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Are fossil assemblages in a single sediment core from a small
lake representative of total deposition of mite, chironomid,

and plant macrofossil remains?
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Abstract How representative of the whole-lake
fossil assemblage are analyses from a single sediment
core taken in the centre of a small lake? This question
was addressed in five shallow Norwegian lakes that
ranged in location from low-altitude, boreal-decidu-
ous forest to mid-alpine environments. Surface-sedi-
ment samples were taken from the deepest part of each
lake and in two transects running from the lake centre
to shore, and analysed for mites, chironomids, and
plant remains. Ordination techniques summarised
patterns of variation between and within lakes.
Correlations between whole-lake assemblages and
water depth and sediment organic content (loss-on-
ignition) were investigated. Representativeness of
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each sample of the whole-lake assemblage was
determined by comparing Principal Components
Analysis scores of the original data with those of
Monte Carlo-simulated data sets, using the actual data
as constraints in the simulations. The majority of
samples are representative of the whole-lake assem-
blages. Littoral samples, however, are most frequently
unrepresentative or poorly representative samples.
Water depth is an important controlling variable. A
sediment core from the lake centre has the highest
probability of representing the whole-lake assem-
blage. It may, however, also yield the lowest concen-
trations of terrestrial remains. A sediment core from
the slope is slightly more likely to be unrepresentative
of the total plant macrofossil assemblage, but gener-
ally has higher concentrations of terrestrial remains.
These site differences should be considered when
choosing a core location. Overall, the three fossil types
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are deposited in similar patterns. Therefore they can be
satisfactorily analysed using a single core.

Keywords Within-lake deposition patterns -
Representativeness - Oribatid mites - Chironomids -
Plant macrofossils - Modern sediment samples -
Monte Carlo simulations

Introduction

Remains of plants and animals in lake-sediment
sequences are used as proxies for biotic, ecological,
and environmental change. Environmental aspects
such as vegetation development or climatic factors are
reconstructed from species assemblages and knowl-
edge of their modern environmental tolerances
(Erickson and Platt 2007; Birks 2007; Heiri 2007;
Walker 2007).

Sub-fossil assemblages in lake sediments are influ-
enced by a range of taphonomic processes, from initial
production of plants and animals through to their final
incorporation into lake sediment (Birks 1980; Birks
and Birks 1980). Topography and vegetation around a
lake can affect the flux of terrestrial remains to the
lake. Transport into the lake by wind or water and
processes within the lake can influence sub-fossil
representation further. Floating remains may be
expected to be deposited near the shore, whereas
other remains may sink and be incorporated into
sediments near the shore or the lake centre (Birks
1973; Glaser 1981; Erickson 1988).

For aquatic organisms, initial within-lake distribu-
tion is primarily influenced by their ecology. The
distributions of living aquatic chironomid larvae are
determined by the nature of the sediments and factors
such as water depth, salinity, oxygen availability, and
dissolved organic carbon (Walker 2007). After ecdy-
sis, shed exuviae undergo a range of taphonomic
processes. It is mainly the chitinised larval head
capsules that are preserved (Walker 2007). Aquatic
plant remains are usually deposited near their source
(Birks 1973; Zhao et al. 2006).

Factors within the lake, such as morphometry,
inlets and outlets, aquatic vegetation, waves, and
prevailing wind direction, can all influence the initial
point of deposition and possible re-sedimentation of
sub-fossils. In combination, these taphonomic pro-
cesses limit the preservation of fragile objects and can
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cause differential influx of plant and animal remains.
As a consequence of potential heterogeneous distri-
bution caused by taphonomic processes, it is essential
to choose the coring site for paleolimnological anal-
yses that has the highest probability of providing
answers to particular research questions of interest
(Birks and Birks 2006). For general paleoecological
studies, the aim is normally to find the site that best
represents whole-lake sub-fossil assemblages. Sam-
ples from the deepest point in the lake are considered
to provide a representative picture of chironomid
assemblages (Schméh 1993; Heiri 2004, van Hard-
enbroek et al. 2011). In general, macrofossils of
aquatic and shore plants are best represented at
intermediate depths, just below the zone of aquatic
plant growth (Birks 1973; Dieffenbacher-Krall and
Halteman 2000). Oribatid mites are often investigated
from similar locations in a lake (Solhgy 2001).
Taphonomy of plant macrofossils, mites, and chiron-
omids was reviewed by Birks (1980, 2001), Dieffenb-
acher-Krall (2007), Erickson and Platt (2007), and
Porinchu and MacDonald (2003).

Small sample size is often considered to be a
limiting factor for making reconstructions (Heiri et al.
2003). Studies of 30-, 10-, and 5-g samples of lake
sediment show that larger samples provide little
additional information on aquatic oribatid mites, but
that additional material might improve information
about the terrestrial environment (Erickson 1988).
Increased numbers of sub-fossil specimens, which
may increase the potential detail of the results, can be
obtained from larger samples obtained using wide-
diameter corers or by taking multiple cores. The latter
approach must be balanced against the expense and
time involved in collecting, dating, analyzing and
correlating multiple cores. Therefore, normally only
one core is studied (Birks and Birks 2006) from a
carefully selected location within the basin. The
critical questions are (a) is there an optimal location
and (b) where is it?

The aim of this study is to address these questions
and determine if a single sediment core from a water
body is likely to contain a fossil assemblage that is
representative of the fauna and flora of the lake. We
need to know if changes in a fossil sequence are due to
real changes in the biota or if they are a result of
changing taphonomic processes within the lake,
related to environmental changes. Therefore, we
analysed an array of surface sediment samples to
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investigate within-lake distribution of sub-fossil mite,
chironomid, and plant macrofossil remains in five
shallow Norwegian lakes where Heiri (2004) had
previously examined the distributions of recent chi-
ronomid remains. Water depth is a potentially impor-
tant environmental and taphonomic variable. Percent
loss-on-ignition (LOI) represents the organic content
of the sediment and can reflect a variety of environ-
mental variables such as organic productivity, miner-
ogenic inwash, deposition of coarse organic material
or sand near the shore, focusing of fine-grained organic
material into deeper water, etc. The lakes were chosen
to represent a range of environments along an altitu-
dinal gradient from boreal-deciduous forest to conif-
erous forest, tree-line, and low-alpine situations, in the
hope of making robust generalisations. The lakes are of
similar size (>500 m diameter) and depth (9.2-7.3 m),
but differ with respect to their surroundings and
morphology (Table 1, Fig. 1). They are representative
of the types of lakes that have been selected for paleo-
studies in Norway. Selected water chemistry variables
are presented in Heiri (2004). The lakes lie on acid
bedrock, with the exception of some basic rock in the
catchment of Ratasjgen. The prevailing wind direction
is from the west and southwest.

Heiri (2004) showed that the chironomid assem-
blages in these lakes varied with water depth, which
influenced quantitative temperature reconstructions
(Heiri et al. 2003). Today, many paleoecological
investigations study multiple variables (Birks and
Birks 2000, 2006; Lotter 2003) and differences in
sedimentation patterns of these proxies may constrain
the choice of coring site. It is thus important to expand
the data from Heiri’s (2004) lakes to include additional
proxies. Thus, plant macrofossils and mites were
extracted from his material and analysed.

This is an exploratory study, which enables hypoth-
eses to be generated concerning the origin and
composition of fossil remains in a sediment core.
These hypotheses can be addressed in future detailed
studies. For now, our major concern is the represen-
tativeness of a single sediment core for paleoecolog-
ical investigations. These are time-consuming and
specialised activities, so it is highly desirable to know
if results faithfully represent past biotic and environ-
mental changes. Our information can help identify the
optimal coring location within a lake, i.e. the site from
which a single core will provide the best representa-
tion of all sub-fossil types being studied to answer
research questions posed in the investigation.

Study sites

Characteristics of the lakes are described in Table 1.
They differ with respect to their surrounding vegeta-
tion and position of inlets and outlets (Fig. 1), which
are briefly described.

Histgl, 245 m asl, is in the middle boreal vegetation
zone (Moen 1999). It is surrounded by marginal fens
and possesses deciduous oak-dominated forest on the
south-facing slope and pine-spruce dominated forest
on the north-facing slope. There are two inlets on the
west side and an outlet on the east side.

