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9 Diatoms as indicators of environmental
change neararcticand alpine treeline

ANDRE F. LOTTER, REINHARD PIENITZ, AND ROLAND SCHMIDT

[ntroduction

Timberline represents the most prominentecotone in mountainousand arctic
regions. It is characterized by the transition from closed forest to the most
advanced solitary trees (i.e., timber line), to single tree islands (i.c., treeline),
and eventually to unforested vegetation. This biological boundary can vary in
width between tens of meters and many kilometers. In northern Europe it is
formed by deciduous trees (Betula, Alnus, Populus), whereas coniferous trees
[Pinus, Picea, Larix) form treeline in the Alps, northern North America and
Eurasia.

Treelineis primarily related to cold temperatures buta complex set of differ-
entclimatic factors, as well as the specificadaptation of trees, actually defines the
forestlimit(e.g., Tranquillini, 1979). This s evident from the decrease in altitude
of treeline from subtropical to arctic regions and, on a smaller scale, by the
higher forest limit on southern slopes compared to northern slopes (Ellenberg,
1986). In the Alps, timber line represents the transition between the subalpine
and the alpine belts (Ozenda, 198s; Ellenberg, 1986). The lower boundary of the
alpinebelt, however, is difficult tolocate as human impact, grazing and climatic
oscillations have lowered natural tree limit by several hundred metersin thelast
millennia (e.g., Lang, 1994; Tinner etal.,1996).

In the north, physical and biotic features are sufficiently distinct to
unequivocally separate ‘arctic’ from ‘boreal’ regions. However, great disparity
exists among definitions as to where the Boreal region ends and the Arctic
region begins (Larsen, 1989). The zone of transition between the two, the so-
called “forest—tundra’ transition, or ecotone, can be identified with a certain
degree of accuracy, but thedrawing of lines on maps to delineate Arctic, transi-
tional, and Boreal zones remains controversial. The Arctic as a geographical
concepthas been most usefully defined either asthe area north of polar treeline
or as the region north of the July mean daily isotherm of 10 °C(Hustich, 1979).
The most pragmatic way to delimit the southern margin of the Arcticis to take
the boundary of wooded vegetation that can be observed on aerial photo-
graphs or satellite images.

Aquatic habitats suitable for diatoms at these altitudes and latitudes are
many-fold. The lakes are characterized by special limnological features, and
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are usually only ice free during a short period in summer, with cold water tem-
peratures prevailing. Furthermore, light availability in the water column is
strongly restricted by ice and snow cover as well as by the polar winter. During
summer, however, the light conditions change significantly, especially at high
latitude lakes: the photoperiod is long and the angle of the sun is high. The
resulting UV (ultraviolet) radiation may have aninhibitory effecton periphytic
littoral algae, such as Achnanthes minutissima Kiitzing, if dissolved organic
matter isatlow concentrations (e.g., Vinebrooke & Leavitt, 1996). Lakes that are
influenced by glacial meltwater are turbid with high concentration of silt and
clay.In the absence of glaciers, such lakes have either ahigh water transparency
or, if mires are present in their catcchment, the input of humic acids will result
indystrophicconditions.

Lakes on opposite sides of trecline exhibit striking differences in water
chemistry and physical conditions (Pienitz et al., 19974,b; Vincent & Pienitz,
1996; Sommaruga & Psenner, 1997), which are reflected by abrupt changes in
diatom community structure and composition. For example, differences in
lake mixing regimes, nutrients, and lakewater transparency are most apparent
at this ecotonal boundary marked by sharp changes in abiotic(e.g., changes in
albedo and permafrost) and biotic variables (e.g., atmospheric deposition of
macronutrients by pollen; Doskey & Ugoagwu, 1989; Lee et al., 1996).
Furthermore, sediment accurnulation rates may change drastically across this
ecotone: accumulation rates above treeline are often up to an order of magni-
tude lower than in comparable boreal or temperate lake basins.

Thedearthof alpine and northern treeline diatom studies is primarily relat-
ed to logistic problems. Nevertheless, eatly diatom studies from high altitude
and high latitude regions usually provide extended taxon lists (e.g., Cleve-
Euler, 1934; Krasske, 1932; Hustedt, 1942, 1943; Foged, 1955) and often classify
taxa according to their plant-geographical distribution (e.g., nordic-alpine).

