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Abstract

The purpose of the palaeolimnological research project carried out at Øvre Neådalsvatn was to apply a number of
physical and biological proxy-climate analyses to recent sediments and to compare the results of these analyses
with instrumental records of climate. Using a radiometric chronology to match the sediment core with the calendar
ages of the reconstructed instrumental record, and by time-averaging the instrumental record, the statistical sig-
nificance of the relationships between each of the sediment-climate proxies and the reconstructed instrumental-
climate measurements were evaluated.

Acid deposition at Øvre Neådalsvatn has been low and its impact limited. Whilst there has been an overall rise
in mean annual temperature of about 1 °C since 1900, the physical and biological sediment records studied appear
to be insensitive to climate warming of this magnitude. On the one hand, this may be a result of the loss in tempo-
ral resolution caused by time-averaging the instrumental data; on the other hand, the lake may be insensitive to the
impact of this climate change.

Mountain Lake Research

MOLAR

This is the sixth of 11 papers published in this special issue on the palaeolimnology of remote mountain lakes in Europe resulting from the
MOLAR project funded by the European Union. The guest editor was Richard W. Battarbee.
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Introduction

The aims of the MOLAR project are set out in the in-
troductory paper of this issue (Battarbee et al., 2002a,
this issue). Previous palaeolimnological research at
Øvre Neådalsvatn has focused on the lake as a rela-
tively unpolluted reference site in a study of the effects
of the atmospheric deposition of pollutants across
mountain ranges in Europe (Cameron et al., 1993;
Wathne et al., 1997). Although Øvre Neådalsvatn was
found to be a relatively unpolluted site with, for exam-
ple, little impact of acid deposition on the biota, the
records of pollution indicators such as spheroidal
carbonaceous particles (SCP) show that the lake was
subject to a low level of acid deposition beginning
approximately 50–60 years ago and rising more rap-
idly from about 1979 to the 1990’s (Cameron et al.,
1993). The lake is susceptible to acid deposition, with
a lakewater Ca concentration of about 20 µeq l–1. How-
ever, stability of the dominant diatom and chironomid
communities is evidence for a low level of pollution
impact. In addition a survey and monitoring of the
lake’s contemporary biology showed that there is a
reproducing brown trout population apparently unaf-
fected by acid deposition.

Given the relatively unpolluted state of Øvre Neåd-
alsvatn compared with lakes in mountain regions else-
where in Europe, the site was selected as an excellent
lake at which to explore the potential of palaeolimno-
logical proxies as climate indicators. Some further SCP
work was pursued at the site to establish the pollution
history of the lake and for comparison with other lakes
within the MOLAR project.

Study site

Øvre Neådalsvatn lies in the northern part of the Nor-
wegian Mountains (62° 46′ 30′′N, 09° 00′E) at an alti-
tude of 728 m a.s.l. The lake morphometry is summarised
in Table 1. The catchment consists of gneiss overlain
with alpine soils. Alpine heath vegetation predomi-
nates, but there is a significant proportion of bare rock.
Parts of the catchment are grazed at low intensity dur-
ing the summer months.

Monitoring of the weather at the lake was carried out
using an automatic weather station (AWS). From 18–
21 July 1998, measurements of air temperature, inci-
dent solar radiation, net radiation, relative humidity,
precipitation, wind speed and wind direction were
made every 30 min at a height of about 8.5 m above

the surface of Øvre Neådalsvatn using an Aanderaa
2700 AWS located about 20 m south-west of the lake
outflow. Data obtained from the AWS give an indica-
tion of the seasonal variability in the local weather
conditions prevailing at the lake.

Daily mean air temperatures at Øvre Neådalsvatn are
below or close to 0 °C during about 6 months of the
year (November–March). Unfortunately, for technical
reasons air temperatures below –3.9 °C were not meas-
ured. However, the daily mean air temperature exceeded
0 °C during at least part of each month of the year, so
extremely cold conditions are unlikely to persist for
longer than a week or two. The maximum daily mean
air temperature recorded during the period of observa-
tion was 20.2 °C.

During the sampling period, Øvre Neådalsvatn was
observed to have been ice-covered during about 8
months of the year (November–June). Observations
are also available from previous years: break-up is
known to have occurred on 6 July 1994, 16 July 1995,
28 June 1996, 17 July 1997 and between 28 June 1998
and 1 July 1998; freeze-up is known to have occurred
approximately on 1 November 1994 and 25 October
1997.

The main effect of local topography on the solar
radiation incident on Øvre Neådalsvatn occurs in the
middle of the period of ice-cover, so that local topog-
raphy is unlikely to have a significant effect on either
freezing or thawing processes. Synoptic-scale climate
integrated over several weeks probably governs the tim-
ing of freeze-up and break-up on this lake (cf. Palecki
& Barry, 1986). The timing of freeze-up is thus likely
to reflect the air temperatures prevailing at the lake
during October, and the timing of break-up those pre-
vailing during June. The influence of climatic forcing
on the ecology of Øvre Neådalsvatn may therefore be
largely indirect (i.e., via ice cover).

