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Abstract

In this study, we analyse the cumulative rate of compositional change along an altitudinal gradient in the
Swiss Alps for three different groups of aquatic organisms – Cladocera, chironomids, and diatoms. In
particular, we are interested in the magnitude of unusually large changes in species composition that allows
the detection of critical ecotones for each of these three organism groups. The estimated rate-of-change is
the distance in ordination space using principal coordinate analysis based on chord distance and chi-square
distance. These analyses highlight the cumulative rate-of-change and the cumulative relative rate-of-change,
as the chi-square distance is relative to the total species composition. We found that the major changes in
taxonomic composition for the three organism groups and therefore also the major ecotones are just below
the modern tree-line (1900–2000 m a.s.l.), which may indirectly be an effect of the tree-line. For diatoms
and Cladocera (only chi-square distance) there is also an ecotone at 2055 m a.s.l., which may be a direct or
indirect response to climate. Further, the ecotone region below the modern tree-line is much wider for
chironomids, with an extension downwards due to a shift in relative abundance patterns. For diatoms there
is a stronger rate-of-change above 1650 m a.s.l. when chi-square distance is used. Coupled with the even
distribution of diatom richness, this suggests that at higher altitudes the change is more strongly associated
with a few species becoming dominant compared to lower elevations. Hence, there are considerable dif-
ferences among the three organism groups, suggesting that different environmental factors may influence
the rates of compositional change within and among groups. This supports the general usefulness of multi-
proxy studies, namely the study of several independent groups of organisms to reconstruct past environ-
mental conditions but also points to the importance of careful site selection in such studies.

Introduction

The study of the diversity of nature is a focal point
for many contemporary biological investigations
(see Huston 1994; Rosenzweig 1995; Gaston and

Blackburn 2000). Diversity has classically been
categorised as alpha-, beta-, and gamma-diversity
(Whittaker 1960, 1972). Alpha- and gamma-
diversity are considered as species richness
at nested scales (Rosenzweig 1995), whereas
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beta-diversity has been characterised as the dif-
ference in species composition between two geo-
graphically or temporally separated observational
units (Koleff and Gaston 2002). Beta-diversity has
throughout modern ecological theory been a con-
fusing concept as numerous different procedures
have been presented for estimating it and various
interpretations have been discussed (e.g., May
1973; Cody 1975; Pielou 1975; ter Braak
1983; Wilson and Shmida 1984; Lennon et al.
2001; Koleff et al. 2003; Heegaard 2004). Thus,
less effort has been placed on studying the
rate-of-change in species composition in compari-
son to species-richness studies (Gaston and
Blackburn 2000), especially in the context of
comparative patterns among different groups of
organisms. Do different groups of organisms show
similarities in their rate-of-change in composition
along climatic, environmental, and geographic
gradients? Such rates-of-change have been shown
to vary considerably, and locations with unusually
high species turnover are commonly defined as
ecotones (Whittaker 1972; Margalef 1975; van der
Maarel 1990). This is a concept traditionally used
in vegetation science to delimit climate-related
vegetation formations or biomes, but it has also
been adopted on a smaller scale for aquatic sys-
tems (e.g., Smol et al. 1991; Naiman and Décamps
1997). At a macro-scale, transition zones, i.e.
ecotones, are well defined by changes in species
assemblage structure and composition as well as in
the physiognomy of the vegetation as seen, for
example, at the tree-line transition (McCoy et al.
1986; Odland and Birks 1999; Holtmeier 2003;
Körner 2003). Both palaeoecologists and global-
change ecologists have emphasised the importance
of ecotonal boundaries for studying natural
dynamics, in particular for using biological evi-
dence to detect past climate changes (e.g., Moser
et al. 1996; Seppä and Weckström 1999;
Weckström and Korhola 2001; Seppä et al. 2002;
Lotter and Birks 2003b), and for detecting species
responses to present-day climatic changes (Walker
et al. 1993). Fægri and Iversen (1989) pointed out
that sites near ecotonal boundaries where numer-
ous species appear and/or disappear are more
likely to show responses to climatic change than
areas more distant from ecotonal transitions.
This is due to the fact that biota are near their
range limits and any additional climate change
will create physiological stress that reduces their