Lisletjgnn, 518 m asl, is in the northern boreal
vegetation zone (Moen 1999). It is surrounded by
spruce-dominated forest, with scattered Alnus incana
on south-facing slopes. It has one inlet at the northeast
end, and an outlet at the southwest end. There is a
small island in the southern part and transect 2 is south
of the island (Fig. 1).

Vestre @ykjamyrtjern, 570 m asl, is in the boreo-
nemoral vegetation zone (Moen 1999), close to the

Table 1 Altitude, geographical location, lake depth, and catchment vegetation for the five study lakes

Histgl Lisletjgnn Vestre @ykjamyrtjern Holebudalen Ratasjgen
Abbreviation HIS LIS OYK HOL RAT
Altitude, m asl 245 518 570 1,144 1,169
Latitude, "N 58°20 59°21 59°21 59° 50/ 62°16'
Longitude, °E 747 7°18 6°50' 6°59’ 9°50'
Maximum lake 9.2 7.3 7.8 7.5 7.5
depth, m
Catchment vegetation Mixed coniferous- Coniferous Open subalpine woodland, Alpine Alpine
deciduous forest forest scattered birch and rare pine
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Fig. 1 Map of the five
study lakes showing lake
location, sampling scheme,
and lake morphology. The
location of the mid-lake
samples is shown by dotted
lines, and each transect is
drawn with dashed lines.
The inlets and outlets of the
lakes are indicated by
arrows. In OYK, sample
T2-7 is taken close to the
inlet of the lake, and not in
line with the rest of the Lisletjgnn
transect. Site abbreviations (LIS) N
follow Table 1. Based on
Heiri (2004)

Ratasjgen
(RAT)

Transect 1

Transect 1

tree-line formed by Betula pubescens and Alnus
incana (Bjune 2005). It is surrounded by heath and
grass vegetation, with scattered birch, pine, and
willow trees (Bjune 2005). The inlet enters from the
south and the outlet is in the northwest.

Holebudalen, 1,144 m asl, is in the low-alpine
vegetation zone (Moen 1999). It is surrounded by
grass-sedge-dominated tundra vegetation with Salix
herbacea in snow-bed hollows (Eide et al. 2006). It
has three inlets at the east side, one of them flowing
from another small lake. The outlet is at the west side.

Ratasjgen, 1,169 m asl, is in the low-alpine vege-
tation zone (Moen 1999) in a more continental area
and receives less precipitation than the other lakes. It is
surrounded by dwarf-shrub heath with abundant
Betula nana, lichens, and drought-tolerant vegetation
(Velle et al. 2005). The lake has two seasonal inlets,
one from the east and one from the west (Velle et al.
2005). The outlet is at the north end.

Materials and methods

As described by Heiri et al. (2003), a bathymetric
study was performed before short sediment—water
interface cores were taken using a HON-Kajak corer
(Renberg 1991). Twenty cores were collected from
each lake, six from the deepest part of the lake

@ Springer

Histal
(HIS)

Holebudalen
(HOL)

Vestre @ykjamyrtjern
(OYK) .

Transect 2

Transect 2

Transect 1 Transect 1

64°N -1

Transect 2 62°N

)
Transect 1

58°N -

(M1-M6) and two transects of seven cores each from
the lake centre to the shore in progressively shallower
water (T1-1 to 7 and T2-1 to 7) (Fig. 1).

The top 1 cm of sediment in each core was used for
analysis of chironomids and oribatid mites, following
standard methods for chironomids (Heiri 2004). The
sediment was rinsed through a 100-pm sieve and mite
and chironomid remains were picked out under a
stereomicroscope. The remains were dehydrated and
mounted on permanent slides in Euparal mounting
medium and identified at 400 x magnification using a
compound microscope. Unlike most paleoecological
studies involving mites, not only the oribatids, but all
mites were included in the analysis. The majority of
the mites were, however, oribatids and only specimens
within this group were identified to species, using
comparisons with specimens from reference collec-
tions and drawings in the literature (Gilyarov 1975;
Behan-Pelletier 1985, 1989; Weigmann 2006).

Plant macrofossils were analysed from the 2 cm of
sediment directly below the chironomid/mite samples,
using standard methods (Birks 2001). They were
identified and counted, and remains that could not be
counted, such as vegetative material, were recorded on
an ordinal abundance scale (rare, occasional, frequent,
and abundant). Chironomid head capsules were iden-
tified by OH, oribatid mites by MPH, and plant
macrofossil remains by HHB and Wenche Eide.



J Paleolimnol (2012) 48:669-691

673

Percent LOI at 550 °C for 6 h (Heiri et al. 2001; Heiri
2004) provides an estimate of the organic content of
each sample from 1 to 2 cm depth.

Total concentrations of sub-fossils of each group of
organisms (numbers per unit volume) are used as
measures of abundance. Total numbers of sub-fossil
taxa recorded in each group of organisms are used as
measures of richness. Samples are divided into three
categories: (1) samples closest to the lake shores, T1-7
and T2-7, are referred to as littoral samples, (2) the rest
of the samples from the transects are called slope
samples, and 3) mid-lake cores are referred to as
centre samples.

Data analysis

Results are shown as concentrations per 50 cm® of wet
sediment in diagrams made with TILIA and TGView
version 2.0.2 (Grimm 1993, 2004). Total concentra-
tions, numbers of taxa, and concentrations of selected
taxa are summarised in Figs. 3,4, 5, 6, 7. Mite data are
still relatively rare in proxy studies, and a full diagram
presenting all the mite data is included in Fig. 8. For
plant macrofossils and chironomids, the full diagrams
are included as electronic supplementary material
(Figs. S1-S10). For numerical analyses, the ordinal
estimates of plant remains were transformed to 1, 2, 4,
and 8, for the rare, occasional, frequent, and abundant
categories.

Because we wished to analyse the absolute con-
centrations directly, we used principal components
analysis (PCA) and its constrained relative redun-
dancy analysis (RDA) (ter Braak and Smilauer 2002),
rather than techniques such as correspondence anal-
ysis in which relative abundances are implicitly
analysed. The gradient lengths of compositional
turnover of each proxy in each lake, as estimated by
detrended correspondence analysis (DCA), are some-
times quite high (Table 2), suggesting that linear
methods may not always be optimal statistically (ter
Braak and Prentice 1988). We did not, however,
observe any arch effect when using PCA and the null
expectation in our study is that there are no differences
between the different samples. Although rare species
were downweighted, the longest gradient lengths
found are probably a consequence of random outliers.
DCA of Acari from Holebudalen and Lisletjgnn show
that the gradient length cannot be estimated because

these samples are poor in sub-fossil remains, with
many species having only single occurrences.

The variance for each variable in each lake was
estimated by PCA, as the total standard deviation in
the biological data (TAU) (ter Braak and Smilauer
2002). As the number of fossils varies greatly between
groups, and TAU? is the total sum of squares divided
by the number of taxa multiplied by the number of
objects (ter Braak and Smilauer 2002), we use TAU?
as an estimate of the variance. Although TAU?
considers sample size, it still depends on it. The
chironomid samples range between 211 and 555 sub-
fossils per sample, whereas mites range between 7 and
167 sub-fossils per sample (Table 2). To derive
comparable variances, TAU? was also calculated from
five sets of 100 chironomids randomly selected from
each lake. The averages of these values for each lake
were compared with the variance of the mites and the
plant macrofossils, and are plotted in Fig. 10b.

Water depth and LOI may statistically explain parts
of the distribution patterns. Their potential roles as
explanatory environmental variables were examined
by RDA of each taxonomic group in each lake. The
total variance in the biological data sets was parti-
tioned following Borcard et al. (1992). This method
estimates the unique variance accounted for by each
environmental variable alone, and the total amount of
explained variance by water depth and LOI combined.
We are not suggesting that LOI is a functional
explanatory variable that directly determines the
distribution and abundance of terrestrial sub-fossils
such as many plant macrofossils, or oribatid mites.
Rather, we are merely exploring the relationship
between LOI and the sub-fossil assemblages because
of its likely importance in influencing chironomid
distributions and abundances within a lake (Heiri
2004).

