collecting and dating sediment cores

The lake sets the time scale, not the investigator.
W.T. Edmondson, American Society of Limnology and
Oceanography conference, Boulder, Colorado (1987)

4.1 Collecting and dating
sediment cores

After a research question is posed and a site is
selected, the paleolimnologist’s first task will be
to collect a sedimentary sequence that is of the
appropriate length, resolution, and quality for
the study in question. The second task will be
to establish an accurate depth—time profile, so
that any environmental changes recorded in the
sediments can be related to a chronological time
scale. These two critical steps are summarized in
this chapter.

4.2 Retrieving and sampling
sediment profiles

Fieldwork can be difficult and at times uncom-
fortable. For some of us, it is the part of the job
that we like the most! Nonetheless, collecting reli-
able and appropriate cores takes some planning

and skill. Sediment coring is arguably the most
critical step in the paleolimnological process, as
any errors or problems encountered at this stage
can rarely be corrected after-the-fact.

The overall criteria of good core recovery
have not changed since Hvorslev’s (1949) seminal
work on the subject over half a century ago. The
three main goals are to obtain cores with (i) no
disturbance of structure, (ii) no change in water
content or void ratio, and (iii) no change in
constituent or chemical composition. Although
some changes and disturbances are inevitable, the
overriding aim is to retrieve sedimentary profiles
that represent, as closely as possible, the natural
archive of sediment accumulation in the basin.

As noted in the introductory chapters, paleo-
limnologists are addressing a large number of
diverse questions. As a result, they typically have
to sample a wide range of water bodies that often
differ markedly in their morphometric and other
characteristics. Furthermore, sediments from dif-
ferent basins may vary strikingly in composition
and texture. The rate of sediment accumulation
will also vary. It is therefore not surprising that
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many corers and samplers have been developed
to collect sedimentary sequences.

Papers, chapters, and entire books have been
compiled to describe the methodologies and
equipment that are available to retrieve cores from
different limnological settings. Glew et al. (2001)
summarize the major processes, challenges, and
assumptions of coring, as well as describing the
most commonly used equipment and approaches
for collecting relatively short (e.g., from a few
centimeters to up to a few meters in length) sedi-
ment cores. Leroy and Colman (2001) summar-
ize the different types of corers that are typically
used to retrieve much longer sequences, but the
latter are more often used for paleolimnological
questions that are beyond the scope of this book.

Only some of the most commonly used ap-
proaches to collect relatively short sediment
cores (i.e., those most likely encompassing the
period of human impacts) will be summarized here.

4.2.1 Choosing the coring site

Detailed paleolimnological analysis of a single
sediment core often involves many days (or
even years) to complete, and so typically only one
or a few cores are analyzed per basin. This is not
to say that core analyses are never replicated;
often they have been, and typically show sur-
prisingly good reproducibility in overall infer-
ences if correct sampling approaches have been
followed (e.g., Charles et al. 1991). Clearly,
though, if an environmental history of a basin will
be assessed from only one profile (or just a few),
then the choice of coring site should not be
taken lightly.

Ideally, the point of sediment collection should
represent, as far as possible, an “average” accu-
mulation of material (both in quantity and
quality) for the entire basin. This is obviously a
demanding and probably unrealistic goal, espe-
cially for larger bodies of water, but if chosen
carefully, a strategically selected coring site can
provide an integrated history of limnological
conditions. Of course, the more cores that are
analyzed, the better, and certainly multiple-core
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analyses provide more complete and defendable
histories of environmental change. Chapters in
Last and Smol (2001a) summarize the major
steps involved in basin analysis, and technolo-
gical developments, such as subbottom acoustic
data (Scholz 2001), that can increase the likeli-
hood of choosing a more reliable coring site.
Even if these more sophisticated techniques and
equipment are not available, the paleolimnolo-
gist, at a minimum, should examine any available
morphometric data and maps (and/or undertake
transects of the lake with a depth sounder) to
choose a coring site that would most likely con-
tain a continuous, representative, and undisturbed
sequence. There are no set rules for this, as con-
ditions will vary from site to site. However, in
general, coring sites that are located near steep
morphometric gradients should be avoided, as
slumping and other lateral movements of sedi-
ments are more likely to occur and blur inter-
pretations. Deeper areas tend to be preferred
over shallower sites, as the latter may be more
prone to bioturbation or other mixing processes.
Ideally, a flat, central basin in the deeper part
of the water body would most likely archive the
most complete and easiest to interpret sediment
profile. However, such a coring site would not
be appropriate for some studies (e.g., if the goal
of the project is to document the history of a
specific bay, then sampling sediment in the open-
water region of the lake would not be appro-
priate). Furthermore, for some indicators (e.g.,
plant macrofossils; Birks 2001), much information
can be gained by collecting cores from shallower,
nearshore waters.

4.2.2 The coring platform

As sediment cores are typically taken through
the water column (although some specialized
paleolimnological studies may utilize exposed
sediments, such as along an old river terraces),
most cores are taken from a boat or some other
floating platform. In colder regions, solid ice
covers may supply a stable platform, which is an
important consideration. The disadvantage of
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winter sampling is often the cold itself, which
can make some aspects of coring uncomfortable
and possibly hazardous, and can result in freez-
ing up of mechanical parts of the corer and
other equipment (and limbs!).

Many of the smaller types of corers, such as the
gravity devices discussed below, can be effect-
ively used over the side of small boats or canoes.
This is especially important when sampling
in remote locations, where road access is not
possible. Such corers can also be used from the
pontoons of a helicopter or float plane (Fig. 4.1).

With larger corers that retrieve longer sedi-
ment profiles, more elaborate platforms may be

Fig. 4.1 Collecting surface lake sediments using
a small-diameter Glew (1991) gravity corer from
the pontoons of a helicopter in Arctic Canada.
The photograph, taken by Reinhard Pienitz, is of
lan Walker.
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required. However, with careful planning, even
these platforms can be made portable and carried
to remote lakes. For example, two canoes or
two inflatable boats can be tied together and
anchored at each corner to make a relatively

stable platform (Wright 1991).
4.2.3 Coring equipment

In paleolimnological work emphasizing human
impacts, the focus is often on the more recent
sediments (although, as will be shown with later
examples, longer-term profiles are required for
some management issues). In places such as
North America, the main time period of interest
is usually the past century or so, and in most lake
regions this time window is contained in the sur-
face 50 cm of sediment or less (although excep-
tions occur where faster sedimentation rates are
encountered). In regions with longer histories of
settlement, the time frame may be longer, but even
here the uppermost sediments are often of most
interest. These recent sediments may pose some
challenges to collection and sampling, as they
are often unconsolidated, with a very high water
content. In many regions, this means that the
paleolimnologist is trying to core and then sub-
section material that may exceed 95% water by
weight. Although at first this may seem like a
daunting task, a number of successful approaches
have been developed to meet these challenges.
A variety of sediment corers have been con-
structed that can be used even by novices, with
a little practice, to effectively sample the most
watery sediments at high temporal resolution.
Most of the equipment developed for sampling
surface sediments falls into two broad categories:
open-barrel gravity corers and freeze-crust samplers.
As the name suggests, open-barrel gravity
corers are samplers that use primarily gravity to
penetrate the sedimentary profile, and the sedi-
ment is then collected in an open barrel (typic-
ally a polycarbonate coring tube). In its simplest
form, the corer consists of a tube (open at both
top and bottom) that is driven vertically into
the sediments. After the coring drive is accom-
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plished, the top of the tube is closed (forming a
seal), and the tube, now filled with sediment, is
retrieved to the lake surface.

Gravity corers are further subdivided based
on the method used to seal the core top. Some
are close-on-contact types, which have self-
triggering devices that seal themselves remotely
once the coring tube is driven into the sedi-
ment. This is typically accomplished by relaxation
of the line tension as the corer enters the sediment
(e.g., Boyle 1995). Messenger-operated samplers
are more common (and in my experience, much
more reliable; Cumming et al. 1993). Most are
sealed by a messenger, which is a weight captive
on the corer recovery line that is released at the
surface by the operator. The messenger is allowed
to free fall down the line and trigger the sealing
mechanism (Fig. 4.2). The earliest gravity corers
were often referred to as Kajak—Brinkhurst (KB)
corers (Kajak et al. 1965; Brinkhurst et al. 1969).
Although the overall design has remained largely
the same, significant modifications and changes
have been made, such as in the Hongve type

(Wright 1990), the HON-Kajak type (Renberg
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1991), the Glew type (Glew 1989, 1991, 1995),
the Limnos type (Kansanen et al. 1991), and many
other designs (Glew et al. 2001).

Figure 4.2 shows the general operation of a
messenger-operated gravity corer. Gravity corers
are amongst the simplest samplers that a pale-
olimnologist can use, but they must be employed
carefully to properly recover a sediment sequence.
For example, it is critical for water to flow freely
through the open coring tube as it is lowered
through the water column, or else a pressure
wave (often called a bow wave) can form below
the lower end of the core tube as it descends. This
pressure wave can literally “blow away” the sur-
face sediments (Cumming et al. 1993). Using a pro-
perly designed corer, and then only lowering the
device into the sediments, alleviates this problem
(Glew et al. 2001). Given their portability and
reliability, it is not surprising that gravity corers have
become the main instruments used by paleolim-
nologists to retrieve recent sediment profiles.

Freeze-crust samplers represent another type of
gravity type corer that was designed to sample the
watery sediments characterizing the mud/water

Fig. 4.2 The general operation of

a messenger-triggered gravity corer.
(A) The corer being lowered through
the water column: water passes
through the open-barrel core tube
during descent. (B) The corer enters
the sediment using its own submerged
weight, and the messenger is released
from the surface to close the corer.
(C) The messenger strikes the corer,
thus triggering the closure of the core
tube. (D) The corer is recovered to
the surface with the sediment sample.
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interface (Renberg 1981). It is also the sampler
of choice if one is dealing with sediments that
contain gases that might disrupt the core profile
during the coring process. In its simplest design,
the freeze-crust sampler represents a weighted
chamber (often wedge-shaped, but cylindrical
and box-shaped samplers have also been used) that
is filled with a coolant such as dry ice (i.e., solid
carbon dioxide) immersed in alcohol, which is
then lowered on a rope or cable into the sedi-
ment (Fig. 4.3). The supercooled apparatus is held
in position by the sampling rope in the sediment
for about 10 minutes (but this depends on the
corer and the sediment characteristics) as it
freezes, in situ, a crust of sediment on the surface
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of the sampler (Fig. 4.3). The device is then
retrieved to the lake surface, and the frozen
sediment crust is removed for subsequent sub-
sampling. A chief advantage of this system is
that the sediment profile is frozen in situ, so the
integrity of the stratigraphy (as well as the
mud/water interface) is retained. Depending
on the dimensions of the freezing surface, such
samplers may also collect a relatively large volume
of sediment, which is becoming increasingly
important with the trend towards multidiscip-
linary studies. Some of the disadvantages of the
freeze-crust sampler include the extra logistical
problems of carrying coolants into the field and
then keeping the sediment frozen after collection,

Fig. 4.3 The general operation of a freeze-crust sampler. Inset: the corer chamber is filled with dry ice and a
coolant, such as alcohol. The corer top is secured. (A) The corer is lowered through the water column on

the recovery line. (B) The corer is lowered into the sediment: it is held in a fixed position for a short period
of time (i.e., until a sufficient amount of sediment has frozen to the corer freezing plate). (C) The sediment-

encrusted corer is recovered to the surface.
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as well as the understandable challenge of work-
ing with frozen materials in warm regions such
as the Tropics. Several modifications have been
proposed for the original designs (e.g., Verschuren
2000) to address some of these problems. Freeze-
crust corers may also not be totally appropriate
for some work assessing sediment contaminant
inventories, as ice crystal formation may result in
higher water contents of recovered sediments, thus
lowering concentration inventories (Stephenson
et al. 1996).

In some cases, longer sedimentary sequences
are required. The corers described thus far will
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only retrieve relatively short sequences, typically
less than 1 m in length and sometimes even
much less (depending on the design). Many
other coring devices are available. Rod-driven
piston corers are frequently used to collect longer
profiles. The operation of these corers is fairly
straightforward, as summarized in Fig. 4.4. Most
are based on the Livingstone (1955) design,
although several modifications have been proposed
(Glew et al. 2001). The typical piston corer con-
sists of three components: the piston and cable
assembly, the core tube, and the drive head and
drive rods (Fig. 4.5). The core tube is assembled

~
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Fig. 4.4 A simplified diagram showing the basic principles used in piston coring. The closest analogy to how
a piston corer performs is to the reverse operation of a medical syringe. (A) To recover an undisturbed core
sample, the corer is positioned at the sediment surface (as in this example, or at a subsurface position to
collect deeper sediment profiles), with the piston at the lower end of the core tube. (B) The piston is held
stationary, while the core tube is pushed past it into the sediment using the coring rod. (C) The core section
is recovered to the surface, with the core tube and piston locked together. The sealing of the piston in the
core tube prevents any tendency for the sample to slide out or for the core material to be deformed. It is
important to note that the blocking action of the piston as shown in (A) enables the corer to selectively

sample well below the sediment surface.
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Fig. 4.5 The general operation of

a cable-operated Livingstone-type
piston corer, showing the lowering
(A), sampling (B), and withdrawal
(C) of a sediment sequence. The
operator uses the drive rods to push
the corer into the sediment to the
desired depth. A cable, also held by
the operator, keeps the piston in
place. 1, Core tube; 2, piston; 3, drive
rods; 4, piston cable; 5, locking drive
head. From Glew et al. (2001); used

with permission.

2RG 3000

with a close-fitting piston that can move the
length of the core sample. In operation, the corer
enters the sediment with the piston at the bot-
tom of the tube, effectively preventing sediment
from entering the tube until the correct sampling
depth is reached, at which point the piston is held
stationary and the core tube is pushed past it into
the sediment. Once the sample has been taken,
the corer is recovered and the core sample is
extruded from the core tube, or the core tube

containing the sediment sample is exchanged
(with the piston) with a new, empty tube, and
then coring of the next section can begin. One
advantage offered by the piston is that coring can
be carried out sequentially in sections to signi-
ficant depths in such a manner that distortion
of the sample is minimized. Retention of the
sample in the tube is facilitated by the piston,
because the pressure that is required to drive
the core is accommodated by the piston seal and
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not the sediment sample. Disadvantages are
mostly associated with control of the piston and
its functioning. For lacustrine work, the piston
corer is usually driven by extension rods, with
the piston on a separate cable limiting its oper-
ating depth. In deeper systems, where coring
rods are not practical due to the depth of the water
column (e.g., >40m), cable-operated piston
corers are often used, with internal weights being
employed to drive the core tube in a single
motion (e.g., Kullenburg 1947). Meanwhile, some
designs replace push rods with compressed air,
an example being the Mackereth (1958, 1969)
corer, which is a pneumatically driven piston
corer that can recover relatively long cores (e.g.,
6 m) in an uninterrupted manner.

There are a large number of other corers
that paleolimnologists can use, depending on
the research questions being posed. Many of the
most commonly used devices are illustrated and
discussed in Glew et al. (2001). For example,
chamber-type samplers (sometimes referred to as
Russian peat corers) are becoming increasingly
popular. With these devices, the sediment sample
is “cut” and enclosed in a rotating chamber or
half cylinder. Vibracorers, which use a vibrating
device to impart high-frequency, low-amplitude
standing waves along the length of a coring
tube, are especially useful in collecting sediment
sequences in material that may be difficult to
penetrate using standard push rods, such as pro-
files containing sand lenses (Smith 1998; Fisher
2004).

I sometimes hear researchers, albeit almost
always novices, making statements such as “we
have developed a new corer and it is the only one
you will ever need.” My immediate response is
“wait until you see the full spectrum of lake and
sediment characteristics you will encounter, as
well as the full range of paleolimnological prob-
lems you can actually investigate.” Based on my
experience, there is no “one corer” that will “do
it all.” There are some that will “almost do it all,”
but no single corer will be the ideal choice for
all applications. The critical step of sample col-
lection should not be made lightly; a lot more
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work is waiting for the paleolimnologist once the
sediment is collected. Use the right equipment
and make sure you have retrieved the best sedi-
ment sequence possible.

4.2.4 Sediment handling, sectioning,
and subsampling

Once a core is collected, the next steps often
include various logging and photographic tech-
niques (e.g., Kemp et al. 2001; Saarinen and
Petterson 2001; Zolitschka et al. 2001), followed
by sectioning of the sediment profile. In many
respects, the paleolimnologist can set the time
scale of the investigation by determining at what
temporal resolution (i.e., how finely) the core will
be sectioned. Of course, this presupposes that the
profile has not been significantly disturbed. For
example there is little point in sectioning a core
into 0.25 cm intervals if the sediments were
mixed by benthic invertebrates within a 2 cm deep
mixing zone. Nonetheless, the degree of mixing,
if any, can often be assessed using independent
methods (e.g., dating techniques, see below),
and the integrity of the profile can be assessed.
Although most sediments will have some mixing,
a sense of proportion is required (Does the
amount of mixing preclude or seriously compro-
mise the study in question?).

Just as there were some challenges in coring
the watery surficial sediments, care must be
taken to section unconsolidated profiles without
introducing any additional artifacts. I have often
suspected that much of the “bio” in “bioturbation,”
with which some researchers seem to continually
have problems, is human-caused mixing (as a result
of improper coring or subsampling procedures).
Appropriate sectioners and techniques are avail-
able to handle even the most watery sediments,
but, like everything else, they must be used
correctly. If practical, section the core at the
lakeshore, or as soon as possible after collection,
as transporting surface sediments, with their high
water contents, can be problematic. A variety
of portable, close-interval, vertical extruders are
now available that can effectively section even
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Glew et al. 2001; see also Fig. 4.6). Some grav-
ity corers, such as the Limnos design (Kansanen
et al. 1991), use segmented coring tubes that can
be rotated horizontally to subsample the core, and
so no additional sediment sectioner is required.
Researchers have also developed a variety of
resin embedding techniques that effectively turn
the watery sediment into a solid form (Kemp
et al. 2001; Lamoureux 2001), as well as micro-
tomes that can section cores at very fine (e.g.,
100 um) resolution (Cocquyt & Israél 2004).
Frozen-crust samplers pose other challenges,
but also opportunities. Frozen sediment is usu-
ally sectioned with a saw, knife, or hot wire, but
because the sediment surface is exposed in a
solid (i.e., frozen) form, sediment can be sectioned
at finer scales. For example, individual laminae
can be subsampled with a narrow cutting edge,
such as a razor blade. Simola (1977), with later
modifications by Davidson (1988), have intro-
duced so-called “tape peel techniques,” whereby
pieces of transparent tape are placed directly
onto the frozen sediment. When the tape is
removed, adhered to it is a thin layer of sediment
and associated proxy data (e.g., diatom valves,
pollen grains). This sediment-coated tape can then
be mounted on a microscope slide or on a scan-
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Fig. 4.6 Sectioning a surface, gravity
sediment core at high resolution (e.g.,
0.25 cm intervals), using a Glew
(1988) vertical extruder. Photograph
taken by M. Douglas.

ning electron microscope (SEM) stub, and ex-
amined at high magnification. The tape-adhered
sediment contains an intact and undisturbed
record of the sediment profile, and can be used,
for example, to track even seasonal changes in
lake biota in some cases (Simola et al. 1990).