competitive ability or may even be lethal for the
organism. Thus, numerous ecologists and palae-
oecologists have focused their studies on arctic,
sub-arctic, and alpine vegetation transitions to
gain knowledge about past, present, and future
climate–vegetation relationships and dynamics
(e.g., Pienitz and Smol 1993; Kupfer and Cairns
1996; Moser et al. 1996; Arft et al. 1999; Chapin
et al. 2000; Lotter and Birks 2003a). Commonly,
terrestrial vegetation and especially trees are as-
sumed to show a lagged response to climatic
change due to numerous factors, e.g. long gener-
ation times, migrational lags, and pedogenesis
(Iversen 1964; Birks 1981; Wright 1984; Monserud
and Leemans 1992; Kupfer and Cairns 1996). The
study of aquatic organisms in sediments is gener-
ally regarded as a means of minimising this prob-
lem as these organisms migrate faster, have shorter
generation times, are independent of pedogenesis,
and may thus colonise new habitats faster than
trees (Lotter et al. 1995, 2000; Lotter 2003).
However, recent studies have shown a close cor-
relation between organism distributions in aquatic
habitats and major features of terrestrial habitats
(e.g., Weckström and Korhola 2001). Such corre-
lations may influence or even compromise organ-
ism-specific climatic reconstruction models
including vascular plants (Birks et al. 2000; Kühl
et al. 2002), chironomids (e.g., Walker et al. 1997),
diatoms (e.g., Pienitz et al. 1995; Wunsam et al.
1995), and Cladocera (e.g., Lotter et al. 1997)
which have permitted quantitative temperature
reconstructions from fossil assemblages. Such
quantitative reconstructions have so far mainly
been applied to late-glacial and early Holocene
sediments (e.g., Walker et al. 1991; Schmidt et al.
1998; Lotter et al. 1999, 2000; Birks et al. 2000;
Heiri and Millet 2005), and few such multi-proxy
reconstructions cover the Holocene period or have
been carried out at high-elevation or high-latitude
sites (e.g., Korhola et al. 2000b; Rosén et al. 2001;
Bigler et al. 2002; Lotter and Birks 2003a). Most
of these studies concentrate on the location of the
former tree-line as a conspicuous transition zone
at the landscape scale. This assumes a direct link
between species distribution and composition and
tree-line (e.g., Walker and MacDonald 1995;
Porinchu and Cwynar 2000). Several studies show
that the assemblage structure and composition of
aquatic organisms exhibit conspicuous changes
along climatic gradients (e.g., Smol et al. 1991;
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Lotter et al. 1997; Korhola et al. 2000b) so that
on a macro-scale, we may consider the presence
of regions with high species turnover or, in
other words, the concept of ‘aquatic ecotones’
(DeDeckker and Forester 1988). At finer spatial
scales such as a single lake, there are, of course,
other factors important that may determine local-
scale aquatic ecotones in the strict sense of the
term (Allen and Hoekstra 1990; Kolasa and
Zalweski 1995).

It is often assumed that similar physical/climatic
factors affecting the distribution of terrestrial
organisms also determine the distribution of
aquatic organisms on a broad spatial scale. The
forcing of environmental factors such as climate
would then intuitively limit the distributions of
aquatic organisms to lakes in certain climatic
zones or altitudes corresponding to changes in
terrestrial organisms or terrestrial ecotones (Smol
et al. 1991). Nevertheless, whether or not climatic
threshold factors, such as, for example, summer
temperature or growing-degree days that may
influence the position of the terrestrial ecotones
also limit the distribution of aquatic organisms
remains unclear (Blom et al. 1998, 2000; Korhola
et al. 2000a, c; Seppä et al. 2002; Lotter and Birks
2003a).