To stabilise the variances, all biological data were
square-root transformed prior to analysis in CANOCO
version 4.5 (ter Braak and Smilauer 2002). PCA and
RDA results were scaled using inter-sample distances;
otherwise, default settings were used. Statistical
significances of the RDA results were assessed by
499 unrestricted Monte Carlo permutations (ter Braak
and Smilauer 2002).

The aim of many paleoecological studies is to
obtain a sediment core that contains the most repre-
sentative whole-lake sub-fossil assemblages. How
well a sample represents the whole-lake assemblage

@ Springer
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Fig. 2 An example of the PCA plots used for studying
representativeness, showing plant macrofossil assemblages
from a Histgl and b Ratéasjgen. The data are presented along
the first and second PCA axes. The PCA was run on the
simulated data (grey), and the original data were projected into
the plot as supplementary data (black). The original data points
with PCA scores outside the range of the simulated data sets are
considered unrepresentative of the whole-lake assemblages.
Samples close to the edge, or situated towards the edge and with
high residuals, are considered poor representatives of the whole-
lake assemblages. a The plot from Histgl shows that T2-7 is not
representative, and both T1-1 and T2-3 are poor representatives
of the sub-fossil assemblages because of their location on the
plot and high residual values. b The plot from Ratasjgen is
included as an example of a more complicated pattern. This lake
has a high concentration of Ranunculus sect. Batrachium in
sample T1-7, splitting the cloud of the PCA scores for the
simulated data into two parts. Additionally, this lake has many
samples placed close to the edge of the representativeness, and
consequently many samples are poor representatives of the total
plant macrofossil assemblages in the lake (Table 2). The PCA
plots for the other lakes and taxon groups are shown in Fig. 9

of a sub-fossil type is thus critically important and is
the central aim of our analyses. In this study,
representativeness of the samples was investigated
by comparison of the surface samples with Monte
Carlo-simulated sub-fossil assemblages from the same
species pool. For each organism group in each lake, all
individuals occurring in the lake were pooled. From
this pooled data set, 1,000 new data sets were drawn at
random, using R version 2.9.2 (R Development Core
Team 2008). In these randomised data sets, each
sample had the same numbers of specimens as the

original data set. For each lake and each group of
organisms, a PCA was performed on each randomised
data set separately. The PCA scores of the simulated
data sets cluster together along the first and second
axes, as shown in Fig. 2. The distributions of these
randomised samples are used to detect representative
species assemblages. The original data were projected
onto the plane of the first two PCA axes as supple-
mentary objects (ter Braak and Smilauer 2002). The
original samples falling outside the cloud of the
simulated data are considered to be unrepresentative
of the sub-fossil whole-lake assemblages, and these
samples are referred to as unrepresentative (Fig. 2).
Samples with PCA scores at the edge of the simulated
distribution were considered to represent the within-
lake assemblages poorly and are referred to as poor
representatives. Samples close to the edges of the
clouds may also poorly represent the whole-lake
assemblages. To investigate these, the unexplained
variance was estimated as the squared residual length
of each data point, with the first two fitted PCA axes.
Data points within the most extreme 5 % have poor fits
to the plane of the first and second PCA axes (Birks
et al. 1990). Samples with extreme residual values
situated close to the edge of the clouds are also
considered poor representatives of the whole-lake
assemblages. Where the PCA scores of the simulated
data sets are unevenly distributed, the original data
points may sometimes occur between two clouds
representing PCA scores of the simulated data sets.
These points are also considered poor representatives
of the sub-fossil assemblages.

The surface samples are unevenly distributed
within the lakes, with 2 littoral samples, 12 slope
samples, and 6 centre samples in each lake. Our
approach does not consider sedimentation rates at each
sample location. All PCA plots for representativeness
and extreme residual values are presented in Fig. 9.
Further information is presented in the online elec-
tronic supplementary material (Table S2).

Results

Results from the lakes are presented individually, in
altitudinal order. The chironomid results were pre-
sented as percentage values and discussed previously
(Heiri 2004). They are presented here as concentrations
and new interpretations are outlined. The drying
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process and mounting on permanent slides restricted
identification of mites. Therefore, a relatively large
number of specimens, 79 adult oribatids, could not be
identified to species level.

Histgl, 245 m asl

Organic content is positively correlated with water
depth, and LOI increases from ~32 % in shallow
water to ~50 % in samples from the deepest water
(Fig. 3). The two littoral samples have comparatively
high LOI values, as the sediment includes coarse plant
remains from the marginal fen. These samples also
have the highest concentration of plant macrofossils.
Water depth and LOI explain 20.1-20.6 % of the
variance in the sub-fossil assemblages (p < 0.016,
Table 2).

Sixteen sub-fossil mite taxa were found (Table 2,
Fig. 8). Five of the six terrestrial oribatids are
woodland or heathland species (Fig. 8). These are
only present in the slope samples, whereas the aquatic
oribatids are scattered over most of the lake. Mite
distribution is correlated with both water depth and
LOL

There are 68 chironomid sub-fossil taxa (Table 2).
Assemblage composition changes with water depth
(Fig. 3), as shown by Heiri (2004), and concentrations
are highest in slope samples, particularly of Tanytar-
sus spp. and Zalutschia zalutschicola-type, and lowest
in the lake centre. The chironomid fauna includes taxa
such as Zalutschia zalutschicola-type, Ablabesmyia,
and Psectrocladius sordidellus-type and is typical of
dystrophic lakes, which often develop an anoxic
hypolimnion in summer. Hypolimnetic anoxia would
explain the lower concentration of chironomid
remains in the lake centre, which would be uninhab-
itable for chironomids (Fig. 3).

Fifty-two taxa of sub-fossil plant remains were
found, representing 29 plant genera or species (botan-
ical taxa) (Table 2). Like the mites, they reflect the
surrounding woodlands and fens (Fig. 3). Whereas
Pinus and Betula pubescens are well represented, no
other tree taxa are recorded. Fern sporangia are only
found in the lake centre. Aquatic taxa are most
common near the shore, particularly Isoetes, where the
plants are growing. Coarse material and moss are more
abundant near the shores. Water depth explains the
largest part of the variance of the plant macrofossils,
14.3 % (Table 2).

@ Springer

In the representativeness analysis, littoral sample
T2-7 is unrepresentative of the total plant macrofossil
assemblage, and a poor representative of the mite
assemblages (Table 2, Fig. 9). M1 and T1-7 are poor
representatives of the chironomid assemblages, and
T1-1 and T2-3 are poor representatives of the plant
macrofossil assemblages (Table 2).

Lisletjgnn, 518 m asl

The LOI shows almost no correlation with water
depth, with values ranging between 36 and 57 %
(Fig. 4, Table 2). Together, water depth and LOI
explain between 20.7 and 29.9 % of the variance in the
sub-fossil assemblages of Lisletjgnn (p < 0.016), with
water depth being the most important (Table 2).

The sediments contain 25 mite taxa (Table 2,
Fig. 8). Hypocthonius rufulus, Carabodes labyrinthi-
cus, and Banksinoma lanceolata reflect the surround-
ing woodland and Malaconothrus monodactylus and
Mucronothrus nasalis represent the fen. Aquatic
species are well represented, with several species of
Limnozetes and Hydrozetes (Figs. 4, 8). Woodland
and wetland species are commonest at the lake centre,
whereas aquatic species are present in most of the lake.

Fifty chironomid taxa were found (Table 2). Many
are most abundant in slope samples (e.g. Microtend-
ipes, Tanytarsus lugens/Corynocera oliveri-type),
whereas others are more abundant in the lake centre
(e.g. Ablabesmyia, Heterotrissocladius marcidus-
type) (Figs. 4, S2). Concentrations vary among sam-
ples, especially in the deeper parts of the lake. This
might be a consequence of the complex bathymetry, as
Lisletjgnn has two basins separated by an island
(Fig. 1). A single mid-lake sample, M1, contains
particularly high values of Heterotrissocladius marci-
dus-type (Fig. 4).