Based on 2 years of thermistor data, the surface water
temperature of Øvre Neådalsvatn exceeds 1 °C during
39% of the year, and exceeds 4 °C during 25% of the
year. This implies that the open-water period lasts ap-
proximately 135 days (4.4 months), and the stratified
period 92 days (3.0 months).

Table 1. Øvre Neådalsvatn, lake size characteristics

Surface area 50 ha
Catchment area 16 km2

Maximum depth 18 m
Mean depth 3.9 m
Volume 1.95 × 106 m3
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Because of the large heat capacity of water, coupled
with the lag involved in the downward mixing of heat,
lakes tend to act as integrators of climatic forcing.
Because of this, surface water temperatures react to this
forcing more sluggishly than air temperatures. In the
case of Øvre Neådalsvatn, it was possible to model the
water temperature during the open-water phase empiri-
cally as the mean of the previous 10 days air tempera-
ture. This simple approach accounted for both the
smoothing of the high-frequency fluctuations that are
present in air temperature but not in water temperature,
and for the (relatively short) time lag of about 5 days
that exists between air and water temperatures in the
case of this particular lake.

Methods

Using a gravity corer (Glew, 1989), six new sediment
cores 30–37 cm long were taken in September 1996
from the deepest point of the lake. The primary cores,
designated ØVNE4 to ØVNE9, were extruded on site
using sampling intervals of between 0.5 and 2 mm. This
paper is concerned with the results of the analyses of
cores ØVNE4, ØVNE5, ØVNE6 and ØVNE7 (Table 2).

Wet densities were measured by filling a 2 cm3

weighed brass vial with a subsample of homogenised
sediment. Dry weights were determined by placing 1–
2 g of wet sediment in a weighed crucible and drying
overnight to constant weight at 105 °C. Loss on igni-
tion was measured after placing the crucible in a muf-
fle furnace at 550 °C for 2 h. Crucibles were cooled in
a desiccator before reweighing.

Samples from the cores ØVNE4 and ØVNE7 were
analysed for 210Pb, 226Ra and 137Cs by direct gamma
assay in the Liverpool University Environmental Ra-
dioactivity Laboratory, using Ortec HPGe GWL series
well-type coaxial low background intrinsic germanium
detectors (Appleby et al., 1986). 210Pb was determined
via its gamma emissions at 46.5 keV, and 226Ra by the
295 and 352 keV γ-rays emitted by its daughter isotope
214Pb following 3 weeks storage in sealed containers to
allow radioactive equilibration. 137Cs was measured by
its emissions at 662 keV. The absolute efficiencies of
the detectors were determined using calibrated sources
and sediment samples of known activity. Corrections
were made for the effect of self-absorption of low en-
ergy γ-rays within the sample (Appleby et al., 1992).

Room temperature magnetic measurements were
made on pre-weighed, freeze-dried, contiguous samples
from core ØVNE7. Samples were placed in plastic film
and measured using a vibrating sample magnetometer,
pulse magnetisers and spinner magnetometer. This pro-
cedure provided continuous measurements of mag-
netisation in fields 0-1T and remanence measurements
following fields of 1T, –20 mT and –300 mT with cal-
culation (cf. Thompson & Oldfield, 1986; Dearing et
al., 1998; Walden et al., 1999) of the following param-
eters: VSM, mass specific susceptibility (χ

low
), mass

specific and per cent ferrimagnetic susceptibility (χ
ferri

;
χ

ferri 
%), mass specific and per cent paramagnetic sus-

ceptibility (χ
para

; χ
para 

%), mass specific saturation mag-
netisation (M

s
), ratio saturation remanence:susceptibility

(M
rs
/χ
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), ratio saturation remanence:saturation mag-
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rs
/M

s
) and coercive force (H

c
). Spinner

magnetometer: mass specific saturation remanent

Table 2. Sediment cores taken from Øvre Neådalsvatn for the MOLAR project and outline of the sampling and analyses carried out on each
sediment sequence

Core Extrusion interval Number of samples Analyses

ØVNE4 0–37.2 cm @ 2 mm 186 1) DW, LOI
2) Diatoms
3) Chrysophytes
4) SCP
5) 210Pb dating

ØVNE5 0–28.6 cm @ 2mm 143 1) DW, LOI
2) Pigments
3) Grain size
4) Cladocerans

ØVNE6 0–35.4 cm @ 2mm 177 1) DW, LOI
2) Chironomids

ØVNE7 0–5 cm @ 2mm 82 1) DW, LOI
5–- 33.5cm @ 5mm 82 1) DW, LOI

2) 210Pb dating
3) Mineral magnetics
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magnetisation (SIRM), mass specific and per cent soft
(–20 mT) remanence (soft IRM, soft IRM %), mass
specific and per cent hard (–300 mT) remanence (HIRM,
HIRM %), coercivity of remanence (H

cr
).