If there are different spatial scales involved in
determining the location of conspicuous transi-
tions in species composition in terrestrial and
aquatic organisms, this has major implications
for palaeoecological and palaeoclimatological
multi-proxy studies at past and present ecotonal
locations. Further, if different aquatic organisms
provide different information and variable quality
of information at different parts of climatic gra-
dients, this will undoubtedly have consequences
for the value and reliability of climatic recon-
structions based on biological data.

We use here a modern calibration set of
sediment–surface samples collected along an
altitudinal gradient in the Alps formerly used to
develop a series of quantitative inference models
for different groups of aquatic organisms (Lotter
et al. 1997, 1998) to address these issues. As the
assemblage compositions of the investigated
organisms show a strong relationship to altitude
(Lotter et al. 1997) we use them in the present
study to consider the following questions; (1) are
transitions in species composition different be-
tween different groups of aquatic organisms, and

(2) are the transitions for different aquatic organ-
isms comparable to the tree-line ecotone? Based on
the answers to these questions, we evaluate the
consequences for palaeoclimate studies using
aquatic organisms in multi-proxy reconstructions.

Methods

Data sets

The diatom, chironomid, and chydorid (benthic
Cladocera) data used in this study were collected
from surface–sediment samples at the deepest part
of 68 small lakes along an altitudinal transect in
the Alps, ranging from 409 to 2339 m a.s.l. The
present-day tree-line in the investigated area of the
Alps is situated between 1900 and 2000 m a.s.l.
Five sites located on the southern side of the Alps
were excluded here because they are located in a
different climatic regime. Details about the taxo-
nomic composition of the assemblages and sample
preparation, as well as site-specific information are
given in Lotter et al. (1997, 1998) and Müller et al.
(1998).

For numerical analyses the sites were ordered
according to their elevation. Only taxa with an
abundance of at least 0.5% and an occurrence in
at least 3 lakes were used in the diatom data-set (63
lakes, 120 taxa). In the chironomid data-set, a
minimum of 48 head capsules (53 lakes, 54 taxa)
and in the chydorid data-set at least 30 remains
were required (52 lakes, 25 taxa). Further, to en-
hance comparability of the results we only used
lakes that were analysed for all three groups of
taxa, leaving 44 lakes for the analysis of altitudinal
trends in beta-diversity.

Rate of compositional change

A major concern in the application of beta-di-
versity estimates in ecology has been species rich-
ness (see Gaston and Blackburn 2000 and
references within), and the inherent differences in
richness among taxonomic groups. To minimise
these problems we define beta-diversity as the
distance between two points in species space (ter
Braak 1983; Heegaard 2004). By ordination of the
species data an inter-taxonomical comparable
estimate of the difference between neighbouring
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sites can be derived by using the same number of
axes for all comparisons. This reduction of species
space to a small number of major axes reduces the
problem of local species richness (Heegaard 2004).
However, the inherent difference in richness be-
tween species groups will influence the covariance
of the distances, and therefore we need to scale the
estimated beta-diversity to unit variance. This will
permit comparison of beta-diversity among the
different taxonomic groups.

In this study, we used a principal coordinate
analysis (PCoA; Gower 1966; Legendre and
Legendre 1998; ter Braak and Šmilauer 2002) as
the basis for estimating species turnover. We
applied two distance metrics; (1) chord distance,
and (2) chi-square distance (see Prentice 1980;
Legendre and Gallagher 2001). Of these distance
metrics the chi-square distance is a relative dis-
tance to the total abundance within each data-set.
Hence, the turnover is relative to the total distri-
bution of species abundance.

