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SUMMARY

Long-term monitoring data are required
to make effective environmental deci-
sions. Unfortunately, such direct meas-
urements are rarely available. Long-term
data are especially sparse in arctic tun-
dra regions, where logistic concerns of-
ten preclude the implementation of stan-
dard monitoring programs. However,
paleclimnological techniques, such as
the use of diatom assemblages pre-
served in dated lake and pond sediment
profiles, can provide proxy data of past
environmental changes. This paper sum-
marizes some of the ways biological-
based paleclimnological techniques can
be used in arctic tundra environments
to monitor environmental changes. Spe-
cific examples include studies of climatic
change, airborne contaminants, and lo-
cal disturbances.

RESUME

Pour &tre en mesure de prendre de
bonnes décisions en matiere d’environ-
nement, il faut disposer de données
d'observation environnementales de long
terme. Malheureusement, de telles
banques de mesures en direct sont rares
et, pour les régions arctiques, elles sont
encore plus rares étant donné les diffi-
cultés logistiques existantes qui em-
péchent I'utilisation de programmes nor-
maux de prise de mesures. Cela dit, le
recours a des techniques paléolimno-
logiques telle I'étude d'assemblages de
diatomées de certaines séquences de
sédiments de lacs ou d'étangs d'age con-
nu, peut constituer une source de don-
nées indirectes pouvant témoigner de
changements environnementaux pas-
sés. Le présent article explique briéve-
ment comment des techniques bio-
paléolimnclogiques peuvent étre utilisées
dans I'étude de changements environ-
nementaux en milieu de toundra arc-
tique. Les changements climatiques, la
pollution atmosphérique et des perturba-
tions locales du milieu sont parmi les
exemples étudiés.

INTRODUCTION

Freshwater ecosystems in the Arctic are
subjected to a variety of environmental
changes, many of which may have been
accelerated or caused by anthropogenic
activities. For example, it is now widely
recognized that stressors such as in-
creased UV-B penetration (Vincent and
Pienitz, 1996}, deposition of atmospheri-
cally borne contaminants (Wadleigh,
1996), and pollution from more local
sources, such as human sewage, are
affecting the lakes, ponds and rivers of
the Arctic. In addition, it is possible that
climate is changing more rapidly now, as
a consequence of increased concentra-
tions of greenhouse gases in the atmos-
phere. High-latitude regions are consid-
ered to be especially vulnerable to these
changes, and hence there is a need to
monitor these ecosystems (Rouse ot al.,
in press).

As many of the above potentially nega-
tive environmental changes may only be
gradually affecting aquatic systems,
long-term monitoring data are required
to determine how, if at all, ecosystems
are responding to these changing stres-
sors. Unfortunately, direct observalions
of limnological and other environmental
variables, which are collected in a stand-
ard manner over long time periods, are
often lacking for almost ail aquatic sys-
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tems (Smol, 1995). This is especially true
for arctic regions, where logistic concems
and large geographic distances do not
allow for frequent monitoring. Nonethe-
less, long-term environmental data are
required for effective ecosystem man-
agement (Smol, 1992, 1995), so that
background conditions can be deter-
mined (i.e., realistic targets or reference
conditions: “What was the environmernt
like before human impact?”); natural vari-
ability can be assessed (“What propor-
tion of the changes that we are pres-
ently recording are due to natural
changes, and how much is due to hu-
man influences?"), and what future con-
ditions can be inferred (“What might fu-
ture conditions be like, and how will or-
ganisms respond to these changes?”).

Although long-term observational data
are rarely available, lake and pond sedi-
ments preserve a large number of bio-
logical indicators that can be used to re-
construct past environmentat and ¢li-
matic trends, using paleolimnological
techniques. Paleolimnology, the multidis-
ciplinary science that uses physical,
chemical and biological information pre-
served in lake and pond sedimentary
profiles to reconstruct past environmen-
tal conditions in aquatic systems, has
seen many advances over the last 15
years {Smol and Glew, 1992). These
techniques are powerful, reproducible,
and can now be appliedto a large number
of emerging environmental issues {e.g.,
see reviews by Smol, 1992, 1995).

Paleclimnological techniques are
based on the observation that lakes are
continuously depositing sediments,
which incorporate the remains (as fos-
sils) of the organisms that lived in the
lake (Smol and Glew, 1992). If the sedi-
ments are not disturbed, the sedimen-
tary sequences can be dated (e.g., us-
ing “C or #9Pb geochronology), and the
information preserved in the sedimen-
tary profiles represents “archives” of the
lake’s history. The job of the paleolim-
nologist is to study these sediments, to
reconstruct past environmental condi-
tions in a defensible manner, and then
to interpret this information in a way that
is meaningful to other scientists, envi-
ranmental managers, and the public at
large.