Spheroidal Carbonaceous Particle (SCP) analysis
followed the method described in Rose (1994). Dried
sediment was subjected to sequential chemical attack
by mineral acids to remove unwanted fractions leav-
ing carbonaceous material and a few persistent miner-
als. SCPs are composed mostly of elemental carbon and
are chemically robust. The use of concentrated nitric
acid (to remove organic material), hydrofluoric acid
(siliceous material) and hydrochloric acid (carbonates
and bicarbonates) therefore does them no damage. A
known fraction of the resulting suspension was evapo-
rated onto a cover slip and mounted onto a microscope
slide. The number of SCP on the cover slip were counted
using a light microscope at ×400 magnification and
the sediment concentration calculated in units of ‘num-
ber of particles per gram dry mass of sediment’ (g
DM–1). The detection limit for the technique is 100 g
DM–1 and concentrations have an accuracy of ± 45 g
DM–1.

Preparation and counting of diatoms from sediment
cores followed standard procedures (Battarbee, 1986).
Cleaned diatoms were identified and counted under
oil immersion at 1000× or 1200× magnification un-
der phase contrast illumination. Diatom cell concen-
trations were determined using the microsphere method
of Battarbee and Kneen (1982); for the core samples
500–600 valves were counted per sample. Identifica-
tion of diatoms was aided by the use of a comprehen-
sive collection of flora and taxonomic papers lodged
at the Environmental Change Research Centre (ECRC),
UCL.

Sample and slide preparation for chrysophyte stom-
atocyst analysis followed similar procedures to those
used for the preparation of diatoms. However, micro-
spheres were not added to the cleaned preparations.
Cysts were analysed under the light microscope at a
magnification of ×1200 using a combination of bright-
field, phase contrast and differential interference
contrast illumination. Counting was carried out on
contiguous 2 mm samples to a depth of 56 mm, cover-
ing the period for which high quality instrumental cli-
mate data are available from 1781 AD to the present.
The counting sum was 60–100 cysts per sample. An
internal cyst taxonomy was used, based on the concepts
presented in Duff et al. (1995). In some cases it was
possible to match cysts with published taxa, however,

with the exception of the ‘stomatocyst 17’, for the
purposes of this analysis, an internal taxonomy of cyst
types has been retained.

Diatom counts have been entered on the AMPHORA
database at the ECRC. Data were analysed using a
number of standard palaeoecological programs and
packages on an IBM-compatible PC. pH reconstruc-
tions were carried out using the AL:PE calibration set
(Cameron et al., 1999).

Chironomid analyses were performed on the core
ØVNE6, sectioned at 2 mm intervals. The core chro-
nology was produced by cross correlation of the litho-
stratigraphy of ØVNE6 with that of the dated core
ØVNE4.

Fresh sediments were not treated with chemicals
prior to sorting chironomid remains. Samples were
carefully washed in water and sieved through a 100 µm
mesh sieve. The head capsules were then picked out
under a binocular microscope at 50× magnification,
stored in 96% alcohol, and later mounted on a slide in
Hoyer’s solution for identification under the micro-
scope. This is considered the best way to treat fragile
subfossil remains. Most samples were not completely
sorted, 120-150 head capsule remains were considered
sufficient from each sediment interval.

Samples of approximately 1 cm3 of dry homogenised
sediment for Cladocera analysis were first heated for
about half an hour in 150 ml 10% KOH. During heat-
ing a magnetic stirrer was used to speed up the de-
flocculation of the organic material, after which the
solution was rinsed and sieved through 50 µm mesh to
eliminate microparticles. The remaining sediment on
the sieve was washed into a 15 ml tube, and 2–3 drops
of safranin-glycerin solution were added to colour the
Cladocera remains. Three slides were prepared from
each sample by first homogenising the tube contents
by shaking and then pipetting 200 µl of the sample onto
an object glass, which was then covered with a 24 ×
50 mm cover slip. Samples were examined using a
Leitz LABORLUX 12 microscope at magnifications
of 120–240×. All identifiable Cladocera exuviae were
counted but only the most frequently recovered skel-
etal component for each taxon was used as an index of
species abundance.

Pigments were extracted using the methods de-
scribed by Lami et al. (1994, 2000) . Total pigments
(chlorophylls and their derivatives, CD; crude car-
otenoids, TC) were measured spectrophotometrically
and single specific carotenoids were measured using an
HPLC system. Chlorophyll derivatives are expressed
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as spectrophotometric units per gram organic matter
(U g OM–1) (Guilizzoni et al., 1983). The total and the
single carotenoids are expressed as mg g OM–1 and
nmoles g LOI–1, respectively (Züllig, 1985). Organic
carbon and organic nitrogen were measured using a
CHN analyser (Carlo Erba).