4.3 Setting the time scale:
geochronological methods

All the data collected by paleolimnologists have
to be placed in a reliable temporal framework.
Change implies time, and so a major challenge
is to decipher the geochronometer that is preserved
in a sedimentary profile. In short, we have to esti-
mate how old a sediment slice is if we hope to
use the proxy data it contains in an assessment
of environmental change.

As with the other approaches described in this
book, a wide array of tools are available to estab-
lish reliable depth—time profiles in sedimentary
sequences (reviewed in Last and Smol 2001a).
However, only a few of these techniques are used
to establish the relatively short time scales typic-
ally required to address most management issues.
The major approaches are summarized below.
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4.3.1 Radioisotopic techniques

Many of the most commonly used dating tech-
niques measure the decay of naturally occurring
radioisotopes. For dating recent sediments (i.e.,
up to about the past ~ 150 years), the naturally
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occurring radioisotope of lead (*°Pb) in the
uranium (“*U) decay series is by far the most
commonly used. With a half-life of 22.26 years,
2IPh is ideal for establishing depth—time scales
over the past century or so (Fig. 4.7). Krisnaswami
et al. (1971) originally applied the technique to
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Fig. 4.7 A schematic diagram showing the major steps used in determining *'°Pb dates for sediment cores.
(A) The core is sectioned into appropriately spaced intervals (e.g., 1 cm slices) for the study in question.

(B) *'°Pb and other radioisotopes are counted using a low-background gamma counter (an alternate procedure
is to use alpha spectrometry). (C) The activities of total ?®Pb and ’Cs in this core are as follows: the level
of supported *'°Pb activity reaches background concentrations at around 20 cm, while the peak in *'Cs
activity at around 5 cm is assumed to represent the height of atmospheric fallout in 1963 (see the text below
for details). (D) The resulting age—depth relationship for the sediment core is 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 ?°Pb — 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 “’Cs peak on the dating curve, revealing (in this hypothetical example) a good
match with the '°Pb-estimated date of 1963. Error bars are standard deviations.
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lake sediments and since then many thousands
of cores have been dated using *'°Pb chronology.
As summarized by Appleby (2001), the total
29Ph activity in sediments has two components:
supported *'°Pb, which is derived from the in
situ decay of the parent radionuclide ***Ra; and
unsupported *°Pb, which is derived from the
atmospheric flux. Unsupported *'°Pb can be cal-
culated by subtracting supported activity from
the total activity.

The methodology developed in the original
Krisnaswami et al. (1971) paper was based on
the assumptions that: (i) the rate of deposition
of unsupported *°Pb from the atmosphere has
been and is constant; (ii) the *'°Pb in water is
quickly absorbed by suspended particulate matter,
so that unsupported *'°Pb activity in sediments
is essentially due to atmospheric fallout; (iii)
post-depositional processes are not redistributing
2Ph activity in the sediments; and (iv) *'°Pb
decays exponentially with time, in accordance
with the law of radioactive decay. In practice,
things are a little more complicated: the supply
of unsupported *'°Pb to the lake may include a
small but significant fraction of *’°Pb deposited
on the catchment and then transported to the lake
(e.g., by soil erosion); a proportion of total inputs
may be lost via the outflow; and/or deposits
reaching the bed of the lake may be redistributed
spatially by hydrologic processes and sediment
focusing. Nonetheless, two simple models used to
calculate sediment dates — the constant rate of
29Ph supply (CRS) and the constant initial con-
centration (CIC) of *"°Pb (Appleby and Oldfield
1978; Robbins 1978) — have between them
yielded reliable results in a great many cases.
The CRS model has been the most successful and
is most frequently used, but under certain condi-
tions (usually where primary sedimentation rates
have been constant and the core site has been
impacted — e.g., by episodic slump events, or
changes in the pattern of sediment focusing), the
CIC model is more appropriate (Appleby 2001).
Under some conditions, neither of the two simple
models is adequate, and so various other models
must be developed to provide a chronology.
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Useful primers on *'°Pb dating include Oldfield
and Appleby (1984) and Appleby (1993), and
Appleby (2001) has published a detailed discus-
sion on recent methodological developments.
Without a doubt, *'°Pb dating has become the
technique of choice for providing age estimates
of recent sediments.

2P is a naturally occurring radioisotope,
constantly being produced by natural processes on
our planet and constantly decaying. However,
paleolimnologists can also use other isotopes
that are not natural, but have been manufactured
by the nuclear industry. These can be used to
pinpoint certain time periods in sedimentary
sequences. The most commonly used isotope is
cesium-137 (P'Cs), which was released for the first
time in 1945 with the dawning of the nuclear
age (Pennington et al. 1973). Stratospheric test-
ing of atomic weapons has been a major source
of PICs; releases accelerated with the initia-
tion of the nuclear arms race and atmospheric
weapons testing, which began in earnest with
the high-yield thermonuclear tests beginning in
November 1952. The radioactive debris injected
into the stratosphere was transported around the
world, but eventually redeposited as fallout. In the
Northern Hemisphere, fallout reached signific-
ant levels by 1954, and then increased steadily
until 1958, when there was a short-lived mora-
torium on testing, but then increased again in
1961 with a sharp peak by 1962-3. The Test Ban
Treaty was signed in 1963, and thereafter con-
centrations dropped steadily. Figure 4.8 shows
the ideal sediment profile that one might expect
if the paleolimnological record directly tracked
B1Cs fallout. Although some profiles approach this
idealized pattern, many are less clear, due to
post-depositional *’Cs mobility. This is a signi-
ficant problem in many sediments, especially
those with high organic matter content (Davis
et al. 1984) and at least some saline systems
(e.g., Foster et al. 2006). Although it frequently
results in a “tail” of P'Cs extending to depths
substantially preceding 1954, in many cases the
position of the peak identifying 1963 does
remain fixed.
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Fig. 4.8 "'Cs fallout in the Northern (solid line) and Southern (dashed line) Hemispheres from atmospheric
testing of nuclear weapons up until 1985. Under ideal conditions, identical patterns in *’Cs would be
observed in lake sediments, which could then be matched to the fallout curve for the region and used as a
geochronological tool. In most cases, the sedimentary *’Cs profile is not identical to the curves shown here,
but it may still be used to supplement and verify ages obtained from other sources, such as ?°Pb. Additional
BCs was released during the 1986 Chernobyl accident, which affected some lakes. From Appleby (2001);

used with permission.

B7Cs was also released in the 1986 Chernobyl
nuclear power plant accident, but the plume was
mainly confined to parts of the former Soviet
Union, Europe, and Turkey (see pp. 300-1).
Other radioisotopes from the nuclear industry,
such as americium (*Am), which appears to
be less mobile in sediments than *’Cs, also have
considerable potential as dating tools (Appleby
et al. 1991).

For longer sedimentary sequences, the dating
method of choice is almost always radiocarbon
("C) dating (Bjorck & Wohlfarth 2001). C is
an isotope of carbon, which forms in the atmo-
sphere as a result of cosmic ray bombardment
of "N. As C is isotopically unstable, it decays
back to the stable element of '*N at an estimated
decay rate half-life of 5730 + 40 years. However,
the Libby half-life (named after Willard Libby, who
first determined this value) of 5568 years (also
referred to as the “conventional half-life”) has been
used since the 1950s, and so by convention it is

still used for age determinations to keep dates con-
sistent. During the life of an organism (e.g., an
alga or a plant), '*C is taken up as *CO, until an
equilibrium is reached (i.e., by photosynthesis),
and then animals can consume this organic mat-
ter containing "*C. Once an organism dies, carbon
replenishment stops and "C begins to decline
at the decay rate. In short, the “carbon clock
has started.” 'C is the ideal choice for dating
organic deposits that are from about 500 to
40,000 years old.

As with all techniques, there are several
assumptions and potential problems with "C
dating. Contamination is always a potential
problem, either by reworking of older or younger
organic material into the sample being dated,
contamination through rootlets, fungal growth
and infiltration by younger humic acids, or by
incorporation of “old carbon.” The latter is
especially a serious problem in areas with cal-
careous bedrock or soils, and results from aquatic
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plants and algae incorporating not only “recent”
carbon during photosynthesis, but also some
of the old, “'*C-dead” carbon (e.g., millions of
years old) leached or eroded from the surround-
ing bedrock. The resulting “hard water effect” will
yield radiocarbon ages that may be considerably
older than their correct ages (MacDonald et al.
1991). For these reasons, paleolimnologists try to
date material that is unaffected by this contam-
ination, such as terrestrial plant remains (e.g.,
seeds, other macrofossils), as terrestrial organisms
are in equilibrium with the atmospheric reservoir
of carbon.

Until the 1980s, most radiocarbon determi-
nations were based on so-called conventional or
bulk dates, which measured the amount of *C in
a sample usually by employing gas proportional
or liquid scintillation counters. This required a
relatively large volume of organic matter that
would yield a minimum of about one gram of pure
carbon. This limitation resulted in ages that were
less precise than many geochronological problems
required. Also, as these were bulk samples (e.g.,
sections of an organic sediment sequence), typic-
ally the sample contained a mix of many differ-
ent types of organic matter. This could have
included, for example, carbonates such as shells,
which may have incorporated “old carbon” into
their carapaces, and so would provide erroneously
old dates.

Many of the shortcomings of bulk '*C dating
were alleviated with the development of accel-
erator mass spectrometry (AMS) and its applica-
tion to radiocarbon dating in the 1980s. AMS
dating requires a much smaller sample (only a
few mg), such as a seed or a conifer needle, to
provide reliable ages. This immediately had two
major advantages. First, paleolimnologists would
now know what they were dating. As opposed to
bulk dating, when one typically submitted an
organic section of sediment that could contain
both allochthonous and autochthonous organic
matter, one could now submit a specific organic
sample, such as a maple seed or a spruce needle.
Such a sample would provide a radiocarbon date
for a specific time period (i.e., an estimate of the
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year the seed or needle was shed), and not the
much broader time period that might be contained
in organic matter making up, for example, a 5 cm
section of sediment. Second, because a specific
sample (e.g., a terrestrial seed) was now being
dated, many of the problems with the “old car-
bon effect” could be circumvented (i.e., only
dating terrestrial-based samples that would not
be taking up old carbon as part of their photo-
synthesis). One of the most celebrated applica-
tions of AMS "C dating was the dating of a small
strip from the Shroud of Turin, believed by some
to have been the burial cloth of Christ. AMS
dating revealed that the shroud was actually
medieval in age (Damon et al. 1989).

Once an analyst has obtained a date in “radio-
carbon years,” this number is not yet equivalent
to calendar years. The *C age has to be converted
to “calendar years” or “years before present (Bp)”
using correction factors determined from '"C
dating of the annual growth rings of German trees
covering the last 12 millennia, in combination
with *C-dated laminated marine sediments and
HC/U-Th dated corals (Stuiver et al. 1998). This
correction step is required because of natural
variations in '*C production. By convention, the
“present” is set at AD 1950.

4.3.2 Pollen chronologies

Pollen grains and spores are a common com-
ponent of most sedimentary sequences and have
wide-ranging applications in paleoenvironmental
work (see pp. 55—6). Because the introduction,
proliferation, or demise of certain plant taxa can
be linked to known time periods, the strati-
graphic distribution of pollen grains from these
taxa can be used to provide additional geochro-
nological control. The best-known example in
eastern North America is ragweed (Ambrosia)
pollen. This taxon often proliferates after native
forests are cut, and the soil layers are disturbed
by plowing and other activities for the imple-
mentation of European style agriculture. As a
result, the so-called “ragweed rise” has become
a standard stratigraphic marker in many pollen
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diagrams, and can be used as an approximate dat-
ing horizon for the time of European settlement.
Other pollen assemblage changes can be used,
such as increases in other weedy species or cereal
grains with agriculture (Bennett & Willis 2001).
In eastern North America, the chestnut blight
fungus, introduced in New York City in 1904,
resulted in the elimination of this tree through-
out its range — a decline that can be tracked in
sedimentary pollen assemblages (Anderson 1974).

4.3.3 Episodic events

In certain settings, past episodic events (specific,
short-term events) that can be definitely related
to a known time period can be used to help date
sediment cores. For example, different volca-
noes expel different types of ash (tephras). If an
ash layer can be identified in a sediment profile
and linked to a specific volcanic eruption of
known age, then this tephra layer can be dated
with a high degree of certainty (Turney & Lowe
2001). Similarly, if a forest fire is known to have
occurred in a certain year, a charcoal layer in the
paleolimnological record can be used to identify
this time slice (Whitlock & Larsen 2001). A silt
layer of erosive material (e.g., clays and silts) can
sometimes be linked to a specific watershed
event, such as the building of a highway (Smol
& Dickman 1981), and so forth. Although a
single episodic event will not provide enough
information to establish a reliable depth-time
sequence, identifying such “benchmarks” are
important markers for evaluating chronological

sequences established using other approaches,
such as *'°Pb.

4.3.4 Other anthropogenic time markers

In addition to some of the radioisotopes that are
related to human activities (e.g., *!Am, "'Cs),
there are a variety of other anthropogenic markers
preserved in sediments that can be used as time
markers (e.g., Kilby & Batley 1993). Many of these
include chemicals related to various industrial
applications, such as lead and other metals
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(Chapters 8 and 10), and the chemical signatures
of a variety of organic compounds, such as insec-
ticides and other organochlorides (Chapter 10).
Such analyses can provide additional geochro-
nological control. For example, DDT began to
be applied as an insecticide in 1939. Hence,
any sediment containing this organochloride
would be younger than 1939 (assuming no post-
depositional mobility). The increase in lead and
mercury in sediments is often associated with
the middle 19th century, as this period coincided
with accelerated industrialization that released
these metals to the atmosphere (e.g., Blais et al.
1995). Black carbon (soot) particles that are
produced by industries can similarly be used as a
geochronological tool (Renberg & Wik 1984;
Rose 2001; Rose and Appleby 2005).

4.3.5 Annually laminated sediments (varves)

Under certain limnological conditions (e.g., little
or no bioturbation in basins where sediment
deposition is linked to a strong seasonal cycle),
sediments may be laid down in annual couplets,
called varves (Fig. 4.9). Relatively few lake basins
contain such annually laminated profiles, but
certainly when they are available they present the
paleolimnologist with outstanding opportunities
for high-resolution, temporally controlled studies
(Lamoureux 2001). The resolution available from
varved sequences is similar to those exploited
by dendroecologists using tree rings to track past
climatic and other ecological changes. How-
ever, finding a sedimentary profile with laminae
does not necessarily imply an annually varved
sequence, as many laminae are not necessarily
annual couplets. False varves and missing laminae
are common, and the quality and reliability of the
profile must be assessed, usually involving other
geochronological tools. If the sequence is indeed
varved, then this outstanding temporal resolution
allows the paleolimnologist to pose a large num-
ber of new and powerful questions. In some cases,
even seasonal resolution of limnological change
is attainable if sedimentation rates are sufficiently

high (Simola et al. 1990).



Fig. 4.9 Annual couplets (varves) of sediment from
Nicolay Lake, Nunavut, Arctic Canada. Photograph
taken by S. Lamoureux.

4.4 Correlating multiple cores from
the same basin

For certain types of paleolimnological studies, it
is important to sample and analyze a large num-
ber of cores from a single basin. The resource
allocations required to date many cores using
2°Ph or other procedures are often prohibitive.
In such cases, it may only be possible to date
one “master core” and then use core correlations
of sedimentary features that are common to all
the cores so as to assign approximate dates to
the undated cores. To use this approach, changes
in some easily measured parameters, such as
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sediment texture, composition, pollen markers
(e.g., Ambrosia rise), and/or magnetic properties
must be recorded in all cores. The measure-
ment of magnetic susceptibility variations (see
p. 51) has proven to be a very effective technique
for between-core correlation in some limnolo-
gical settings.

4.5 The “top/bottom approach’:
snapshots of environmental change

Detailed paleolimnological analyses (e.g. cm by
cm analyses of sediments) can be very informat-
ive, but they are also often quite time-consuming.
In some regional cases where many lakes have to
be sampled, such detailed analyses are not prac-
tical or possible due to resource and personnel
limitations. Moreover, for many management
questions, such detailed analyses are desirable,
but not always totally necessary, as a “before
and after” type of environmental assessment can
provide many important management answers.
For example, with questions such as “Are lakes
currently more acidic than they were before the
1850s?” or “Have 20th-century agricultural prac-
tices affected water quality in a suite of lakes?”,
an assessment of what limnological conditions
were like before and after the putative impacts
may suffice. By inferring the pHs for a suite of
lakes before the 1850s (i.e., before acid rain was
a problem in eastern North America) and com-
paring these estimates to present-day pHs, then
the first question can be answered. Similarly,
if we can infer lakewater nutrient levels that
existed in a lake before European-style agricul-
ture was initiated, and compare these hindcasts
to post-agricultural water quality, a general answer
to the second question can be attained. The
data required for such broad questions are from
two points in time — before and after the impacts
being study. Detailed centimeter-by-centimeter
paleolimnological analyses are not required for
this type of “before and after” assessment. Paleo-
limnologists typically use a simpler approach,
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developed primarily during the acid rain work
(Cumming et al. 1992b; S.S. Dixit et al. 1992),
which has come to be colloquially called the
“top/bottom approach” (Box 4.1).

The major advantage of the “top/bottom”
approach is that it is very time and cost effective:
typically only two slices of the core profile are ana-
lyzed for each lake (not including material used
for replicate and variability studies), as opposed
to the 20 or more sediment slices that are often
analyzed in detailed paleolimnological studies of
recent environmental changes. The main disad-
vantage of this approach is that it only provides
two “snapshots” of the lake’s history. It does not
provide any detailed information on overall
trends or specifics regarding the timing of any
changes; it simply provides inferences of condi-
tions “before” and “after” a suspected stressor.
Nonetheless, this information often comprises
some of the most important limnological data that
are required for effective management decisions.
In order to address some environmental problems,
it is an inescapable fact that it may be more
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instructive to have, for example, only two time-
slices analyzed from 100 different lakes than to
have 100 time-slices analyzed from only two
lakes. By knowing background (i.e., pre-impact)
conditions, the magnitudes of changes can be
assessed and more realistic mitigation goals can
be set. For example, if a lake was naturally at a
pH of 5.6 before acid rain became a problem, then
it is not realistic, nor desirable, to “restore” the
lake to a pH of 7.0. There are many other appli-
cations of these types of data sets, as described
later in this book.