Freshwater diatoms, like most algae, are usually not considered sensitive
indicators of temperature (e.g., Battarbee, 1991), even though clear latitudinal
patterns in their distributions are apparent (Foged, 1964), and classifications
according to their thermal requirements (Backman & Cleve-Euler, 1922;
Hustedt, 1939, 1956) have long existed. Several experimental studies (e.g.,
Eppley, 1977; Patrick; 1971,1977; Hartig & Wallen, 1986; Dautaetal., 1990) indi-
cate a temperature dependency of diatom growth and community composi-
tion. Under natural conditions, Stoermer & Ladewski(1976)and Kingstonetal.
(1983)found a relationship between temperature and the occurrence of certain
diatoms. Kilham et al. (1996), however, associate the climatic distribution of
diatoms with resource-related competitive interactions.

Diatoms as paleoenvironmental indicators at treeline

Treeline vegetation will be strongly impacted by future climatic warming
(Houghton et al., 1990; Smith et al., 1992; Monserud et al., 1993; Grabherr et al.,

1994; Kupfer & Cairns, 1996). However, aquaticenvironments and ecosystems,
water suppliesand fisheries will also beaffected (Houghton etal.,1996; Watson
etal.,1996). Global warming will resultin increased heatuptake of lakes which,
in turn, will lead to earlier break-up of ice and, consequently, to changes in
stratification and oxygen regimes (Robertson & Ragotzkie, 1990; Hondzo &
Stefan, 1993; Schindler et al., 1990, 19964,b; Sommaruga-Wograth et al., 1997;
Livingstone,1998).

Because the location of northern treeline results from and influences the
mean position of major atmospheric boundaries (i.., the Polar Front; Bryson,
1966; Pielke & Vidale, 1995), it isimportant to understand thelinkages between
climate and vegetation along the northern edge of the boreal forests. The
sensitivity of arctic treeline position to climatic factors makes this ecotone an
ideal location for investigating the effects and timing of climatic change.
Paleoecological records provide a means of reconstructing the impact of past
climatic variations on treeline vegetation, thereby allowing a better under-
standing of the causes and dynamics of past and future climatic change.
Moreover, latitudinal changes in the position of the Polar Front through time
provide important boundary conditions that may be used in testing and evalu-
ating Global Circulation Models.

Paleolimnological data on past climatic changes in treeline regions are
particularly important, as many of the more traditional, terrestrial-based
paleoecological techniques, such as palynology, may reach their methodolo-
gical limits atsites above treeline (e.g., Lang, 1994; Gajewski etal.,1995;Smol et
al.,1995). These restrictions do not apply to diatoms. They are extremely abun-
dant and ecologically diverse. Their short lifespan and fast migration rates
enable them to respond quickly to environmental changes. Their potential as
paleo-indicators mostly relies on their good preservation in lake sediments.

Many variables affect the size and species composition of diatom com-
munities. Studies using diatom records to infer past climates have generally
yielded qualitative results racher than quantitative paleoclimate estimates.
Climate either directly (e.g., via changes in lake water temperature, mixing
regime) or indirectly influences diatoms by controlling, for example, habitat
availability, catchment and aquatic vegetation, water colour and transparency,
or nutrient supply (e.g., Moseretal., 1996).

Diatom studiesinalpine, boreal, and arcticlakes (e.g., Hustedt, 1942; Cleve-
Euler, 1951-1955; Sabelina et al., 1951; Florin, 1957; Foged 1964, 1981; Molder &
Tynni, 1967-1975; Tynni, 1975, 1976; Koivo & Ritchie, 1978; Arzet, 1987;
Niederhauser & Schanz, 1993) have shown relationships between diatom
assemblages and aspects of water chemistry. These sutveys alsoillustrated the
need for more precise, quantitative diatom autecological data to refine or
replace the classifications introduced by Kolbe (1927) and Hustedt(1939,1956)-

Considerable progress has recently been made in the development of infe-
rential statistics useful for inferring pastconditions from paleoecological data.
Surface sediment calibration sets (see Charles & Smol, 1994) are currently
widely used to estimate environmental optima and tolerances of diatoms and
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for the development of diatom-based transfer functions (see Hall & Smol, this
volume). These transfer functions allow quantitative reconstructions of past
limnological conditions, usingarangeof numerical regression and calibration
techniques (Birks, 1995). Although only a few calibration sets are available for
treeline regions (e.g., Pienitz & Smol, 1993; Pienitz et al.,19953; Wunsam et al.,
199s; Allaire, 1996; Riihland, 1996; Lotter et al., 1997; Weckstrom et al., 19974),
many moreare currently being completed in different regions (Fig. 9.1).