Details of the methods used in reconstructing climate
parameters for particular lakes from instrumental cli-
mate data are given by Agustí-Panareda and Thompson
(this issue). Sediment core parameters were regressed
against reconstructed instrumental climate data using
the best available sediment chronology and by smooth-
ing the instrumental data to make it comparable with
the sediment data. The transformation of sediment
core and reconstructed instrumental data and the sta-
tistical significance testing techniques applied to the
comparison of these data are described by Battarbee
et al., 2002b, (this issue). The instrumental data were
smoothed to match their resolution to that of the 2 mm
core slices.

Results

Chronology

Radiometric dating was carried out on cores ØVNE4
and ØVNE7. The results of the radiometric analyses for
ØVNE4 only are given in Table 3. Radiometric dates
were calculated using either the CRS or CIC 210Pb dat-
ing models (Appleby et al., 1978), following an assess-
ment of which model was more appropriate.

Lead-210 results for the two new cores (ØVNE4 and
ØVNE7) were very similar. Equilibrium of total 210Pb
activity with the supporting 226Ra, corresponding to
about 150 years accumulation, was reached at a depth
of about 9 cm. 226Ra activity was very uniform, with
mean values of 73 Bq kg–1 in ØVNE4 and 72 Bq kg–1

in ØVNE7. Unsupported 210Pb concentrations declined
more or less exponentially with depth and at the same
rate in both cores suggesting relatively uniform sedi-
ment accumulation rates throughout the past 150 years.

Table 3. 210Pb chronologies for cores ØVNE4 & ØVNE7

Sample depth Date Age Error Sediment accumulation rate
cm AD yr ± cm yr–1

ØVNE4 0.20 1994 2 1 0.079
0.80 1985 11 1 0.067
1.20 1979 17 1 0.056
1.80 1968 28 2 0.059
2.20 1962 34 2 0.062
2.80 1952 44 2 0.057
3.20 1945 51 3 0.055
3.80 1934 62 3 0.059
4.20 1927 69 3 0.063
5.20 1912 84 4 0.060
6.20 1894 102 5 0.054
7.20 1875 121 5 0.050
8.00 1859 137 6 0.049

ØVNE7 0.20 1994 2 1 0.084
0.80 1986 10 1 0.078
1.20 1981 15 1 0.070
1.80 1972 24 2 0.065
2.20 1966 30 2 0.066
2.80 1957 39 2 0.069
3.20 1951 45 2 0.068
3.80 1942 54 3 0.065
4.20 1936 60 3 0.063
5.25 1919 77 3 0.062
6.25 1902 94 4 0.053
7.25 1881 115 5 0.047
8.25 1860 136 5 0.044
9.25 1835 161 7 0.042
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The 1991 AL:PE core from this lake (ØVNE1) had
high levels of 137Cs activity in the surficial sediments
originating in fallout from the 1986 Chernobyl acci-
dent. Maximum activities in the present cores still oc-
cur in the top 1 cm, though the values are just 65% of
those in 1991. Since all three cores have very similar
inventories, the diminution in the surficial values pre-
sumably reflects the combined effects of inputs of new
sediment with lower 137Cs activities and post-deposi-
tional mobility of 137Cs within the sediment column.
There is no clear record of either the 1986 or 1963 fall-
out maxima. 241Am activities were below the limits of
detection and did not provide an alternative chronol-
ogy.

There was no significant difference between dates
calculated using the CRS and CIC dating models. Both
indicate more or less uniform accumulation through-
out the past 150 years. Although there are a number of
irregular fluctuations (some of which reflect the high
standard errors in the calculations of this parameter),
accumulation rates for the new cores ØVNE4 and
ØVNE7 are similar to those for the earlier core ØVNE1
(Table 4).

Mineral magnetic measurements

The main feature near the surface is a peak in all con-
centration parameters χ

low
, χ

ferri
, χ

high
, M

s
, M

rs
, SIRM,

SOFT IRM and to a lesser extent HIRM, which coin-
cides in all cases at ~ 2.5 cm (Figure 1). Below this
depth, values for SOFT IRM %, (Bo)cr are fairly con-
stant, indicating a reasonably constant assemblage of
ferrimagnetic and canted antiferromagnetic minerals.
The key factors controlling the magnetic signal appear
to be atmospheric pollution indicated by the presence
of magnetosomes in the upper 5 cm of the core with de-
trital minerals below, shown by peaks in high coercivity
material.

SCP analysis

SCP analysis was carried out in order to determine the
level of atmospheric pollution at the lake and its po-
tential effect on any sediment-climate record. Secondly
the pattern of SCP concentrations down the core can
be used to complement radiometric dating methods.