Like all scientific procedures, the “top/bottom
approach” has some assumptions. The surface
sediments (e.g., the top 1 cm, as is often used)
quite clearly represent recent conditions, but it
is a time-integrated sample that will vary between
lakes. For example, the surface centimeter of
sediment in Lake A may contain about 3 years
of accumulation, whilst it may be about 4 years
in Lake B, and may potentially be even less than
1 year in Lake C. It is difficult to precisely deter-
mine the accumulation rates of the topmost

Box 4.1 The “top/bottom,” or “before and after,” paleolimnological approach

Detailed centimeter-by-centimeter paleolimnological analyses provide much information on
limnological trends over long time frames, but they can rarely be used in large-scale studies
on a regional basis (e.g., hundreds of lakes at a time), as they are labor intensive. Broad-scale
questions can sometimes be answered by simply using “top/bottom” sediment sampling methods
(Fig. 4.10). This approach is very straightforward. Surface-sediment cores are collected in
the same manner as they would be for detailed paleolimnological studies, but only two time
slices are typically analyzed. Indicators are analyzed from the surface centimeter of sediment,
which represents an integrated sample of recent limnological conditions (i.e., the past few years).
Then, the so-called “bottom” sediment sample is analyzed in an identical manner. This bottom
sample is a sediment slice from the core that represents pre-impact lake conditions. For
example, in acid rain work in many North American lake regions, sediments deposited below
about 25-30 cm would represent pre-1850 lake conditions (this time estimate is based on a
large number of *'°Pb-dated cores from the region). Inferences based on the bottom samples
provide estimates of background (sometimes referred to natural, pre-impact, or nominal lake
conditions) and can be compared to the inferences from the surface samples. This provides a
before-and-after type of analysis. Reproducibility should be evaluated by analyzing replicate
cores from several lakes (Cumming et al. 1992b).
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Fig. 4.10 Using the “top/bottom” approach, typically only the surface (the “top”) sample of sediment,
representing present-day limnological conditions, and one deeper sediment sample (the “bottom”),
representing conditions that existed prior to marked anthropogenic influences, are analyzed. In some
cases, additional sediments are analyzed, representing other time slices (e.g., diatoms from c. 1900 in

sediments. Nonetheless, like most paleolimno-
logical analyses, we are working with “running
averages” and these sediment slices have re-
peatedly been shown to capture accurately recent
limnological conditions.

If the core is not dated (due to resource
limitations), then another assumption is that
the “bottom sample” was in fact deposited prior
to the time that the stressors were introduced

(e.g., before acid rain). To use the North America
acid rain example mentioned above, the bottom
sample must date from before c. 1850 to capture
pre-acid rain conditions. Ideally, paleolimnologists
have some independent measure to ensure that
sediments predate the disturbance (e.g., they are
working in a region where a large number of
cores have previously been collected and dated,
and so they have an estimate of the average
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sedimentation rates for the region, or they use
an independent stratigraphic marker, such as a
low percentage of a pollen grain — for example,
ragweed in eastern North America). *'°Pb dating
of the top and bottom sediments using a gamma
counter will also provide an estimate of the min-
imum age of the bottom sediment sample.
Another assumption is that overall back-
ground conditions, estimated from the one bot-
tom sample, have not fluctuated greatly. There is
always the danger when using only point sampling
that inferences from a sample at, for example,
30 cm will not be the same as from a sample at
32 cm. However, for many regions where the
top/bottom approach has been used and evalu-
ated with replicates from a number of lakes,
background conditions for the time periods of
interest have been effectively captured by these
one-point bottom samples. If these assumptions
are clearly stated and investigated as much as
practical, then the top/bottom approach is a very
powerful and efficient management tool.

4.6 The paleolimnologist’s option of
setting the most appropriate time scale

[ began this chapter with a quote from the late
Professor W.T. Edmondson, who stated in a
keynote address that “the lake sets the time scale,
not the investigator.” Few would argue with this
statement; ecosystems change and respond to
stressors at rates that are not dictated by schedules
imposed by managers, scientists, or politicians.
As much environmental and ecological work
is based on time frames of less than a few years,
much of the critical information required for
sound management decisions is not captured in
these short time windows. Paleolimnologists are
fortunate in that they have considerable latitude
in setting the time scale for their assessments. It
is this major advantage — the ability to push the
monitoring record back into time — that will be
the focus of the remainder of this book.
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4.7 Summary

Collecting and dating sediment cores represent
critical steps in any paleolimnological study. A
variety of different types of coring equipment are
now available to retrieve sedimentary sequences
from almost any basin, and sampling procedures
are available to provide the temporal resolu-
tion required for most management questions.
Equally important have been advances in geo-
chronological techniques used to date sedimentary
sequences. For paleolimnological studies focusing
on recent (e.g., the past century or so) environ-
mental changes, radiometric techniques such
as *'°Pb and "Cs are most frequently used. For
longer time frames (e.g., thousands of years),
radiocarbon (C) dating is often employed. The
temporal resolution achievable in some sediment-
ary sequences, such as those found in annually
varved lakes, may approach sub-annual (e.g.,
seasonal) resolution. Detailed analyses of sediment
cores at close sampling intervals, however, are
often very time-consuming. In some cases, much
coarser sampling resolution can be used, especially
if regional-based questions are posed. In such
cases, a “top/bottom” sediment approach may be
adequate, where typically only two sediment
samples are analyzed from each core (excluding
samples used for quality assurance and quality
control considerations). The “top” sample is
from the surface sediments (usually the top cen-
timeter), representing recent (the past few years)
environmental conditions. The “bottom” sedi-
ment slice represents material deposited before
the purported stressor may have affected the
lake (e.g., in North American acid rain work,
sediments deposited before the 1850s were
considered to represent pre-impact conditions).
The main advantage of this approach is that it
allows one to analyze a large number of lakes on
a regional scale; however, because only two sedi-
ment slices are analyzed, it does not provide
detailed information on the timing and trajec-
tories of changes.



Reading the records stored
In sediments: the present is a
key to the past

Limnology is the science of trying to make sense out of nonsense.
Robert H. Peters, American Society of Limnology and
Oceanography conference (1985)

5.1 Environmental proxy data
in sediments

When I am doing an initial examination of
paleolimnological data, I sometimes have the
same uneasy feeling I get when I am browsing
the Internet: I am thirsting for knowledge but
drowning in information! Physical, chemical,
and biological data contained in sediments are
often complex, and it may be difficult at times
to see patterns in this “blizzard of information.”
I have often heard the expression that “the data
speak for themselves.” Frankly, I have often sat
at a desk full of data and have heard nothing.
Nonetheless, despite the complexity and multi-
variate nature of many data sets, paleolimnologists
have developed ways to interpret this informa-
tion to an enviable level of precision, and
improvements are constantly being sought and
implemented.

Once sediment cores have been collected
using appropriate sampling techniques and the
depth—time profile is established (Chapter 4),
the next job is to begin searching for the paleo-
environmental information contained in the
sedimentary sequence. This is often the most

time-consuming and important part of a paleo-
limnological study as it provides the data that
will be used in subsequent interpretations. No
amount of statistical finesse will compensate for
a poor data set: Garbage in — garbage out.

In a book of this size, it is not possible to
summarize in any detail the myriad techniques
available to paleolimnologists. I will only pro-
vide “thumbnail sketches” of some of the common
methods and indicators, and expand on these
techniques in the subsequent chapters, where
examples are discussed in more detail. Several
reference volumes exist on methodology (e.g.,
Berglund 1986), and since this is such a rapidly
expanding field, protocols are always being re-
fined. For example, a new book series is dedicated
to this topic with volumes on basin analysis, cor-
ing, and chronological techniques (Last & Smol
2001a), physical and geochemical methods (Last
& Smol 2001b), as well as biological techniques,
such as terrestrial, algal, siliceous, and zoological
indicators (Smol et al. 2001a,b). A subsequent
volume on data handling and statistical methods
is currently being written (Birks et al., in prepara-
tion). These handbooks outline in considerable
detail the advantages, but also the caveats, asso-
ciated with a diverse array of paleolimnological
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approaches. Brief summaries of the main sources
of proxy data are discussed below.

5.2 Visual inspection of sediments
and logging techniques

Once a core is collected, a considerable amount
of information may be gained from a simple
visual inspection of the sequence (e.g., color,
texture, presence of laminations). For example,
the input of allochthonous material can be
strongly influenced by drainage basin morphology
and the type and distribution of vegetation. If
the vegetation is removed, erosion typically in-
creases and may result in the influx of silts and
clays, and even larger particles such as sand (see
Chapter 12). Organic input is usually strongly
dependent on biological productivity (from both
within and outside the lake), and the degree to
which the lakebed environment can preserve
this material (e.g., oxygen levels). Many of these
and other changes in a sediment profile are
visible to the naked eye, and so one of the first
steps for the paleolimnologist is simply to note
changes in colour, texture and bedding, and so
on (Troels-Smith 1955; Aaby & Berglund 1986;
Schnurrenberger et al. 2003). A variety of log-
ging and recording techniques are available,
especially with the advent of digital technology
(e.g., Saarinen and Petterson 2001; Zolitschka
et al. 2001). Moreover, radiography and X-ray
imaging (Kemp et al. 2001) and other approaches
(chapters in Last & Smol 2001b; Francus 2004)
can often reveal bedding features and other use-
ful information that is not readily visible with
the naked eye.

5.3 Determining the relative proportions
of organic matter, carbonates, and
clastic matter in the sediment matrix

After the core has been visually examined, pho-
tographed, and logged, one of the first procedures
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typically undertaken by paleolimnologists is to
characterize the sediment into a few commonly
used components. This is routinely done using
weight-loss techniques (Dean 1974; Heiri et al.
2001). For example, the “percentage water” of
the sediment is easily calculated by weighing a
known amount of wet sediment, and drying it in
an oven or freeze drier. By weighing the sample
again after drying, the “% water” can easily be
calculated by subtraction and division. In the sci-
entific literature, “% water” has been expressed
both as a percentage of the dry weight and a
percentage of the wet weight of sediment, with
most analysts choosing the former. This infor-
mation is useful as it provides some indication
of the amount of compaction the sediment has
been subjected to, as well as clues to the paleo-
environmental history of the system. Typically,
“% water” can be very high in surface sediments,
often exceeding 90%.

The resulting dry sediment can be further
characterized into three commonly defined com-
ponents. By placing a known amount of the dry
sample in a muffle furnace set typically at 550°C
(although other temperatures are sometimes
recommended) and ashing it for one to several
hours (Heiri et al. 2001), any organic matter
in the sediment should be combusted (Dean
1974). (The so-called “self-cleaning ovens” found
in some of our kitchens use a similar process.)
By subsequently cooling this ashed sample in
a desiccator, and then re-weighing it, the “%
organic matter,” sometimes referred to as the “%
loss on ignition” (or “% LOI”), can again be
easily calculated by subtraction and division
(Dean 1974).

To determine the carbonate content of the
sample, the ashed sample is returned to the muffle
furnace, and now heated to between 925°C and
1000°C. The carbonates will be converted to
CO, during this process, and so only the non-
carbonate fraction (typically comprising of clay
minerals, feldspar minerals, quartz, etc.) will be
left in the sample. Once again, the “% carbonates”
are calculated by subtraction and division. What
is left in the sample is “% siliciclastic material,”
but this is sometimes incorrectly referred to as the
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“% clastics” or the “% mineral matter.” Heiri et al.
(2001) summarize some additional protocols that
paleolimnologists should observe when using
these approaches.

The above analyses are easy to perform, but
the data are not always so easy to interpret on
their own. Intuitively, one might expect that
an increase in “% organic matter” in sediments
would immediately signal an increase in lake
productivity. This is not necessarily so, for a
number of reasons. First, the amount of organic
matter preserved in the sediments is also related
to the limnological conditions in the water
column and sediments themselves (e.g., oxygen
levels). Higher water temperatures may enhance
lake productivity and so increase the amount of
organic matter deposited in the sediments, but
warmer waters also typically have higher decom-
position rates of organic matter. For these reasons,
the sediments of some Arctic and sub-Arctic
lakes have higher organic matter contents than
some tropical lakes. Perhaps more importantly,
though, the source of the organic matter should
be identified if possible. For example, is it from
the terrestrial (i.e., allochthonous) or the aquatic
(autochthonous) system? Rapid delivery of ter-
restrial-based organic matter does not necessarily
mean higher within-lake productivity.

Finally, it is critical to remember that organic
matter and carbonate and the non-carbonate
fractions are all typically expressed as percent-
age data, and so are “closed data” (i.e., an
increase in one component will immediately be
reflected by a proportional decrease in another,
as the total cannot exceed 100%). For example,
with land-use changes, such as deforestation
and plowing of fields in a lake’s catchment, one
might expect two limnological repercussions.
One expectation might be an accelerated influx
of nutrients to the lake from the catchment,
thus resulting in higher lake productivity and
increased organic matter production. A cor-
responding increase in % organic matter in the
sediments may occur. However, it is possible
that, with increased erosion, a considerable
amount of clay material was eroded into the
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lake, and so the paleolimnologist may actually
record a relative decrease in % organic matter,
as the clay fraction increased disproportion-
ately higher. So even though lake productiv-
ity increased with disturbances, the % organic
matter may not reflect this. If sedimentation
rates can be reliably estimated, these data can
be expressed as an accumulation rate. However,
other approaches, such as those summarized in
the remainder of this chapter, should be used
in conjunction with these data to disentangle
these relationships.

5.4 Particle size analysis

The inorganic, siliciclastic portion of the sediment
matrix can be characterized further with respect
to size (Last 2001a). On a broad scale, particles
are divided into clay (< 0.002 mm in diameter
in most European work, but < 0.004 mm in most
other studies), silt (from the clay upper limit
boundary up to 0.06 mm in diameter), sand
(0.06—2.00 mm in diameter), and, in some cases,
gravel (over 2.0 mm in diameter) fractions.
Different approaches can be used to determine
particle sizes, including older hydrometric tech-
niques to more sophisticated laser counters (Last
2001a).

Particle size analyses are employed in a vari-
ety of applications, but have been mostly used
by sedimentologists to help determine the pro-
cess, and to some extent the source, of detrital
sedimentation. For example, a high concentra-
tion of clay particles is often interpreted as an
erosion signal. An increased frequency of larger-
sized particles, such as sand grains, would suggest
delivery of this material in a high-energy envir-
onment, such as from river flow. The location
of the coring site in the lake basin must be
carefully considered when interpreting these
data. In studies with an environmental focus,
these approaches have mostly been applied to the
study of erosion patterns and sediment infilling

(Chapter 12).
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5.5 Magnetic properties of sediments

Sediments also archive a magnetic signal, reflect-
ing the magnetic properties of the sediment
matrix. Magnetic grains are dominated mainly
by iron oxides and sulfides. Details regarding
methodology are presented in Nowaczyk (2001)
and Sandgren and Snowball (2001); the tech-
niques available are relatively rapid, inexpen-
sive, and non-destructive. Maher and Thompson
(1999) provide many chapters on the applications
of magnetism to paleoenvironmental issues that
are relevant to the overall theme of this book.
Therefore, only a few introductory comments
will be mentioned here, as examples dealing with
environmental magnetic techniques are discussed
primarily in Chapter 12 on erosion, although
magnetic properties are also used to track and
monitor heavy metal and other pollution sources
(Petrovsky & Ellwood 1999).

Maher et al. (1999) provide a photomicrograph
atlas of some of the natural and anthropogenic
magnetic grains found in sediments. Although sedi-
ment samples contain several magnetic proper-
ties, paleolimnologists are primarily concerned
with three magnetic units: magnetic field, mag-
netization, and magnetic susceptibility. Magnetic
fields are set up by the motion of electric charges.
Magnetic induction (B, measured in Teslas or T),
the response of any materials in this space, comes
from both the magnetic field (H) and the mag-
netization (M) of the material. The magnetiza-
tion (M, measured in ampere per meter, or A m™")
is the response of a material to a magnetic field
passing through it. Magnetic susceptibility (i,
and has no units) is a measure of how much mag-
netism sediment retains after being exposed
to a magnetic field, and is related to M and H
by the equation M =«xH. Using a variety of
ratios (Maher et al. 1999, and some examples in
Chapter 12), paleolimnologists can glean import-
ant information on sedimentary history, especi-
ally as it relates to past erosion sequences. It is
also useful for correlating multiple cores taken

from the same basin (King & Peck 2001) and
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for locating tephra layers in sediment profiles

(Turney & Lowe 2001).

5.6 Geochemical methods

Entire volumes have been written on geochem-
ical techniques (Last & Smol 2001b), and so
only some salient features will be mentioned
here. Moreover, geochemical data are the focus
of several chapters in this book (e.g., Chapters
8-10).

Geochemical analyses of sediments can yield
much information but, like most paleolimnolo-
gical data, inferences have to be considered care-
fully, as post-depositional changes in geochemical
signatures can occur and obscure the record
(Boyle 2001). For example, if managers wanted
to reconstruct past nutrient levels in a lake,
one might initially think that simply analyzing
the sediments for total phosphorus and nitrogen
concentrations would provide a record of past
nutrient loading. As has often been shown, this
is not as simple as it may sound. For example,
phosphorus can be easily remobilized from sedi-
ments under anoxic conditions, which itself
may be more common during periods of highest
nutrient loading (see p. 185). So phosphorus
release (not accumulation) from sediments may
be highest under periods of highest nutrient
loading.

Nonetheless, with an understanding of geo-
chemical processes, much information can be
gleaned from the sedimentary record about pro-
cesses occurring within the water body, as well as
in the surrounding drainage area (Boudreau 1999).
Following the pioneering work of Mackereth
(1966) in the English Lake District, a large
number of geochemical studies have been com-
pleted on sediments. These data have been used
to interpret changes in inputs and processes
within lakes and rivers, to clarify nutrient fluxes
(Chapter 11), as well as the accumulation of
pollutants such as metals (Chapters 8 and 10) and
persistent organic contaminants (Chapter 9).
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5.7 Isotope analysis

Some isotope methods have already been men-
tioned in Chapter 4, as they are often the prime
tools used by paleolimnologists to date sediment
cores (e.g., '°Pb, Y'Cs, C). However, these
radioactive isotopes are just a small part of the
paleolimnologist’s tool kit, as many stable isotopes
can be used to track, for example, the source
of pollutants and materials, as well as a variety
of other limnological processes (e.g., Ito, 2001;
Talbot 2001; B.B. Wolfe et al. 2001). For
example, sulfur isotopes have been used in work
on acidic precipitation (see p. 93), and carbon
isotopes have been employed in lake eutrophica-
tion studies to reconstruct past patterns in aquatic
primary production (see pp. 190—1). As shown
in Chapters 8 and 10, the isotopes of various
metals, such as lead and mercury, can also track
pollution sources. Isotopes of nitrogen have been
used to estimate past salmon and seabird popu-
lations (see pp. 290-5). The potential for using
compound-specific isotope ratios from lipids and
other biomarkers is now also being explored
using sediments (e.g., Huang et al. 2004), which
could lead to important applications for water
quality and related issues.