From the PCoA we use the site scores along the
first 4 axes, where xij is the ordination score for the
i th observation on the j th axis. The distance in
ordination space between neighbouring observa-
tions, in our case lakes, gives the species turnover
along the altitudinal gradient, e.g., between
observations i and k:

b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R
4

j¼1
ðxji � xjkÞ2

s

ð1Þ

where i and k = 1… n observations, and j = 1…4
ordination axes. The cumulative rate-of-change

along the altitudinal transect is the response vari-
able. This variable approximates, on investigation,
a cumulative Normal distribution.

Ecotone detection

The numerical analysis to detect possible ecotones
is based on a Generalised Linear Model (GLM;
McCullagh and Nelder 1989), with the cumulative
rate-of-change as a response variable and altitude
as a predictor variable. To allow for the potential
effects of uneven distance and altitudinal trends in
species richness, we conditioned the estimate of
b-diversity on distance and on species richness.

In a cumulative rate-of-change an ecotone is
identified by an abrupt break (a jump in cumu-
lative beta-diversity) or by a region with an
unusually steep slope (Figure 1). To select eco-
tones, we made a backward elimination of all
possible ecotone positions. First, all breaks in
cumulative turnover were identified. Within each
of the intervals defined by the breaks a linear
regression was applied as a piecewise regression
(Hastie et al. 2001). This creates a full model
where each interval can have a different intercept
and a different cumulative rate-of-change, i.e.
slope (Figure 2). From the full model, each break
was removed in turn and the increase in deviance
was observed. The breaks with a non-significant
change in deviance, assessed by F-statistics, were
left out of the final model. These were the
potential ecotones separating adjacent regions for
which two separate regression lines were not

Figure 1. The scaled cumulative beta-diversity estimated by (a) chord-distance, and (b) chi-square distance, with circles = diatoms,

triangles = chydorids, and crosses = chironomids. The scaling of cumulative beta-diversity is done for graphical comparison, and

here we scaled the cumulative beta-diversity to zero mean and unit variance.
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forming a significant contribution in comparison
to defining it as one inter-ecotone region. As a
final check of an ecotone the sites across it should
not be progressively more similar than the sites
defining the transition.

Results

The eigenvalues of the PCoA indicate that
chord-distance extracts a high portion of the
variability in the species composition (Table 1). In

particular for the chydorids as much as 78.2% of
the total variance was captured by the first 4 axes.
There is, however, not a strong correlation be-
tween the average number of species per lake and
the percentage explained. The chironomids have
the lowest percentage of captured variance but an
intermediate number of species per lake (Table 1),
whereas the diatoms capture 57.4% of the variance
and show the highest number of species per
lake. This indicates a difference between the tax-
onomic groups in the overall structure of species
composition along the altitudinal gradient.

Figure 2. The cumulative rate of change for the species groups (a) diatoms, (b) chironomids, and (c) chydorids estimated by the chord

(bold), and chi-square (dotted) distances. The cumulative rate of change following the distances (d) chord, and (e) chi-square with the

species groups diatoms (bold), chironomids (dotted), and chydorids (broken). The scaling of cumulative beta-diversity is done for

graphical comparison, and here we scaled the cumulative beta-diversity to zero mean and unit variance.
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The results of the piecewise regression analysis
for ecotone detection are summarised in Table 2.
The general rate-of-change is similar among the

taxonomic groups according to the chord-distance
(Figure 2d). There is a high rate-of-change at the
lowest elevations, and there is a high turnover in

Table 1. Summary of Principal Coordinate Analyses for the three species groups showing a different structuring of the species

composition along the first four axes for each group. Cum.percent = Cumulative percentage explained by the axes, Sum = sum of

eigenvalues, and Species = within-lake average number of species.