The SCP profile for ØVNE4 (Figure 2) is short with
an SCP presence only in the uppermost 2.5 cm (1957
± 2). This date agrees with the period usually corre-
sponding to a rapid increase in SCP concentration
across Europe and hence, as concentrations are low
throughout the profile, may correspond to an increase
in SCP concentration to above the detection limit, rather
than the start of SCP deposition. In a core taken for the
AL:PE project in 1991 (Rose et al., 1999), the ØVNE1
core showed a longer profile starting in the 1920’s and

Table 4. Mean sediment accumulation rates in Øvre Neådalsvatn
since 1850

1920–1990 1850–1990
g cm–2 yr–1 g cm–2 yr–1

ØVNE1 0.0097 0.0098 ± 0.0006
ØVNE4 0.0102 0.0100 ± 0.0004
ØVNE7 0.0101 0.0102 ± 0.0004

0

0
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Figure 1. Mineral magnetic measurements, core ØVNE7.
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therefore supports this hypothesis. However, in this
earlier core the rapid increase occurred in the 1980’s.
Although this is too late to correspond with the appar-
ent increase to the detection limit in ØVNE4, it does
correspond with a period of rapidly increasing SCP
concentrations.

CNS and pigment analysis

The contents of N (about 0.5%) and C (about 10%)
change little in the core. The C:N ratio is very regular
at around 17–18 indicating a significant allochthonous
component of organic matter. S concentrations are low

(0.1–0.2%) and a slight increase is shown near to the
core surface.

Total pigment concentrations are low; in particular
the total carotenoids show the lowest concentrations.
A steady increase of CD and TC is shown upwards from
7 and 3 cm respectively. A similar marked increase in
the upper 3 cm of the core (not shown) is observed in
myxoxanthophyll, fucoxanthin, and alloxanthin.

Diatom analysis and pH reconstruction

Diatom analysis was carried out on 60 contiguous sam-
ples taken at 2 mm intervals down to a depth of 12 cm

Figure 2. SCP concentrations and flux, core ØVNE4.

Figure 3. Pigment analyses, core ØVNE5.
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in core ØVNE4. This depth represents the time period
from 1781–1996, and is therefore appropriate for com-
parison with the reconstructed instrumental records of
climate.

Diatom assemblages are diverse, and a total of 172
diatom taxa were identified in the sequence. Figure 4,
which represents the abundances of species occurring
at a minimum of over 5% in at least one sample, shows
that the populations of dominant taxa are relatively
stable with no marked changes in the abundance of
common diatoms during the period of study.

The dominant diatoms in the core are all non-plank-
tonic species and include a number of Achnanthes and
Aulacoseira species typical of mountain lakes as well
as other species typical of oligotrophic waters in general,
such as Cymbella perpusilla and Frustulia rhomboides
var. saxonica.

Diatom-based pH reconstruction (Figure 5) using the
AL:PE training set (Cameron et al., 1999) shows that
there are only relatively small variations in recon-
structed pH over the period covered by the core. After

smoothing using a LOESS smoother, pH values vary
between 5.9 and 6.1, and show only a slight overall
decrease from 1781 to 1996.

Chrysophyte cyst analysis

A total of 81 chrysophyte stomatocyst taxa were iden-
tified. In the cyst percentage data, which are somewhat
noisy, no significant long-term changes are apparent
(Figure 6). The chrysophyte cyst assemblages are domi-
nated by unornamented cysts with pores, in the size
ranges of less than 5 µm and from 5–10 µm in diam-
eter (cyst types A4 and A5, respectively). Cyst type A4
varies in abundance from c. 20–60% of the total assem-
blage, and type A5 comprises from c. 20–50% of the
assemblage. These cyst taxa do not appear to show any
consistent trends over the sequence.

A number of other cysts show restricted distributions
or maxima in parts of the profile. For example E1 (cysts
of < 5 µm with a collar and ornamented with spines) is
absent from the samples at the base of the profile and
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increases from less than 5% at 100 mm to a maximum
of over 15% at the surface. Small cysts with ridge-like
ornamentation (F1 and F2) also appear more common
in the upper part of the sequence, along with smooth,
collared cysts > 5 µm (A2). Cyst types R1 and R4 of
different sizes, with diffuse spines, with and without a
collar show maxima in the middle part of the profile.
However, given the absence of ecological data for these
cysts it is not useful to speculate upon the reasons for
these small changes.

Cladoceran analysis

A total of 15 cladoceran taxa were identified, a rela-
tively high number when compared with the sediment
assemblages in many mountain lakes. Littoral chydorids
were the most numerous species, whilst Bosmina long-
ispina was the only true planktonic species found and
also the most abundant taxon in the samples, represent-
ing between 30 and 70% of the total.