The concentration and richness of plant macrofos-
sils are lower than in Histgl, with 36 sub-fossil plant
taxa representing 17 species or genera (Table 2).
Pinus sylvestris bud scales are abundant, especially in
the centre. Befula remains occur in low numbers in
most samples, whereas Picea remains are restricted to
shallow water (Fig. 4). Sphagnum is common, and
appears in almost all samples. Large concentrations of
Isoetes megaspores are limited to a few shallow
samples.

Representativeness analysis shows that sample T1-
7 is unrepresentative of the whole-lake chironomid
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assemblage. T1-4 is a poor representative of the plant
macrofossil assemblages, and M4 is a poor represen-
tative of the mite assemblages (Table 2).

Vestre @ykjamyrtjern, 570 m asl

The littoral and centre samples have the highest LOI
values, ~50-70 % (Fig. 5). Sample T2-7 has a much
higher LOI than the rest of transect 2, but it was taken
close to the inlet and not in line with the rest of the
transect (Fig. 1). In samples T2-1 to T2-6, LOI
increases with water depth. Water depth and LOI
explain between 19.5 and 34.8 % of the total variance
in the sub-fossil assemblages (p < 0.028, Table 2).

This lake has the greatest richness of mites, with 39
taxa including woodland, wetland, and aquatic species
(Table 2, Figs. 5, 8). Cosmochthonius lanatus repre-
sents a genus that has not previously been reported
from Norway. This species has a holarctic distribution
and is normally found in dry moss, meadows, and
forest floors (Weigmann 2006). Sub-fossil oribatids
from all the main habitats are recorded throughout the
lake. Interestingly, some taxa are most abundant in the
centre and close to the edges of the lake, e.g.
Malaconothrus monodactylus and aquatic taxa, par-
ticularly Limnozetes, whereas other wetland species
have a tendency to be most abundant near the shores
(Figs. 5, 8). Concentrations of mites are positively
correlated with LOI (Table 2, Fig. 5).

Sub-fossil remains of 54 chironomid taxa were
found (Table 2). Concentrations increase slightly with
water depth (Fig. 5) and water depth alone explains
12.7 % of the variance in the data set (Table 2).
Increased concentrations and richness are related to
the increase in stream taxa in the middle of the lake
and in sample T2-7, close to the inlet. The abundances
of most lake-living chironomid taxa are not correlated
with water depth (Figs. 5, S3).

The plant macrofossils have generally low concen-
trations, but high richness, and 42 fossil taxa and 21
botanical taxa are represented (Fig. 5). Numbers of
taxa increase with LOI, which alone explains 20.3 %
of the variance (Table 2). However, this relationship is
probably influenced by sample T2-6, where LOI is
only 3 %, and the plant macrofossils are completely
dominated by Isoetes lacustris megaspores. Isoetes
lacustris often grows in shallow water on a minero-
genic substrate. Sample T1-6 also has large amounts of
L lacustris, but higher LOI (Fig. 5). Low numbers of

remains of Pinus, Juniperus, and Betula, together with
species from dry-shrub heath, are scattered throughout
(Fig. 5). Sphagnum occurs in all samples.

The littoral sample near the inlet, T2-7, is unrep-
resentative of the mite assemblages, and is a poor
representative of the chironomid and plant macrofossil
assemblages. T2-6 is unrepresentative of the chiron-
omid assemblages. The unrepresentative plant mac-
rofossil samples T1-6 and T2-6 are completely
dominated by 1. lacustris (Fig. 5).

Holebudalen, 1,144 m asl

The Holebudalen sediments have lower LOI than the
lakes below the tree line, although LOI increases from
1.2 % close to the shore to about 40 % in deep water
(Fig. 6). In alpine conditions, the proportion of
minerogenic material in the sediment is often greater
than in lakes within forests. Positive correlation of LOI
with water depth is probably caused by near-shore
deposition of minerogenic material derived from the
catchment. The explanatory strength of water depth
and LOI varies according to the sub-fossil groups
(Table 2).

Although only 73 mite remains were found, the 15
taxa present represent heathland, wetland, aquatic, and
generalist species (Table 2, Figs. 6, 8). The relative
importance of generalists such as Oppiella nova and
Tectocepheus velatus reflects the alpine setting of the
lake. Sample T1-7 has a particularly rich mite
assemblage. For the mites, LOI explains 13.7 % of
the variance, whereas water depth only explains 8.5 %
(Table 2).

Holebudalen has the lowest richness of chironomid
remains, with only 32 taxa (Table 2). The chironomid
assemblages are related with water depth, which
explains 13.2 % of the variance, whereas LOI only
explains 4.0 % (Table 2, Fig. 6). Unlike the other
groups of organisms, overall chironomid concentra-
tion increases with water depth, due largely to
Tanytarsus lugens/Corynocera oliveri-type and
Zalutschia-type A (Fig. 6) and Cricotopus/Orthocla-
dius-type A, Tanytarsus pallidicornis-type, and Psec-
trocladius sordidellus-type (Fig. S4).

Plant macrofossil richness is also low at Holebud-
alen, with only 23 fossil taxa and 13 botanical taxa
represented (Table 2). Like the mites, they reflect the
alpine environment, with Salix herbacea and Empe-
trum remains (Fig. 6). Salix remains are most

@ Springer
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abundant in sample T1-7. A few Betula remains are
transported over long distances into the lake, from the
birch forest below.

No samples are unrepresentative of the assem-
blages, but samples T1-5 and T1-7 are poor represen-
tatives of the mite and chironomid assemblages.
Sample T2-7 is also a poor representative of the
chironomid assemblage (Table 2).

Ratésjgen, 1,169 m asl

Ratésjgen is also a sub-alpine lake. The LOI of the
sediments is generally low, increasing from 0.75 %
close to the shore to ~30 % in the lake centre (Fig. 7).
For both chironomids and plant macrofossils, water
depth explains more variance than LOI (Table 2).

Only five remains, from four taxa of sub-fossil
mites, were found (Table 2, Fig. 7). The only species
that could be identified were the omnipresent Oppiella
nova and Tectocepheus velatus. No ordinations were
performed on this limited material.

Chironomid remains from 49 taxa were found
(Table 2). Water depth seems to affect the distribution
of many (e.g. Psectrocladius sordidellus-type, Micro-
tendipes, Tanytarsus lugens/Corynocera oliveri-type),
but not all of these (Fig. 7). Their concentrations are
positively related with water depth and LOI, but
richness is constant (Fig. 7). The lake-living Tanytar-
sus spp. are among the taxa with highest abundances in
the lake centre, whereas Microtendipes and Parata-
nytarsus austriacus-type are among those more abun-
dant in slope samples (Fig. 7). Two stream-living taxa,
Heterotrissocladius grimshawii and Thienemannimyia-
type, have high abundances in shallow-water samples
(Fig. S5). Water depth explains far more of the
variance in the assemblages than LOI, and their
combined influence is 38.7 % (Table 2).

The 36 plant macrofossil taxa (Table 2) reflect
alpine vegetation, with Betula nana, Salix herbacea,
Empetrum, and Selaginella megaspores (Fig. 7). The
terrestrial B. nana, wetland Selaginella, and aquatic
Ranunculus sect. Batrachium are most abundant in
shallow-water samples, and the aquatic Nitella is most
abundant in slope samples (Figs. 7, S10). The abun-
dance and richness of plant macrofossils decrease with
increasing depth and LOI. Water depth and the
combined effects of water depth and LOI are most
important, explaining 10.3 and 29.9 %, respectively,
for the plant macrofossils (Table 2).

@ Springer

Representativeness analyses show that littoral sam-
ples T1-7 and T2-7 are unrepresentative of the overall
chironomid assemblage in Ratasjgen. T1-2, T1-3,
T1-5, T1-7, M5, and T2-6 are poor representatives of
the plant macrofossil assemblage (Table 2, Fig. 2).