The use of isotopes in paleolimnology is a
rapidly expanding field, with some recent
approaches summarized in a volume edited by
Leng (2006). Many of these applications are dis-
cussed in more detail in subsequent sections of
this book, and surely many new applications will
soon be available as these techniques become
more fully incorporated into ongoing paleolim-
nological studies.

5.8 Fly-ash particles

A rapidly developing area of applied paleolim-
nology is the use of different types of fly-ash par-
ticles, which can be used to track past industrial
activities related to fossil fuel combustion (Wik
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& Renberg 1996; Rose 2001). When fossil fuels
such as coal and oil are burned at high temper-
atures to generate electricity or heat, or used for
some other industrial application, two types of par-
ticles are produced that are now being used in-
creasingly by paleolimnologists. Porous spheroids
of primarily elemental carbon (Goldberg 1985),
now often referred to as spheroidal carbonaceous
particles (SCPs), are one of the products of this
burning process (Rose 2001). The second type
of particles includes those formed from the min-
eral component of the fuel (Raask 1984), called
inorganic ash spheres (IASs) (Rose 2001). Col-
lectively, SCPs and IASs are referred to as fly-ash
particles (Figs. 5.1 & 5.2).

Rose (2001) provides a review on developments
in the methodology and uses of fly-ash particles
in sediments, where they have been used primarily
for three types of applications. First, stratigraphic
changes in particles have been interpreted in
conjunction with other inferred changes in sedi-
ment cores, such as decreases in diatom-inferred
lakewater pH associated with lake acidification
(Chapter 7). As the industries producing the
particles (e.g., coal combustion) are also often
producing other environmental stressors (e.g.,
acid rain), including fly-ash particles in multi-
proxy paleolimnological studies can be very
useful in correlating the timing and potential
causes of change. For example, if the timing of
acidification inferred from diatoms (see below)
matches the increases in fly-ash particles, the
industry producing the particles may be implicated
in the acidification process.

Second, particles can be used to provide addi-
tional geochronological control in sedimentary
profiles. SCPs are not produced by any natural
mechanisms, and so their first appearance in
sediment cores can be used to identify the start
of industrial burning of fossil fuels. For example,
in the United Kingdom, the SCP record begins
at about AD 1850-1860 (Rose 2001). The use
of SCPs as a dating tool is primarily done via
calibration of temporal concentration profiles of
SCPs from, ideally, a number of sediment cores
from a region to reliable and independently
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Fig. 5.1 A scanning electron
micrograph of spheroidal
carbonaceous particles (SCPs) from
oil combustion. From Rose (2001);
used with permission.

Fig. 5.2 A scanning electron
micrograph of inorganic ash spheres
(IASs) from the combustion of coal.
From Rose (2001); used with

permission.

derived dates (e.g., from *'°Pb and varve counting)
for the same sediment cores. Once reasonably reli-
able dating schemes and associated SCP profiles
are established for a region, then SCP concen-
trations from undated cores can be used as a
geochronological tool (e.g., Rose & Appleby
2005). Furthermore, if the history of industrial
fuel combustion is documented, then the strati-
graphic changes in sedimentary fly-ash particles

can be correlated to known dates. For example,
the increase in particles should coincide with
the increases in the industry’s fossil fuel burning.
Similarly, if mitigation efforts have been initi-
ated and the release of particles has declined,
this decrease should also be recorded in the sedi-
ments and can be used as another time horizon.

Finally, particles can be used as surrogates
for other pollutants, whose concentrations are
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correlated with fly-ash particle numbers. For
example, fly-ash particles can often be correlated
with trace metals, sulfur, and polycyclic aromatic
hydrocarbons (PAHs).

Fly-ash particles are a relatively new group
of indicators, but work is progressing rapidly. For
example, one active area of research is on part-
icle source apportionment — determining which
industry produced specific SCPs. As summarized
by Rose (2001), this has been attempted using
morphological data on particles, as revealed
through high-resolution microscopy using thin-
sectioning and size characteristics, and more
recently via multi-element chemical apportion-
ment. The morphological classification of combus-
tion particles, as documented for Arctic regions
by Doubleday and Smol (2005), may also prove
to be a useful approach.

5.9 Biological indicators

One of the biggest advances paleolimnology has
experienced over the past few decades has been
in the description and application of a suite
of new biological indicators. A central theme in
ecology has always been the attempt to classify
ecosystems by the flora and fauna they contain.
In fact, we make these associations every day.
For example, presenting someone with a picture
of cacti and camels will immediately suggest an
arid and hot climate. A picture of a polar bear,
a musk ox, and barren tundra vegetation will
indicate cold, Arctic climates. Sea urchins and
seaweeds will indicate a marine environment,
whilst certain species of snails and fish will only
survive in fresh waters, and so on. To a large
extent, the same types of ecological associ-
ations are used by paleolimnologists, although
they typically use microscopic indicators of past
biota and deal with many species simultane-
ously. Biological approaches offer the additional
advantage in that organisms integrate changes
in limnological variables over longer-term time
frames than can typically be captured in periodic
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water chemistry sampling programs. As Rosenberg
(1998) remarked, “Chemical measurements are
like taking snapshots of the ecosystem, whereas
biological measurements are like making a
videotape.”

Fortunately, a large number of biological indic-
ators are represented as morphological fossils,
such as the hard parts of organisms (e.g., diatom
frustules, resting stages or the exoskeletons of
invertebrates, or pollen grains and spores). But
equally rapid advancements have occurred in
biogeochemical fields, where progress has been
made in the identification and interpretation of
“chemical fossils” (e.g., fossil pigments, organic
geochemistry).

In order for an organism to be a useful pale-
oindicator, it must meet two important require-
ments. First, it must be unequivocally identifiable
in the sedimentary record as some sort of mor-
phological or biogeochemical remain of a par-
ticular taxon. Fortunately, as will be described
below, a surprisingly large spectrum of organisms
leave reliable and interpretable fossil records.
Problems certainly do occur with both physical
(e.g., breakage) and chemical (e.g., dissolution)
degradation under certain conditions, as well as
other taphonomic processes. These problems,
however, can often be assessed and the quality
of the record evaluated. In fact, if the processes
responsible for these problems are well understood,
palecenvironmental information can, in some
cases, be surmised from the preservation status of
indicators (e.g., if the conditions required for
poor preservation of a specific indicator are under-
stood, and the paleolimnologist is faced with
these conditions in a sediment core, then he or
she can surmise that these environmental con-
ditions had existed in the system under study).

The second overall requirement of paleoindi-
cators is that the ecological characteristics of the
organism should be known to at least some level
of certainty (for without some understanding of
its ecological preferences, one cannot use it to infer
past conditions). Some species are generalists, but
others are specialists and are quite restrictive in
their distributions with respect to physical and
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chemical variables. Powerful tools and statistical
treatments are available to explore and quantify
these relationships (Chapter 6). Ideal paleoindic-
ators should also be abundant and relatively easy
to identify and quantify.

For almost all biological indicators, some form
of sediment preparation is required before they
can be easily identified and analysed, and almost
all morphological fossils require microscopy (some-
times with very high magnification and resolu-
tion) for identification (Berglund 1986; Smol
et al. 2001a,b). In general, the goal is to remove
(clean) as much extraneous material as possible,
which leaves the indicators relatively unobscured
for further examination. For some larger indica-
tors, the sediment is first sieved through screens
of different mesh sizes. Most sediments require
treatment with various strong acids and other
reagents to complete the separation and clean-
ing process. As different indicators are composed
of different materials (e.g., silica, chitin, etc.), there
are many ways that sediment samples are prepared
(Berglund 1986; Smol et al. 2001a,b).

Below are brief overviews of some of the most
important bioindicators used by paleolimnologists;
additional details on these groups are contained
in later sections of this book, where these indi-
cators are used to address a variety of environ-
mental problems. The list of organisms available
to paleolimnologists is steadily increasing as
new approaches and techniques continue to be

developed (Smol et al. 2001a,b).
5.9.1 Pollen and spores

Plants produce either pollen grains (e.g., from
angiosperms and gymnosperms) or spores (e.g.,
from so-called “lower plants,” such as mosses,
ferns, and fungi; e.g., van Geel & Aptroot 2006)
as part of their reproductive strategies. Collect-
ively, these microfossils are referred to as palyno-
morphs, but that term also refers to, for example,
the vegetative remains of algal cells (e.g., Pedi-
astrum colonies: Jankovskd & Komdrek 2000;
Komdrek & Jankovska 2001) or their resting
stages (e.g., van Geel 2001). Other indicators often
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observed on pollen slides include the stomatal
cells of leaves (MacDonald 2001).

Pollen analysis is a large field, with many
applications to topics such as ecology, climato-
logy, archeology, forensic science, and various
medical fields (e.g., allergies). Although paly-
nological investigations are often focused on
reconstructing terrestrial vegetation (Bennett
& Willis 2001), they often have strong links
to many questions posed by paleolimnologists,
such as inferring changes occurring in the catch-
ment of a lake.

Plants may release pollen in extremely high
numbers (some trees produce several billion
grains each year). Anyone who suffers from
pollen allergies, such as hay fever, will likely
already know this! Some plants rely on wind to
transport their grains to other plants for fertil-
ization (anemophilous pollen), and these tend
to be the high pollen producers. Others rely on
insects and other animals, as well as water cur-
rents and other vectors, to transport their pollen
to other plants.

The outer layer (exine) of grains contains
the polymer sporopollenin (also spelled sporo-
pollinen), which is one of the most inert organic
substances known. Hence, it is not surprising
that pollen grains and spores are amongst the most
common microfossils preserved in sediments.
Differences in the exine structure and sculpture,
as well as other morphological features, typic-
ally allow palynologists to identify grains to the
generic level and sometimes even to the species
level, although some taxa can only be identi-
fied to the class or family level. A glossary of the
terminology used by palynologists has recently
been published (Punt et al. 2007). By identify-
ing and enumerating grains and spores in sedi-
mentary profiles, palynologists can reconstruct
past trends in terrestrial vegetation succession,
as well as past shifts in aquatic macrophytes and
nearshore vegetation. A large number of books
and several journals are dedicated to this field, as
palynology has many applications quite separate
from those that might be used by paleolimno-
logists. As vegetation is often closely linked to
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reconstruct past climatic trends (Chapter 14).

An important application of palynology is to
use specific anthropogenic indicator pollen to
reconstruct how catchments have been affected
by human impacts, such as the removal of forests,
replacement by weeds and cereal crops, and so
forth. As noted in the previous chapter, palyno-
logy can be used to help establish (or confirm)
depth—time profiles. For example, one of the
“signatures” of the arrival of European settlers
to the northeastern United States and parts of
eastern Canada has been the proliferation of
ragweed (Ambrosia) pollen (Fig. 5.3), as this
weed does very well in disturbed soils following
forest clearance. The “ragweed rise” in pollen
diagrams (i.e., an increase in ragweed pollen per-
centages) is often used as a chronostratigraphic
marker. In other regions, cereal grains, grasses (the
family Poaceae, referred to as the Gramineae
in some of the older literature), or other taxa are
used. Pollen grains can be categorized as either
arboreal pollen (AP) or non-arboreal pollen
(NAP), and expressed as a ratio or percentage,
with NAP typically increasing with decreasing
forest cover, as would occur with land clearance.
As noted above, some pollen grains are trans-
ported by wind (sometimes hundreds and even
thousands of kilometers). This has both advant-
ages and disadvantages; pollen can be used to
track regional changes, but at times it is diffi-
cult to reconstruct changes occurring within, for
example, a single watershed. Plant macrofossils
(see the next section) are often more helpful at
delineating local, watershed patterns of vegeta-
tion change.
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Fig. 5.3 Light micrographs of pollen
grains. (A) ragweed (Ambrosia);
(B) pine (Pinus).

5.9.2 Plant macrofossils

Plant macrofossils are defined as any identifiable
plant remains that can be seen with the naked
eye, even though some form of magnification is
often needed for identification. Typical macrofossils
include seeds, fruits, cones, needles, bark, pieces
of twigs, and moss fragments. Some algal macro-
fossils would also be included, such as reproduct-
ive structures (oospores) of charophytes (e.g.,
Garcia 1994; Haas 1999). Because macrofossils are
larger and heavier than pollen grains and spores,
macrofossils are not transported long distances,
and so are especially useful for describing local as
opposed to regional changes. Conversely, macro-
fossils are found in far lower numbers than pollen,
and so recovering representative sample numbers
may be difficult in some cases.

Within the focus of this book, plant macrofossils
have primarily been used to reconstruct past
aquatic macrophyte and nearshore vegetation
(e.g., Birks 2001). For example, tracking macro-
fossils associated with aquatic macrophytes can be
used to document the development of littoral
zones. Furthermore, macrofossils directly associ-
ated with anthropogenic activities, such as wood
chips from lumber mills, can provide important
time markers for paleolimnological studies (e.g.,

Reavie et al. 1998).
5.9.3 Charcoal

Associated with plant remains, and often stud-
ied using microscope slides prepared for pollen
analysis or some modification to standard paly-

nological techniques (Whitlock & Larsen 2001),
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are charcoal particles — the burned residues of
past fires. Similar to pollen grains, small charcoal
pieces (e.g., < 100 um in size) can be transported
long distances by wind currents, and therefore
provide information on regional fire frequencies.
Larger charcoal particles more likely reflect local
wood burning. Although more often used in long-
term studies of ecosystem development, such as
tracking past vegetation responses, and linking
fire frequency, to past climatic changes, charcoal
analyses have been used in applied paleolimno-
logical studies to track different types of human
activities, such as industries that depended on
wood burning (e.g., some earlier mining opera-
tions). Charcoal profiles have also been used as
geochronological tools to help determine the
onset of, for example, slash-and-burn agriculture,
and to study post-fire succession.

5.9.4 Cyanobacteria (blue-green algae)

Although the cyanobacteria (more commonly
referred to as blue-green algae) are prokaryotic and
should probably be considered under a separate
heading, I will deal with them in the subsequent
section dealing with algae. Because blue-green
algae have chlorophyll a and other pigments,
they photosynthesize much like other algae and
therefore, in the context of lake management
issues, are functionally and ecologically more
similar to algae.

5.9.5 Algae

Primary production in water bodies comes prin-
cipally from two major groups: algae (including
cyanobacteria or blue-green algae) and aquatic
macrophytes. With the exception of some shal-
low-water bodies that have extensive littoral
zones and large growths of macrophytes, algae are
the main photosynthesizers in most deep aquatic
systems.

The word “algae” has no formal taxonomic
status, as it represents a large group of diverse
organisms from different phylogenetic groups,
representing many taxonomic divisions. In
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general, algae can be referred to as plant-like
organisms that are usually photosynthetic and
aquatic, but lack true roots, stems, leaves, or
vascular tissue, and have simple reproductive
structures. Most are microscopic, but some are
certainly larger, such as several marine seaweeds
that can exceed 50 m in length, as well as certain
freshwater taxa that, at first glance, may appear
to share morphological affinities with higher
plants (e.g., charophytes). The study of algae,
called phycology or algology, is a major discipline
of biology, with many textbooks, journals, and
university courses dedicated to this field.

As most of the primary production in fresh-
water systems comes from algae, and given that
there are many thousands of algal taxa, it is not
surprising that paleophycology has played a
leading role in paleolimnology. All algal groups
leave some form of fossil record in lake sediments,
whether it be a morphological (e.g., diatom
valve, chrysophyte scale) or biogeochemical
(e.g., algal pigments) marker, although many of
these indicators are still rarely used and/or not
fully explored. Below is a brief overview of some
of the indicators most frequently employed by
paleolimnologists.

5.9.5.1 Diatoms

Until relatively recently, if a paleolimnologist
referred to algal indicators in his or her sediment
cores, most other paleolimnologists would intu-
itively think that he or she simply meant
diatoms (Bacillariophyta). The reason for this is
that diatoms, with few exceptions, were the only
algal group used in most studies until the past 20
years or so. It is now recognized that many other
algal groups can provide important proxy data;
nonetheless, diatom valves still often form the
mainstay of many paleolimnological investiga-
tions. There are many good reasons for this, as
few indicators can rival the important qualities
diatoms share that make them such powerful
biomonitors of environmental change (Stoermer
& Smol 1999). For example, diatoms are often
the dominant algal group in most freshwater
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Fig. 5.4 Light micrographs of diatom valves. (A) Cymbella hebridica; (B) Pinnularia microstauron;
(C) Aulacoseira ambigua; (D) Tabellaria flocculosa str. IV; (E) Cyclotella antiqua. Photographs taken

by Kathleen Laird and Brian Cumming.

systems, often contributing more than half of the
overall primary production. In addition, there are
thousands of species of diatoms, whose taxonomy
is based primarily on the size, shape, and sculp-
turing of their siliceous cell walls (Fig. 5.4), cal-
led frustules (two valves make up one frustule).
Different taxa have different environmental
optima and tolerances, and so analyses of fossil
species assemblages can be used to reconstruct a
suite of environmental variables (e.g., pH, nutri-
ent levels, etc.). Diatoms have very fast migration
rates, and so can colonize new habitats quickly.
Hence, assemblage changes closely track envir-
onmental shifts (i.e.,, lag times are minor).
Equally important, from a paleoecological per-
spective, silica (SiO,) is generally resistant to
bacterial decomposition, chemical dissolution,
and physical breakage, and so diatom valves are
often very well preserved in sedimentary deposits.
Battarbee et al. (2001) provided methodological
details related to fossil diatom analyses, as well
as summarizing their historical development in
paleolimnological studies.

Diatom assemblages are excellent microscopic
indicators of a large number of important en-
vironmental variables. The impressive number
and diversity of applications span such diverse
fields as paleolimnology and paleoceanography,
forensic science, and archeology (Stoermer &
Smol 1999). Because there are so many taxa
(often estimated in the range of 10* taxa, but many
believe that this is likely an underestimate by per-
haps one order of magnitude), and because taxa
have different ecological optima and tolerances,
species assemblages can be effectively used to
infer past environmental changes. For example,
certain taxa are adapted to colonizing specific
habitats of a lake or river, such as attached sub-
strates in the littoral zone (i.e., the periphyton)
or the open-water community (i.e., the plankton).
As is shown in the coming chapters, different taxa
are also reliable indicators of a wide spectrum
of limnological conditions, such as pH, nutrient
concentrations, and salinity. New paleoenviron-
mental applications for diatoms are constantly
being sought and found.
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Fig. 5.5 Micrographs of fossil chrysophyte scales. (A) A transmission electron micrograph of a Mallomonas
hindonii scale. (B) A scanning electron micrograph of M. pseuodocoronata scales. (C) A light micrograph of
M. pseuodocoronata scales. (D) A transmission electron micrograph of a M. hamata scale. (E) A scanning
electron micrograph of M. punctifera scale. (F) Transmission electron micrograph of a Synura petersenii scale.

