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Abstract Floodplain lakes are rarely analysed for

fossil chironomids and usually not incorporated in

modern chironomid-climate calibration datasets

because of the potential complex hydrological pro-

cesses that could result from flooding of the lakes. In

order to investigate this potential influence of river

inundations on fossil chironomid assemblages, 13

regularly inundated lakes and 20 lakes isolated from

riverine influence were sampled and their surface

sediments analysed for subfossil chironomid assem-

blages. The physical and chemical settings of all lakes

were similar, although the variation in the environ-

mental variables was higher in the lakes isolated from

riverine influence. Chironomid concentration and

taxon richness show significant differences between

the two classes of lakes, and the variation in these

variables is best explained by loss-on-ignition of the

sediments (LOI). Relative chironomid abundances

show some differences between the two groups of

lakes, with several chironomid taxa occurring prefer-

entially in one of the two lake-types. The variability in

chironomid assemblages is also best explained by

LOI. Application of a chironomid-temperature infer-

ence model shows that both types of lakes reconstruct

July air temperatures that are equal to, or slightly

underestimating, the measured temperature of the

region. We conclude that, although there are some

differences between the chironomid assemblages of

floodplain lakes and of isolated lakes, these differ-

ences do not have a major effect on chironomid-based

temperature reconstruction.
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Introduction

The Chironomidae (Insecta: Diptera) is a very diverse

family of aquatic insects, occurring in a multitude of

habitats, and chironomids are frequently among the

most abundant invertebrates found in lakes and rivers

(e.g., Armitage 1995; Cranston 1995). Chironomids

have been used in palaeoecological studies as a proxy

for a range of different environmental variables. For

instance, Gandouin et al. (2006, 2007) explored the
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ratio between lotic and lentic chironomid taxa as a

tool to qualitatively reconstruct flow-regimes in dead

branches of two French rivers (Rhône and Garonne).

Other research projects used fossil chironomid

assemblages in lake sediments to quantitatively infer

past changes in July air temperature (e.g., Heiri and

Lotter 2005; Brooks 2006; Walker and Cwynar

2006), salinity (e.g., Heinrichs and Walker 2006;

Eggermont et al. 2006), or trophic conditions in lakes

(Lotter et al. 1998; Brooks et al. 2001).

Chironomid-based temperature reconstruction has

received increasing attention in recent years and a

large number of chironomid-based July air temper-

ature records are now available from formerly

glaciated regions in Europe and North America

(e.g., Walker et al. 1991; Brooks and Birks 2001).

However, lacustrine sediments deposited in flood-

plain environments such as palaeochannels and

oxbow lakes have to our knowledge not previously

been used for quantitative temperature reconstruction

based on fossil chironomids.

Floodplain sediments have great potential for

chironomid-based temperature reconstructions. They

can be found in landscapes beyond the maximum

extent of late Quaternary glaciations (Gandouin et al.

2005; 2006) and in time windows for which other

lacustrine sediment records are rare. For example, in

the opencast lignite mines in eastern Germany,

lacustrine sediments dating back to Oxygen Isotope

Stage (OIS)—5a and early OIS-3 (ca. 80 and 55 ka

BP, respectively) have been retrieved (e.g., Mol

1997; Bos et al. 2001; Kasse et al. 2003). The fossil

chironomid and botanical assemblages, together with

the sedimentological record, all suggest that these

palaeolakes were situated on a river floodplain.

Modern lakes, where high-discharge events of

nearby rivers or streams can reach the lake, are

usually not included in the modern calibration sets

used to develop chironomid-temperature inference

models because of the complex ecological processes

that can be the result of such floods. As a conse-

quence, lacustrine floodplain sediments potentially

present non-analogue situations in respect to most

modern chironomid-temperature transfer functions

and it is presently unclear to what extent this

influences quantitative temperature reconstructions.

Studies on modern lakes have shown that certain

lakes, and their associated chironomid faunas, are

sensitive recorders of small-scale climate changes

whereas other lakes are less likely to respond to climate

variability, depending on their (relative) location (e.g.,

Velle et al. 2005; Heegaard et al. 2006). Within-

region discrepancies are also recorded for down-core

analysis of chironomid-assemblages and their associ-

ated inferred temperatures (e.g., Bigler et al. 2002;

Korhola et al. 2002; Velle et al. 2005). Presently, it is

unclear how large intraregional variability of chiron-

omid-inferred temperature estimates can be, or

whether this variability changes between floodplain

lakes and lakes that are unaffected by inundations.

In this study, we investigate the differences

between the physical and chemical properties of lakes

on a river floodplain that are annually inundated, and

lakes that are isolated from such riverine influence.

The subfossil chironomid assemblages of these lakes

are compared and the influence of river inundations on

the chironomid concentrations, taxon richness and

relative chironomid abundances is explored. The

intraregional variability of chironomid-inferred tem-

perature estimates is determined and compared for the

two classes of lakes with the aim of assessing whether

chironomid-temperature inference models, developed

for lakes unaffected by riverine influence, can be

applied to floodplain sediment records.