Comparisons among lakes

The five lakes were chosen because they differ with
respect to altitude and corresponding catchment
vegetation. They also have contrasting morphologies
that affect sedimentation patterns (Fig. 1). Differences
among the lakes were investigated statistically by
comparing the total variance of the taxon groups.
Histgl, Lisletjgnn, and Holebudalen have highest
variances for chironomids and lowest for mites
(Fig. 10a). In Vestre @ykjamyrtjern, the variance is
highest for plant macrofossils. When 1. lacustris is
removed, however, the variance is lowered. In
Ratésjgen, the chironomids and plant macrofossils
have similar variances (Table 2).

Discussion
Representativeness

Our main aim was to discover the place in a lake where
the most representative fossil assemblages were
deposited. Our results show that not all areas within
the lakes have equally good representation of the
whole-lake sub-fossil assemblages. Whereas some
locations in a lake yield samples that represent a small
part of the sub-fossil assemblages, others yield sam-
ples with a particularly good representation of the total
investigated assemblage. Therefore, reasons why
samples are unrepresentative should be further inves-
tigated so that these locations can be avoided when
identifying coring sites, except for studying specific
research goals (e.g. Davidson et al. 2005).

There are 30 littoral samples. Five of them are
unrepresentative and eight are poor representatives
(Table 2). Deposition sites of both terrestrial and
aquatic organisms are known to depend on water depth
(Birks 1973; Erickson 1988; Dieffenbacher-Krall and
Halteman 2000). The high numbers of unrepresenta-
tive and poor representative samples among the littoral
samples may not, however, be explained wholly by
their proximity to the lake shore. Factors other than



683

J Paleolimnol (2012) 48:669-691

dnoi3 yoeo woij exe) pajod[as YIm 19yja30) pajuasaid are s[issojoroew juefd
PUE ‘SPILIOUOIIYD ‘SAJIW JO BXE) JO JOQUINU PUE ‘SUONBIUIOUO0I ‘(JOT) Ju2Iu0d d1uedio Juaorad (wr) yidop 101 pp "udglserey] wolj Surewal [1ssoj-qns ) jo wreigelp Arewuwns 7 814
JUBWIPaS WO QG Ul SulBWaY
08 09 0¥ 0z 0¥ 0Z 0¥ 07 § 6 0z 0L 0Z 00£00200L 09 Oy 0Z 09 0¥ 02 0z Oy 0Z 02 09 0y 0Z  0Z 00€00Z00L § S G GOy 02 OL§
gy

S

ELLL.J rrrL\u H Y u rru e s TT1
9-zL

L szl

¥l

€l

(AN

bzl

N 6@

N
o ¢
&
B
>

S|ISS0j0I0BW JUBd spiwouoiiy) sl

ueslseiey

pringer

As



J Paleolimnol (2012) 48:669-691

684

a8ed 2A1INO3SU0D Y} UO saNUNUOD § “T1] "(£ ‘9 G ‘4 ‘¢ 'sT1) sweiderp Arewrwns ay) 03 19Ja1 asea[d ‘saye[ oy jo sjoadse
190 UO UOHBWLIOJUT JO “JUSWIIPIS JoM WD ()G UT SUONEIUSIUOD St Pajuasald dIe exe) dJIUI PApIOdDI [[Y “SOYB] SAY AU} [[2 WO SUTBWAT S)IUI [ISSOJ-qns 3y JO weserp [ng § *Siq

uughaisi |21SIH
S 0C S 0k 666 S S S 02 69 S S S S S S S S § S § GLOLS S S GLOLS ¢ 2 ecoLs S 2 22 22z
. e e ] ] ] ] rL_I_I_I_I_I_I HH 'y HHH | [ FFF[[ [ R AT R
[ [ [ 9L
L L | L | W scl
vl
[ [ [ el
[ LR L 2el
1 LI - - L L LA
[ [ u CIC on
1 L L | . SN
1 L 1 L L il
Ammm 8NN L | o a L L en
| | L | - L | L - a0 N
u [ [ [ [ 5
L L L n L
L | [ LI | || 2L
[ [ L €L
L viL
! 1 Sl
1 L 1 L 9Ll
] U R S U U (P I i h.lr-r-.l.l.l U U P U U U I ] R R e [ (e e g g g g
° O SSRRE 0 ST et B o° S IR SRR ¢
& LSO F EHEEEGESE ST ST S Tl S0 3
N Q7 & S 2O o° &° &° & & &° & & P XK N N KOOI & >0 . NFLL
Eataiwo a%\ R &2 & o > & NN %m & RENEY
L IS &K T S 9 IS
éﬂ« 2 & 2
2 S
sisifelausn onenby PUE®M  PUEIPOOM onenby PUBIUYESH/POOM

pringer

Qs



685

J Paleolimnol (2012) 48:669-691

panunuod § ‘3

uaglserey usjepnqga|oH wisluAweMAg a11so)

Wmm S S, 0LS 0LS S G s S S S S s § 9 S S § g 0zOL OZOL §OL S 6 S 6 G § Go0zOb § § S so0S 66666 S0 S S S S S S S S S S G GG
Mv_I_I ] ] ] ] ] ] ] ] ] ] e ] P r.Ll.__IJ_I_I_I_I_I o o4 o =y r-_llr_..-_l_.r r__ll_l_l_l_l..-_l_lr__lr_
8 L [ [ L [

N 1

M L| L | 1 1

[N [N (U (U U U [ N sl g .I.IL.I..-.I.J PR U U U U U U U U U U O
SOFTARRR A0 KT KRR R APPSR AR RARO D DD AR AW
P I RFENS T8 100 50 10 P NPT 9P P T S F PR R
N NP P i 23" B I FFRFFS SRR NP SN
O E D P FP P PP P PO PP %@oxm,oze DA NI
A PR P SIS e S s
G 7 0> RSN SR F
N & 9 P F R NN S RS
&0/ Ooo@ > m//& N LN &o/. 2P @e% @/eé /0@@%
»

sisl[elauen isifeleuen  nby oM puejyeaH sisielausn onenby CIETEY PUBIPOOM

pringer

As



686 J Paleolimnol (2012) 48:669-691
. -
. 3
b3
] - 2 !
0 L o - . Thee
2 - . .., o
= . i r
L] !
a 2 H E:
=T 20 ET) 20 15 15 T ET
&8 2 -
E Al
w0 .
§ . ;
‘g - SO 2 i
.h
£ .. -1 T2k
= ey S wespliy
= - J." 1.7
o L T2 = = = ; T1-2%T15 3
1.0 15 .-‘5 15 1.0 a0 I-lO 20 <20 a0
2
[72]
Dz - 26 u
I E s h . T37
5 T s . -
£ 5
55 s ET] 15 a0 % 5 20 10 5
Histal Lisletjgnn Vestre @ykjamyrtjern Holebudalen Ratasjeen

Fig. 9 PCA plots of the simulated data (grey) and the original
data (black) showing the distribution of the unrepresentative
samples, and the samples that only poorly represent the sub-
fossil chironomid assemblages in the lakes. The horizontal axis

water depth may be involved. In Vestre @ykjamyrtj-
ern, T2-7, located near the inlet, is the richest sample
for mite concentrations, numbers of mite taxa, and
numbers of plant macrofossil taxa. This sample
represents the terrestrial assemblages particularly well
(Figs. 5, 8). Stream-living chironomids are also rich in
this sample, whereas the occurrences of lake-living
taxa resemble those in samples from the slopes.
Littoral samples from the other lakes, which are poor
representatives of the whole lake assemblages, have
high concentrations of terrestrial remains, but rela-
tively low concentrations of chironomids (Figs. 3, 4,
6, 7). In most lakes, aquatic macrophytes grow in the
littoral zone, where they are known to trap terrestrial
plant and animal remains coming into the lake (Birks
1973). In Glovers Pond, New Jersey, richness of
oribatid remains increased toward the shore, probably
because they float on the water surface and are
deposited close to the shore (Erickson 1988). In our
study, most of the littoral samples were species-poor,
and represent a limited part of the assemblage,
although some of the littoral samples provide a
reflection of the terrestrial whole-lake assemblages
(Fig. 9). There is, however, a large degree of
variability among littoral samples. This variability

@ Springer

is PCA axis 1, the vertical axis is PCA axis 2. Samples that
include a poor or unrepresentative set of sub-fossils are marked
and are noted in Table 2

has been shown to include both within-lake spatial
vegetation variance (Dieffenbacher-Krall and Halt-
eman 2000; Zhao et al. 2006) and variance between
consecutive years (de la Riva-Caballero et al. 2010).
Cores are normally only taken at these shallow depths
for specialised studies of within-lake variability, inter-
proxy comparisons, and similar purposes (Davis et al.
1973; Davidson et al. 2005), but problems of inherent
variability should be considered when performing
such studies. In general, it would be unwise to take
cores for general paleolimnological studies from the
littoral zone.