This summary focusses on applications
of aquatic biological remains, and espe-
cially diatoms, in arctic tundra sediments.
Other papers in this issue deal with dil-
ferent types of proxy indicators {e.g., pol-
len; Mode, 1996}, and other environmen-
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tal problems, as they relate to tundra
ecosystems in the Canadian Arctic.

INDICATORS OF PAST LAKE BIOTA
Warner (1990) collated a series of re-
view articles summarizing most of the
major proxy indicators used by paleolim-
nologists. This paper focusses on the
use of diatoms (class Bacillariophyceae,
Fig. 1), a very opportunistic group of al-
gae (Round et al., 1990), whose high
species diversity, large numbers, and
siliceous (glass) cell walls make them
ideal paleoenvironmental indicators
(Smol, 1987; Dixit et al., 1992a; Moser
et al., 1996). Furthermore, because
many species have well-defined environ-
mental optima and tolerances, these
species can be used to quantitatively re-
construct past environmental conditions
in dated sediment cores. Diatoms are of-
ten a dominant algal group in arctic tun-
dra lakes, ponds, and rivers, especially
in the benthic habitats (e.g., Douglas and
Smol, 1993, 1995; Hamilton et al., in
press; Pienitz et al., 1995; Wolfe, 1996a).
Because of space limitations, we will
restrict our discussions primarily to dia-
toms. However, other indicator groups,
such as chrysophyte cysts (Duff and
Smol, 1988, 1989; Duff etal., 1992, 1995),
chironomid head capsules (Walker, 1987),
fossil algal and bacterial pigments (Lea-
vitt, 1993), and so forth (see Gray, 1988;

Warner, 1990), are also powerful paleo-
limnological markers, and should be in-
cluded in paleoenvironmental assess-
ments of tundra ecosystems. A consid-
erable archive of information is also con-
tained in the physical and chemical sedi-
mentary record (e.g., Wolfe and Hartling,
1996), often providing information on the
coupling of catchment and aquatic proc-
esses. Such combined studies provide
independent verifications on interpreta-
tions, and result in more holistic over-
views of lake and pond development.

Considerable progress has been and
is being made on quantitatively estimat-
ing the environmental optima and toler-
ances of many paleoindicators (espe-
cially diatoms), and constructing trans-
fer functions, which allow paleolimnolo-
gists to quantitatively infer past limno-
logical conditions. Surface sediment cali-
bration sets (reviewed in Charles and
Smol, 1994) are the most effective ap-
proaches to construct these transfer
functions, using direct gradient analysis
statistical techniques (reviewed in Birks,
1995). Although only a few surface sedi-
ment calibration sets are yet available
for arctic regions (e.g., Douglas and
Smol, 1993, 1995; Pienitz and Smol,
1993, Pienitz et al., 1995; Rihland, 1996;
Ng, 1996), many more are currently be-
ing completed.

APPLICATIONS

Below we discuss some of the major en-
vironmental issues facing the Canadian
Arctic, and explore how biological-based
paleolimnological techniques may be used
to assist in the studies of environmental
change in tundra environments.

Climatic Change

Paleolimnological approaches can be
used to study global environmental prob-
lems, such as those dealing with climatic
change (Smol et al., 1991, 1995). It is
generally recognized that high-latitude
regions are especially susceptible to cli-
matic changes. As with most environ-
mental problems, long-term climatic in-
strumental data of sufficient length, qual-
ity and spatial coverage are not avail-
able to assess many climate-related
problems (Hardy and Bradley, 1996). For
example, without long-term data, it is not
possible to answer questions such as:
“Are recent climatic changes any greater
or more significant than climate’s long-
term natural range of variability?”, “Have
extreme climatic events become more
frequent over the recent past (i.e., the
period of potential anthropogenic im-
pacts)?”. Paleolimnological and other
palecenvironmental studies can provide
the critical “missing” data required for a
more effective understanding of climatic
change, which can then be used to as-

Figure 1 Examples of freshwater diatoms from the Arctic. Scale bars = 5um. (A) Scanning electron micrograph of the centric diatom Cyclotella antiqua
W. Smith, a taxon characteristic of arctic environments. (B) Light micrograph of a Eunotia diatom, a pennate taxon associated with acidic waters.
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sist in the development of realistic policy
and management decisions.