Study area

The 33 lakes studied in this project are all situated

within a 6 km radius of the small town of Kaamanen,

Finland (69�060 N, 27�100 E; 146 m a.s.l.). The

landscape of the region is characterised by outcrops

of metamorphic rocks (granite, gneisses), inter-

spersed with lakes, wetlands and mires. Today, the

area around Kaamanen is situated in boreal forest, in

which birch (Betula pubescens) and pine (Pinus

sylvestris) are the most important tree species. Mean

July air temperature at Kaamanen is 13.1�C and the

annual precipitation averages 441 mm (over the

period of 1971–2000; Drebs et al. 2002). The flood-

plain of the Muddusjoki river (Fig. 1), the largest

river of the area, is covered in sedges and other

wetland vegetation. The Muddusjoki is known to

have fluctuating discharges (and water levels), the

highest discharge being in May or June during the

snow melt season. The average difference between

the highest and the lowest monthly water level during

the period of 1971–2005 was 137 cm (unpublished

J Paleolimnol

123



data, P. Räinä). As 13 studied lakes are situated on the

same elevation as the river, they are inundated by the

river during every flood. This was also evident from

flood marks found during the fieldwork (e.g., evidence

of erosion or debris deposits at a uniform height

throughout the study area), and confirmed by local

inhabitants. The other 20 lakes lie either higher or

sheltered behind rock outcrops, and therefore remain

isolated from riverine influence. Lake 33 differs from

the other lakes in the data set as it has probably

originated from the construction of a road close to the

lake, and is fed by a drainage system that directs rain

water away from the road and into the lake.

Methods

Fieldwork and laboratory analyses

During a 3-week fieldwork campaign in August 2006,

33 ponds and small lakes were sampled for water

chemistry and surficial sediments. Vegetation, lake

perimeter, number of in and outflows and possible

anthropogenic influence were recorded. Lake bathym-

etry was established for every lake using a GPS and a

water-depth gauge. At the deepest point of the lakes,

water temperature, conductivity, pH and O2 profiles

were recorded before sampling the lake sediments.

Using a HON/Kajak-corer with a diameter of 6.2 cm

(Renberg 1991), at least two cores were retrieved from

every lake, and the sediment column was subsampled

in 1-cm increments in the field. The topmost one

centimetre of sediment was used in this study for loss-

on-ignition (LOI was determined following standard

protocols of the Dutch Centre for Normalization at

550�C using a CEM MAS-300) and chironomid

analysis.

Water samples were collected at 50 cm below the

water-surface for every lake, and in the case of lakes

deeper than 2 m or with thermal stratification, an

additional water sample was retrieved from the lower

part of the water column. Alkalinity of the water was

measured in the field, whereas other water chemistry

variables were measured in laboratories using a

Dionex DX 120 Chromatograph and a Varian ICP-

AES. d18O of the water samples was measured using

a ThermoFinnigan Delta+ mass spectrometer with a

GASBENCH II preparation device at a 1r precision

of *0.1%.

Subfossil chironomid remains

Prior to chironomid analysis, the sediments were

freeze-dried in order to obtain a reliable estimate of

chironomid concentrations per weight. Freeze-dried

samples (0.019–1.818 g) were treated with cold KOH

(10%) for a period of at least 4 h, before sieving over

a 100 lm mesh. Chironomid remains were hand-

picked from the residue, and mounted on permanent

slides using Euparal� mounting medium.

After omitting chironomid head capsules (hc) that

were only identified to subfamily or tribal levels,

minimum, maximum and mean count numbers per

sample were 149, 415, and 184 hc respectively.

Taxonomy follows Sæther (1976), Wiederholm

(1983), Schmid (1993), Heiri et al. (2004) and Brooks

et al. (2007). Using TILIA and TG.VIEW (Grimm

1991–2004), a chironomid abundance diagram was

constructed.
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Fig. 1 Location of the 33 studied lakes in northern Finland.

Inundated lakes have a shaded text box, isolated lakes a white

text box. The shaded areas (light gray) represent lakes and

rivers/streams
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Numerical analyses

In order to compare chironomid assemblages from

lakes that are regularly inundated and lakes isolated

from riverine influence, a range of statistical analyses

was performed, and the results are compared for the

two classes of lakes.

Rarefaction analysis was performed to assess the

taxon richness (TR) of the different samples. This

method simulates a random selection without replace-

ment, estimating for all samples the taxon richness for

the smallest count size recorded in the entire sequence

of samples. In our case, this smallest sample contained

149 identified hcs, and the TR was determined for all

33 lakes for this count size using RAREPOLL (Birks

and Line 1992). A t-test was performed to assess

whether TR significantly differed between the two

classes of lakes. In this study, 24 environmental,

chemical and biological variables were determined for

all 33 lakes (all variables on interval/ratio scale from

Tables 1 and 2), and using redundancy analysis

(RDA; Ter Braak and Looman 1994) with Monte

Carlo permutation tests (unrestricted model, 999

permutations), the environmental variables that best

explained the variance in TR were selected.

Chironomid concentrations were compared for the

two classes of lakes using a t-test. Similar to the

TR-analyses, RDA was performed in order to select

the environmental variables that best explained the

variance in chironomid concentrations. As the chiron-

omid concentrations showed a skewed distribution,

they were log-transformed prior to analysis.