The Arctic

NORTH AMERICA

Having studied modern diatom assemblages along a transect crossing three
vegetation zones in northwestern Canada (Fig. 9.1-A), Pienitz et al. (1995a)
found that summer surface water temperature and lake depth were the two
best predictors of diatom distribution. Their weighted-averaging (WA) model
for diatom-temperature relationships predicted temperatures that closely
approximated the actual observed values (Fig- 9.2), with the final inference
modelyieldingabootstrapped root mean squared error of prediction (RMSEP)
of 1.8102.0°C. The WA optima ranged from 15.4 °C(Stauroneis smithis var. mini-
ma Haworth)to 21.5 °C(Synedra radians Kiitzing). Planktonic diatoms generally
displayed optima at the higher end of the temperature range, whereas small
benthic taxa with ‘nordic-alpine’ affinities were positioned at the lower end of
the temperature gradient. Variance partitioning tests showed that there was a
statistically significant component of variation in the diatom data that was
explained by temperature independent of chemistry, thus suggesting that
fossil diatom data could be used to reconstruct temperature changes. Such
reconstructions, however, are related to water rather than air temperature.
Although these two variables are closely related, the timing and extent of stra-
tification (which is dependent on the timing of ice break-up), atmospheric
circulation and lake depth also affect water temperature and must be consi-
dered inany extrapolation to air temperature (Pienitz etal.,1995a; Livingstone
&Lotter,1998).

The inclusion of an altitudinal gradientin the Pienitz et al. (19954) calibra-
tion set revealed some similarities between alpine lakes and lakes located in
arctic tundra regions, thereby indicating the potential of diatoms as paleo-
climate proxiesinalpine regions (Pienitz, 1993).

By studying oligotrophic lakes that spanned boreal forest, forest-tundra
and arctic tundra in the central Northwest Territories {Fig. 9.1-C), Pienitz and
Smol (1993)demonstrated that dissolved inorganiccarbon (DIC)and dissolved
organic carbon (DOC) concentrations explained significant variation in the
diatom distributions. WA regression and calibration techniques were used to
develop transfer functions relating diatom distributions to measured DICand
DOC. These transfer functions were later applied to fossil diatoms from two
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fig.9.1. Mapshowingdiatom study regions at northern treeline.

treeline lakes. Diatom-inferred DIC and DOC and diatom: conccntrati?ns
revealed rapid increases in lake productivity associated with climate warming
at ca. 5000 yrs BP and a contemporaneous shift fror'n n.mdra to forest—tundra
vegetation (MacDonald et al., 1993; Pienitz, 1993; Pienitz et al., 1?99). Bef:ause
lakewater DOC closely tracks the abundance of coniferous trees in a drainage
basin(Pienitzetal.,1997a,b; Vincent & Pienitz, 1996),diatom-‘based' reconstruc-
tions of DOC can be used as a proxy for past vegetation shifts (Pienitz, 1993;
Pienitz & Smol,1993; Pienitz et al., 1999). o
Riihland’s (1996) calibration set from the Canadia'n Northwest Territories
‘Fig. 9.1-B)similarly revealed distinct differences in diatom assemblages from
boreal forest and arctic tundra sites. The most apparent trend wasa shift from
communities dominated by centric diatoms (e.g., Cyclotella spp.) in borea.l fqr-
est lakes to those dominated by small, benthic, pennate taxa (e.g., Fragilaria,
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Fig.9.2. Plotsof observed vs. diatom-inferred summer surface water temperature (Temp)
for the Yukon-Tuktoyaktuk Peninsula calibration set, based on weightedsaveraging regres-
sion and calibration models using (a) classical deshrinking and (b) inverse deshrinking (after
Pienitz etal.,19954).

Navicula and Achnanthes) in arctic tundra regions (Fig. 9.3). The comparatively
low species diversity at tundra sites was mostly due to the high relative abun-
dance of small Fragilaria spp. The results of the ordination analyses, together
with the observed shifts in diatom assemblages across treeline and geological
boundaries, suggested that alkalinity and conductivity exerted strong and
significant controls on diatom taxa(Riihland, 1996).