We have recently reviewed some of
the ways that biological-based paleoclim-
nological techniques could be used to
infer past climatic changes in Canada
{Smol et al., 1995). Thus, only the major
points are summarized here, with some
updates of recent studies that deal spe-
cifically with tundra ecosystems. Many
of these paleolimnological approaches,
especially as they relate to tundra eco-
systems, are still exploratory, but prelimi-
nary data are promising.

Paleolimnological data on past climatic
changes in arctic regions may be espe-
cially important, as many of the more tra-
ditional, terrestrial-based paleoenviron-
mental techniques (e.g., palynology, see
Mode, 1996) are especially challenging
in tundra regions (e.g., Ritchie, 1895;
Gajewski et al., 1995). For example, low
pollen production, problems with disper-
sal, reworking of old pollen grains, and
so forth may limit, to some degree, the
full application and interpretation of pol-
len data in arctic environments (Ritchie,
1995). It is therefore important 1o em-
ploy complementary palecenvironmen-
tal techniques that can augment paleo-
climatic interpretations.

The biological response of lake or
pend assemblages {such as diatoms,
chrysophytes and invertebrates) to cli-
matic change will depend on the system
under study and the organisms being
used as response variables, For exam-
ple, shallow ponds, which characterize
much of the Arctic, are especially sensi-
tive to even small ¢limatic changes, as
water temperatures closely track ambi-
ent air temperatures (Douglas and Smol,
1994). Although one might assume that
the sediments of shallow ponds would
be greatly disturbed by crycturbation and
other mixing processes, it appears that
many pond sediment profiles faithfully
archive sensitive records of past envi-
ronmental change (discussed in Doug-
las et al, in press). For example, Doug-
las et al. {(1994) recorded striking suc-
cessional changes in fossil diatom com-
munities from a series of high arctic
ponds on Cape Herschel, east-central
Ellesmere Island. These changes oc-
curred over the last two centurigs, and
may be related to climatic changes.

Working on a slightly deeper site from
the Fosheim Peninsula on west-central
Ellesmere Island, Wolfe (in press) simi-
larly recorded striking diatom changes
in the upper 3 cm of his sediment core,

reminiscent of the Douglas et al. {1994)
changes noted above.

in contrast, deep lakes, with their rela-
tively higher thermal capacities and larger
ice covers, show far smaller changes in
lakewater temperature. Nonetheless,
biotic communities may indirectly track
even modest climatic changes in these
larger lake systems. Many of the limnetic
effects on diatoms and other aquatic as-
semblages will be indirectly related to cli-
mate, For example, as summarized in
Smol (1988} and Smol et al. (1991, 1995},
the extent and depth of ice and snow
cover on a lake affect many aspects of
the physical, chemical and biological
characteristics of a lake system (e.g.,
light penetration for photosynthesis, habi-
tat avaitability, turbulence, water chem-
istry, etc.). These environmental changes
can greatly affect biotic communities,
many of which leave good fossil records,
such as diatoms. Much of this is dis-
cussed in Smol (1988), and is not dealt
with further here.

Recently, Ludlam et al. {(1996) devel-
oped a habitat index (called a Lotic In-
dex) for benthic diatoms present in Lake
C2 (northern Ellesmere Island) and its
watershed. They found that certain dia-
tom species [e.g., Hannaea arcus
(Ehrenb.) Patr., Meridion circufare
(Grev.) Ag.] were characteristic of the in-
flowing streams, while other taxa (e.g.,
Achnanthes spp., Cymbeila spp.) were
littoral lake taxa. By examining changes
in a varved lake sediment core, span-
ning the last 191 years, they found
changes in the contribution of lotic (river)
and lake littoral taxa, which they ascribed
to past changes in runoff, a factor that is
largely climatically driven. When the Lotic
Index was calculated for diatom assem-
blages preserved in a Lake C2 sediment
core, it showed a clear positive relation-
ship to sedimentation rate, as recorded
in the varves, while profiles in littoral taxa
showed an opposite trend.