Distance 1 2 3 4 Sum Species

Chydorids Chord Eigenvalue 0.144 0.114 0.071 0.047 0.481 10.9

Cum.percent 29.9 53.6 68.4 78.2

Chi-square Eigenvalue 0.392 0.311 0.255 0.239 1.957

Cum.percent 20.0 35.9 49.0 61.2

Chironomids Chord Eigenvalue 0.134 0.089 0.068 0.048 0.677 17.2

Cum.percent 19.8 32.9 43.0 50.1

Chi-square Eigenvalue 0.774 0.702 0.537 0.343 4.956

Cum.percent 15.6 29.8 40.6 47.5

Diatoms Chord Eigenvalue 0.156 0.132 0.107 0.063 0.798 37.5

Cum.percent 19.5 36.1 49.5 57.4

Chi-square Eigenvalue 0.702 0.629 0.57 0.525 7.212

Cum.percent 9.7 18.5 26.4 33.6

Table 2. Analysis of deviance for the model influence of the removal of subsequent ecotones. The analysis was performed conditioned

on both distance between lakes and average richness of neighbouring lakes being included in the model.

Species Distance Ecotones (altitude; metres) R.df R.dev Dev F Pr(>F)

Diatoms Chord 463;574;702;1026;1687;1849 27 4.7

463;574;702;1026;1687;1849;2055 25 3.6 1.1 3.9 0.033

463;574;702;1026;1430;1687;1849;2055 23 3.2 0.4 1.3 0.296

Chi-square 463;574;702;1026;1687;1798;1870 25 14.4

463;574;702;1026;1687;1798;1870;2055 23 9.3 5.1 6.2 0.007

463;574;702;1026;1430;1687;1798;1870;2055 21 9.0 0.3 0.4 0.701

Chironomid Chord 463;1026;1687;1849 31 2.3

463;611;1026;1687;1849 29 1.7 0.6 4.9 0.015

463;611;1026;1430;1687;1849 27 1.5 0.2 2.2 0.132

463;611;1026;1430;1687;1849;2055 25 1.3 0.2 2.2 0.128

463;611;702;1026;1430;1687;1849;2055 23 1.1 0.1 1.5 0.252

Chi-square 1026;1472;1849 33 14.7

463;1026;1472;1849 31 5.0 9.7 30.1 <0.001

463;611;1026;1472;1849 29 4.3 0.7 2.3 0.123

463;611;702;1026;1472;1849 27 3.5 0.8 3.0 0.065

463;611;702;1026;1472;1849;2055 25 3.4 0.2 0.6 0.574

463;611;702;1026;1472;1687;1849;2055 23 3.3 0.1 0.4 0.663

Cladocera Chord 611;1026;1687;1849 31 8.2

436;611;1026;1687;1849 29 3.6 4.7 19.0 <0.001

436;611;702;1026;1687;1849 27 3.0 0.6 2.6 0.096

436;611;702;1026;1687;1849;2011 25 2.7 0.3 1.4 0.264

436;485;611;702;1026;1687;1849;2011 23 2.6 0.1 0.5 0.588

436;485;611;702;1026;1430;1687;1849;2011 21 2.5 0.1 0.4 0.688

Chi-square 611;1026;1687;1798;2055 29 14.4

436;611;1026;1687;1798;2055 27 8.2 6.2 10.3 0.000

436;611;702;1026;1687;1798;2055 25 6.8 1.4 2.5 0.104

436;611;702;1026;1430;1687;1798;2055 23 6.6 0.3 0.5 0.633

436;485;611;702;1026;1430;1687;1798;2055 21 6.4 0.2 0.3 0.711

436;485;611;702;1026;1430;1687;1798;1849;2055 19 6.3 0.1 0.1 0.890
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the interval 1650–1850 m a.s.l., i.e., below the
modern tree-line at 1900–2000 m in this region of
the Alps. An interesting feature is the clear ecotone
detected for diatoms at approximately 2055 m
(Figure 2a). This was not detected for chironomids
(Figure 2b), and only apparent for chydorids by
the chi-square distance, i.e. the relative distance in
species composition (Figure 2c). The major dif-
ferences between the taxonomic groups were
found using the chi-square distance (Figure 2e). In
comparison with the chord distance, the chi-square
distance shows in general a lower turnover at low
altitudes but a stronger taxonomic cumulative
difference above 1650 m (Figure 2a, b and c).
According to the chi-square distance the region of
highest species turnover for chironomids spans
1475–1850 m, whereas for both the diatoms and
the chydorids the highest rate of change occurs
between 1650 and 1850 m a.s.l. Hence, there is a
stronger dynamic in the relative species composi-
tion for chironomids than for the other two tax-
onomic groups (Figure 2e). These differences in
species turnover between taxonomic groups are
not related to the trends in species richness, be-
cause for both chironomids and chydorids there is
a steady but weak decline in species richness with
altitude, whereas for the diatoms there are minimal
changes along the altitudinal gradient (Figure 3).
The major ecotone is found for all groups just