The dataset containing the 24 environmental

variables was subjected to a series of Principal

Component Analyses (PCAs) in order to detect co-

variation between the different variables, and to

assess differences of the chemical and physical

variables between our 2 classes of lakes. Environ-

mental variables that show a skewed distribution (i.e.,

all water chemistry data except for [Na], [K], [Cl] and

[Ca]) were log-transformed prior to the analyses.

Inspection of initial results showed a high co-

variability between a number of variables (especially

for the water chemistry data), and for subsequent

PCAs redundant variables were omitted in order to

create a biplot that was more readily interpretable.

The omitted variables included all variables pre-

sented in Table 2, except for d18O, TP, [NH4], [SO4]

and [PO4].

Using detrended correspondence analysis (DCA;

Hill and Gauch 1980), with detrending by segments,

non-linear rescaling of the axes and down-weighting of

rare taxa, the amount of compositional turnover in the

chironomid data was determined. As the gradient length

of the first axis was 2.08 standard deviation units, the

application of both unimodal and linear methods was

possible in subsequent analyses (Birks 1998).

Square-root transformed percentage abundances of

the chironomid taxa, with down-weighting of rare

taxa, were used in a correspondence analysis (CA) to

explore the distribution of the different chironomid

taxa in the two lake classes. A series of direct gradient

analyses (canonical correspondence analyses (CCAs))

was performed to determine the unique and marginal

effects of the individual environmental variables on

the variability of the chironomid abundances. The

marginal effect of a given environmental variable is

defined as the amount of variability in the chironomid

data that would be explained by a constrained

ordination model that uses this environmental variable

as the only explanatory variable (Lepš and Šmilauer

2003). The unique (or conditional) effects are the

partial effects of the selected variables (tested through

partial Monte Carlo permutation tests), which depend

on the variables already selected (Lepš and Šmilauer

2003).

A 2-component weighted averaging-partial least

squares (WA-PLS) chironomid-temperature inference

model was applied to the chironomid assemblages of

our 33 lakes, in order to test the intraregional

variability in chironomid-inferred temperature esti-

mates, and to assess the influence of river inundation

on quantitative temperature inferences. This model

was based on an expanded and re-analysed training set

by Olander et al. (1999) including 63 lakes in western

Finnish Lapland (Vasko et al. 2000; Nyman 2007).

The warmest lake in this dataset was identified as an

outlier, and excluded from further analyses. The

calibration data covers a mean July air temperature

range of 7.9 to 14.9�C (1961–1990 Climate Normals

data). All chironomid percentage values were square

root transformed to stabilize the variance, and the

model has a coefficient of determination (r2) of 0.75, a

root mean square error of prediction (RMSEP) of

0.76�C, a mean bias of 0.023�C and a maximum bias

of 1.19�C (all as assessed through leave-on-out cross

validation). Sample specific errors were estimated

through bootstrapping (999 cycles; Birks et al. 1990).
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Table 1 Physical and chemical parameters of the 33 lakes in the data set

Lake nr Physical parameters Water column Sediment content

Elevation

(m a.s.l.)

Class Vege-

tation

Open

water

area

(ha)

Water

depth

(m)

T

water

(�C)

pH EC

(lS/cm)

O2

(ppm)

Alkalinity

(mg/l)

LOI

(%)

Chironomid

concentration

(hc/g)