No clear changes in the species composition are de-
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tectable in Øvre Neådalsvatn during the last 200 years
(Figure 7). The proportions of most species, such as
Alona affinis, Alonella nana, Chydorus gibbus and Sida
crystallina, have remained constant through time. The
percentage occurrence of Bosmina longispina, the
most abundant species, increased from the 1960’s to
the early 20th century. After this time the species pro-
portion in the Cladocera community remained fairly
constant until the 1970’s. During recent decades it has
decreased from 70 to 40–50%.

The total number of cladoceran species in Øvre
Neådalsvatn has decreased slightly during the last 200
years. Chydorus piger and Rhyncatalona falcata dis-
appeared at the turn of the 20th century, whereas Alona
quadrangularis, Alona rustica tuberculata and Alona
excisa were found in samples up to the 1960’s.

Chironomid analysis

A total of 31 samples were analysed from the upper-
most 13.2 cm of core ØVNE6, going back to about
1790 AD (Figure 8). Each 0.2 cm sample was analysed
separately. After inspection of the results, the samples
were amalgamated to 1 cm intervals. More than 1500

head capsules were recovered and identified, compris-
ing a minimum of 51 chironomid taxa. Of these taxa,
35 can be referred to as truly lentic, while 16 are re-
garded as lotic or even terrestrial. In recent samples
taken from the lake, including the inlet and outlet riv-
ers, 69 taxa have so far been recorded. About 35 taxa
were common to both investigations.

The dominant species in all samples was Hetero-
trissocladius brundini, with an average of 42% of all
head capsules found throughout the core. Next fol-
lowed Micropsectra radialis and Micropsectra cf.
insignilobus, each with an average of almost 9%. These
three species on average make up around 60% of each
sample. The distribution of H. brundini shows little
fluctuation between samples. There was a slow de-
crease of Micropsectra cf. insignilobus up-core, and at
the same time a slow increase in Micropsectra ra-
dialis. The lotic taxa, Diamesa spp., Eukiefferiella
claripennis and E. cf. corulescens together form an
important part of the fauna in the deepest of the ana-
lysed samples, from around 1800 AD. The other spe-
cies of the subfossil chironomid community were
represented in small numbers only, and showed minor
fluctuations.
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Discussion

The historical record of atmospheric pollution

Both mineral magnetics and SCPs provide a record of
atmospheric pollution. The presence of magnetosomes
in the uppermost 5 cm of core ØVNE7 confirms that
atmospheric deposition has increased at the lake. The
magnetic record of atmospheric deposition is supported
by the short SCP record of core ØVNE4.

Low SCP concentrations throughout suggest that
there have been low levels of acid deposition since the
1950’s, with peak SCP concentrations in 1980. Whilst
these levels are similar to those of other Norwegian
sites, the timing of the maximum concentration in the
ØVNE4 core is about 10 years later. However, the tem-
poral trends appear to reflect those of Norwegian oil
combustion.

Diatom and chrysophyte cyst analysis

No significant changes in the taxonomic composition
of diatoms or chrysophyte cysts were apparent in core

ØVNE4. The dominant taxa in each case remained sta-
ble from the late 18th century until the present. This
was also reflected in the diatom-based pH reconstruc-
tion, which showed no consistent trends over the pe-
riod of study. It is therefore concluded that neither the
low level of acid deposition nor the effect of recent
climate change have had detectable impacts on the
dominant species composition of these algae. However,
there is some evidence for changing species composi-
tion of less abundant diatom species, but the cause of
this is not known.

In order to consider the changes in the entire chryso-
phyte cyst assemblages, the variation in cyst composi-
tion was reduced to four principal components and these
were regressed against reconstructed climate variables.
However, these chrysophyte cyst data show no signifi-
cant correlation with instrumental climate data.

Chironomid analysis

The chironomid species found in the ØVNE6 core are
typical of oligotrophic mountain freshwater habitats
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and are commonly found all over southern Norway.
The chironomid species composition in the sediment
record indicates that Øvre Neådalsvatn has been a rela-
tively stable habitat during approximately the last 200
years. The numerically most important species, H.
brundini, displays a stable distribution up-core. This is
in contrast with the results from a similar analysis per-
formed in Vassdalsvatn (Schnell, 1996), a lake situated
only 10 km north of Øvre Neådalsvatn and at the same
altitude. In Vassdalsvatn H. brundini showed a strik-
ing development during the last 200 years, with a rela-
tive abundance that increased steadily from about 35%
to more than 80% of the chironomid fauna in the top
samples. Because the lakes are so close to each other,
microclimatic conditions may be of importance in ex-
plaining this difference. Øvre Neådalsvatn is situated
in a valley opening to the south-west, and is more ex-
posed to solar influx than Vassdalsvatn, which is situ-
ated in a deep, narrow valley open to the north but
otherwise surrounded by high mountains. The devel-
opment of H. brundini in Vassdalsvatn was interpreted
as an indication of colder water temperatures (Schnell,
1996). Other strong climate indicator species, such as
Heterotrissocladius subpilosus and Pseudodiamesa
arctica, were found only sporadically in the sediments
from Øvre Neådalsvatn.