below the tree-line, and it is a region spanning ca.
200 m of altitude with unusually high rate-
of-changes. Further, there are detectable ecotones
for diatoms and chydorids at 2055 m a.s.l. At
lower elevations, i.e. below 1000 m a.s.l., there is a
high turnover below 460 m a.s.l. for all groups.
Between 460 and 1000 m a.s.l. an ecotone is only
observed for diatoms and chydorids (Figure 2a
and b), and a minor ecotone for chironomids by
chord distance at ca. 600 m a.s.l. (Figrue 2b). The
ecotone for chydorids is abrupt at 600 m a.s.l.
corresponding to one of the chironomid ecotones
(Figure 2c), whereas the diatoms show a region of
high beta-diversity in the interval 575–700 m a.s.l.
(Figure 2a). The numbers of ecotones as either
‘jumps’ or regions of high turnover are; (1) for
diatoms 6 and 5, (2) chironomids 4 and 3, and (3)
chydorids 4 and 5, using chord- and chi-square
distance, respectively. Only for chydorids did
the relative distance, i.e., chi-square distance,
detect more ecotones than are detected by the
chord-distance.

Discussion

In ecology and palaeoecology, an important
concept is that organisms respond to environ-
mental conditions, and as a result of differentiated

Figure 3. The species richness of the three organism groups along the altitude gradient: (1) diatoms (circle, solid line), (2) chironomids

(triangles, broken line), and (3) chydorids (crosses, dashed and dotted line).
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environmental relationships of organisms, altera-
tions in species composition appear along spatial
and temporal gradients provided there is an envi-
ronmental change of sufficient magnitude (Austin
and Smith 1989; Oksanen and Minchin 2002).
Changes in species composition form continua,
and hence an important question in ecology, pal-
aeoecology, and biogeography is what causes ra-
pid changes in species composition in space and
time? Is it increased environmental change, is it a
similar ecological threshold among taxa, is it due
to species-richness patterns, or is it due to different
spatial distances among observations? Although
different theories exist, none of these four factors is
mutually exclusive in relation to species turnover.

In our study, we show that three groups of
aquatic organisms (diatoms, chironomids, chy-
dorids) differ in rate-of-change compositionally
along the same altitudinal gradient, and both the
position and strength at the ecotone differ con-
siderably among the organisms when comparing
the rate-of-change (chord distance) and the rela-
tive rate-of-change (chi-square distance). The dif-
ferences between the two distance metrics indicate
that a primary structure of the successive compo-
sitional difference is due to differences relative to
the total compositional abundance structure. For
diatoms, this is above 1650 m a.s.l. where the chi-
square distance indicates a stronger change than
the chord distance. Hence, above 1650 m a.s.l.
some species become more dominant than at lower
elevations. Similarly, for chironomids the first part
of the ecotone between 1475 and 1850 m a.s.l. is
only recognised by the chi-square distance. This
indicates that there is a strong change in the rela-
tive abundance structure followed by a general
turnover between 1650 and 1850 m a.s.l. For
chydorids such a difference between the two dis-
tance metrics is only apparent at the 2055 m a.s.l.
ecotone. Across this ecotone, there is a shift in
the relative abundance that is stronger than the
general trend in rate-of-change as indicated by
the chord distance. Thus, the difference in com-
positional rate-of-change and ecotone position
between the two distance metrics indicates that the
groups of taxa may respond differently to the
environmental conditions of their surroundings,
creating a different assemblage structure along the
altitudinal gradient although the species co-occur
in the same lakes and all are exposed to similar
environmental conditions. However, the altitudinal