L01 146 Inundated A 2.3 2.3 16.0 4.4 17 9.3 1.6 53 1,313

L02 146 Inundated A 0.2 1.6 18.7 5.2 29 9.6 2.4 44 1,289

L03 146 Inundated A 3.0 3.4 16.7 5.3 20 8.6 0.9 32 800

L04 152 Isolated B 6.6 6.4 16.9 4.9 10 9.8 0.6 60 1,701

L05 155 Isolated B 0.3 1.0 19.9 5.0 8 9.0 0.2 75 1,818

L06 146 Isolated B 2.0 1.8 19.0 4.4 10 9.1 0.3 69 1,847

L07 146 Inundated A/B 6.3 2.0 18.1 5.8 23 8.9 0.8 44 1,454

L08 146 Inundated A/B 2.9 1.2 18.9 6.3 31 9.2 1.0 37 708

L09 146 Inundated A 5.9 2.5 17.5 5.7 24 7.8 1.7 31 436

L10 146 Inundated A 0.1 0.8 17.9 5.6 22 8.9 0.9 10 85

L11 146 Inundated A 0.9 0.9 17.9 5.0 10 6.7 1.0 36 1,989

L12 148 Inundated B 1.9 0.9 18.7 6.2 37 8.6 1.4 18 111

L13 149 Isolated B 2.3 5.0 18.0 4.1 7 7.5 0.0 79 8,857

L14 146 Inundated A 2.7 1.6 18.0 5.4 19 7.1 0.9 34 816

L15 146 Inundated A 2.9 2.6 18.0 5.5 19 6.9 0.6 36 384

L16 152 Isolated B 1.6 2.3 16.7 2.9 8 5.4 0.0 83 9,840

L17 156 Isolated B 1.6 3.9 16.8 3.5 10 8.0 0.0 70 4,873

L18 158 Isolated B 4.5 15.9 9.7 5.3 28 6.8 1.2 41 880

L19 158 Isolated B 0.5 3.0 15.5 5.5 29 9.3 0.6 56 1523

L20 157 Isolated B 1.8 4.1 13.9 5.8 35 5.6 0.8 30 2,960

L21 147 Inundated A 10.7 1.6 15.6 5.2 17 10.0 0.6 39 915

L22 147 Inundated A 3.3 3.1 15.7 5.0 21 8.9 0.4 30 1,030

L23 158 Isolated B 15.8 6.9 14.4 5.4 18 8.1 0.6 40 1,505

L24 152 Isolated B 0.9 3.1 14.0 5.9 47 7.6 0.6 60 1,895

L25 151 Isolated B 0.9 3.3 10.6 4.4 33 3.1 0.9 26 940

L26 153 Isolated B 2.5 2.1 15.7 4.8 11 8.8 0.7 70 3,243

L27 157 Isolated B 0.4 5.4 11.3 5.4 63 5.2 1.3 47 317

L28 163 Isolated B 0.5 1.8 15.8 3.5 8 8.7 0.0 77 4,538

L29 153 Isolated B 3.2 1.5 14.4 6.1 41 9.7 1.5 52 1,141

L30 154 Isolated B 6.7 1.7 15.3 5.9 21 10.2 0.5 55 1,120

L31 152 Isolated B 14.3 3.3 15.8 3.9 9 8.7 0.3 59 4,109

L32 156 Isolated B 0.1 1.0 17.0 4.4 44 9.3 0.5 74 726

L33 156 Isolated B 0.4 2.3 13.0 5.9 51 10.1 1.3 27 594

Mean 151 3.3 3.0 16.1 5.1 24 8.2 0.8 48 1,993

Minimum 146 0.1 0.8 9.7 2.9 7 3.1 0.0 9 85

Maximum 163 15.8 15.9 19.9 6.3 63 10.2 2.4 82 9,840

Lake numbers refer to lakes indicated in Fig. 1. Vegetation type A indicates a vegetation dominated by sedges, type B a vegetation

dominated by pine and birch. A value of 0 refers to concentrations below the detection limit. Minimum, mean and maximum values

are presented for each variable (where applicable). Abbreviations include: T water: average temperature of the water column; LOI:

loss-on-ignition; hc: head capsules; EC: electric conductivity
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The WA-PLS model was developed and implemented

using C2 version 1.4.3 (Juggins 2003).

Results

Taxon richness and chironomid concentrations

The taxon richness (TR) estimated for a count sum of

149 hcs (equivalent to our minimum count sum),

ranges between 14 and 43 for the 33 lakes. Using

RDA with forward selection, LOI was selected as the

environmental variable explaining the most variance

in TR (k = 0.59 of total inertia of 0.90, p = 0.001).

O2 was the second forward selected variable with

p = 0.022, explaining an additional 10% of the total

variance. The relatively strong (linear) correlation

(r2 = 0.58) between the LOI and TR is plotted in

Fig. 2a. Most inundated lakes have a lower LOI than

Table 2 Chemical parameters of the 33 lakes in the data set

Lake nr TOC

(mg/l)

d18O

(% SMOW)

Na

(mg/l)

K

(mg/l)

Mg

(mg/l)

Ca

(mg/l)

Fe

(mg/l)

Al

(mg/l)

Mn

(mg/l)

Si

(mg/l)

TP

(mg/l)

Cl

(ppm)

NH4

(ppm)

PO4

(ppb)

SO4

(ppm)