The trends found in the distribution of the two Micro-
psectra species are difficult to interpret, since both are
cold-adapted, oligotrophic deep-water species. Accord-
ing to Sæther (1979), they have identical ecological
requirements. No consistent pattern was found in the
distribution of the other lentic taxa.

Large numbers of non-lacustrine taxa are found
throughout the whole core. Most of these are typical
lotic species normally found in high altitude localities
in this region, while a few usually live in terrestrial
habitats. However, taxa from both these categories can
often be found in the littoral zone of high mountain
lakes (Aagaard, 1978). Some of these taxa may have
been washed in by the inlet river during periods of
heavy precipitation. In terms of the number of taxa, the
non-lacustrine category is important, but when consid-
ered as a percentage of the total chironomid fauna their
contribution is much less significant. Based on both the
subfossil and contemporary chironomid fauna (Wathne
et al., 1995, 1997), there are no indications of any im-
pact of acidification on Øvre Neådalsvatn.

Cladoceran analysis

The most abundant Cladocera species in the data set
were Bosmina longispina, Alona affinis, Alonella nana,

Chydorus gibbus and Sida crystallina. The first three
species, together with several other species in the
Øvre Neådalsvatn core, such as Acroperus harpae
and Eurycercus lamellatus, can be classified as arctic
and subarctic according to their latitudinal affinities
(Harmsworth, 1968; Rautio, 1998; Korhola, 1999).
They also occur regularly in the earliest postglacial as-
semblages in lakes in Europe (Goulden, 1964; White-
side, 1970; Hofmann, 1978; Korhola, 1992). In addition,
Bosmina longispina is typically associated with oligo-
trophic conditions (Flossner, 1972) and rather harsh
climatic conditions (Hofmann, 1978), but has also been
found recently in acidic lakes and wetlands in south-
ern Fennoscandia (Nilssen & Sandøy, 1990; Korhola,
1992).

The large number of littoral species in the data set
suggests that the lake has a high habitat diversity. For
example, one of the most frequent species, Sida cry-
stallina, is strongly associated with littoral macro-
phytes. However, the high ratio of littoral to pelagic
species in the sediment core may not represent the true
situation in the lake. Of the pelagic species, only Bos-
minidae and Daphniidae leave recognisable remains
in the sediment, whereas most littoral species are well
preserved (Frey, 1960; Whiteside, 1970; Hofman, 1987;
Hann, 1989).

Rhyncatalona falcata and Chydorus piger were not
found in the sediment after 1900 and are usually re-
ported as indifferent and relatively rare species (e.g.,
Sandøy & Nilssen, 1986). Of the three species that dis-
appeared in the 1960’s, Alonella excisa is considered
an acidobiontic bottom-dweller, with a usual prefer-
ence for pH < 5.5 (Krause-Dellin & Steinberg, 1986).
Alona rustica has been similarly reported in acidic
lakes (Sandøy & Nilssen, 1986), whereas the form
tuberculata, which refers to the rough surface of the
carapace, is usually considered to result from unfa-
vourable conditions affecting the nominate species.
Alona quadrangularis is a benthic species occurring
mainly in the littoral area. The littoral status of all the
species disappearing from the sediments of Øvre Neå-
dalsvatn suggests that if there is any common expla-
nation for their disappearance, the mechanism most
strongly affects the littoral region. However, based on
the composition of the most common species and their
relatively constant occurrences through time, Øvre
Neådalsvatn can be characterised as a stable, cold and
oligotrophic lake with a well-formed littoral macro-
phyte zone. This is consistent with the current state
of the lake, although the macrophytes are dominated
by bryophytes.
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Regression analysis of core and reconstructed
instrumental climate variables

In total, as for the other MOLAR sites, six tempera-
ture variables were compared with sediment core data.
These were: mean summer temperature 1 (June, July
and August: JJA); mean summer temperature 2 (July,
August and September: JAS); mean winter temperature
(December, January and February: Wint); a continent-
ality index, the difference between JJA and Wint (Cont);
mean annual temperature, the mean of all twelve months
(Ann); and mean autumn temperature (September, Oc-
tober and November: Aut).

For all reconstructed instrumental climate param-
eters, the longest span length (span = 0.5) gives the low-
est p-values and the greatest number of statistically
significant correlations at the 0.1 and 0.01 levels. How-
ever, the p-values must be interpreted with caution
because the sequence of samples is autocorrelated,
resulting in an apparent increase in the correlation. For
the response variables (sediment core parameters) it is
evident that the species composition in one specific
sample is not independent of the species composition
in earlier samples. Further, this problem is most seri-
ous when the greatest amount of smoothing is applied
to the predictor variables, i.e., reconstructed instrumen-
tal climate. Therefore the appearance of a better cor-
relation in all cases, as a result of applying more
time-averaging to instrumental data, may be a statisti-
cal artefact.