gradient is an indirect variable (sensu Austin and
Smith 1989), i.e. it correlates with several physio-
logically important variables, such as temperature,
duration of ice-cover, water-chemistry, oxygen
availability, etc. (Engstrom 1987; Pienitz and Smol
1993; Weckström and Korhola 2001; Birks et al.
2004; Schmidt et al. 2004; Antoniades et al. 2005).
Therefore, the species groups either respond to
environmental heterogeneity along different direct
gradients, where the heterogeneity is expressed
at various points along the indirect altitudinal
gradient, or the species groups show differential
thresholds to the same environmental gradient.
It is difficult to separate these two alternatives
using observational studies of indirect gradients
only. However, to what degree do the ecotones
of the different groups correspond to known
abrupt changes in the abiotic and biotic environ-
ment?

Along the altitudinal gradient one of the stron-
gest abrupt landscape changes recognised is the
tree-line (Körner 2003; Körner and Paulsen 2004).
Several studies have analysed the correlation of the
alpine and arctic tree-line with both the environ-
ment (climate in particular, e.g., Körner and
Paulsen 2004) and species composition of various
organisms, e.g., vascular plants (McCoy et al.
1986; Odland and Birks 1999) and aquatic
organisms, such as diatoms (Weckström and
Korhola 2001) and chironomids (Seppä et al.
2002). Obvious patterns are found in related ter-
restrial organisms such as tree-nesting birds, epi-
phytes, etc., but the strong correlation recorded
for diatom assemblages and tree-line is more
surprising (Weckström and Korhola 2001).
Weckström and Korhola (2001) argue that the
great change in diatom composition at the arctic
tree-line is due to the indirect environmental
influences of climate, catchment erosion, ice and
snow cover, etc. (e.g., Pienitz et al. 1995; Vyver-
man and Sabbe 1995; Patrick and Reimer 1966;
Lotter et al. 1997; Rouse et al. 1997). However,
our analysis only partly supports the observations
of Weckström and Korhola (2001), as the obvious
region of high compositional rate-of-change is
found just below the alpine tree-line (1900–2000 m
a.s.l.), but for diatoms and chydorids also above
the tree-line at 2055 m a.s.l. Moreover, in our
study, the estimated beta-diversity is conditioned
on species richness, whereas the index used
by Weckström and Korhola (2001) is strongly
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influenced by species richness. Thus, their ob-
served change in diatom composition at the arctic
tree-line is most likely due to patterns in species
richness. This interpretation is confirmed by the
correlation between species richness and the index
reported in their Figure 5 (Weckström and
Korhola 2001, p. 37). On the other hand, previous
studies have shown a strong correlation between
chironomids and climate in subarctic Fennoscan-
dia (Seppä et al. 2002), but they found that chir-
onomids did not correlate in particular with the
arctic tree-line. In our study, chironomids show a
major ecotone region just below the modern alti-
tudinal tree-line. Thus, there may be some rela-
tionship with the tree-line, directly or indirectly, as
the chironomids have an imago life-stage outside
the water. The distribution of chironomids can,
therefore, be strongly linked to the distribution of
forest as wind regimes change dramatically across
the tree-line ecotone. However, this ecotone is also
observed for diatoms and chydorids, which do not
have an imago stage. This suggests that there are
some changes to the limnological characteristics
just below the tree-line. This pattern can be related
to the effect of trees with increasing downhill
influence, as the indirect influence of water chem-
istry will follow the downhill runoff. Further, the
effect of forest on lake characteristics can be as-
sumed to increase downhill as the density of trees
increases, i.e. the tree-line is the top of the interval
with increasing influence of forest downwards.
Hence, the ecotones found just below the tree-line
are interpreted here as most likely due to an indi-
rect effect of forest on lake characteristics such as
chemistry and snow and ice-cover (Pienitz et al.
1995; Vyverman and Sabbe 1995; Patrick and
Reimer 1966; Lotter et al. 1997; Rouse et al. 1997;
Catalan et al. 2002). Thus, the tree-line may
influence the compositional transition of these
organism groups, but the ecotone detected above
the tree-line for both diatoms and chydorids is
more likely to be some effect of climate. Living-
stone et al. (2005) showed a change in thermal
regime for Alpine lakes above 2000 m a.s.l. The
decoupling between water temperature and alti-
tude in summer as described by them, may explain
the ecotone above the modern tree-line.