L01 5.51 –8.3 1.8 0.43 0.6 1.4 0.11 0.04 0.005 0.1 0.004 1.7 0.068 5.4 1.0

L02 4.35 –11.8 1.6 0.41 1.0 2.8 0.20 0.11 0.012 2.9 0.010 1.1 0.000 4.7 2.8

L03 5.00 –9.6 1.3 0.40 0.8 1.7 0.16 0.04 0.005 0.6 0.080 0.0 0.122 20.8 1.3

L04 4.72 –8.8 2.6 0.57 0.6 2.0 0.12 0.19 0.003 0.3 0.006 1.1 0.000 3.6 1.0

L05 5.42 –7.4 0.8 0.37 0.2 0.7 0.06 0.10 0.004 0.1 0.009 1.0 0.053 10.2 1.2

L06 3.34 –6.8 0.8 0.33 0.2 0.6 0.04 0.09 0.006 0.1 0.011 0.9 0.125 21.3 2.5

L07 4.23 –10.6 1.4 0.42 1.1 1.9 0.20 0.05 0.011 0.4 0.005 1.1 0.038 3.7 1.4

L08 4.27 –10.9 0.1 0.17 0.0 0.1 0.06 0.04 0.003 0.8 0.000 1.1 0.010 202.5 2.5

L09 4.21 –10.8 1.2 0.21 1.0 1.5 0.13 0.04 0.005 0.7 0.005 0.9 0.047 3.1 2.4

L10 5.64 –9.9 1.4 0.36 1.0 1.9 0.20 0.05 0.006 0.3 0.018 1.0 0.006 7.2 1.7

L11 5.22 –8.3 0.7 0.20 0.4 1.4 0.38 0.03 0.012 0.1 0.009 0.5 0.008 2.4 0.7

L12 5.30 –9.4 1.7 0.55 1.2 4.0 0.18 0.05 0.009 1.8 0.019 1.3 0.000 4.3 2.5

L13 1.65 –6.3 0.6 0.23 0.2 0.2 0.59 0.11 0.056 0.1 0.034 0.7 0.013 3.7 1.2

L14 5.46 –8.9 1.1 0.33 0.7 1.7 0.20 0.03 0.010 0.2 0.000 0.9 0.013 31.2 1.0

L15 5.70 –8.7 1.0 0.30 0.8 1.7 0.26 0.13 0.009 0.3 0.021 0.8 0.013 37.9 1.1

L16 3.63 –6.2 0.5 0.31 0.2 0.4 0.04 0.06 0.015 0.0 0.002 0.7 0.005 4.6 1.4

L17 6.47 –6.7 0.8 0.36 0.2 0.4 0.07 0.03 0.010 0.0 0.006 1.3 0.040 4.2 1.1

L18 3.22 –11.3 0.4 0.26 0.6 0.0 0.00 0.07 0.000 1.1 0.041 1.3 0.021 4.5 4.5

L19 3.84 –11.3 1.5 0.41 1.0 2.7 0.04 0.02 0.000 0.5 0.000 1.3 0.104 4.2 4.0

L20 5.17 –11.6 1.6 0.41 1.2 2.9 0.12 0.00 0.003 2.8 0.008 1.4 0.037 4.8 3.9

L21 7.38 –9.5 1.2 0.36 0.8 1.8 0.54 0.13 0.004 0.3 0.019 1.2 0.008 9.3 0.5

L22 7.01 –9.4 1.3 0.35 0.8 1.8 0.26 0.11 0.005 0.3 0.013 1.0 0.024 3.6 0.7

L23 6.46 –10.5 1.1 0.32 0.6 1.7 0.25 0.05 0.001 0.9 0.000 1.1 0.003 3.9 1.1

L24 2.92 –10.5 0.2 0.16 0.1 1.8 0.01 0.04 0.001 1.3 0.019 2.2 0.197 11.4 24.6

L25 8.95 –14.0 1.7 0.42 1.6 3.1 0.56 0.08 0.004 4.5 0.008 1.6 0.005 2.9 0.0

L26 7.64 –7.1 1.0 0.15 0.5 0.6 0.12 0.05 0.003 0.1 0.017 0.9 0.038 3.3 1.0

L27 4.92 –13.1 2.1 0.64 2.0 4.5 0.09 0.12 0.041 3.9 0.000 1.8 0.026 3.4 4.3

L28 6.41 –7.6 0.7 0.32 0.3 0.4 0.41 0.10 0.043 0.2 0.012 0.9 0.012 3.7 1.0

L29 5.68 –9.8 2.2 0.65 1.2 3.7 0.08 0.05 0.004 0.9 0.011 2.4 0.052 3.0 16.7

L30 5.94 –8.0 1.5 0.44 0.6 1.7 0.05 0.03 0.001 1.7 0.009 1.4 0.040 3.3 2.5

L31 3.75 –6.8 0.7 0.26 0.2 0.4 0.05 0.04 0.004 0.0 0.009 0.9 0.127 5.5 1.6

L32 5.76 –5.8 1.5 0.45 1.0 4.4 0.58 0.11 0.084 0.2 0.019 8.5 0.117 3.6 4.4

L33 1.33 –14.4 1.9 0.73 1.3 5.6 0.01 0.05 0.000 4.5 0.008 1.8 0.001 4.0 4.2

Mean 5.05 –9.4 1.2 0.37 0.7 1.9 0.19 0.07 0.012 1.0 0.012 1.4 0.041 13.4 3.1

Minimum 1.33 –14.4 0.1 0.15 0.0 0.0 0.00 0.02 0.000 0.0 0.000 0.5 0.000 2.4 0.0

Maximum 8.95 –5.8 2.6 0.73 2.0 5.6 0.59 0.19 0.084 4.5 0.080 8.5 0.197 202.5 24.6

Lake numbers refer to lakes indicated in Fig. 1. A value of 0 refers to concentrations below the detection limit. Minimum. mean and

maximum values are presented for each variable
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the isolated lakes, but there also seems to be a

tendency for the isolated lakes to have a lower TR.

The hypothesis that both groups of lakes have

statistically different TR values was tested using a

t-test. The resulting t = 3.56 and p = 0.0012 show

that the chance of a type I error (false rejection of H0)

is lower than 5%, and H0 (=both groups have the

same means) is rejected.

A t-test performed on the chironomid concentra-

tions (hcs encountered per gram of freeze-dried

sediment) of the two groups resulted in a t = –2.49,

where t-critical (a = 5%) = 2.2. This indicates that

the mean chironomid concentration in the group of

isolated lakes is significantly different than that of the

inundated lakes. The relationship between the chi-

ronomid concentrations of the 33 lakes and the

environmental variables was examined using RDA.

LOI was selected as the variable with the strongest

relationship with chironomid concentrations (explain-

ing k = 0.57 of total inertia of 0.84, p = 0.001).