A second statistical problem is the result of carrying
out a large number of regressions of predictors and re-
sponse variables. If all variables were independent and
randomly related to one another, by chance alone one
tenth of the p-values would be lower than 0.1 and one
hundredth of the p-values would be lower than 0.01.

To illustrate the problem of autocorrelation and to
provide a control comparison, depth in each of the cores
was regressed against each of the climatic variables. In
all cores, for each of the climate variables, none of the
core response variables shows a greater number of p-
values, significant at the 0.1 and 0.01 levels, than sim-
ply comparing with depth in the core. This observation
suggests that none of the response variables shows a
statistically significant response to climate and any
apparently significant correlations are the result of
autocorrelation.

Those parameters that do show significant p-values
tend to be the simplest parameters measured, for ex-
ample the lithological measurements of DW and LOI.

A further problem that occurs, however, at least in the
upper part of the sequence, is that there is a consistent
trend in these simple parameters which may be related
to other factors such as loss of water by the sediment
or atmospheric deposition, rather than any trend in tem-
perature. Given the increasing trend in temperature
during this period, sediment artefacts may have resulted
in a spurious correlation even of these response vari-
ables.

Conclusions

Øvre Neådalsvatn is an oligotrophic, high altitude lake
of moderate size, which has suffered relatively little
impact from atmospheric deposition compared with
similar lakes elsewhere in Europe. The fauna and flora
of the lake are typical of an oligotrophic lake subject
to a prolonged period of ice cover. No response to acid
deposition is apparent from the composition of sedi-
ment core fossil assemblages, or from environmen-
tal reconstructions based on diatoms, chrysophytes,
cladocerans and chironomids. Having confirmed that
the level of acid deposition and changes within the
catchment area, indicated for example by the sediment
lithology and mineral magnetic signals, are of low
magnitude, it is appropriate to consider the high reso-
lution record from the Øvre Neådalsvatn cores in terms
of climatic response.

Agustí-Panareda and Thompson (this issue) have
shown from their reconstructed climate series for Øvre
Neådalsvatn that there has been an increasing trend in
mean annual temperatures of about 1 °C since 1900. This
reconstruction is subject to an error of approximately
0.1–0.3 °C. The warming trend at Øvre Neådalsvatn, in
the western part of Scandinavia, is less pronounced than
that in the eastern part of the region. As would be an-
ticipated for lakes further from the ameliorating influ-
ence of the Atlantic, there is a more pronounced, or
detectable response to reconstructed climate warming.
Further, at Øvre Neådalsvatn, prior to 1900, in the pe-
riod from 1781 there have been periods with mean
annual temperatures equivalent to the relatively high
mean annual temperatures of recent years. It can there-
fore be argued that over the period studied, despite the
high-resolution and multi-proxy nature of the analyti-
cal techniques employed, the sediment record appears
insensitive to climate change at the time resolution that
is of relevance. No biological amplification of a climate
signal is apparent.
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In addition to the problem of the relatively small
magnitude of the climate change involved, time-aver-
aging processes affecting the sediment core may have
attenuated any potential response, despite the attempt
to use high-resolution sampling techniques. The ques-
tion of the limits of detection has also been discussed
in relation to atmospheric deposition measured by
SCPs. Levels of acid deposition in recent decades may,
for example, have been high enough to counteract in-
creased pH as a result of increasing mean annual tem-
peratures (Schmidt & Psenner, 1992). Changes in the
intensity of non-anthropogenic catchment erosion, not
clearly linked to climatic change, but evidenced in the
lithological and mineral magnetic records, may also
have obscured any climate response.

No significant changes were recorded in whole as-
semblages of diatoms, chironomids, cladocerans or in
pigments. However, changes in diatom assemblages,
for example, are detectable only in species which
generally occur at less than 1% maximum abundance
whilst the dominant diatom flora of the lake remains
stable. The diatom-based pH reconstruction for the lake
does not change significantly and is insensitive to the
changes in the presence or absence of these rare taxa.
Similarly the dominant chironomid and cladoceran taxa
remain relatively stable during this period. Fluctuations
in a number of pigment parameters were detected; how-
ever there is no statistically significant correlation with
reconstructed instrumental climate at the lake.

The principal difficulty in comparing the sediment
record directly with the precise, annual calendar chro-
nology of the instrumental-based climate reconstruction
is in obtaining a precise match with the core’s radiomet-
ric chronology. Given the low magnitude of the tempera-
ture fluctuations, even with a possible amplification via
a biological response, the uncertainties of matching
these two classes of data appear, for this lake, to be
problematic.
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