The generally poor dispersal ability of plant
macrofossils leads to variable assemblages within a
lake, especially in shallow water, linked to the
different vegetation communities in and around the
lake (Birks 1973; Zhao et al. 2006). The most
representative assemblages are thought to occur just
below the macrophyte zone (Birks 1973, 2001).
However, 15 % of our slope samples are unrepresen-
tative or poor representatives of the total plant
macrofossil assemblages. Slope samples have both
high and low richness of plant macrofossils, and
primarily reflect the local spatial distribution of
aquatic macrophyte vegetation, which extends part
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way down the slope. In Vestre @ykjamyrtjern, two
shallow-water samples are unrepresentative as a
consequence of the locally high amount of Isoetes
lacustris megaspores (Fig. 5). In Ratasjgen, T1-5 and
T1-3 are poor representatives of the total plant-
macrofossil assemblage. T1-5 is particularly rich in
terrestrial species. T1-3 is dominated by Nitella
oospores (Fig. S10), probably derived from locally
growing Nitella. These samples may well be from
within the submerged aquatic vegetation, although this
was not recorded in this study. There is, however, high
variability among all slope samples. Although unrep-
resentative samples are found in the shallowest water,
poor representative samples are equally distributed
among all slope samples (Table 2).

No samples from the lake centres are unrepresen-
tative, and only three samples in the lake are poor
representatives of the whole lake assemblages. One
sample for mites, chironomids, and plant macrofossils
from the lake centre is a poor representative of the
respective assemblages in Lisletjgnn, Histgl, and
Ratasjgen (Table 2). All these samples have relatively
low fossil concentrations. The concentration of plant
macrofossils and mites is often low at lake centres
(Figs. 3, 4, 5, 6, 7), although the concentrations of
mites are highest in the centre of Lisletjgnn and Vestre
@ykjamyrtjern (Figs. 4, 5). We conclude that a core
taken from the deepest water or lower slopes to
investigate environmental history and paleolimnology
will contain representative assemblages.

Relations between sub-fossil assemblages
and water depth and LOI

The roles of water depth and LOI in predicting the
representativeness patterns were discerned using var-
iance partitioning by RDA. Water depth and LOI
together explain around 20 % of the variance
(p < 0.048, Table 2), ranging between 15.9 and
41.6 % of the total. Water depth alone explains
between 9.1 and 15.3 % of the variance in the
chironomid assemblages, and is more important than
LOI (Table 2). The good correlation with water depth
is probably a result of the original habitat of the
chironomid larvae, as the benthic invertebrate fauna
changes with water depth (Brundin 1949; Bretschko
1974, Brinkhurst 1974; Gerstmeier 1989).
Covariances between mite and plant macrofossil
assemblages and water depth and LOI are more
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Fig. 10 a Estimated variance, TA[EJZ, in the sub-fossil assem-
blages for each lake. Mites (black), chironomids (white), and
plant macrofossils (grey). His Histgl, Lis Lisletjgnn, Oyk Vestre
@ykjamyrtjern, Hol Holebudalen, Rar Ratasjgen. b Estimated
variance in the sub-fossil assemblages, TAU?, plotted against
the number of remains (n) for the three groups of organisms,
mites (black circle), chironomids (circle) and plant macrofossils
(inverted black triangle). Estimated TAU? of random subsam-
ples with 100 chironomid remains is shown for each lake, as a
mean of TAU? for 5 subsamples from each lake (triangle)

complex. The deposition patterns of mite and plant
macrofossil remains are probably mainly dependent on
water depth. The correlations with LOI are probably a
result of common factors influencing both sub-fossil
deposition and LOI. In all except Lisletjgrn, LOI is
correlated with water depth and is higher in deep water
where fine organic material accumulates (Davis and
Ford 1982). LOI can also be high in the littoral zone,
due to macrophyte growth or derivation of plant
material from marginal fens. In Lisletjgnn, LOI is not
correlated with water depth, and there mite and plant
macrofossil assemblages are mainly correlated with
water depth alone. Therefore the general correlation
with LOI may be a result of the deposition of mite and
plant macrofossil remains in the shallow macrophyte
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zone or their coincidental deposition with other fine
organic material in deep water (Figs. 3,4, 5, 6, 7).

Other factors that may influence deposition
patterns

The large amount of unexplained variance in the
RDA s suggests that some important underlying factors
were not considered in our analyses. Chironomids
have the largest and mites the smallest variances
(TAU?) in all lakes except Vestre @ykjamyrtjern
(Fig. 10a). For both these variables the differences of
TAU? are larger between lakes than within each
organism group. The variance estimates, however,
increase with the number of remains (Fig. 10b), and
chironomid and plant macrofossil remains are found in
higher numbers than mites. Subsamples of chirono-
mids with sample sizes of 100 show TAU? values
similar to those of the mites (Fig. 10b). The plant
macrofossils generally have a lower variance in
relation to the number of remains. Different variances
among the taxon groups suggest that some of the
unexplained variance is due to their inherent charac-
teristics. We propose alternative hypotheses to explain
the observed distribution of sub-fossil remains. These
hypotheses can be tested in future, detailed studies that
take into account the original habitat, or the size, type,
and morphological characters of the sub-fossil remains
and specific lake features.

Hypothesis 1 Sedimentation processes: Tapho-
nomic processes influence aquatic and terrestrial
organisms differently, which should be reflected in
observed deposition patterns. As terrestrial remains
are brought into the lake by streams or wind, their
deposition patterns are influenced by currents and
high-energy processes. Subsequently, such remains, as
well as those of aquatic organisms, are affected by
sediment-resuspension processes, especially in shal-
low water, above the hypolimnion. Although resus-
pension is an important factor in the deposition and
sorting of sediments, information on its occurrence
and magnitude is limited. It varies with season and
type of lake, and can account for around 85 % of the
gross sediment flux (Evans 1994). Resuspension of
fine sediment is influenced by lake morphology, slope
steepness, and exposure to wave turbulence (Blais and
Kalff 1995; Evans 1994). Fine particles are often
resuspended and transported to and accumulated in
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deep water by sediment focussing (Davis and Bru-
baker 1973). Resuspension is hence likely to be one of
the determining factors of the deposition patterns of
aquatic remains observed in our lakes. Heiri (2004),
however, concluded that because the chironomid
assemblages correlate with water depth, sediment-
transport processes may be insufficient to obscure the
pattern of the original habitats. Taphonomic processes
such as sediment focussing may be more pronounced
in deeper lakes. Therefore, surface sampling and
sediment trapping programmes should be undertaken
in both shallow and deep lakes, to test all aspects of
this hypothesis.

Both oribatid and prostigmatic mites were
recorded, although Acari remains from lake sediments
are normally restricted to the well sclerotised oribatid
mites (Solhgy 2001; Erickson and Platt 2007). Obser-
vation of prostigmatic mites, less sclerotised nymphs,
and Hypochthonius rufulus and Cosmochthonius lan-
atus, is a result of the short period of time for decay to
occur. After initial deposition and decay of fragile
remains, continuing taphonomic processes are, how-
ever, not expected to change the chironomid, plant
macrofossil, and oribatid mite assemblages signifi-
cantly, and surface sediments are expected to be a
good equivalent to assemblages in older sediments.