A similar calibration set from Labrador (Fig. 9.1-D) showed that most
diatom taxa were distributed along alkalinity and water colour gradients
(Allaire, 1996), which together explained 30% of the total variance. Lake depth
explained an additional 13% of the variation in the species data. The alkalinity
optima ranged from 8.9 weq/l (Eunotia paludosa var. trinacria (Krasske) Norpel)
t0 306.5 peq/l (Cyclotella michiganiana Skvortzow). An application of this infer-
ence model to fossil diatom data from southern Labrador revealed long-term
natural acidification trends (Allaire, 1996), related to vegetational changes in
the catchment.

SCANDINAVIA

Weckstrom et al. (19974) studied the relationship between surface diatom
1issemblages and environmental variables in subarctic Fennoscandia (Fig.
31-E). Canonical Correspondence Analysis (CCA) suggested that pH, surface
water temperature, conductivity, altitude, and sodium concentrations made
significant contributions to explaining diatom distributions, with pH and
:emperature being the strongest predictor variables. Recently, this calibration
et was expanded and diatom-based inference models for lakewater pH and
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Fig.9.3. Canonical correspondence analysis (CCA)of the Slave and Bear Province calibra-
tion set, showing general patterns in diatom distributions in relation to environmental
variables (arrows) and major vegetational zones (centroids) (see Riihland, 1996).

temperature were developed (Weckstrom ¢t al., 1997b). The WA pH and tem-
perature optima varied between pH 5.1 (Tabellaria quadriseptata Knudson) and
7.6 (Neidium iridis (Ehrenberg) Cleve), and between 10.3 °C (Cyclotella rossii
Hikansson) and 14.7 °C (Pinnularia legumen Ehrenberg), respectively.

The diatom assemblages along a latitudinal transect extending from
southern Finland to northern Norway (Fig. 9.1-F) were mainly composed of
small acidophilic, periphytic taxa of boreo-alpine affinity, belonging to the
genera Achnanthes, Fragilaria and Navicula (Pienitz et al., 1995b). A regional
comparison based on the biological composition of the Fennoscandian and
Canadian subarctic sites showed similar trends in diatom assemblage
composition with changing ecoclimatic zones.

SIBERIA

[nformation on freshwater diatoms from the Russian Arcticis scarce compared
to its share of northern circumpolar treeline. Sabelina et al. (1951), Proschkina-
Lavrenkov (1974), Aleksyuk & Bekman (1981), Chernyaeva (19814,b), Antonov
(1985)and Makarova (1992) published extensive reviews on freshwater diatoms
from the former USSR. Besides providing information relating to diatom dis-
tributions, these references also include some ecological information. They
represent the few comprehensive overviews of Russian diatoms, and are useful
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for identifying taxa commonly found in Siberia, the Kola Peninsula, Novaya
Zemlya, and other arctic regions.

Recent research has focused on three areas spanning treeline in northern
Siberia (Fig. 9.1). A first transect is located close to Norilsk near the Taymyr
Peninsula (Fig. 9.1-H). Significant variables explaining the diatom distribu-
tions were conductivity, lake depth, surface water temperature, silicaand DIC.
Pinnularia balfouriana Grunow and Thalassiosira pseudonana Hasle & Heimdal
were more abundant in tundra lakes, while Stauroneis anceps Ehrenberg was
more commonly found in boreal forest lakes (Laing etal., unpublished data).

A second transect in the Lena River region of north-central Siberia contains
31 oligotrophic lakes (Fig. 9.1-J). Multivariate techniques indicated that lake
depth, DOC, particulate organic carbon (POC) and chloride were ecologically
significant for diatoms. In particular, assemblages in forest lakes separated
from tundra lakes along a combined depth and DOC gradient. Forest lakes
were generally deeper, with higher DOC (Laing ez al., unpublished data).

Another 27 lakes spanning treeline in the Pechora River region have been
sampled as a third Russian treeline transect (Fig. 9.1-G), but these analyses are
still in progress (T. Laing, pers. comm.). Overall, these three transects indicate
that forest lakes as compared to tundra lakes are associated with higher nutri-
ent concentrations. Compiling all three Russian transects into one calibration
setindicated thatdiatomassemblages were regionally distinct, reflecting local
differences in geology, pollution and other factors. In general, however, the
most common diatom taxa were similar to those found in northern Canada
and Fennoscandia(Laingezal., unpublished data).