5.9.5.2 Chrysophyte scales and cysts

Another group of siliceous algal microfossils that
is being used more often are the scales (Fig. 5.5)
and resting cysts (Fig. 5.6) of the classes Chryso-
phyceae and Synurophyceae (hereafter referred
to as chrysophytes). Over 1000 species have
been described thus far, from about 120 genera.
However, like the diatoms, these numbers are
considered to underestimate their true diversity,
as many new taxa likely remain to be described.
Most chrysophytes have flagella and are especi-
ally common in the plankton of oligotrophic
lakes, although benthic and eutrophic taxa also
exist. Sandgren et al. (1995) collated a series

of review chapters on different aspects of the
taxonomy, biology, and ecology of chrysophytes,
including one focusing on their paleolimnolo-
gical applications (Smol 1995b). Zeeb and Smol
(2001) summarized methodological aspects rele-
vant to microfossil work.

Although only about 15% of chrysophyte
species have siliceous scales and bristles, and all
chrysophytes form resting stages, to date most
paleolimnological studies have focused on the
scales. The reason for this is mainly taxonomic —
the often intricately shaped and sculptured
scales of taxa in the class Synurophyceae (Fig. 5.5)
are species specific (Siver 1991), whilst the tax-
onomy of cysts (Fig. 5.6) is still in development
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Fig. 5.6 Scanning electron micrographs of fossil chrysophyte stomatocysts. (A, B) Light and scanning
electron micrographs of Stomatocyst 204 (Uroglena volvox). (C) A scanning electron micrograph of
Stomatocyst 97 (biological affinity not yet determined). (D, E) Scanning electron and light micrographs of
Stomatocyst 41 (Dinobryon cylindricum). (F) A scanning electron micrograph of Stomatocyst 35 (biological
affinity not yet determined). Modified from Duff et al. (1995).

(Duff et al. 1995; Pla 2001; Wilkinson et al.
2001). Even though considerable work has been
completed on the taxonomy of chrysophyte
scales (Siver 1991), their use in paleolimnolo-
gical research only began in the 1980s, with the
almost simultaneous publication of three inde-
pendent studies (Battarbee et al. 1980; Munch
1980; Smol 1980).

Most scales identified in lake sediments are
from two major and diverse chrysophyte genera,
Mallomonas and Synura, but other genera (e.g.,
Chrysosphaerella, Paraphysomonas, and Spinifero-
monas) are also used. Scanning or transmission
electron microscopy is needed to study the ultra-
structure of scales, but (with few exceptions) most
scales can be identified using high-resolution light
microscopy, once an adequate proportion of the
flora has been investigated (Smol 1986). Similar

to the diatoms, scales possess many characteristics
that make them important paleoindicators (e.g.,
well-preserved due to their siliceous structure,
reliable indicators of a suite of limnological con-
ditions, etc.).

Unlike scales, which characterize only some
genera, all chrysophyte taxa produce an endoge-
nously formed, siliceous resting stage (Fig. 5.6),
known as a stomatocyst (or statospore in some
of the older literature). Because of their siliceous
nature, these microscopic cysts are well pre-
served in most deposits. Moreover, cyst morpho-
types (e.g., the cyst shape, surface sculpturing and
ornamentation, as well as pore and collar mor-
phology) appear to be species specific, although
only about 15% of morphotypes have, as yet,
been linked to the taxa that produce them
(Duff et al. 1995; Wilkinson et al. 2001). This
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presents the paleolimnologist with some interest-
ing challenges: Contained in most sediments are
often diverse assemblages of stomatocysts, which
can be differentiated and — using surface-sediment
calibration sets (Chapter 6) — can be related to
important environmental gradients (e.g., pH,
nutrients), but cannot yet be linked to known
extant taxa. From a paleoecological perspect-
ive, where the goal is mainly to infer limnolo-
gical changes, differentiating cyst morphotypes
is critical, but actual species identifications are
not critical (although desirable). As a result,
a well-defined system of morphotype descrip-
tions has developed, beginning with the guide-
lines of the International Statospore Working
Group (ISWGQG), first summarized in Cronberg
and Sandgren (1986), and later modified by
Duff et al. (1995) and then by Wilkinson et al.
(2001), with the publication of two atlases of
cyst morphotypes. With these standardized guide-
lines and the numbering system, it has been
possible to identify many of the morphotypes
present in Northern Hemisphere temperate
lakes, although there has been much less study
of tropical and Southern Hemisphere floras. The
long-term goal of paleolimnologists working
with cysts is to eventually abandon these tem-
porary nomenclature systems and link morpho-
types to known species, but progress in this area
has been slow. Nonetheless, chrysophyte stom-
atocysts have been used in a number of important
paleolimnological applications (Zeeb & Smol

2001).
5.9.5.3 Other siliceous microfossils

Other siliceous microfossils are often preserved
on diatom microscope slides, including ebridians
(Korhola & Smol 2001), invertebrate remains
such as freshwater sponge spicules (Frost 2001)
and siliceous protozoan plates (Douglas & Smol
2001), and phytoliths (Piperno 2001) from grasses
and other plants. Each of these can be used in
applied investigations, although their full poten-
tials have yet to be explored in pollution-based
studies.

READING THE RECORDS STORED IN SEDIMENTS

5.9.5.4 Biogenic silica

Identifying and counting microscopic indicators,
such as diatom valves and chrysophyte scales
and cysts, is often time-consuming and requires
trained analysts. Nonetheless, the amount of
information one can gather from species assem-
blage data is often worth the effort. If, however,
a paleolimnologist simply wants to estimate the
past biomass of diatom populations and other
siliceous organisms, he or she can use a chemical
technique to determine the amount of biogenic
silica (BiSi) in sediments (Conley & Schelske
2001). BiSi estimates have primarily been used
to track past diatom populations in eutrophi-
cation studies (Chapter 11), but also in other
environmental applications.

5.9.5.5 Other algal morphological
indicators

Siliceous indicators, and especially diatom
valves, have dominated paleophycological work,
but other algal remains may also be preserved
as morphological fossils. These include vegetat-
ive structures such as colonies of green algae,
such as Pediastrum (Jankovskd & Komdrek 2001;
Komarek & Jankovska 2001), or filaments, lorica,
and various resting stages of other algae and
cyanobacteria (van Geel 2001). For example,
dinoflagellate cysts may be quite common in
some profiles (Norris & McAndrews 1970).
Typically, these non-pollen palynomorphs are
studied alongside pollen grains and spores on
microscope slides. Although still rarely used,
several examples have highlighted their consid-
erable potential in applied studies. For example,
van Geel et al. (1994) used fossil akinetes (resting
stages) of the blue-green algae Aphanizomenon and
Anabaena in a Polish lake to indicate phosphate
eutrophication dating back to medieval times.

5.9.5.6 Fossil pigments

Although the list of known morphological
indicators of algae and cyanobacteria increases
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steadily, there are still many taxa that do not leave
reliable morphological fossils, and so their popu-
lations can only be reconstructed using biogeo-
chemical indicators. These generally take the
form of fossil pigments or other forms of organic
geochemistry. For example, long after many mor-
phological remains of algae and bacteria are lost
due to various degradation processes, sediment-
ary carotenoids (carotenes and xanthophylls),
chlorophylls, their derivatives, and other lipid-
soluble pigments can be used to track past popu-
lations (Leavitt & Hodgson 2001). This, of
course, assumes that these chemical bioindicators
can be isolated from sediments, and can be
identified and linked to the organisms that pro-
duced them. With the advent of new technological
developments (such as high performance liquid
chromatography, or HPLC, and mass spectrome-
try), considerable progress has been made in this
regard, and many fossil pigments have been used
in different applications where the abundance,
production, and composition of past phototro-
phic communities are important response variables
(Leavitt & Hodgson 2001). Some pigments,
such as B-carotene, are found in all algae and some
phototrophic bacteria, whilst other pigments are
much more specific (for example, alloxanthin
is specific to the Cryptophyta, and peridinin is
specific to the Dinophyta). Pigments such as
myxoxanthophyll, oscillaxanthin, and aphanizo-
phyll are specific to various blue-green algal taxa,
and have been used to track nuisance populations
of these cyanobacteria in lake eutrophication
work. Leavitt and Hodgson (2001) provide a table
listing the commonly recovered pigments from
lake sediments and their taxonomic affinities.

5.9.6 Other forms of organic geochemistry

Fossil pigments are just one form of organic bio-
chemical fossils found in sediments. Although
most organic compounds are lost from the pale-
olimnological record by diagenetic processes,
lake and river deposits often contain a complex
mixture of lipids, carbohydrates, proteins, and
other organic molecules from organisms that
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lived in the lake or river and in its catchment.
Most organic matter is from plants, which can be
divided into two major groups: (i) nonvascular
plants (such as algae) that contain little or no
carbon-rich cellulose and lignin; and (ii) vascu-
lar plants (such as trees, grasses, aquatic macro-
phytes) that contain much larger proportions of
these fibrous tissues (Meyers & Lallier-Verges
1999). Cranwell (1984) summarized some of the
earlier paleolimnological work done using organic
geochemistry; more recent applications are
reviewed by Meyers and Teranes (2001).

One approach that has been used in paleo-
limnology is to measure the ratio of carbon to
nitrogen (C/N) in sediments as a proxy of
past algal versus higher plant production. This
approach is based on the observation that algae
have low C/N ratios, of about 4 to 10. Meanwhile,
vascular land plants, which have high cellulose
content and therefore high C content, but are
relatively low in proteins and hence N, generally
have much higher C/N ratios of about 20 or
greater (Meyers & Lallier-Verges 1999; Meyers &
Teranes 2001). These types of analyses can also
be linked to isotope studies, whereby the source
material for the organic matter can further be
traced to, for example, C; or C, land plants
(Fig. 5.7).

Other approaches include Rock-Eval™
pyrolysis, originally developed in the petroleum
industry, but recently applied to lake sediments.
By studying the ratios of hydrogen to carbon and
oxygen to carbon, organic matter can be linked
to its most likely source material, such as from
microbial biomass, algae, land plants, and so
forth (Meyers & Lallier-Verges 1999; Meyers &
Teranes 2001).

Stable isotope analysis of different organic
fractions, determining the concentrations and
ratios of specific compounds (e.g., Cranwell 1984;
Bourbonniere & Meyers 1996), and microscop-
ical examination of the sediments (Meyers &
Lallier-Verges 1999) have all been used effectively
to better document paleoenvironmental changes.
Only a few of these studies have been applied to
management issues (most have focused on climatic
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change), but the potential is certainly there to
adapt these approaches to many of the problems
discussed in this book.

5.9.7 Bacteria

In some respects, bacterial paleolimnology has
been covered to a limited extent in the above
treatment of fossil pigments, as the cyanobacteria
or the so-called blue-green algae are often discussed
alongside the algae. Although far less used, other
prokaryotic organisms can also be traced in the
sedimentary record. Fossil pigments have taken
the lead, and Brown (1968) summarized some of
the pioneering work in this area, which has been
updated in the review by Leavitt and Hodgson
(2001). Because different species of photosynthetic
bacteria in lakes have different ecological require-
ments for variables such as light, nutrients (e.g.,
sulfur), and oxygen levels, past changes in their
populations can be used to infer several import-
ant limnological conditions. For example, Brown
et al. (1984) used the fossil pigments of photo-
synthetic bacteria from a meromictic lake to track
past stratified populations of a number of different
bacterial groups. Chlorobiaceae, or the brown-
colored varieties of the green sulfur bacteria

10 20 30 40 50 60 70 80

(inferred from the pigment B-isorenieratene),
live in deepwater strata, and would have thrived
during the most oligotrophic (highest light
penetrating) periods of the lake’s recent history.
Chromatiaceae, or the purple sulfur bacteria,
represented by the pigment okenone, live in
higher strata of the water column, and are at
a competitive advantage relative to the green
sulfur bacteria when light penetration decreases
(e.g., with eutrophication). Brown et al. (1984)
concluded that these organisms can be used as
“historical Secchi discs,” reflecting the trophic
status of the waters above them.

Some studies have attempted to directly count
bacterial remains. For example, Granberg (1983)
counted in a Finnish lake sediment core the
number of Closteridium perfringens colonies, a
non-motile bacterium that lives in the human
digestive system, to track the effects of human
effluents on this system. Nilsson and Renberg
(1990) and Renberg and Nilsson (1991) showed
how paleolimnologists can use sterile micro-
biological techniques to culture viable bacteria
found in sedimentary profiles, and thereby estab-
lish past population trends. For example, they
estimated past annual accumulation rates of
viable endospores of Thermoactinomycetes vulgaris,
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a terrestrial bacterium known to be common in
decaying vegetation, composts, hay, and manure.
Because it is a thermophilic bacterium, once
it is washed into a lake and deposited in the
sediments, it does not reproduce, and so its
abundance in sedimentary profiles can be used
as a proxy of its past abundance on land. By
using sterile microbiological techniques, such as
culture media and plating sediment samples on
agar plates, Renberg and Nilsson (1991) showed
that T. wulgaris endospores were very rare in
Swedish lake sediments deposited before agri-
culture began (c. AD 1100), but increased greatly
with the expansion of farming and other land-
use activities. With the advent of new bio-
chemical and DNA techniques, it is likely that
paleobacterial studies will become more com-
mon in the future.

5.9.8 Invertebrates

In addition to the primary producers discussed
earlier, representatives from higher trophic levels
are also typically preserved in sediments. Inver-
tebrate fossils are, by far, the most common
zoological indicators recorded, with Cladocera,
larval insects, and ostracodes being used most
often in applied studies. From an ecological per-
spective, these invertebrates often form import-
ant intermediate positions in food webs (e.g.,
they graze algae, but are then themselves preyed
upon by other invertebrates and vertebrates such

as fish).
5.9.8.1 Cladocera

The invertebrate class Branchiopoda is divided
into four orders: Cladocera (water {fleas),
Anostraca (fairy shrimp), Notostraca (tadpole
shrimp), and Conchostraca (clam shrimps). Each
of these groups leave some morphological remains
in sediments (Frey 1964), but certainly the chi-
tinized body parts of Cladocera are more common
and have been the most widely used (Korhola &
Rautio 2001), with many applications related to
studying past human impacts (Jeppesen et al.
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2001). Today, Cladocera have a global distribu-
tion, with approximately 400 described species
from 80 genera.

Cladoceran species are rarely larger than 1 mm
in length, but still play pivotal roles in the func-
tioning of many freshwater systems. Taxa are
common in both littoral zone (e.g., Chydoridae)
and open-water (e.g., Daphnia spp.) habitats.
Depending on ambient conditions, they can exert
intense grazing pressures, and so can influence the
abundance and composition of algal communit-
ies. Equally, the abundance, species composition,
and even morphology (Kerfoot 1974) of clado-
cerans can be influenced by predation from
other animals, such as larger invertebrates and fish
(Carpenter et al. 1985).

Cladocera are preserved in sediments primarily
as three chitinized body parts: head-shields, shell
or carapace, and postabdominal claws (Figs. 5.8
& 5.9). Although Cladocera typically reproduce
via parthenogenesis, when conditions become
unfavorable, they can switch to sexual reproduc-
tion and produce resting stages that can remain
dormant for many decades until conditions
become favorable again. These ephippia (singular,
ephippium; Fig. 5.9D) are also preserved in
sediments and, for at least some taxa, are suf-
ficiently morphologically distinct that they can
be linked to the species that produced them
(Mergeay et al. 2005). Ephippia are now being
used in a variety of other applications, including
DNA analyses (i.e., paleo-genetics; see p. 70)
as well as the developing field of “resurrection
ecology” (Kerfoot et al. 1999; Kerfoot & Weider
2004), where diapausing eggs are recovered from
surface sediments (e.g., Vandekerkhove et al.
2005) or sediment profiles (see pp. 142—-4) and
hatched in the laboratory.

Korhola and Rautio (2001) summarize the cur-
rent techniques used to study Cladocera in paleo-
limnological research, and Jeppesen et al. (2001)
review some applications of fossil Cladocera to
the reconstruction of anthropogenic impacts. Most
studies have been related to trophic dynamics
and eutrophication issues, but Cladocera have also
been used in assessments of lake acidification,
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Fig. 5.8 (A) A schematic drawing of an Alona cladoceran, showing the main chitinized body parts that are
useful for taxonomic identifications in sediments. (B) Detail of the head shield. (C) Detail of the
postabdominal claw. PP, proximal pecten; MP, medial pecten; DP, distal pecten. Drawing by Darren Bos.

metal contamination, salinity changes, shifts in
water levels, exotic species invasions, as well as
other applications.

5.9.8.2 Chironomidae and related Diptera

Although we tend to think of Diptera (true flies)
as primarily terrestrial organisms, often flying or
crawling around us, many species spend large
portions of their life cycles in fresh water.
Several dipteran groups are preserved as various
morphological indicators in sediments, but cer-
tainly the most commonly used insect remains are
the chitinized head capsules of the Chironomidae
(non-biting midges).

Chironomids are the most widely distributed
and often the most common insects in fresh-
water systems. Only a few taxa may surpass them
in global distributions, as they are found from
Ellesmere Island in the Canadian High Arctic
to Antarctica. It is likely that at least 10,000
species exist (Armitage et al. 1995). The adult
stage of many chironomids may only last a day
or two, whilst the various larval and pupal stages
may last several years (Walker 2001). The head
capsules shed by the third- and fourth-instar
larval stages during ecdysis (or moulting) repres-
ent the bulk of chironomid fossils (Fig. 5.10),
which can often be identified to the genus level,
and sometimes even to the species level. First- and
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Fig. 5.9 Light micrographs of cladoceran body parts. (A) Chydorus piger head shield; (B) Graptoleberis
testudinaria carapace; (C) Daphnia dentifera postabdominal claw; (D) ephippium of a Daphnia. Photographs
taken by Darren Bos.

Fig. 5.10 Light micrographs of fossil chironomid head capsules. (A) Chironomus; (B) Protanypus. m, mentum;
vm, ventromental plate. Photographs taken by Saloni Clerk.
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second-instar stages are less heavily chitinized, and
so are rarely preserved.