A particularly important aspect of palaeocli-
matology is whether aquatic organisms depend on
the tree-line, as has lately been proposed for dia-
toms and chironomids (Walker and MacDonald

1995; Olander et al. 1999; Weckström and
Korhola 2001). Commonly, it has been thought
that aquatic organisms respond more rapidly to
climatic changes than terrestrial organisms (e.g.,
Iversen 1964; Fægri and Iversen 1989). Our study
presents a more complex picture, as for all three
organism groups there are species that seem to
respond positively to trees within the catchments,
and at the same time other taxa do not respond to
the presence of the tree-line. This is corroborated
by studies of individual species that show indi-
vidual responses to the tree-line (Walker and
MacDonald 1995), responses to climate correlative
with determinants of the tree-line (Larocque et al.
2001; Seppä et al. 2002), or species that do not
respond across the tree-line (Seppä et al. 2002).
This lends support to the ideas of establishing
sequential or Bayesian transfer-functions that take
into account information about individual taxa to
gradients other than the particular environmental
gradient being reconstructed. This is important as
otherwise the reconstruction may be biased by the
lag in the geographical movement of the tree-line.
In cases where aquatic organisms would in general
respond quickly to climatic change independent of
the tree-line, we would anticipate that the ecotone
would be at a higher altitude than the tree-line as
the temperature in the last decade has increased
and the tree-line has been observed to move up-
wards in this region of the Alps (Gottfried et al.
1999). Such a lag is indicated in this study as to-
day’s tree-line is located at a lower altitude than
the ecotone at 2055 m (diatoms and chydorids),
which climatically is most likely related to the tree-
line. Hence, this study supports the use of aquatic
organisms as a useful tool for tracking historical
tree-line distributions (Walker and MacDonald
1995; Porinchu and Cwynar 2000; Weckström and
Korhola 2001), but with some caution about the
potential lag between the response of various
aquatic and non-aquatic organisms. Thus, it is
clear that aquatic organisms may respond to the
climatic changes indirectly through numerous
environmental factors, but at the same time there
is a strong correlation of tree-line, either directly
or indirectly, with changes in species diversity and
in particular with the species richness for the three
aquatic groups of organisms.

The patterns found in this study have implica-
tions for the multi-proxy approach to recon-
structing past environment and climate (Lotter
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2003). They show that by applying a multi-proxy
approach for climatic reconstructions (e.g., Birks
et al. 2000; Korhola et al. 2000b; Lotter et al.
2000), careful interpretation of the results is nee-
ded as different biota may have different responses
to the same environmental variable. In addition,
the different ecotones for the various organisms
suggest that cores taken at different geographical
localities may maximise the environmental sensi-
tivity and hence the reconstruction ability of par-
ticular organisms. When combined, this may lead
to a better understanding of the dynamics of the
organisms through time and in particular to more
reliable reconstructions of past climate. However,
none of the organism groups studied here shows a
high rate-of-change at the centre of the gradient.
Thus, in this particular study area it would be
unwise to employ such a record as a considerable
environmental change must occur there before it
would be detected in the palaeoecological record
(see Fægri and Iversen 1989, Figure 7.1).
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