Two sediment cores, both from lakes currently located in the tundra zone,
were examined for changes in the fossil diatom assemblages (T. Laing, unpub-
lished data). The abundance of Picea and Larix macrofossils and higher arboreal
pollen values in the lower part of a sediment core taken northwest of Norilsk
(between 4400 and 4000 yrs BP), as well as the presence of fossil rooted stumps
within the catchment, revealed that trees were once locally present. Diatom
assemblages showed a minor shift to taxa characteristic of cooler conditions
(e-8-» Amphora pediculus (Kiitzing) Grunow) concurrent with the disappearance
of trees (T. Laing, unpublished data). The second sediment core taken in the
LenaRiverregion showed that trees existed in the area between 7500and 3500
yrs BP. The major change in diatom assemblages occurred concurrently with
the period of treeline advance, with their dominant taxa (e.g., Achnanthes
minutissima) probably reflecting increases in lake productivity (T. Laing,
unpublished data).

Several long sediment cores were sampled from lakes located along a
1400 km transect spanning forest-tundra (near Norilsk) through polar
desertenvironments on the islands of Severnaya Zemlya (Fig. 9.1-1). Prelimi-
nary results from Lama Lake (east of Norilsk) show marked changes in com-
munity structure during the Holocene, especially with respect to ratios of
planktonic/benthic taxa. The strong fluctuations observed within the
planktonic taxa may be due to climate-induced variations in the thermal

regime (e.g., a transition from dimictic to cold-monomictic conditions) of
Lama Lake(Kienel, unpublished data).

TheAlps

A STEEP ALTITUDINAL GRADIENT

Recent studies in mountainous regions have demonstrated a zonation of
diatom assemblages along altitudinal gradients, which also incorporate gradi-
ents of water temperature (Servant-Vildary, 1982; Vyverman, 1092; Vyverman &
Sabbe, 1995). Direct influences of temperature on the physiology of algal
growth have been presented by, e.g., Raven & Geider (1988), whereas indirect
effects due to prolonged ice-cover and changes in turbulent mixing have been
discussed by Smol (1988) and Smol et al. (1991).

Sixty-eight Swiss lakes (Fig. 9.4) spanningan altitudinal gradient from 330
to 2350 m a.s.l. and a summer air temperature gradient of 7 to 21 °C demon-
strate the importance of climate to diatoms and other aquatic organisms
(chironomids, cladocera, chrysophytes), and have been used to develop multi-
proxy temperature inference models (Lotter et al., 1997). The power of recon-
structing past climate change may be amplified by the use of several
independentlines of evidence.

Asair temperatures most closely correspond to surface water temperatures
during summer (Livingstone & Lotter, 1998), instrumental air temperature
time series have been used as abasis for the July temperature inference models.
Only hardwater lakes with pH values well above 7 were chosen to rule out the
strong influence of acid waters on the composition of aquatic organisms.

CCA of this calibration set showed that catchment (14.6%; geology, land
use, vegetation type), climate (13.4%; temperature, precipitation), and
limnological variables (11.5%; water depth, surface area, catchment area) had
thelargest, statistically significant independent explanatory powers, whereas
water chemistry (conductivity, pH, alkalinity, DOC, nutrients, metals)
explained also a large (14.6%) but not significant part of the total variance. A
weighted averaging partial least squares model for diatoms and July tempera-
ture provided an apparent 12 = 0.96, a jack-knifed r2 = 0.80, and a jack-knifed
RMSEP = 1.6 °C. A vast majority of the diatoms (72.5%) that occurred in 20% or
more of the samples showed statistically significant relationships to July tem-
perature, either as an unimodal or a sigmoidal response.

Below elevations of 1000 m a.s.l. planktonic diatoms were dominant,
whereas above 1000-1500 m a.s.l. small periphytic (in some cases probablyalso
tychoplankeonic) taxa such as Fragilaria construens (Ehrenberg) Grunow, E.
pinnata Ehrenberg, F. brevistriata Grunow, and Achnanthes minutissima became
more important (Fig. 9.4). There are, however, exceptions, mainly involving
small centric taxa (e.g., Cyclotella comensis, Thalassiosira pseudonana). Low
numbers of planktonic diatoms and increasing abundance of Fragilaria spp. isa
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phenomenon often observed with increasing altitude or latitude. It may be
related, on the one hand, to the fact that the growing season at these altitudes
or latitudes is considerably shorter due to prolonged snow and ice-cover. As
ice-melt starts at the shores, these marginal areas provide suitable habitats for
thedevelopmentof periphyton(Smol, 1988). Also, water transparency is gener-
ally high (Franz, 1979), thus favoring periphytic diatoms even in deeper lakes.
On the other hand, alpine lakes are characterized by short-term fluctuations
that may possibly favor Fragilaria spp. that are more adaptable and competi-
tive.