Hypothesis 2 Assemblage composition depends on
proximity to local aquatic source areas, for example,
the connection between original habitats and deposi-
tion sites of chironomids, and the relationship between
plant macrofossil assemblages and the closest aquatic
vegetation (Birks 1973; Zhao et al. 2006). The high
abundances of Isoetes lacustris megaspores in Vestre
@ykjamyrtjern and Histgl occur only in shallow-water
samples (Figs. 3, 5) where the plant grows. Although
aquatic vegetation was not recorded, it is likely that 1.
lacustris was growing in these sites. The megaspores
are formed at the base of the leaves in the part of the
rosette buried in mud (Lid and Lid 1994) and it is
unlikely that they are dispersed far, except by an
unusual event. Local macrofossil representation is also
probably shown in Transect T1 in Ratasjgen. The high
concentrations of Ranunculus sect. Batrachium and
Nitella remains in this transect probably reflect their
growth at or near the sample sites. These high
concentrations result in the unrepresentativeness of
these samples (Table 2).
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Hypothesis 3 Assemblage composition depends on
the proximity to local terrestrial source areas: the
original habitats near the shores may be reflected by
remains of terrestrial species, as they are expected to
be sedimented closest to their habitats (Spicer and
Wolfe 1987). At Holebudalen, the mites have a
slightly increased concentration in transect 1, but
because of the low number of remains, this could be a
result of stochastic processes (Fig. 6). Sample T2-7
near the inlet in Vestre @ykjamyrtjern has the highest
number of woodland oribatids in the lake (Fig. 5). Itis
the only sample with an over-representation of any
ecological group of mites, demonstrating the impor-
tance of stream flow for the dispersal of terrestrial
mites into this lake. This sample also has a high
concentration of stream-living chironomids, which are
otherwise most abundant in the lake centres. There are
few examples where forested terrestrial habitats seem
to be reflected in the sub-fossil assemblages (Eide
et al. 2006). In high-energy alpine environments,
terrestrial remains can be dispersed in large numbers
into deeper water, e.g. at Krakenes, west Norway
(Jonsgard and Birks (1995) and in Spitsbergen (Birks
1991). Lake size may play a role. Our lakes were small
and taphonomic processes, particularly resuspension
from shallow water, may obscure the original depo-
sition pattern.

Hypothesis 4 Effects of morphology of remains:
morphological characters influence the distribution of
remains within a lake. Plant species may produce
several types of remains, and therefore the numbers of
botanical taxa are lower than the number of types of
fossil remains (Table 2). As they have the same origins,
the remains provide a good tool for investigating
differential sedimentation. The six different types of
remains of Pinus sylvestris recorded in Lisletjgnn are
distributed unevenly within the lake. Bark fragments are
present in all samples, bud-scales are most abundant in
deep water, anthers and needles are scattered in the slope
samples, and floating seeds and wings are deposited in
the littoral samples (Fig. S7). The Pinus bud-scales are
small, thin, and have a large surface area. They remain
suspended, and are transported into the centre of
Lisletjgnn, where they constitute the majority of the
plant macrofossils (Fig. 4).

Regenerative parts are often morphologically
adapted for spreading and deposition at favourable
places. For example, fruits of Ranunculus sect.

Batrachium accumulate close to the shores of
Ratéasjgen, where the plants grow (Fig. 7). Nitella
oospores are also found in greatest numbers near
source plants, as at Ratasjgen (Fig. 7). Oospores,
however, are small and light, with spiral flanges that
decelerate sinking and they can be widely dispersed
within a lake by water currents (Birks 1973; Dief-
fenbacher-Krall and Halteman 2000).

Hypothesis 5 Size of remains: small remains are
often deposited in the lake centre and larger and
coarser remains accumulate near the shores. The
presence of small fern sporangia in the middle of
Histgl (Fig. 3) is an example, as they are transported to
the middle of the lake prior to sedimentation. Body
lengths of the oribatid mites were measured, but these
did not correlate with location, water depth, or LOIL.
Hydrozetes nymphs may have long setae extending
beyond their body. These long setae may prevent them
from being transported away from their original
habitats. The large amounts of Hydrozetes nymphs in
T2-7 in Histgl (Fig. 3) may hence indicate that this
was their original habitat.

Conclusions

For mites, chironomids, and plant macrofossils, the
majority of the surface samples represent well the total
sub-fossil assemblages in our five shallow lakes.
Nearer the shores, the richness of terrestrial organisms
is often high, but differences among samples in the
littoral zone can be substantial (Fig. 6). Littoral
samples are more often unrepresentative of the
whole-lake assemblages than other samples. Terres-
trial remains are often in highest concentrations in the
slope samples, but this region can also be the area of a
lake with the largest variability among samples
(Figs. 3, 4, 5). The lake centre has the least number
of samples that are poor representatives of the overall
sub-fossil assemblages, but this is also the region that
generally displays the lowest richness of terrestrial
remains. Hence, in our five lakes, the choice is
between coring in an area where there may be local
differences over short distances and there is a risk of
obtaining a core with lower abundance and richness, or
coring in a deep-water region with high compositional
stability, but possibly lower concentrations of remains.
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The advantages and disadvantages of coring on the
slopes versus the lake centre offset one another. If
sediment depth is sufficient, then cores from the centre
and slopes of small, shallow lakes are equally likely to
contain representative assemblages of mites, chiron-
omids, and plant macrofossils. We conclude from our
study that these three fossil types can be reliably
studied from the same core. We note, however, that
our results are only applicable to small, shallow lakes.
Similar studies in larger, deeper lakes are required
before we can make general recommendations about
‘ideal’ coring locations for multi-proxy paleolimno-
logical studies involving both aquatic and terrestrial
organisms.

Acknowledgments Jan Berge, Aina Dahlg, Lapager Duorje,
Jorunn Larsen, Endre Willassen, and Gaute Velle assisted with
fieldwork. Mareile Andersson and Wenche Eide extracted the
mites and plant macrofossils from the sediments, and assisted in
the identification of the plant macrofossils. Arguitxu de la Riva
Caballero, Torstein Solhgy, Ingelinn Aarnes, and Knut Helge
Jensen provided valuable input regarding the analyses and
interpretations. Oliver Heiri was financed by a Swiss National
Science Foundation fellowship for prospective researchers
(Fellowship 81BE-66224) and Marianne Presthus Heggen was
financed by NORPEC, a NFR-funded Strategic University
Program at the University of Bergen, co-ordinated by HJB
Birks. NORPEC also financed the fieldwork.

References

Behan-Pelletier VM (1985) Ceratozetidae of the western North
American Arctic. Can Ent 117:1287-1366

Behan-Pelletier VM (1989) Limnozetes (Acari: Limnozetidae)
of northeastern North America. Can Ent 121:453-506

Birks HH (1973) Modern macrofossil assemblages in lake
sediments in Minnesota. In: Birks HIB, West RG (eds)
Quaternary plant ecology. Blackwell Scientific Publica-
tions, Oxford, pp 172-188

Birks HH (1980) Plant macrofossils in Quaternary lake sedi-
ments. Arch Hydrobiol 15:1-60

Birks HH (1991) Holocene vegetational history and climatic
change in west Spitsbergen—plant macrofossils from
Skardtjgrna. Holocene 1:209-218

Birks HH (2001) Plant macrofossils. In: Smol JP, Birks HIB,
Last WM (eds) Terrestrial algal and siliceous indicators.
Tracking environmental change using lake sediments, vol
3. Kluwer Academic Publishers, Dordrecht, pp 49-74

Birks HH (2007) Plant macrofossil introduction. In: Elias SA
(ed) Encyclopedia of quaternary science. Elsevier, Oxford,
pp 2266-2288

Birks HIB, Birks HH (1980) Quaternary palaeoecology. Edward
Arnold, London, p 289

Birks HH, Birks HIB (2000) Future uses of pollen analysis must
include plant macrofossils. J Biogeogr 27:31-35

@ Springer

Birks HH, Birks HJB (2006) Multi-proxy studies in palaeo-
limnology. Veg Hist Archaeobot 15:235-251

Birks HIB, Line JM, Juggins S, Stevenson AC, ter Braak CJF
(1990) Diatoms and pH reconstruction. Philos Trans R Soc
Lond B Biol Sci 327:263-278

Bjune AE (2005) Holocene vegetation history and tree-line
changes on a north—south transect crossing major climate
gradients in southern Norway—evidence from pollen and
plant macrofossils in lake sediments. Rev Palaeobot
Palynol 133:249-275