The possibility of using chironomids as envir-
onmental indicators dates back to the early part
of the 20th century, when Thienemann (1921)
proposed a chironomid-based lake classification
system for German lakes (e.g., oligotrophic
Tanytarsus lakes, eutrophic Chironomus lakes,
etc.). Considerable progress has been made since
that time, with chironomid head capsules now
included in many different types of applications.
For example, chironomid indicators have been
used extensively in paleoclimate work, as their dis-
tributions appear to be correlated with important
climatic variables (Walker 2001). From a lake
or reservoir management perspective, though,
their most important applications may be to infer
deepwater oxygen levels (e.g., Quinlan et al.
1998; Little et al. 2000; Quinlan & Smol 2001;
Walker 2001; Brodersen & Quinlan 2006).
Whereas most of the indicators discussed so far
live either in the littoral zones or in the open-
water, upper-layer strata of lakes, many chirono-
mid larvae are adapted to living in profundal
regions. A key factor in determining which taxa
will be most successful is deepwater oxygen
concentration, as different taxa have strikingly
different tolerances to hypoxia and anoxia. For
example, some taxa — the so-called “blood
worms” in the genus Chironomus — have hemo-
globin in their hemolymph and can withstand
anoxia for prolonged periods by binding oxygen
with hemoglobin. Other physiological and beha-
vioral adaptations also vary amongst taxa, such
as the capacity to maintain osmotic and ionic
regulation of their hemolymphs with the build-
up of metabolic end products during periods of
low or no oxygen. Certain taxa possess physio-
logical adaptations to low oxygen levels, such as
ventilating and re-oxygenating their surrounding
micro-environment by undulating body move-
ments. As a result, changes in benthic chironomid
assemblages can often be related to hypolimnetic
oxygen levels, which can be estimated using a
variety of measures related to the duration and
intensity of deepwater hypoxia and anoxia
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(Quinlan et al. 1998; Quinlan & Smol 2001). Such
issues are of prime concern to many limnological
assessments, as deepwater anoxia is an important
symptom of eutrophication (Chapter 11).

Not all chironomids live in the deepwater
regions, as many species are adapted to life in the
littoral zone, where they can provide additional
information on, for example, macrophyte develop-
ment (Brodersen et al. 2001). Moreover, in some
cases, deepwater anoxia may be so severe that
even the most tolerant benthic chironomids are
extirpated, and only littoral zone taxa survive
(Little et al. 2000). Although almost all pale-
olimnological studies have focused on lakes and
reservoirs, Klink (1989) and Gandouin et al.
(2006) showed how chironomids and other insect
remains can be used to track riverine changes.

Other insect larval parts also preserve in
sediments, but have been used far less than chiro-
nomids. For example, the chitinized mandibles
of the Chaoboridae (phantom midges) are well
preserved, although typically much less com-
mon than chironomids. Because certain taxa are
very sensitive to fish predation (e.g., Chaoborus
americanus; Fig. 5.11), their presence can be
used to track historical fish populations (Uutala
1990; Sweetman & Smol 2006). This approach
was effectively used in determining if past fish
extirpations were related to lake acidification
(see pp. 105-7), as well as the study of other types
of fish kills, such as from chemical additions (see
pp- 153-5). Uutala (1990) provides photomicro-
graphs and a key to identify the fossil mandibles
of North American species.

The chitinized remains of the Ceratopogonidae
(the biting midges or “no-see-ums”) and the
Simuliidae (the black flies) also have some
potential applications (Walker 2001). The
Simuliidae, in particular, whose larvae are found
exclusively in streams, may provide information
on past inflows and paleohydrology (Currie &
Walker 1992). Although rarely used thus far
in pollution-based studies, other insect fossils,
including Coleoptera (beetle) and Trichoptera
(caddisfly) remains (Elias 2001; Greenwood et al.
2006), can be used by paleolimnologists.
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5.9.8.3 Ostracoda

The ostracodes (also spelled ostracods) have a long
history of paleolimnological applications, but
mostly in the context of paleoclimatic and
paleohydrological studies (DeDeckker 1988;
DeDeckker et al. 1988; Holmes 2001; Chivas
& Holmes 2003). Like the Cladocera discussed
earlier, the subclass Ostracoda is classified
under the Class Crustacea, but ostracodes differ
from cladocerans in their external morphology
by being characterized by two calcitic valves
or shells, hinged dorsally to form a carapace
(Fig. 5.12), which partially encloses the body
parts and the seven or eight pairs of appendages.
The carapace, which in most non-marine taxa
ranges in size from about 0.5 to 2.5 mm, is often
species specific. Because the carapace is calcare-
ous, ostracode carapaces are typically only pre-
served in neutral to alkaline environments.
Until recently, most studies have focused
on using ostracode species assemblage data to
reconstruct past environmental conditions, in
much the same way that paleolimnologists use
other biotic indicators. This has been a powerful
technique, as many ostracode taxa have specific

Fig. 5.11 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 environmental optima and tole.rances, and ca.m.be
it is very susceptible to predation. Modified from related to, for example, habitat, pH, salinity,
Uutala (1990). hydrology, and climate-related variables such as

temperature (e.g., Curry 1998). Paleolimnological

S
200 prm

Fig. 5.12 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.
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studies have focused on lakes, but there is also
potential for using ostracods in tracking changes
in rivers, springs, and wetlands (e.g., Mezquita
et al. 1999; Smith et al. 2003).

New approaches have extended the potential
applications of ostracods to paleoenvironmental
reconstructions. The trace element chemistry
and stable isotope composition of the ostracod
external shell can further refine paleoenviron-
mental reconstructions (Holmes 1996, 2001; Ito
2001; Wansard & Mezquita 2001). Because the
ostracode shell is secreted over a very short time,
a “memory” of past limnological conditions is pre-
served in the isotopic and geochemical composi-
tion of the ostracode shell (Holmes 1996). Such
studies have thus far focused on paleoclimatic
questions, but likely many other applications
exist for studying past water-quality problems.

5.9.8.4 Other invertebrates

The above summary focused on the most com-
monly used invertebrate indicators for water-
quality issues. Many other morphological remains
are found in lake sediments, such as protozoa
(Patterson & Kumar 2000; Beyens & Meisterfeld
2001), rotifers (Swadling et al. 2001; Turton
& McAndrews 2006), bryozoans (Francis 1997,
2001), oribatid mites (Solhgy 2001), beetles and
other insects (Elias 2001), mollusks (Miller &
Tevesz 2001), some copepod remains (Knapp
et al. 2001; Cromer et al. 2005), and other indi-
cators described in various chapters in Smol et al.
(2001a,b). Although most have been applied
to some water-quality issues, these groups are
still largely untapped resources for these types
of studies.

5.9.9 Fish

Most lake and river managers, as well as the gen-
eral public, are concerned with fish. Unfortu-
nately, fish have often represented the “missing
link” in many paleolimnological studies, as they
rarely leave a good fossil record, although a
variety of scales, skeletal bones, and otoliths
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are recoverable from most sedimentary profiles
(Fig. 5.13). Fish scales have been used, in a
limited context (e.g., Daniels & Peteet 1998;
Patterson & Smith 2001; Davidson et al. 2003),
and some identification guides for freshwater
taxa have been produced (Daniels 1996). How-
ever, in most lacustrine systems, fish scales are not
sufficiently abundant to reconstruct past fish
abundances in a quantitative manner.

The calcareous inner ear bones (otoliths) of
several fish taxa are species specific and are
being used increasingly in paleolimnological
studies, although rarely, as of yet, in dealing with
management issues (Patterson & Smith 2001;
Panfili et al. 2002). Because otoliths have accre-
tionary growth, internal zonation often reveals
annual (and sometimes even daily) growth rings.
Microsampling these growth rings and analyzing
the bands for stable isotopes and other variables
can reveal important information on past envir-
onments, at fine temporal resolution. This is
part of the developing field of sclerochronology,
the science that uses calcified structures, such as
fish otoliths, mollusk shells, and corals, to recon-
struct environmental conditions. To date, otoliths
have been used primarily in paleoclimatic studies
(Patterson & Smith 2001), although there is
considerable potential for other applications
(e.g., Campana & Thorrold 2001; Panfili et al.
2002; Campana 2005).

The use of fish bones, scales, or other fish
debris can be directly related to fish populations,
but rarely are the concentrations of these fossils
sufficiently abundant in lacustrine sediments to
provide defendable estimates of past fish popula-
tions. To date, most inferences have been based
on more indirect techniques, using the species
composition, size and/or morphology of inverte-
brate indicators influenced by the presence of
fish (Palm et al. 2005). For example, as discussed
above with the Chaoboridae, the presence of
Chaoborus americanus mandibles in sedimentary
profiles indicates fishless conditions, as this taxon
is especially sensitive to fish predation (Uutala
1990; Sweetman & Smol 2006). Jeppesen et al.
(1996) developed a transfer function based on
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Fig. 5.13 The various calcified structures from fish that can be used in paleolimnological studies. From
Pontual et al. (2002); used with permission of IRD Editions.

cladoceran remains to infer past planktivorous
fish populations, and cladoceran indicators have
been used in a variety of limnological settings
to track changes in fish status (e.g., Amsinck
et al. 2003; Jeppesen et al. 2003). Likely other
morphological indicators can be used as well,
and new approaches are always being explored.
For example, stable isotopes of nitrogen in lake
sediments can be used to track past populations
of Pacific sockeye salmon in nursery lakes (see

pp. 290-5; Finney et al. 2000).
5.9.10 Paleo-genetics and DNA analyses

Molecular techniques are rapidly being incor-
porated into many ecological sciences, and paleo-
limnology is no exception. This exploratory work
has, thus far, centered mainly on using DNA from
resting eggs preserved in lake sediments, such
as the ephippia of Cladocera (see pp. 252-3). If
the eggs can be hatched, it is possible to trace
long-term changes in genetic composition as
well as shifts in physiological phenotypes; if eggs

cannot be hatched, DNA can often still be
extracted to reconstruct ecological and evolu-
tionary dynamics (Hairston et al. 2005). The use
of ancient DNA and paleo-genetics may become
especially valuable for paleolimnologists in recon-
structing populations that are difficult to track
using morphological fossils, such as copepods
(e.g., Bissett et al. 2005) or perhaps rotifers (e.g.,
Gomez & Carvalho 2000). Interesting work has
also been initiated on the extraction of ancient
DNA from algae (Coolen et al. 2004) and pollen
grains (Bennett & Parducci 2006). Meanwhile,
Willerslev et al. (2003) have shown that per-
mafrost and temperate sediments may preserve
diverse plant and animal genetic records, includ-
ing those of megafauna such as mammoths.

5.10 Other approaches

The indicators and methods described above
are only a subsample of the potential information
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relevant to lake and river managers that is pre-
served in sedimentary profiles. Certainly many
other sources of proxy data are available, and new
methodologies are continually being developed.
For example, near infrared spectroscopy (NIRS),
although widely used in some industries, has only
recently been applied to paleolimnological stud-
ies, with some promising results (Korsman et al.
2001; Wolfe et al. 2006). Paleolimnology as a field
is moving very quickly, and I fully expect that my
above list of major indicators will continue to
increase in the years to come.

5.11 The importance and challenges
of multi-proxy inferences

There is little doubt that major advancements
have been made in paleolimnology due to the
increased attention to the added power of using
multiple lines of evidence. There are many
advantages to these multi-proxy approaches, not
least of which is that they provide much more
holistic overviews of ecosystem development. It
has been repeatedly shown that different types
of indicators do not always simply reproduce or
reinforce information gleaned from another type
of indicator, but very often additional informa-
tion is provided. A better, more complete, under-
standing of environmental change is possible.
In some cases, however, the new information is
simply corroborative, but this again is important,
as it greatly strengthens interpretations. If preser-
vation or other taphonomic issues are a problem,
using multiple indicators can also avoid having
hiatuses in our profiles. For example, if chemical
conditions are such that siliceous indicators are
poorly preserved, paleoenvironmental informa-
tion could still be gathered from the remaining
calcareous indicators and/or fossil pigments, and
so forth.

As summarized by Birks and Birks (20006),
large multi-proxy data sets also pose significant
challenges. They are often very time-consuming
and demand significant resources, typically
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involving many specialists. With large amounts
of data, there is the problem of data storage
and handling. Certainly, interpretations can be
challenging to accommodate the many available
lines of evidence, and one must avoid falling into
the trap of the “reinforcement syndrome,” where
interpretations are slanted to reinforce each other,
rather than to be used to fully explore the pos-
sible range of interpretations. Paleolimnologists
must be vigilant to objectively use multi-proxy
data to show converging validity in interpretations.

Not surprisingly, these complex studies are
a major challenge to synthesize and eventually
write up. For example, a detailed, multi-proxy,
paleolimnological study that was completed on one
core from Krikenes Lake, Norway, by Hilary
Birks and colleagues (Birks et al. 2000) yielded
about 250,000 data points! Most would agree,
though, that the huge scientific effort was worth
the result.

5.12 Presenting paleolimnological data

Paleolimnologists typically present their data
in more-or-less standardized formats, using a few
basic approaches. The depths of the sediment slices
(and hence the time scale) are almost always
presented along the vertical y-axis, with the
percentages (or other estimates of abundance)
along the horizontal x-axis. Relative abundances
(percentages) are used most often in taxonomic-
based biological work. These data have the
advantage of not being closely influenced by
changing sedimentation rates (see below), but
have the disadvantages inherent with closed
data sets (i.e., an increase in one taxon is mir-
rored by a relative decrease in other taxa, as the
net sum cannot exceed 100%).

Some data are expressed as concentrations,
usually calculated relative to the dry or wet
weight of sediment (e.g., diatoms per mg dry
weight sediment), but sometimes relative to
other sediment components, such as the amount
of organic matter (e.g., some fossil pigment work).
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These data may appear to be more quantitat-
ive than relative percentages, but they introduce
other elements of uncertainty, as changing sedi-
mentation rates will influence concentration
data. For example, if a sediment core is collected
from a lake that experienced a doubling in the
abundance of diatoms in the water column, one
would expect to see a similar doubling of the
diatom concentration in the sediment profile
during that time period. This may well happen,
provided that the accumulation of other com-
ponents of the sediment matrix has also remained
constant (i.e., sedimentation rates have not
changed). But suppose that the influx of silici-
clastics from the catchment quadrupled (say,
from increased erosion) at the same time that
the diatom population doubled. This extra
allochthonous material would dilute the diatom
concentrations in the sediments, and the net
result is that the diatom concentration data
would actually drop by half due to the diluting
effect of the extra sediment matrix.

Paleolimnologists have tried to compensate
for changing sedimentation rates by calculat-
ing accumulation rates (sometimes referred to as
influx data). Here, the concentration data are
multiplied by the sedimentation rates. Using the
diatom example cited earlier, an accumulation
rate would report the number of diatoms accu-
mulating on a known area of lakebed per year
(e.g., diatoms per cm’ per year). If examined
uncritically, these data appear to be very quant-
itative, but one must realize that their accuracy
is tightly linked to how reliably one can estimate
sedimentation rates, and so significant (and often
major) errors can be introduced. It is perhaps
not too surprising that most biological data are
simply expressed as relative percentage data. Fur-
thermore, percentage data are also typically used
in the development of transfer functions using
surface-sediment calibration sets (Chapter 6),
again primarily because it is notoriously diffi-
cult to calculate sedimentation rates for surface
sediments.

Other types of paleolimnological data are
typically expressed as ratios. Isotope data in
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particular are almost always presented this way,
but ratios can be calculated for other types of proxy
data. For example, biologists sometimes deter-
mine the ratio of planktonic to littoral (P/L)
taxa in order to estimate past shifts in the relat-
ive importance of these two lake regions (e.g.,
Korhola & Rautio 2001). The ratios of two tax-
onomic groups, such as the number of chrysophy-
cean cysts to diatom frustules, have also been used
in several applications (Smol 1985), and other
examples will be highlighted later. Similarly,
a variety of other community metrics can be
calculated, such as species diversity, but these too
must be interpreted critically, as they can be
strongly influenced by changes in sedimentation

rates (Smol 1981).

5.13 Summary

Sediments typically archive a vast array of phys-
ical, chemical, and biological information that
can be used to reconstruct limnological conditions.
A simple visual inspection of the sediment matrix
can aid interpretations, which are now often
complemented by more sophisticated logging
and recording techniques (e.g., digital and X-ray
technology). The physical and chemical properties
of sediments have been used in a large number of
applications, such as tracking past erosion events,
the source and magnitude of metal pollution,
and other types of contaminants. Sediments also
preserve a broad spectrum of biological indicators
(most of them microscopic) that can be used
to track past changes in both terrestrial (e.g.,
pollen) and aquatic (e.g., algal and invertebrate
remains) communities. Morphological remains
(e.g., diatom valves) are most often employed,;
however, considerable progress has been made in
the development of biogeochemical techniques
(e.g., fossil pigments, organic geochemistry) that
can be used to reconstruct populations that
do not leave reliable morphological remains
(e.g., cyanobacteria). Not all indicators are well
preserved, and some taphonomic problems (e.g.,



[ . READING THE RECORDS STORED IN SEDIMENTS B |

dissolution, breakage) occur under certain condi-  important factor in the successful application
tions, thus limiting some interpretations. None-  of this science to lake and river management
theless, the ever-increasing repertoire of proxy  problems. Multi proxy approaches offer the most
data available to paleolimnologists has been an  robust assessments of environmental change.



The paleolimnologist’'s Rosetta
Stone: calibrating indicators to
environmental variables using
surface-sediment training sets

No rational man would choose to become an ecologist or limnologist.

6.1 Using biology to infer
environmental conditions

A central tenet in ecology is that the distri-
butions and abundances of organisms are largely
controlled by physical, chemical, and biolo-
gical constraints imposed by the environment.
It therefore follows that if the present-day distri-
butions and abundances of biota can be related
to environmental variables, then fossil commu-
nities can be used to infer past environmental
conditions. This approach makes some assump-
tions, such as that the ecological characteristics
of indicators have not changed over time, but
assumptions such as these can be addressed (see
pp. 84-6).

Biota have long been known to be reliable indi-
cators of environmental conditions. For example,
if presented with pictures of a polar bear, a camel,
a palm tree, and a mountain goat, most people
would immediately associate Arctic, desert, trop-
ical, and alpine environments with these images.
The study of indicator species and assemblages has
a long history, as a central theme in ecology has

Ralph O. Brinkhurst (1974)

been the attempt to relate the distributions and
abundances of species to the environmental
conditions in which they live. Some taxa are quite
specific indicators (i.e., specialists), whereas others
have less well-defined environmental optima
and tolerances (i.e., generalists). Paleolimnologists
are often presented with an abundance of com-
plex biological data, sometimes involving several
hundred species, as well as other paleoenviron-
mental information. Unlike polar bears and palm
trees, the ecological characteristics of many of
these microscopic taxa are as yet poorly known,
and so an active area of research involves the
empirical estimation of their environmental
optima and tolerances.

Given the large number of environmental
variables that can influence species distributions,
as well as the large number of taxa paleolim-
nologists are often dealing with, it may first
appear to be a daunting, if not impossible, task
to “calibrate” thousands of taxa to a multitude of
environmental variables. Several approaches are
available. Some ecological information is typically
available from previous surveys or laboratory
experiments, and all sources of data should be
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evaluated and used. However, surface-sediment
calibration or training sets are the most power-
ful ways to relate the distributions and abundances
of taxa to environmental variables. Over 15 years
ago, | had referred to training sets and the asso-
ciated statistical techniques as our new “Rosetta
Stone” — our key to deciphering the complex
information preserved in sedimentary profiles
(Smol 1990a). Although statistical and method-
ological techniques are constantly improving, the
same overall approaches continue to be employed
today.