Forward selection showed that [Cl] had a significant

relationship (p \ 0.05) with the chironomid concen-

trations, explaining an additional 10% of the variance

in the data. Figure 2b shows the log-transformed

chironomid concentration of the individual lakes,

plotted against LOI.

Physical and chemical properties of the lakes

PCA was performed on the physical variables, water

column chemistry and LOI data presented in

Table 1, and the chemical data presented in Table 2.

Variables that were excluded from the analysis were

chemical variables that showed a large co-variance

with other variables retained in the analysis, and the

data on nominal/ordinal scale. The variance

explained by the first three constructed PCA axes

is: 26.3, 18.0 and 14.5%. Figure 3a shows a biplot

of the environmental variables and the sites on the

first two axes.

Water chemistry variables are strongly correlated

with the first PCA-axis, whereas physical variables of

the lake and its catchment dominate the second axis.

The third axis (not shown here) shows a strong

correlation with cation concentrations. As can be seen

in Fig. 3a, the regularly inundated lakes cluster

together in the PCA, implying that lakes belonging

to this class have a similar physical and chemical

environment. The means of the two different classes

are similar for the variables that correlate strongly

with the first axis, but there is a difference in lake-

scores on the second axis: the inundated lakes are on

the negative side of the axis, the isolated lakes on the

positive side. Further analyses show that when

‘‘elevation’’ is omitted from the dataset, this differ-

ence in lake-scores on the second axis disappears.

Therefore, the lakes in both classes seem to have

similar means for most chemical and physical

variables, but the larger scatter of PCA axis scores

(Fig. 3a) indicates that the variability in values is

larger for the isolated group.

Chironomid abundance data

Correspondence analysis (CA) showed that the iso-

lated lakes and the regularly inundated lakes both

cluster together in separate groups when using the

chironomid-data as input (Fig. 3b), implying that the

chironomid faunas of the two classes of lakes differ.

The colder lakes (Lake 23 and Lake 33), and those

showing strong thermal stratification and bottom-

water anoxia during the fieldwork period (Lake 18,

Lake 25 and Lake 27), plot outside of the cluster of

isolated lakes. The variance explained on the first two

axes plotted in Fig. 3b is 18.8 and 11.2%.
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plotted against loss-on-ignition. Open circles indicate inun-

dated lakes, solid circles isolated lakes; regression lines are

linear models
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In an initial series of CCAs with 24 exploratory

variables, 13 variables were manually selected as

explaining a statistical significant amount of the total

inertia (p \ 0.05). Of these variables, LOI was

selected as the variable that is most strongly related

to variation in the chironomid abundances (15.1%;

Table 3). This was followed by d18O (10%), Mg

(8.3%), and elevation (7.4%).

A series of CCAs with forward selection was

performed to determine the marginal and unique

effects of the different environmental variables

(Table 3). Again, LOI was selected as the most

important explanatory variable, now followed by

elevation, O2, TOC, lake depth and electric conduc-

tivity (EC). The first axis of a CCA with these 6

variables now explains 16.9% of the total inertia

(k = 0.192 of total 1.135).

A total of 86 chironomid taxa were identified for

the 33 lakes from northern Finland. Figure 4 shows

the abundance of selected taxa per lake in inundated

and isolated lakes. Several head capsule types have

been amalgamated within the taxa Corynoneura spp.
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sites. The variance explained by the first and second axis is
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Table 3 Marginal and conditional effects of explanatory

variables

Variable Marginal effects Conditional effects

Variance

explained (%)

P Variance

explained (%)

P

LOI 15.1 0.001 15.0 0.001

Elevation 7.4 0.002 7.0 0.001

O2 6.2 0.008 5.3 0.001

TOC 5.5 0.017 4.4 0.003

Depth 5.7 0.019 4.4 0.004

EC 7.1 0.002 4.4 0.010

SO4 4.9 0.059

Ca 6.1 0.008

Mg 8.3 0.001

T water 6.4 0.010

PO4 3.2 0.348

Open water 4.5 0.096

d18O 10.0 0.001

Alk. acid 7.4 0.003

K 3.4 0.351

NH4 4.1 0.154

Na 3.8 0.223

pH 5.6 0.023

Cl 4.2 0.196

Si 6.9 0.001

Mn 3.2 0.398

Fe 3.5 0.280

Al 1.8 0.970

TP 1.9 0.904

Statistically significant relationships are plotted in bold
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and Cricotopus-type to enhance the readability of the

figure.

Although the most abundant taxa all occur in both

the inundated and the isolated lakes, there are certain

taxa that show a preference for one of the two groups.

Cladotanytarsus mancus-type I, Cladopelma,

Cricotopus-type, Microtendipes and Tanytarsus pal-

lidicornis-type all show a preference for the regularly

inundated lakes, whereas Dicrotendipes nervosus-

type, Lauterborniella/ Zavreliella, Paratanytarsus

penicillatus-type, Sergentia, Tanytarsus type VI and

T. glabrescens-type show higher abundances in the

isolated lakes. The differences within the genus

Zalutschia are also striking: whereas Zalutschia type

A almost exclusively occurs in isolated lakes with a

high organic matter content of the sediments, the

other identified taxa (Zalutschia type B, Z. mucro-

nata-type and Z. zalutschicola) all are restricted to the

inundated sites or sites with a low LOI. The different

types within the genus Psectrocladius all show a

preference for the isolated lakes, but they also feature

a strong correlation with LOI: in both classes of lakes

we see increasing abundances of e.g., P. septentrio-

nalis-type with increasing LOI (Fig. 4).