Another diatom-temperature training set from the Alps, based exclusively
on Cyclotella species, yielded an apparent 12 = 0.62, with a bootstrap RMSEP =
1.3 °C (Wunsam et al., 1995). Species temperature optima and tolerances were
estimated by a WA model with C. comensis at the higher end (19.7 °C)and C. styri-
aca Hustedt at the lower end (11.9 °C) of the gradient. The enormous variability,
especially within the small Cyclotella taxa, calls for more autecological studies
of the various morphotypes.

Two calibration sets for nutrients (see also Hall & Smol, this volume), in
particular, total phosphorus (TP), are also available from the Alps (Wunsam &
Schmidt, 1995; Wunsam et al., 199s; Lotter et al., 1998). Yet, the majority of the
calibration sites are located well below treeline. Application of these TP infer-
ence models to treeline lakes may, however, be limited by the generally low
nutrient concentrations (Marchetto et al., 1995; Miiller ez al., in press) and the
differentdiatom floras of the treeline lakes.

A CASE STUDY OF CHANGING ENVIRONMENTS:
THE LATE-GLACIAL

Although many inference models have recently been developed for use with
arctic/alpine diatom assemblages, few of these have been applied as yet.
Paleoenvironmental récords from the Alps illustrate how the application of
thesemodels may help to better understand environmental changes at the end
of thelastIce-Age.

Mulridisciplinary paleolimnological techniques (Schmidtez al., 1998) were
applied toalong sediment core from Lingsee(548 m a.s.1.), asmall, meromictic
kettle-hole lake situated in the southeastern Alps (Carinthia, Austria). Due to
itslocation at the southern slope of the Alps, close to the Wiirm pleniglacial ice
margin, the lake became ice-free early, probably already more than 18000 years
ago. Transfer functions (Wunsam & Schmidt, 1995; Wunsam et al., 1995) have
been applied to infer total phosphorus concentrations and summer lake
surface temperature. Before 15500 yr BP (Fig. 9.5), climatic warming after
deglaciationaliowed the immigration and expansion of shrubs (e.g., Juniperus)
into the lake’s catchment. Increase in lake temperature enhanced the develop-
ment of the diatom plankton (Cycloelia ocellata Pantocsek, C. comensis, C. cyclo-
puncta Hikansson & Carter, C. distinguenda var. unipunctata (Hustedt)
Hikansson & Carter, Stephanodiscus alpinus). For this phase a mean surface

216

2.0-

13.0

138
140

Age (kyr Bp)
o &
L~

0 50 1000 50 1000 0 20 3
% % c

Fig.9.5. Multidisciplinary paleolimnological approach to a late-glacial core section of
Lingsee(548 m a.s.1., Austria). Pollen percentages of trees and herbs, percentages of diatom
life forms, and diatom-inferred summer surface water temperature (SWT; with sample-
specific error band). Time-scale according to radiocarbon dates (see Schmidtet al., 1998).

water temperature of 17.3 °C was inferred, suggesting that Lingsee may have
begun tostratify during this time. During the following climatic cooling, lake
surface water temperaturedeclined. Lower tem peratures leading to prolonged
ice-cover may be responsible for the low percentage of planktonic diatoms
(Fig. 9.5). The change from a steppe to a tundra-like vegetation, rich in dwarf
birch (Betula nana), and the still high amount of allochthonous material from
catchment sources, indicate increasing precipitation. The contemporaneous
increase in Fragilaria spp. (F. construens, including fo. venter (Ehrenberg)
Husted, F. pinnata, all of which were more frequent in lakes with low summer
surface temperature in the modern training set) explains the decrease in

inferred summer water temperatures (mean inferred temperature =10.7 °C).

About 13600 yr BP, reforestation by Pinus cembra began, which is also indicated

by an increase in the amount of tree pollen and organic carbon content of the

sediment. Diatom-inferred summer water tem peraturesincreased at the same

time towards modern levels (Fig. 9.5).