6.2 Surface-sediment calibration
or training sets

Before an indicator can be used to infer quantit-
atively past conditions, its environmental optima
and tolerances must be estimated. This is one
of the most daunting challenges facing paleo-
limnologists, as often they are working with
hundreds or thousands of indicator taxa, which
can be influenced by many important environ-
mental variables (e.g., temperature, pH, nutrients,
and other water chemistry, as well as additional
physical and biological variables). As Brinkhurst
(1974) pondered: Why would any rational person
even try to decipher such complex relationships?

Although some ecological information can be
gleaned from various sources (e.g., limnological
surveys, laboratory experiments, etc.), the most
widely used approach for quantitative environ-
mental reconstructions involves “surface-sediment
calibration sets,” or “training sets.” As discussed
below, these calibration sets involve sampling a
range of lakes (or other sites) for a suite of envir-
onmental variables, which are then related to the
indicators preserved in the surface sediments
using statistical techniques. These data are crit-
ical, as the ultimate goal is to use the known
present-day ecology of organisms to infer past
conditions. If the characteristics of taxa can be
quantified to a high enough degree of certainty,
quantitative transfer functions can be developed,

whereby species distributions can be used to
infer specific environmental variables, such as
lakewater pH, nutrient concentrations, benthic
oxygen levels, and so forth. Paleolimnologists
(such as John Birks and Steve Juggins), working
with statisticians (particularly Cajo ter Braak),
have developed a number of relatively simple but
highly effective techniques to interpret this com-
plex biological information, and these advances
have certainly accelerated progress in making
paleolimnology more applicable and acceptable
to applied fields, such as those concerned with
water management issues.

Surface-sediment calibration or training sets
are now routinely used to develop objective
criteria of the indicator status of various taxa. The
approach is fairly straightforward. A paleolim-
nologist may wish to develop a transfer function
to infer lakewater pH from chrysophyte species
composition in an acid-sensitive lake district,
to develop inference equations from chironomid
head capsules to infer benthic oxygen levels, to
use diatoms to infer nutrient levels, and so on.

[ will use an actual example of developing a
transfer function to infer lakewater acidity from
the Adirondack Park region of New York in the
northeastern United States (Dixit et al. 1993);
this is part of a larger project described more fully
in Chapter 7. The major steps used to develop a
transfer function are illustrated in Fig. 6.1.

The first step is to choose a suite of reference
(calibration) lakes that span the environmental
variables of interest, and the range of environ-
mental conditions that one is likely to encoun-
ter in the limnological history that one wishes
to reconstruct. Most importantly, the taxa that
will eventually be encountered in cores must be
well represented in the modern, surface-sediment
samples. Careful consideration of this criterion is
useful when determining how many lakes should
be included in a calibration study. For each of
the calibration lakes, relevant limnological data
must be available, and preferably for several
years, as these present-day environmental data will
be used to estimate the environmental optima and
tolerances of the taxa. Charles (1990) provides
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Fig. 6.1 A 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 cm 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 discussed later in this chapter, 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).

step produces the first data matrix required: the
calibration lakes and the relevant limnological
data.

a useful checklist for some of the environmental
variables that should be included in a calibration
set. Typically, at least 40 or so reference lakes are

chosen, but generally the more the better. For
example, as part of the PIRLA-II acidification pro-
ject (Chapter 7), we chose 71 reference lakes that
spanned a pH gradient of 4.4 to 7.8 (Dixit et al.
1993). The variable that the paleolimnologist is
most interested in (with this example, pH) is often
emphasized, but it is useful and important to
include other data, as different variables will also
influence the composition of assemblages. This

The next step is to construct a second data
matrix of the same calibration lakes with the asso-
ciated biological data. But how does one estimate,
for example, the diatom assemblages that have
lived in a particular calibration lake over the past
few years?

The most effective and efficient way to collect
an annually integrated estimate is to sample the
surface sediments (e.g., the top 1 cm of sediment,
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which in many systems represents about the last
2 or 3 years of sediment accumulation) from a rep-
resentative basin of each calibration lake (for
most simple basin lakes, this would be near the
middle and often the deepest part of the basin).
The surface sediments integrate biota, such as
diatom valves, 24 hours a day, every day of the
year, from the entire water column, as well as
integrating material from the littoral zone and
other habitats of the basin under study. More-
over, surface-sediment assemblages are a more
direct comparison to the assemblages that will
be preserved in a sediment core than are point
samples from different habitats in the basin,
although the latter information is also useful
from a paleolimnological perspective. This is an
empirical approach: paleolimnologists “calibrate”
the assemblages that are deposited on the sur-
face sediments with the overlying limnological
characteristics.

From each calibration lake, typically the sur-
face centimeter of sediment is collected, often
using some type of gravity corer, such as a Glew
(1991) mini-corer. These samples are then
digested and prepared for microscopic examina-
tion, identification, and enumeration. Using the
acidification example we began with, this would
result in the construction of the second data
matrix: the percentages of diatom taxa found in
the surface sediments of the same lakes included
in the first data matrix (i.e., environmental data).

In some cases, such as in river environments,
surface sediments cannot be used effectively,
since they are not deposited in a continuous
fashion. Modifications of the above approaches,
such as using organisms attached to periphytic
habitats in different stretches of a river, can be
used in lieu of sediment samples (see pp. 195-6).

The next job is to combine these two matrices
and develop a transfer function, so that the taxa
(e.g., diatom species assemblages in this example)
can be used to infer environmental variables
from fossil assemblages. Considerable progress has
been made in the development of these quantit-
ative techniques. Some of the commonly used
approaches are summarized in the next section.
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6.3 Assessing the influence of
environmental variables on species
distributions and the development of
quantitative transfer functions

The final step in the development of a quantitat-
ive transfer function is the statistical analysis
of the data. At this stage, the paleolimnologist
has two data matrices: One of environmental data
for the calibration sites, typically different lakes
or sections of a river; and a second matrix of the
taxa (often as percentages) or other response vari-
ables from each of the training-set sites (Fig. 6.1).
The next step is to determine which environ-
mental variables are influencing the taxa (i.e.,
the response variables), and how robustly this
variable or these variables can be reconstructed.
Many of the statistical treatments that paleolim-
nologists typically use are summarized in Jongman
et al. (1995), and two review articles by Birks
(1995, 1998), specifically directed at paleolimno-
logists, provide readable introductions to these
statistical issues. Below, I summarize some of the
salient points.

Most organisms respond to environmental
gradients in a unimodal fashion, such as the
Gaussian curve shown in Fig. 6.2. That is to say,
if we track the distribution of a species across a
broad environmental gradient, such as a temper-
ature gradient of —=50°C to +50°C, there will be
a temperature at which that particular species
will be most abundant (i.e., best adapted). This
optimal temperature would be the optimum (u)
in Fig. 6.2. Different species will have different
optima. For example, a polar bear will have a low
optimum for temperature, and a camel will have
a higher optimum. A second important para-
meter is the tolerance (t) in Fig. 6.2, which can
be estimated by the standard deviation of the
unimodal curve. Some species will be generalists,
and thus have broad unimodal curves for specific
environmental variables (i.e., a large tolerance);
others will be quite specific, such as stenothermal
species such as polar bears and camels, which
would have relatively narrow unimodal curves
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Fig. 6.2 A Gaussian unimodal curve for a
hypothetical species, showing the optimum (u) and
tolerance (t) to an environmental variable. Modified
from Jongman et al. (1995).

for temperature. However, even a eurythermal
species such as Homo sapiens would still show
a unimodal curve if the temperature gradient
is long enough. Although the distribution of
humans with respect to temperature would be
broad (confirmed by our colonization of this
planet from the High Arctic to the equatorial
zones), we would, as a species, still have an
optimum temperature (perhaps about 25°C). If
the temperature was raised too high, eventually
we would be less successful and die from over-
heating. Similarly, eventually we would freeze
to death at the other end of the gradient.

The same types of relationships can be modeled
with the distribution of diatoms, chironomids,
and other paleolimnological indicators. Using the
Adirondack Park study referred to earlier, some
diatoms or chrysophytes were shown to have
restricted pH distributions in this data set. For
example, the scales of the chrysophyte Mallomonas
hindonii were only common in very low pH
waters, whilst Synura curtispina may have a
similarly narrow (low tolerance) unimodal curve
at the other end of the pH gradient, reflecting
its restricted distribution to high pH waters.
Meanwhile, a more generalist chrysophyte taxon,
such as M. crassisquama, has an optimum closer
to a neutral pH and a broadly shaped unimodal
curve (large tolerance) for pH.

Not all taxa will show unimodal responses to
environmental gradients, and paleolimnologists

Fig. 6.3 The same Gaussian unimodal curve as
shown in Fig. 6.2, except that in this case only

a small part (shaded area) of the environmental
gradient (i.e., only lakes that had a pH between
4.5 and 5.8) was used in the training set. In this
example, the abundance of this hypothetical taxon
would appear to be linearly related to lakewater
pH between 4.5 and 5.8, and so linear statistical
techniques would be most appropriate for this
analysis. However, if the entire pH gradient was
sampled, then this taxon would exhibit a unimodal
response to pH, and unimodal techniques would be
most appropriate.

can use several different curves to model the
distribution of taxa to environmental variables
(Birks 1995). For example, if the sampled envir-
onmental gradient is not long enough, certain taxa
may appear to have linear responses to changing
conditions (Fig. 6.3), and in this case, linear stat-
istical methods would be appropriate (Jongman
et al. 1995).

The major questions remain: Which measured
environmental variables are actually exerting the
greatest influence on the distribution of taxa!?
Are these species-environmental relationships
strong enough to develop robust transfer functions?
In order to use organisms to reconstruct a spe-
cific environmental variable, their distributions
have to be influenced by (or at least linearly
related to) that variable. With the large number
of taxa in most calibration sets, and many mea-
sured environmental variables that potentially
influence distributions, multivariate ordination
and regression techniques have to be applied to
help answer these questions. The most common
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approach has been the use of indirect (e.g., cor-
respondence analysis, CA) and direct gradient
analysis techniques (e.g., canonical correspondence
analysis, CCA; developed by ter Braak 1986), if
taxa are responding to the measured environ-
mental gradients in a unimodal fashion, or prin-
cipal components analysis (PCA) or redundancy
analysis (RDA) if linear techniques are required.
The choice of unimodal versus linear techniques
can often easily be decided upon by looking at a
scatter plot of the data, but to do this object-
ively it is often recommended to run a detrended
correspondence analysis (DCA) to determine
the length of the gradient, estimated in standard
deviation (SD) units. This is an estimate of the
turnover rate of species, since the distribution
of most species will rise and fall over four SD
units. If the gradient is shorter than about two
SD units, linear techniques are more appropriate
(Birks 1998).

Detailed statistical discussions of what ordina-

tions such as CCA and RDA do is beyond the
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scope of this book, but essentially indirect ordina-
tion techniques (e.g., PCA, CA) can reveal the
underlying patterns within multivariate species
data (i.e., many species in many lakes of the train-
ing set), whereas direct ordination techniques
(e.g., RDA, CCA) can detect those patterns
in the species data that can be directly related to
measured environmental variables. Direct ordina-
tion techniques are analogous to simple multiple
regression, with the exception that all species are
modeled simultaneously (as opposed to only one
at a time) to one or more environmental pre-
dictors. They are a form of multivariate regression.
The goal is to discover patterns in the commun-
ity data that are directly related to the measured
environmental variables.

Figure 6.4 shows simplified CCA ordination
plots for 149 diatom taxa (Fig. 6.4A) in 37 of the
Adirondack Park calibration lakes (Fig. 6.4B)
used in the PIRLA acidification project (Chap-
ter 7). CCA identified four significant environ-
mental variables (shown by arrows); the length
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Fig. 6.4 Canonical correspondence analysis (CCA) ordination plots of (A) 149 diatom taxa identified from
the surface sediments of 37 Adirondack Park calibration lakes. Individual diatom taxa are shown as triangles.
The four significant environmental variables are shown as arrows. (B) The same CCA biplot, but this time
showing the position of the 37 calibration lakes (marked by numbers) as they plot on the ordination.
Modified from Kingston et al. (1992) used with permission of NRC Research Press.
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of an arrow approximates its relative importance
in influencing species assemblages, whereas the
orientation of the arrows shows their approx-
imate correlations to the ordination axes. In
this example, pH, the longest arrow, is closely
correlated with axis 1 of the biplot, whilst dis-
solved organic carbon (DOC) and monomeric
aluminum are also important variables, more
closely related to axis 2. Diatom species (shown
simply as triangles in Fig. 6.4A), which plot
on the left-hand side of the ordination, tend to
be found in higher-pH waters, taxa that plot
towards the bottom right of the ordination tend
to be found in low-pH but high-DOC lakes, and
taxa plotting in the upper right quadrant tend
to be associated with higher concentrations of
monomeric aluminum and low pH. Figure 6.4B
shows the same CCA ordination, but this time
the site scores (i.e., the calibration lakes) are
plotted as numbers.

After determining which of the measured
environmental variables influence species dis-
tributions (and hopefully the variables that are
identified in the CCA or RDA are the ones that
are of interest for the paleoenvironmental re-
construction, such as pH in the example used
above), the next step is to model taxa to these
gradients and construct a transfer function.
The overall steps are summarized in Fig. 6.5. The
original training set of lakes (or other sites, such
as samples along a stretch of a river), as well as
the associated biological data (i.e., the species data
from the surface sediments or other collections
from each site) make up the two data matrices
used in the transfer function. Once the main envir-
onmental gradients (e.g., pH) are established
(using, for example, CCA), one should first
examine if the measured gradient is relevant to
the variable that one hopes to reconstruct, and
that a more-or-less even and uniform distribution
of sites is available in the training set of lakes
(Fig. 6.5, step A). For example, if one wished to
study the process of lake acidification down to a
pH of about 4.5, it would not be appropriate to
use a training set of lakes that simply spanned a
pH gradient of 5.5 to 8.5. Moreover, it would not
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be appropriate if, say, 50 of the 62 lakes in the
training set had a pH between 8.0 and 8.5; an
even distribution across the gradient is important
to model the species responses that should be
tracking this variable.

In the next step (Fig. 6.5, step B) species
responses to the environmental variable are
explored using regression techniques. In the
example shown, five species are exhibiting
Gaussian (unimodal) distributions to a lakewater
pH gradient. This, of course, shows idealized
curves. In nature, the scatter of points is not
so clearly defined into neat, unimodal curves.
Nonetheless, because many taxa are used simult-
aneously (although only five are shown in the
figure for simplicity, a paleolimnologist may be
using several hundred taxa), there is consider-
able internal redundancy in the data set, and so
resulting inferences are much stronger than one
might first suspect.

The final calibration step in the develop-
ment of the transfer function usually involves
statistical techniques such as weighted averaging
regression and calibration (e.g., using the pro-
gram WACALIB; Line et al. 1994), or partial least
squares (PLS) methods, the details of which are
summarized for paleolimnologists in Birks (1995,
1998). These techniques use the information pro-
vided in the response curves of the indicators
(Fig. 6.5B) to construct a transfer function that
relates the indicators and their distributions and
abundances to the environmental variable of
interest. Using the acidification example from
Adirondack Park, Fig. 6.6 shows the performance
of the diatom-inferred lakewater pH and acid
neutralizing capacity (ANC) transfer functions
developed from this lake calibration set.

The predictive ability of the transfer function
can be assessed in three different ways. Typically,
one first explores how well the surface-sediment
assemblages can infer the environmental variable
in the training set. This is shown as step C in
Fig. 6.5, with the pH inferred from the indica-
tors on the y-axis and the measured lakewater
pH in the training set on the x-axis. The result-
ing coefficient of determination (and related
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Fig. 6.5 The typical steps used in developing and assessing the predictive ability of an inference model.

(A) The 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, in which 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 7>

apparen[);

(D), where an independent test set of lakes is used to generate the inference model; or (E), where computer
resampling techniques, such as bootstrapping or jackknifing, are used to assess the inference model.

Modified from Fritz et al. (1999).

statistics) is often referred to as the “apparent”
1%, OF 7o @nd is an overly optimistic estimate
of the robustness of the inference model. The
reason for this is that there is some circularity
in this type of analysis — one is using the same
samples to estimate the species parameters and
then the same samples to test the strength of
the transfer function.

A more realistic estimate of the robustness of

the transfer function can be achieved by running

a test set of samples in a form of cross-validation
(step D in Fig. 6.5). Using the pH example
described above, one would develop the transfer
function using 71 surface-sediment samples. In
order to independently determine how well the
resulting transfer function can actually infer
pH, another set of 71 different surface lake sedi-
ment samples, across a similar pH gradient, would
have to be collected and analyzed. One would
then run the original transfer function on this
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Fig. 6.6 The relationship between measured and diatom-inferred lakewater pH (A) and a plot for pH
residuals (B) for a 71-lake surface-sediment calibration set from Adirondack Park, New York. (C, D) The
relationships for lakewater acid neutralizing capacity (ANC). Transfer functions were also developed as part
of this study for concentrations of lakewater monomeric aluminum (e.g., AI**) and dissolved organic carbon
(DOC). Additional details regarding some of the statistical analyses are discussed in this chapter. From Dixit

et al. (1993); used with permission.

new test set of samples, and determine how well
pH could be inferred on this new, 71 lake test set.
Although statistically robust, this form of model
evaluation is very labor intensive. Sampling lakes
and identifying and enumerating microfossils in
a second series of 71 lakes is not a trivial matter!
Furthermore, if one then had a total of 142 cal-
ibration lakes, ideally better estimates of species
parameters could be made with this expanded lake
set, and not simply used for model evaluation.
Fortunately, computer-intensive approaches
such as bootstrapping and jackknifing (also
known as “leave-one-out” substitution) can pro-

vide more realistic error estimates (Fig. 6.5, step
E) without “wasting” data (Birks 1995, 1998). Both
these approaches involve creating new training
sets as subsets of the original data sets. With
jackknifing, a new training set is formed from the
original training set, with the exclusion of one
of the samples. So in the Adirondack example,
the training set now contains 70 lakes, and a new
transfer function would be constructed based on
this n — 1 number of sites. The resulting function
will be very similar to the 71-lake set, as only one
sample was removed (this is why this approach
is sometimes called “leave-one-out substitution”).
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However, this one sample now forms an inde-
pendent test sample that can be run, inde-
pendently, with the 70-lake transfer function,
to determine how well one can infer pH for this
test sample. The test sample is then returned to
the training set, and another sample is removed,
and the inferences are run again. One can do this
repeatedly until each of the 71 lakes is removed,
one by one, from the training set, and errors are
independently determined for the transfer func-
tion. The resulting coefficient of determination
is often referred to as Tqgmes and is always
lower than the more optimistic 12,
Bootstrapping is a more complex error estima-
tion technique, but it follows similar principles
in that it too creates a “test set” as a subset of the
original training set. Whilst jackknifing removed
one sample at a time from the training set with
no replacement (i.e., the new training set would
have one less sample in it than the original
training set), bootstrapping removes samples with
replacement. From the original training set, a
“new” subset of test lakes is randomly selected
with replacement, so that the “new” set is the
same size as the original training set. For this to
happen, some samples have to be chosen twice.
Because sampling is done with replacement, the
samples that are not selected form the independ-
ent “test set”. This procedure is repeated many
times (e.g., 1000), so that many combinations
of the “training” and “test” sets are selected.
The strength of a transfer function can be
estimated by the coefficient of determination
(r%) of the bootstrapped or jackknifed regression,
as well as the root mean squared error (RMSE).
These statistics give one an indication of how
well an environmental variable can be inferred
from a species assemblage. The next step would
be to use this transfer function to infer past
environmental variables from fossil assemblages.
This, of course, presupposes that the assemblages
you identified in the training set are similar to
those recorded in the downcore samples. It is
possible to find different taxa and assemblages
in fossil material, as environmental conditions in
the past may have been different to some extent

and may not have been captured in the training
set (i.e., a “poor” or “no analogue” situation).
This problem can be quantified using various
analogue matching programs (Birks 1998). As
one encounters poorer analogues, inferences
become weaker, or simply impossible to make if
the assemblages are markedly different. If this
occurs, the paleolimnologist must shift to a more
qualitative assessment, and infer general trends
in environmental variables using any autecolo-
gical data available for the taxa either from
that particular region, or anywhere else such
data exist.