Intraregional variability in temperature inferences

The results of applying a chironomid-temperature

inference model to our 33-lake dataset are shown in

Fig. 5. The inferred temperatures are all around or

lower than the measured 30 year average July air

temperature for Kaamanen (Drebs et al. 2002), and

sample specific errors are ±0.79–0.88�C. The group

of inundated lakes shows less diverse temperature

estimates and values closer to the observed temper-

ature than the group of isolated lakes. The standard

deviation of the temperature-inferences within the

group of inundated lakes is 0.32�C, and within the

group of lakes isolated from riverine influence

0.54�C. This low variability in inferred temperatures

was expected for the group of inundated lakes, as the

variation in the chironomid-abundance data was also

low in this group (Fig. 3b). Lake 33 can be consid-

ered as an outlier, as it has a reconstructed

temperature of 10.6�C, approximately 1�C lower

than the second lowest reconstructed value.

Discussion

Inundated lakes versus isolated sites: environment

Thomaz et al. (2007) state that river floods result in

the homogenization of aquatic habitats on the flood-

plain. An increased connectivity between the river

course and the floodplain will enhance the exchange

of water, sediments, minerals and organisms. During

periods of low water, the heterogeneity of habitats on

a floodplain may be increased through (amongst

others) local water inputs from tributaries and ground

water seepage (Thomaz et al. 2007). In our dataset, it

is clear that the chemistry of the different lakes within

the group of floodplain lakes is very uniform. In the

PCA analysis (Fig. 3a), the lakes of the inundated

class all cluster close together, and the variation in
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scores on both the first and the second axis is low,

implying a low within-group variability in environ-

mental conditions. The lakes that are isolated from

riverine influence are plotted in a separate group in

the PCA diagram (Fig. 3a). The scores of the lakes on

the first axis are similar to those of the inundated

class, but the variability in scores is higher, suggest-

ing a higher variation in water chemistry. This is

consistent with the expected higher variability due to

the more diverse local processes at the isolated sites.

The scores on the second axis differ between the two

groups, which can be mainly attributed to floodplain

characteristics: first, all lakes in the inundated class

have the same elevation, as they are situated closely

together on the same floodplain. Second, most of

these lakes are shallow, as deep lakes on a floodplain

will be preferentially filled in. Thirdly, other envi-

ronmental variables that are correlated to the second

axis, e.g., O2, are for some lakes related to depth as

well (e.g., bottom water anoxia in deep, stratified

lakes with a small area/wind fetch).

This implies that there is a tendency for the

floodplain lakes to have similar habitats available for

chironomids and other aquatic macrofauna, and that

the variability in environmental conditions is higher

in lakes isolated from riverine influence.

Inundated lakes versus isolated sites: chironomid

fauna

In western Finnish Lapland, the chironomid taxon

richness is most strongly correlated with alkalinity

(Nyman et al. 2005), which is usually directly

connected to weathering intensity of catchment

bedrock. In their study, Nyman et al. (2005) assessed

chironomid assemblages over a wide range of

alkalinity values, whereas the range in alkalinity is

limited in our dataset. The variation in TR in our

dataset is best explained by LOI and the TR is

significantly different in the two lake classes. The

floodplain lakes, that on average have a low LOI, are

situated at an ecotonal boundary between lotic and

lentic habitats, which could result in a more diverse

fauna and also a higher TR in this class.

The positive correlation between LOI and the

concentration of chironomid remains might be

the result of higher (inorganic) sedimentation rates

in the regularly inundated lakes as a result of the

regular flooding of the lakes. This would result in a

lower chironomid concentration per weight, and the

correlation between LOI and the concentration of

chironomid remains would then be directly related to

floodplain processes. It is also possible that the more

organic-rich sediments that are present in the lakes

that are isolated from riverine influence provide for

more food or suitable habitats for a wider range of

chironomid taxa, and are possibly characterized by a

higher chironomid production.

In all Fennoscandian datasets that describe the

distribution of chironomid assemblages in lake sur-

face sediments (e.g., Larocque et al. 2001; Nyman

et al. 2005), LOI has been reported as a strong

explanatory variable for the differences in relative

chironomid abundance. However, in these datasets,

LOI is correlated with summer temperatures, and the

datasets have been designed to cover a large summer

temperature gradient. Therefore, LOI also covers a

large range of values. A Canadian chironomid-

temperature calibration dataset, where the LOI-range

is smaller (Walker et al. 1991), shows that the

explanatory power of LOI is much lower than in

the Fennoscandian datasets. In the results presented

here, the LOI-range is large despite the similar local

climatic circumstances; the large range of LOI is

probably the result of the riverine input of clastic

material in the floodplain lakes, and diverse local

settings in the isolated lakes.