INDIRECT EFFECTS: A TEMPERATURE—PH RELATIONSHIP
IN ALPINE LAKES

High altitude areas in the Alps are affected by precipitation with pH values
between 4.8and 5.2and consequently acidification of crystalline bedrock sites
has been reported. In these areas soil and vegeration have less influence on
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Fig.9.6. Diatom-inferred pH history of Schwarzsee ob Sélden (2796 ma.s.l., Austl:ia?,
during thelast centuries, compared with the Austrian temperature curve (after Kotmg etal.,
1997). The chronology is based on 219Pb(constant rate of supply model) and 137Cs dating
‘see Koinig, 1994; Koinig et al., 1997; Sommaruga-Wograthetal., 1997).

biogenic acidification, because only a small fraction of the drairfage area i.s
covered by soil. High mountain lakes therefore react very sensitlve.ly. to .Cll-
maticand hydrological changes as well as toincreasingacidity of precipitation
(Arzet,1987; Niederhauser, 1993; see also Battarbeeet al., this volume).
Paleolimnological investigations in Schwarzsee ob Sélden (2796 m a.s.l.,
Tyrol, Austria) showed a diatom-inferred pH decline from 6 to 5 (Arzet, 1987).
Using 2 WA model based on a regional Alpine calibration set (Marchetto &
Schmidt, 1993), the diatom-inferred pH changes in a core from Schwarzs'ee
dating back to the eighteenth century were predominantly due to changesin
abundances of the dominant Aulacoseira species (A. alpigena (Grunow)
Krammer, A. nygaardii Camburn & Kingston, A. distans, includin.g var. nivalis
(W. Smith) Haworth, A. perglabra (Oestrup) Haworth; see Koinig, 1994 and
Koinig et al, 1997). The lowest inferred pH values occurred between 1880 anfi
1920. Towards 1970, the inferred pH values increased againtos.55. A compari-
son of these pH reconstructions with the mean Austrian air temperature
showed a strong correlation throughout the past 200 years (Fig. 9.?). These
findings support the idea of a climate-driven pH control in high-alpme' lakes
(Psenner & Schmidt, 1992),i.e., that climatic cooling may cause decreasesin pH,
and rising temperatures increases in pH. The pH decline started at Fhe onsetof
the Little Ice-Age, with glacier readvances in the Alps culminating around
1850. Koinig et al. (1997,1998) and Sommaruga-Wograth et al. (1997) suggested
that pH increases during warm episodes may be a result of enhanced weather-
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ing rates, increased in-lake alkalinity production, longer water retention
times, and farger amounts of dust deposition from the surroundings (see also
Marchetto et al., 1995). However, the hypothesis that the influence of modern
acidification is counteracted by recent climaric warming is not valid for all
lakes. At Lake Rassas (2682 m a.sl., Southern Tyrol, Italy) the onset of
anthropogenically derived acid precipitation at the beginning of the twenti-
eth century (Schmidt & Psenner, 1992; Pseriner & Schmidt, 1992)led toa decou-
pling of the temperature - PH relationship, and thus to lake acidification that
could be traced by diatom:s.

Common features toarcticand alpine diatom assemblages

Many of the above-mentioned calibration sets have revealed interesting
similarities in diatom assemblage composition across the treeline, namely the
presence of assemblages composed of large benthic and planktonic taxain the
more nutrient-enriched forest lakes, and assemblages dominated by small
benthic taxa in the more dilute lakes above treeline. This distinct trend in
diatom community structure and cell size with changing latitude and alti-
tude, in patterns unrelated to water depth, may be related to differences in the
physico-thermal properties of the lakes and the length of the growing season
(Pienitz, 1993). For example, there is evidence that climatic warming, with its
likely consequences of a longer ice-free season and enhanced thermal stra-
tification, would give a com petitive advantage to planktonic forms, keeping
these diatoms in suspension in the photic zone for longer periods of time
(Smol, 1988; Feeetal.,1992).

The differences observed between diatom cell size in lakes below and
above the treeline could be related to nutrient availability, length of growing
season,and diatom growth rates. The maximum specificgrowthratesinalgae
decrease with increasing cell size (Raven &Geider 1988), and the high surface-
to-volume ratio of small cells provides them with a competitive advantage
under low nutrient conditions. According to Denys (1988), small benthic
Fragilaria spp. fit into the classic model of organisms favored by r-selection
(i.e.,smallsize, high reproductive rate, large ecological amplitude). Because of
their higher turnover rates, these opportunistic, small-celled diatoms may
quickly form blooms and (temporarily) outcompete larger diatom species
with slower growth rates during the brief growing season in tundra lakes
(Pienitz, 1993).