A common problem noted in several
paleclimnological studies from the Arc-
tic is low sedimentation rates, and hence
only a generally low temporal resolution
may be available from arctic lake and
pond sediment cores. This problem is not
universal, however, as high-resolution
sediment cores do exist in arctic envi-
ronments {e.g., Hughen &t al, 1996). In
fact, the extended ice covers that char-
acterize deeper lakes may foster the
preservation of annually laminated
{varved) sediments. For example, Brad-
ley (1996} has compiled a series of 10
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papers summarizing the paleoenviron-
mental history (including diatoms: Doug-
las of al, 1996; Ludlam et al., 1996) of
annually laminated lake sediment cores
trom meromictic Lake C2, from Taconite
Inlet on northern Ellesmere Island. Simi-
larly, Gajewski et al. (in press) estab-
lished the annual nature of laminae in
their sediment core taken from a non-
meromictic lake on Devon Island. Dia-
tom concentrations increased by two
orders of magnitude during this century,
with major increases in the 1920s and
1950s. These changes, along with in-
creases in varve thickness, coincide with
an increase in summer snow melt per-
centage in the Devon ice core (Koerner,
1977).

Although varved sediments are ideal
for many types of analyses, relatively
high-resolution studies are still possible
in non-laminated systems using appro-
priate coring and sectioning techniques,
such as those developed for addrassing
lake management issues (.g., Charles
et al., 1994). In the absence of varves,
careful geachronological control using
219Pph and “C dating is critical.

Many other diatom-based paleoclimno-
logical studies are now underway in tun-
dra regions, throughout Canada, Alaska,
Greenland, Lapland and Siberia.

Alrborne Contaminants

Tracking past changes in airborne con-
taminants, using chemical-based paleo-
limnological techniques, has resulted in
many impontant insights (e.g., Muir et al,
1995). However, biological-based tech-
niques potentially may also be used to
track airborne pollutants that are not di-
rectly preserved in lake sediment by a
chemical signature.

For example, one well-tested paleo-
limnological application, which has not
been fully explored in arctic systems, is
the use of biological indicators to study
the possible environmental effects of
acidic deposition. A dominant limnologi-
cal variable often determining the distri-
butions of diatoms and other biological
palecindicators, such as chrysophytes,
is lakewater pH and related limnological
variables (reviewed in Charles et al.,
1989). Powerful transfer functions, based
on surface lake sediment calibration sets
{e.g.. Charles and Smol, 1994}, which
quantitatively relate the distributions of
diatoms and chrysophytes to lakewater
pH, have been constructed for many
temperate lake regions (e.g., Charles of
al., 1989).These transfer functions, which
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are statistically robust and ecologically
sound, can then be used to quantitatively
infer past lakewater pH from the species
composition of fossil algal assemblages
preserved in sediment cores. These ap-
proaches were widely used in the 1980s
and early 1990s to assist policy decisions
on, for example, the amount of acidic
deposition that can fall on regions in the
northeastern United States (e.g., Cum-
ming et al., 1992, 1994), as well as the
effects of acidic and metal deposition on
Sudbury area lakes (e.g., Dixit et al, 1991,
1992a, b, 1995), and other regions (Bat-
tarbee and Renberg, 1990).

Aithough large parts of the Canadian
Arctic are well buffered against the ef-
fects of acid rain, certain regions — such
as parts of Baffin Island {(Wolfe, 1996a),
Ellesmere Island (Smol, 1983}, Ellef
Ringnes Island and other regions (Doug-
las and Smol, unpubl. data) — have very
low buffering capacities. Moreover, preci-
pitation in some of these regions can be
very acidic (Wolfe, 1996a; Smol and
Douglas, unpubl. data). If this acidic
deposition is not natural, and it is the
consequence of long-range atmospheric
transport of acids, then some arctic lake
ecosystems are almost certainly being
affected detrimentally. Diatom-based
paleclimnological techniques should be
applied to potentially acid-sensitive arc-
tic lakes, to determine if in fact they are
being affected by these pollutants, and
if so to what extent. Some preliminary
work in this general area has been done
by Wolfe (1996a, b), who has used the
known ecological preferences of diatom
taxa to qualitatively infer past, long-term,
natural acidity changes in a small lake
on Baffin Island.

Diatoms may also be used potentially
as biomonitors of past changes in other
stressors, such as inorganic (Genter,
1996) and organic (Hoagland et al., 1996}
contaminants. Such paleclimnological
approaches, however, have yst to be ini-
tiated. ‘

Local Disturbances

As the human population of arctic com-
munities continues to increase, it is likely
that water quality in nearby lakes and
ponds will decrease. For example, local
disturbances in a lake’s drainage basin,
such as road building, garbage dumps,
and other types of construction, will af-
fect water quality. A major goal of envi-
ronmental research is to be able to de-
termine what these effects might be, and
how to mitigate environmental degrada-

tion. Since most environmental assess-
ments are done after the fact, the cru-
cial pre-disturbance data cn what the
systermn was like prior to the disturbance,
and how it changed as a result of the
activities, have not been gathered. Pale-
olimnological techniques, however, could
be used to reconstruct these missing
data sets.