Blais JM, Kalff J (1995) The influence of lake morphometry on
sediment focusing. Limnol Oceanogr 40:582-588

Borcard D, Legendre P, Drapeau P (1992) Partialling out the
spatial component of ecological variation. Ecology 73:
1045-1055

Bretschko G (1974) The chironomid fauna of a high-mountain
lake (Vorderer Finstertaler See, Tyrol, Austria, 2237 m
asl). Ent Tidskr Suppl 95:22-33

Brinkhurst RO (ed) (1974) The benthos of lakes. MacMillan
Press Ltd, London, p 190

Brundin L (1949) Chironomiden und andere Bodentiere der
stidschwedischen Urgebirgsseen. Inst Freshw Res Drott-
ningholm Rep 30:1-914

Davidson TA, Sayer CD, Bennion H, David C, Rose N, Wade
MP (2005) A 250 year comparison of historical, macro-
fossil and pollen records of aquatic plants in a shallow lake.
Freshw Biol 50:1671-1686

Davis MB, Brubaker LB (1973) Differential sedimentation of
pollen grains in lakes. Limnol Oceanogr 18:635-646

Davis MB, Ford MS (1982) Sediment focusing in Mirror Lake,
New Hampshire. Limnol Oceanogr 27:137-150

Davis MB, Brubaker LB, Webb T (1973) Calibration of absolute
pollen influx. In: Birks HIB, West RG (eds) Quaternary plant
ecology. Blackwell Scientific Publications, Oxford, pp 9-25

de laRiva-Caballero A, Birks HIB, Bjune AE, Birks HH, Solhgy
T (2010) Oribatid mite assemblages across the tree-line in
western Norway and their representation in lake sediments.
J Paleolimnol. doi:10.1007/s10933-010-9411-y

Dieffenbacher-Krall AC (2007) Surface samples, taphonomy,
representation. In: Elias SA (ed) Encyclopedia of quater-
nary science. Elsevier, Oxford, pp 2367-2374

Dieffenbacher-Krall AC, Halteman W (2000) The relationship
of modern plant remains to water depth in alkaline lakes in
New England, USA. J Paleolimnol 24:213-229

Eide W, Birks HH, Bigelow NH, Peglar SM, Birks HIB (2006)
Holocene forest development along the Setesdal valley,
southern Norway, reconstructed from macrofossil and
pollen evidence. Veg Hist Archaeobot 15:65-85

Erickson JM (1988) Fossil oribatid mites as tools for Quaternary
paleoecologists: preservation quality, quantities, taphon-
omy. In Laub RS, Miller NG, and Steadman DW (eds) Late
pleistocene and early holocene paleoecology and archeol-
ogy of the eastern Great Lakes Region. 33. The Buffalo
Society of Natural Sciences, pp 207-226

Erickson JM, Platt RB (2007) Oribatid mites. In: Elias SA (ed)
Encyclopedia of quaternary science. Elsevier, Oxford,
pp 1547-1566

Evans RD (1994) Empirical evidence of the importance of
sediment resuspension in lakes. Hydrobiologia 284:5-12

Gerstmeier R (1989) Lake typology and indicator organisms in
application to the profundal chironomid fauna of


http://dx.doi.org/10.1007/s10933-010-9411-y

J Paleolimnol (2012) 48:669-691

691

Starnberger See (Diptera, Chironomidae). Arch Hydrobiol
116:227-234

Gilyarov MS (1975) A key to the soil-inhabiting mites. Sarc-
optiformes. (Translated from Russian). Nauka, Moscow,
USSR, pp 740

Glaser PH (1981) Transport and deposition of leaves and seeds
on tundra: a late-glacial analog. Arct Alp Res 13:173-182

Grimm EC (1993) Tilia 2.0.b.4. Illinois State Museum.
Research and Collections Center

Grimm EC (2004) TGView 2.0.2. Illinois State Museum.
Research and Collections Center

Heiri O (2004) Within-lake variability of sub-fossil chironomid
assemblages in shallow Norwegian lakes. J Paleolimnol
32:67-84

Heiri O (2007) Postglacial Europe. In: Elias SA (ed) Encyclo-
pedia of quaternary science. Elsevier, Oxford, pp 390-398

Heiri O, Lotter AF, Lemcke G (2001) Loss on ignition as a
method for estimating organic and carbonate content in
sediments: reproducibility and comparability of results.
J Paleolimnol 25:101-110

Heiri O, Birks HIB, Brooks SJ, Velle G, Willassen E (2003)
Effects of within-lake variability of fossil assemblages on
quantitative chironomid-inferred temperature reconstruc-
tion. Palacogeogr Palaeoclimatol Palacoecol 199:95-106

Jonsgard B, Birks HH (1995) Late-glacial mosses and envi-
ronmental reconstructions at Krakenes, western Norway.
Lindbergia 20:64-82

Lid J, Lid DT (1994) Norsk flora. Det Norske Samlaget, Oslo,
p 1014

Lotter AF (2003) Multi-proxy climatic reconstructions. In:
Mackay A, Battarbee RW, Birks HIB, Oldfield F (eds)
Global change in the holocene. Arnold, London, pp 373-383

Moen A (1999) National atlas of Norway: vegetation. Norwe-
gian Mapping Authority, Hgnefoss, p 200

Porinchu DF, MacDonald GM (2003) The use and application of
freshwater midges (Chironomidae: Insecta: Diptera) in
geographical research. Prog Phys Geog 27:378-422

Renberg I (1991) The HON-Kajak sediment corer. J Paleolim-
nol 6:167-170

Schmdh A (1993) Variation among fossil chironomid assem-
blages in surficial sediments of Bodensee-Untersee (SW-
Germany): implications for paleolimnological interpreta-
tion. J Paleolimnol 9:99-108

Solhgy T (2001) Oribatid mites. In: Smol JP, Birks HJB, Last
WM (eds) Tracking environmental change using lake
sediments. 4: Zoological indicators. Kluwer Academic
Publishers, Dordrecht, pp 81-104

Spicer RA, Wolfe JA (1987) Plant taphonomy of Late Holocene
deposits in Trinity (Clair Engel) Lake, Northern California.
Paleobiology 13:227-245

R development Core Team (2008) R: a language and environ-
ment for statistical computing. R foundation for statistical
computing

ter Braak CJF, Prentice IC (1988) A theory of gradient analysis.
Adv Ecol Res 18:271-317

ter Braak CJF, Smilauer P (2002) CANOCO reference manual
and CanoDraw for Windows user’s guide: software for
canonical community ordination (version 4.5). Micro-
computer Power, Ithaca, New York, p 500

van Hardenbroek M, Heiri O, Wilhelms MF, Lotter AF (2011)
How representative are subfossil assemblages of Chironom-
idae and common benthic invertebrates for the living fauna of
Lake De Waay, the Netherlands? Aquat Sci 73:247-259

Velle G, Larsen J, Eide W, Peglar SM, Birks HJB (2005)
Holocene environmental history and climate of Ratasjgen,
a low-alpine lake in south-central Norway. J Paleolimnol
33:129-153

Walker IR (2007) Chironomid overview. In: Elias SA (ed)
Encyclopedia of quaternary science. Elsevier, Oxford,
pp 360-366

Weigmann G (2006) Hornmilben (Oribatida). Goecke & Evers
Keltern, Keltern, p 520

Zhao Y, Sayer CD, Birks HH, Hughes M, Peglar SM (2006)
Spatial representation of aquatic vegetation by macrofos-
sils and pollen in a small and shallow lake. J Paleolimnol
35:335-350

@ Springer



	Are fossil assemblages in a single sediment core from a small lake representative of total deposition of mite, chironomid, and plant macrofossil remains?
	Abstract
	Introduction
	Study sites

	Materials and methods
	Data analysis

	Results
	Histøl, 245 m asl
	Lisletjønn, 518 m asl
	Vestre Øykjamyrtjern, 570 m asl
	Holebudalen, 1,144 m asl
	Raringtaringsjøen, 1,169 m asl
	Comparisons among lakes

	Discussion
	Representativeness
	Relations between sub-fossil assemblages and water depth and LOI
	Other factors that may influence deposition patterns

	Conclusions
	Acknowledgments
	References