With respect to patterns observed in planktonic/benthic forms and diatom
cell size, availability of silica may also play an important role. As some of the
studies revealed, silica concentrations explained a significant proportion of
thevariancein diatom distribution. Diatoms assimilate large quantities of sili-
ca, thereby modifying the flux rates of silica in freshwater ecosystems (e.g.,
Hutchinson, 1967; Wetzel, 1983; Schelske, this volume). Silica concentrations,
on the other hand, are known to affect diatom growth rates, as well as the
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succession and composition of diatom communities (e.g., Lund, 196 4; Servant-
Vildary et al., 1992). The small number of planktonic taxa observed in lakes
ibove treeline may also be related to silica deficiency, which is a crucial factor
:specially for the growth of freshwater planktonic diatoms (e.g., Jergensen,
1957; Kilham, 1971).

Summary

Diatoms in treeline regions are important and sensitive indicators of environ-
mental change. The arctic and alpine treeline are important ecotones. Their
present-day, past, and future positions depend largely on climatic factors.
Climatic fluctuations at this ecotone either directly or indirectly influence
diatom communities through alterations in physical and chemical limnetic
properties. Therefore, diatoms have great potential as environmental indica-
tors and contribute to and complement paleoecological studies in treeline
regions. Reconstructing changes in past treeline position provides essential
boundary conditions for Global Circulation Models to hindcast past or predict
futureclimate change.

Inallstudies involving diatom calibration sets, pH or pH-related variables
(e-g., alkalinity, ANC, DIC, Ca) have been shown to influence significantly
diatom distributions. Apart from the predominant control exerted by pH and
related variables, two major gradients appear to emerge from thesestudies: the
concentration of lakewater DOC (which is related to catchment vegetation and
treeline), and surface-water temperature (which is related to latitude and/or
altitude). Temperature is a complex variable that is highly correlated with
other characteristics of the environment, such as mixing regime and duration
of ice-cover. The distinct influence exerted by the temperature gradient on
diatom distribution as shown in the studies from northwestern Canada,
Fennoscandia and the Alps, is of ecological and paleoecological significance as
it strengthens the assumption that the relationship between organisms and
climate is clearest at ecotonal boundaries, and, consequently, ecotones are
optimal areas for studying climatic change (e.g., Smol etal., 1991).

The potential for inferring past DOC levels from paleolimnological records
combined with recent advances in bio-optical modelling in northern lakes
«e.g., Laurion etal., 1997), leads to the exciting prospect of reconstructing past
underwater light regimes. Such analyses could include estimates of euphotic
depth and spectral attenuation across the ultraviolet waveband. This new
theme in paleolimnology (‘lake paleo-optics’) offers opportunities for inte-
grating studies of the present-day with historical properties of lakes (Vincent &
Pienitz, 1996). This approach is of special interest for lakes in treeline regions,
since lakes above treeline may be more sensitive to small changes in DOC and
rising UV-B (ultraviolet B) radiation associated with stratospheric ozone
depletion than Iakes of the boreal forest (Vincent & Pienitz,1996).

Lake depth generally emerged as an important predictor for diatom com-
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munities, especially in arctic treeline regions. Its importance is known from
many investigationsand seems to support Smol’s (1988) hypothesis that micro-
habitat availability significantly influences diatom assemblage composition
(i.e., the relative percentage of planktonic and benthic taxa). Moreover, in
paleoclimatological studies, lake depth becomes an important indicator with
respect to lake-level changes (see Wolin & Duthie, this volume), e.g., through
changes in atmosphericcirculation patterns.

The results obtained from diatom studies in treeline regions seem to
confirm a general relationship between the distribution of diatoms and
ecoclimatic or vegetational zones. Despite the extremely high degree of flor-
isticdiversity that characterizes oligotrophic boreal lakes compared with lakes
in temperate regions (e.g., Lange-Bertalot & Metzeltin, 1996), a surprisingly
high degree of floristic similarity could be observed among calibration sets
from different trecline regions. These regions may be floristically similar
enough to allow the development of supra-regional data sets. A recently
launched joint research initiative, the Circumpolar Treeline Diatom Database
‘CTDD), aims at expanding and improving existing diatom calibration sets by
:ombining theexisting data sets from North America, Scandinavia and Siberia
into one large data set for the whole of circumpolar, northern hemispheric
treeline regions. Nevertheless, all transfer function approaches have to be
assessed critically (see, e.g., Birks, 1995) before using their results for hindcast-
ing past environmental changeat the arcticor alpine ecotone.
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