Diatom-based paleolimnological ap-
proaches have been used very effec-
tively in temperate regions to study the
effects of local disturbances on lake sys-
tems, such as the limnological repercus-
sions of development in drainage basins
{e.g.. Hall and Smol, 1996). These ap-
proaches could easily be applied to arc-
tic regions. For example, increased lake
eutrophication, as a result of human ac-
tivities, is becoming a major problem in
some far northern areas, especially in
the more populated regions of Siberia
{Vekhov, 1987). With continued expan-
sion of human populations in the Cana-
dian Arctic, these problems likely will be
exacerbated further. Paleclimnological
techniques could be used to help study
these environmental problems. For ex-
ample, Douglas and Smol (in prepara-
tion) used diatoms preserved in a °Pb-
dated lake sediment core from Meretta
Lake (Resolute Bay, Cornwallis Island)
to study the ecological eflects of sew-
age inputs into this high arctic ecosys-
tem. Wolfe (1991) completed a paleo-
limnological study of a water supply lake
for Pond Inlet (Baffin Island). He found
that diatom assemblages were relatively
stable over ca. 7000 years, hut then re-
corded marked species changes in the
lake's more recent sediments. He attrib-
uted these diatom changes to local an-
thropogenic activities.

Similarly, as mining activities continue
to expand into arctic regions, paleolim-
nological techniques could be used to
study affected lake basins, using similar
procedures that were used successfully
in more southern regions, such as Sud-
bury (Dixit et af, 1991, 1992a, b, 1995).
Many other types of studies could be ini-
tiated.

Biological Monitoring

Using Diatoms

Water chemistry is the mainslay of most
long-term monitoring programs of agua-
tic systems, but it is now widely recog-
nized that biological indicators are also
important components to these programs
{Loeb and Spacie, 1994). A major rea-
son to include biclogical data is that most

studies are based on a “snapshot” ap-
proach, whereby detection of changes
in ecosystems are based on only a few
samplings per year, and in some cases
only one sampling every four years or
s0. Organisms monitor environmental
conditions continually, reacting not only
to subtle changes in individual physical,
chemical and biological variables, but
also to synergistic interactions. Given the
many advantages diatoms have as moni-
tors of environmental change (e.g., Dixit
ot al, 1992a; Lowe and Pan, 1996}, it is
not surprising that several large-scale
manitoring programs in the United
States, such as the Environmental Pro-
tection Agency’s Environmental Monitor-
ing and Assessment Program (EMAP)
(Whittier and Paulsen, 1992), and the
United States Geological Survey's
(USGS) National Water-Quality Assess-
ment (NAWQA) Program (Gilliom et al.,
1995) have adopted diatems as one of
their primary bicindicators of environ-
mental change. For example, as part of
the EMAP program, diatoms are being
analysed from the surface sediments of
a large suite of lakes that should be
resampled every four years (Dixit and
Smol, 1994). Changes in diatom com-
munities will be used to interpret if the
environmental conditions in the study
lakes have deteriorated, improved, or
have not changed. The USGS program
focuses on river systems and aquifers,
studying changes in diatom assem-
blages and other organisms over time
{Porter et al., 1993).

Given the logistic problems of sam-
pling sites frequently in arctic regions,
biomonitoring tundra lakes, ponds and
rivers using organisms such as diatoms
would be a very cost-effective way of
assessing environmental change. Many
of the diatom protocols (e.g., Porter et
al., 1993} developed for programs such
as EMAP or NAWQA could be readily
adapted to arctic environments. More-
over, many of these approaches can be
melded with ongoing paleolimnological
programs {see Charles et al., 1994).

CONCLUSIONS

Diatom and other paleolimnological ap-
proaches have much to offer studies of
environmental change in tundra regions.
In addition to resolving some of the ques-
tions posed by environmental managers
and the community at large, these re-
search programs also contribute directly
to more basic research endeavors, such
as descriptions of new taxa and meth-
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ods, and provide new insights to aquatic
and landscape ecology. Many of the
studies summarized in this paper are still
preliminary and exploratory, but a large
co-ardinated research effort is now un-
derway 10 explore these research av-
enues more fully. Given the successes
of these early studies, we are confident
that numerous new insights into patterns
of environmental change will be forth-
coming.
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