Many chironomid larvae live as infauna in the lake

sediment. The organic matter content of these

sediments may affect the ability of different chiron-

omid taxa to burrow into the sediments (Lindegaard

1997; Larocque et al. 2001). Furthermore, a number

of chironomids are detritus feeders (Pinder 1986;

Korhola et al. 2000) and substrate composition may

affect the success of this feeding strategy. Thus, the

organic matter content of lake sediments can have a

direct impact on the chironomid populations (Bigler

et al. 2006). We can also see this in Fig. 4, where a

number of species show a preference for either low or

high organic content of the lake sediments. There-

fore, it is likely that the variations in relative

chironomid abundances are directly related to sedi-

mentary organic matter content and thereby

(indirectly) driven by river inundations.

Interestingly, chironomid assemblages in the stud-

ied lakes contained only very few truly rheophilous

chironomid taxa (as described by e.g., Moller Pillot
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(1990) and Moog (1995)). A number of the chiron-

omid taxa shown in Fig. 4 are commonly found in

streams and rivers, e.g., Orthocladius-type, Cricoto-

pus-type, and Limnophyes (e.g., Wiederholm 1983).

However, all of these taxa can also live in shallow

lakes, and the remains of these taxa are at most

slightly more common in inundated lakes than in

isolated lake basins. This suggests that the majority of

chironomid head capsules found even in the regularly

inundated lakes were produced in the lakes rather

than transported there from running water habitats.

Gandouin et al. (2006) showed that chironomid-

assemblages encountered in lotic and lentic habitats

in southern France could be used to qualitatively infer

past changes in palaeodischarge and floods. In our

study, we did not encounter chironomids restricted to

running water habitats, as most of the abundant taxa

are known to occur in a range of different habitats.

Therefore, no inferences of e.g., the connectivity of

the floodplain lakes with the main river channel can

be made based on the chironomid assemblages.

Implication of river inundations for chironomid-

based temperature inference

The chironomid-inferred July air temperatures are all

similar to or slightly lower than the observed modern

temperatures in the Kaamanen region. The variability

in the chironomid-inferred temperatures is surpris-

ingly low, considering the different environmental

settings of the lakes incorporated in the dataset.

Ground water influx in the inundated lakes probably

buffered the water-temperature differences between

the different lakes on the floodplain.

Most weighted averaging-based transfer functions

suffer from the ‘‘edge-effect’’ where inferred tem-

peratures at the edge of the environmental gradient of

interest tend to be biased towards mean values (Birks

1998; Brooks and Birks 2001). Since the tempera-

tures reconstructed for our study lakes are towards the

warmer side of the values in our calibration set, it is

not unexpected that our reconstructed temperatures

are slightly lower than the measured temperature.

Other differences between our study sites and

the lakes from northwestern Finland on which the

applied transfer function is based, like the clearly

more acidic lakes in the region of Kaamanen (average

pH of 5.1 in our study versus pH = 7.0 in the western

Finnish training set (Olander et al. 1999)) might

also have induced differences in the reconstructed

temperatures.

The reconstructed temperature for Lake 33 is

distinctly lower than the observed temperature, even

when the sample specific errors are taken into

account. Lake 33 had a water-temperature that was

4�C lower than a lake that was only situated 300 m

away (Lake 32; sampled on the same day) and can

therefore be considered as an outlier in our data set.

The most important conclusion for this project,

which can be drawn from Fig. 5, is that there is little

difference in the chironomid-inferred temperatures

between the two lake classes. This implies that,

according to our results, fossil chironomid records

derived from floodplain sediments can be used to

reconstruct summer temperatures, as reliable as

records based on chironomid assemblages from lakes

unaffected by riverine influence. This seems to be the

case even if the applied chironomid-temperature

inference model is developed based on sediments

from lakes isolated from riverine influence and

annual flooding.

Conclusions

In order to investigate the potential influence of river

inundations on fossil chironomid assemblages, sedi-

ments and water-samples from 13 regularly inundated

lakes and 20 lakes isolated from riverine influence

where analysed and compared. The main conclusions

that can be drawn from this study are the following:

(1) Taxon richness is significantly higher and the

chironomid concentration significantly lower in

inundated lakes, and there are several taxa that

occur preferentially (although not exclusively)

in one of the two groups. However, the chiron-

omid fauna shows only comparatively minor

differences between the two groups of lakes.

(2) Organic matter content of the sediment (as LOI)

is the environmental variable that best explains

the variation in taxon richness, chironomid

concentrations, and in the relative chironomid

abundance data between the different studied

lakes.

(3) Although there are differences in the chironomid

fauna of the individual lakes, chironomid-
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inferred temperatures based on a modern cali-

bration set and transfer function from northwest

Finland are relatively constant. All reconstructed

temperatures are similar to or slightly lower than

the measured temperature for the Kaamanen

region, possibly related to the edge effect in the

applied transfer function. However, on average

there is no difference in the temperature infer-

ences for lakes situated on the floodplain versus

those isolated from riverine influence.

The results suggest that floodplain sediments are a

useful alternative for chironomid-based temperature

reconstruction in regions and for time-windows for

which lacustrine records unaffected by riverine

influence are rare.
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