6.4 Some new statistical approaches

Like all active areas of science, new ideas and
approaches are constantly being proposed for
improving paleolimnological transfer functions.
For example, Racca et al. (2003, 2004) have
suggested that diatom transfer functions may per-
form better if some of the taxa are removed from
the analyses. Attempts at using modern analogue
techniques (e.g., Cunningham et al. 2005),
Bayesian statistics (e.g., Vasko et al. 2000; Eristo
& Holmstrom 2006), and artificial neural net-
works (e.g., Racca et al. 2001, 2003; Koster et al.
2004) have also been attempted. As cautioned by
Telford and Birks (2005), many of these interest-
ing newer approaches may still require further
evaluation before they become routinely used in
paleolimnological assessments.

6.5 Assumptions of quantitative
inferences

Quantitative reconstructions based on training sets
have at least five major assumptions, as outlined

by Birks (1995):

1  The taxa used in the training set are systematically
related to the environment in which they live.



L

2  The environmental variable is related to, or is
linearly related to, an ecologically important
determinant of the ecosystem under study.

3  The mathematical methods used to model the
responses of taxa to environmental variables are
adequate.

4  Other environmental variables, besides those
of interest, have negligible influences on the
inferences.

5 The taxa used in the training set are well
represented in the downcore paleolimnological
assessment, and their ecological responses to the
environmental variables of interest have not
changed over the time span covered by the paleo-
limnological assessment.

This last assumption states that significant evo-
lutionary processes have not occurred in the taxa
being used as response variables, and thereby the
ecological optima and tolerances of a species
estimated from a surface-sediment calibration
set will have the same (or very similar) optima
and tolerances of the same taxon recovered
from, for example, 19th-century sediments. For
many biologists who are attuned to evolutionary
change, this may seem like a tremendous “leap
of faith,” but there is ample evidence to show that
this appears to be a safe assumption, at least for
the dominant indicators paleolimnologists use
and for the time frames of most environmental
studies (e.g., a few centuries). For example, pale-
olimnologists typically use many different taxa
in their interpretations, and so there is con-
siderable internal redundancy in the data, which
provides “checks” on interpretations. Using the
lake acidification example, a paleolimnologist
will typically record a shift in a suite of diatom
taxa indicating lower pH alongside similar shifts
in chrysophyte and invertebrate species, as well
as independent changes in sedimentary geo-
chemical data. Such multi-proxy studies have
repeatedly confirmed that these indicators have
been ecologically conservative, and taxa are
indicating similar environmental optima and
tolerance to pH now (from the surface-sediment
calibration sets) as they did in the past (from
the downcore sample). Similar examples exist for
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other variables, such as nutrients, salinity, and
o on.

Birks (1995, 1998) discusses these assumptions
in more detail. They may seem daunting, but many
studies have shown that these assumptions are
reasonable and the resulting transfer functions are
robust.

6.6 Exploring the values of interpreting
“annually integrated ecology”: some
questions and answers regarding
surface-sediment calibration sets

Question: Do surface sediments collect and pre-
serve everything equally well that lived in the
water column?

Answer: No. However, there is a large body of
data that shows that this is a reliable approach
to estimate annually integrated accumulations
of certain biota in most lakes. Moreover, it is
important to keep in mind that this is an empir-
ical approach, and the subset of indicators that
reach the surface sediments in a recognizable
form is a better reflection of what will be even-
tually preserved in the sediment core, rather
than a transfer function developed from living
assemblages. Lake sediments accumulate 24 hours
a day, every day of the year. They also integrate
the biases that are inherent in our approaches
(e.g., possible differential deposition, dissolution,
etc.). Paleolimnologists are not necessarily saying
that whatever makes it to the surface sediments is
a total reflection of what is in the lake (although
we often know it is a good approximation based
on comparisons between living and surface-
sediment assemblages).

Question: Are training sets not simply examples
of circular reasoning? Paleolimnologists appear
to produce strong statistics to back up their
inference models, but is this simply because they
are using the same training set samples to con-
struct the model as well as to test its robustness?
Answer: No. This argument could have been
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made (as discussed above) if the same samples used
to develop the model were also used to test its
significance (i.e., if only the “apparent” errors
were reported, as shown in step C of Fig. 6.5).
But if independent error estimates are made
by statistical cross-validation, for example using
jackknifing or bootstrapping, the process is not
circular.

Question: Are paleolimnologists saying that these
are the absolute tolerances and optima of taxa!
If so, then why is it that some lab experiments
suggest that the tolerances may be much broader
than those estimated from surface-sediment
analyses?

Answer: No, this is not what is being estim-
ated. This question results from a fundamental
misunderstanding of what paleolimnologists are
estimating when they use surface-sediment cali-
bration sets from different regions. Perhaps the
clearest way to describe these concepts is to use
G.E. Hutchinson’s (1958) concepts of the funda-
mental and realized niches of taxa (Fig. 6.7), with
the realization that biological distributions are
influenced by multiple environmental variables,
at different temporal and spatial scales, as discussed
more fully by Jackson and Overpeck (2000).
The environmental optima and tolerances that
paleolimnologists are estimating from training
sets represent empirical relationships, document-
ing the distributions and abundances of indicators
with respect to the environmental and ecological
conditions (e.g., competitive pressures) that are
present in the study region. In short, paleolim-
nologists are attempting to describe the realized
niches of taxa, not the fundamental niches
(Fig. 6.7). Different systems and regions will have
different selection pressures, and so, for example,
the environmental optimum and tolerance deter-
mined for a diatom species in a laboratory cul-
ture flask (e.g., lacking predators, competition
from other taxa, etc.) will not be identical to the
optimum and tolerance determined for the same
taxon in a lake set. Most likely, the environmental
tolerance will be much broader in the laborat-
ory experiment than in the field samples, as the
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ECOSYSTEM

Realized
Niche

Fig. 6.7 A simplified representation of an
ecosystem, and the fundamental and realized niches
of a hypothetical taxon. Ecosystems offer a wide
spectrum of environmental conditions. Certain
taxa will only survive and reproduce under certain
environmental conditions, their so-called
fundamental niche. However, in nature, there are
other restraints on the distributions of taxa, such as
competition, predation, and so forth. Therefore, the
actual niche that a taxon can exploit successfully is
only a subset of its fundamental niche, and may

be referred to as its realized niche. With surface-
sediment calibration sets, paleolimnologists are
primarily trying to define the environmental
characteristics of the realized niches of indicator
taxa for the region they are interested in, and not
the fundamental niches.

former more closely approximates the taxon’s
fundamental niche, whereas the paleolimno-
logist is more concerned with the realized niche
(Fig. 6.7). As competitive coefficients change
from region to region, the optima and tolerances
for taxa will also change, but in general will be
similar.

Question: Can we be sure that, for example,
the surface centimeter of sediment actually cor-
responds to the past 3 years of water chemistry
data?

Answer: No, it is notoriously difficult to estimate
age accumulations in the very surface sediments,
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and so it is simply an approximation. But the
statistical treatments paleolimnologists use to
estimate the strength of the transfer functions (as
noted above) show that we can often estimate,
with high precision and with known errors, the
environmental optima and tolerances of taxa.

Question: Does this process tell you which
season the organism was most common?
Answer: No. You would need seasonal collections
for that; lake sediments integrate the seasons
(there are exceptions, as sub-annual resolution is
possible in some annually layered (varved) sedi-
ments). However, some researchers (e.g., Bradbury
1988; Siver & Hamer 1992) have more fully
exploited the known seasonal patterns of indicators
to further refine paleolimnological inferences,
and such data can be very useful in understand-
ing changes in taxa in sediment cores.

Question: Is this the best and most feasible way
to provide strong and highly defendable inference
equations for species distributions?

Answer: Absolutely. No other approaches that |
am aware of have even begun to approach the
robustness of these techniques.

Question: What happens if one is undertaking
a paleolimnological study in a region or for a
variable where no transfer function exists? Can
inferences still be made, on a more qualitative
basis?
Answer: As will be shown by various examples
in this book, many elegant studies have been
completed without the benefit of transfer func-
tions or other detailed quantitative assessments.
The “training set approach” is, indeed, a powerful
one, but it is not the only approach. Quantit-
ative transfer functions may allow for a more
objective analysis of complex data but, depend-
ing on the question being addressed, sometimes
much simpler, qualitative approaches can be very
powerful as well.

Similar to the other topics dealt with in this
book, it is important to keep perspective and
realize what it is that we are measuring and how
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the data should be used. In my opinion, though,
the statistical robustness and success of these
applications speak for themselves.

6.7 Some personal thoughts on more
fully exploiting paleolimnological
calibration data

Paleolimnologists are justifiably proud of the
accuracy and precision of many of their transfer
functions. However, I worry that we have become
satisfied with our calibration work once we have
produced a statistically defendable equation, but
meanwhile we are neglecting enormous amounts
of ecological data that still remain untapped
and un-interpreted in our spreadsheets. In most
cases, paleolimnologists have exerted considerable
effort, not least of which has included the careful
and painstaking identification and enumeration
of indicators, to develop elegant mathematical
summaries of their ecological distributions. Yet
so much of our hard-gained ecological data
remains unexplored and under-exploited. An
effective use of our time might be to further
mine these data sets to garner as much ecolo-
gical information as possible, instead of simply
developing new transfer functions.

6.8 Summary

A large number of biological taxa are preserved
in lake sediments. However, before environmental
conditions can be reconstructed, the ecological
optima and tolerances of these indicators have
to be estimated. In many cases, this information
is qualitative. For example, a paleolimnologist
can ascertain from past ecological or experi-
mental studies that a particular taxon is more
common in acidic or high nutrient waters. Such
qualitative assessments are still useful in many
paleolimnological contexts. However, consider-
able progress has been made in the development



and application of surface-sediment calibration
sets (i.e., training sets), which can be used to pro-
vide more quantitative estimates of the environ-
mental optima and tolerances of indicators that
can then be used to construct transfer functions
to infer environmental variables of interest. In
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some cases, such as diatom-based functions to
infer lakewater pH, very robust and ecologically
sound transfer functions have been developed. In
other cases, inferences are less robust, and so this
approach is more readily used to infer overall
trends in some environmental variables.
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Acidification:
finding the “smoking gun”

Eighty percent of pollution is caused by plants and trees.

7.1 Acidic precipitation: definition and
scope of the problem

In 1852, R. Angus Smith coined the term “acid
rain” to refer to the effect that 19th-century
industrial emissions had on the precipitation of
the English Midlands (for an historical review,
see Gorham 1989). As summarized by Schindler
(1988), Smith could hardly have dreamed that
about 130 years later the topic would be studied
by thousands of scientists, would utilize many
hundreds of millions of dollars of research funds,
and would become a topic of extreme economic
and international political importance (e.g.,
NAPAP 1991). The data generated by this inter-
est frequently documented the adverse effects
of acidification on lake ecosystems. Significant
environmental legislation was enacted in the
early 1990s in many regions to limit acid emis-
sions, although recovery has been substantially
less than expected in most instances. Since the
1980s, research on acid rain has been decreasing.
Nonetheless, the problem is still one of consid-
erable importance and many questions remain
(American Fisheries Society 2003).

Acidic precipitation had far-reaching ecolo-
gical and environmental repercussions. Ever since

Ronald Reagan (1987)

humans learned to burn fossil fuels, a large,
unanticipated “experiment” has been under way
on this planet. As sulfur and nitrogen oxides
were released into the atmosphere, transported
through the atmosphere and converted to sulfuric
and nitric acids, and then precipitated back to
Earth, a large-scale and unintentional “acid tit-
ration” was under way. Suspicions of a possible
problem were aroused by the 1950s, and cer-
tainly by the 1960s and 1970s (Odén 1968;
Beamish & Harvey 1972) it was clear that many
lakes and rivers were being adversely affected.
Water chemistry was changing as pH dropped in
the poorly buffered systems, scientists and anglers
began to notice that fish populations showed
signs of stress and then started disappearing, the
size and composition of algal assemblages and
other primary producers were changing rapidly,
and virtually every aspect of the ecosystem was
being altered. Less obvious changes were also
occurring. For example, inorganic monomeric
aluminum (e.g., AI’*) levels, which at certain con-
centrations are toxic to fish and other organisms,
were increasing in many acidic lakes, presumably
due to increased mobilization from soils and
sediments at lower pH.

Acidic precipitation had been occurring, at vari-
ous levels, for over a century, and so many of these
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changes were gradual, largely imperceptible at the
time scales familiar to most managers and scien-
tists (e.g., a few seasons or years). Long time-series
data were necessary to track the timing and
progress of this problem, as well as its effects on
biota. Such monitoring data were not available.
One option was to use experimental interven-
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tions to mimic the acidification process. Perhaps
the most dramatic example of this approach
was the whole lake manipulation of Lake 233
in the Experimental Lakes Area of northwestern
Ontario, where Schindler et al. (1985) showed
large-scale ecosystem changes related to the

artificial acidification of this lake (Box 7.1). A

Box 7.1 Ecosystem changes related to lake acidification: the experimental
manipulation of Lake 223

Ecosystem-level responses to stressors such as acidification are difficult to document, because
most systems are too large or complex, individual stressors cannot be readily identified or
isolated from other perturbations, and documentation of ecosystem structure, function, and
natural variability is woefully inadequate due to the lack of long-term monitoring data. Schindler
et al. (1985) attempted to overcome some of these problems by conducting an ecosystem-scale
experiment in Lake 223, one of the lakes set aside by the Canadian government as part of
the Experimental Lakes Area (ELA) in northwestern Ontario. This small Precambrian Shield
lake, surrounded by virgin boreal forest, was chosen as a representative site typical of the
thousands of poorly buffered softwater lakes that were being threatened by acidification. The
ELA region was not subjected to high acidic deposition rates, and so Lake 223’s limnological
characteristics in 1974 and 1975 (i.e., the two years of study before the manipulation, when
the lake had a pH of about 6.8) were used as reference conditions.

In 1976 sulfuric acid began to be added in large quantities to mimic the acidification pro-
cess. Nearby lakes were also monitored to study natural variability. Schindler et al. (1985) recorded
many striking physical, chemical, and biological changes in the lake from the start of the
manipulation in 1976 until it stopped in 1983, when the lake was at a pH of about 5.1, about
1.7 pH units lower than its original pH. Amongst the spectrum of biological repercussions
of the acidification were changes in phytoplankton populations, particularly an increase in
dinoflagellates; massive increases in filamentous green algae (Mougeotia) in the littoral zone,
seriously affecting some fish spawning grounds; disruption and then cessation (at pH 5.4) of fish
reproduction; and marked changes in invertebrate communities (especially some cladoceran
species and benthic Crustacea; for example, crayfish were infested with the microsporozoan
parasite, Thelohania). The food web of lake trout (Salvelinus namaycush), a top predator in the
system, was severely altered by the extirpation of key prey species. Below pH 6.0, the opossum
shrimp (Mysis relicta) and the fathead minnow (Pimephales promelas) stopped reproducing.
The decline in these key species caused lake trout to starve, as seen in a comparison of pho-
tographs taken of lake trout in 1979 (when the pH was 5.4) and in 1982, when the pH was
5.1 (Fig. 7.1). Overall, the number of species in the lake at pH 5.1 was about 30% lower than
in the pre-acidification years of 1974 and 1975.

This study showed that large-scale ecosystem changes occur during the acidification pro-
cess. After 1983, researchers stopped adding acid to Lake 223, and the ELA staff monitored
the recovery process. The lake began to return to pre-acidification conditions, showing that
lakes can recover if acid inputs are stopped.




by K. Mills and D.W. Schindler.

second option was to use real-time data, which
showed acidification and allowed measures of
rates of change (Dillon et al. 1987), although
often on quite short time frames (e.g., a decade
or less). Another option was to use dynamic bio-
geochemical models (e.g., MAGIC, discussed in
Section 7.18). The fourth option was to recon-
struct the missing monitoring data using lake
sediments.

Acid precipitation, and its associated limnolo-
gical and ecological impacts, were environmental
issues that closely involved paleolimnologists. 1
therefore use acidification as the opening chapter
of examples in this book. The paleolimnological
research on acid rain left an important legacy of
protocols and techniques that were relatively
easily transferred to the study of other environ-
mental problems, which will be discussed in the
following chapters.
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Fig. 7.1 Lake trout taken from Lake 223 in 1979 when the pH was 5.6 (A), and one taken in 1982
when the pH was 5.1 (B). Based on work described by Schindler et al. (1985). Photographs supplied

7.2 The four steps in the trans-
boundary problem of acidic deposition

Although the term “acid rain” is widely used, a
more appropriate term is “acidic deposition,” as
deposition may take many forms, aside from rain
(e.g., snow, fog, sleet, haze, dry deposition, etc.).
Figure 7.2 summarizes the major steps that occur
in the formation and deposition of acidic pre-
cipitation, although the problem is of course far
more complex.

The formation and deposition of acidic pre-
cipitation can be divided into four major stages:
emissions, transport, transformation, and fallout
or deposition.

1 Emissions. There are a myriad of sources of acidic
precipitation, both natural and anthropogenic,
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Fig. 7.2 A schematic diagram showing the major steps involved in the acid precipitation problem.

with the key components of anthropogenic
emissions being sulfur and nitrogen oxides. Sulfur
emissions may originate from natural sources (e.g.,
volcanoes, sea spray, biological processes, etc.), but
it was the additional anthropogenic sources that
resulted in 