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the establishment of ecological and 
environmental reference conditions is 
needed in the assessment of global 
change and in lake management at the 
local scale. in the research of this thesis, i 
returned to basics in the interpretation of 
midge palaeolimnology, aiming to refine 
the understanding of midge distribution 
patterns and taphonomical processes 
for more reliable reconstructions of past 
environmental conditions. to do this, i 
examined surface sediment datasets at 
different geographical scales, used environ-
mental screening, tested the potential of 
several calibration models and applied the 
developed models to sediment profiles. 
a special focus of this work was on the 
climate and environmental variability during 
the time periods of the medieval climate 
anomaly, the little ice age and the most 
recent anthropogenic era.

to
m

i P. luo
to

department of geosciences and geography a 
issN-l 1798-7911
issN 1798-7911 (print)
isBN 978-952-10-4281-2 (paperback)
isBN 978-952-10-4282-9 (PDF)
http://ethesis.helsinki.fi/i

Helsinki university Print 
Helsinki 2010

departm
ent o

F g
eo

ScienceS and g
eo

g
raphy a4

2010

  department oF geoScienceS and geography a4



Spatial and temporal variability in midge 
(Nematocera) assemblages in shallow 
Finnish lakes (60−70 °N):
community-based modelling of past 
environmental change

Tomi P. LuoTo

DeParTmeNT of GeoScieNceS aND GeoGraPhy a4 / Helsinki 2010

ACADeMiC DisseRTATiOn
To be presented, with the permission of the Faculty of science of  
the University of Helsinki, for public examination in the auditorium e204,  
The Physicum building, on 21 May 2010, at 12 noon.



ISSN 1798-7911
ISBN 978-952-10-4281-2 (pbk.)
ISBN 978-952-10-4282-9 (PDF)
http://ethesis.helsinki.fi

Helsinki University Print
Helsinki 2010

© Tomi P. Luoto (synopsis and Paper VI)
© John Wiley & Sons Ltd (Paper I)
© SAGE publications (Paper II)
© The Finnish Environment Institute et al. (Paper III)
© Elsevier Ltd (Paper IV) 
© The Ecological Society of America
Cover photo: Newly frozen Lake Pieni-Kauro in October 2009

Author´s address: Tomi P. Luoto
 Department of Geosciences and Geography
 P.O. Box 64
 00014 University of Helsinki
 Finland
	 tomi.luoto@helsinki.fi

Supervised by: Professor Veli-Pekka Salonen
 Department of Geosciences and Geography
 University of Helsinki
 Finland

Reviewed by: Dr. Oliver Heiri
 Institute of Environmental Biology
 Utrecht University
 The Netherlands

 Associate Professor Roberto Quinlan
 Department of Biology
 York University
 Canada

Opponent: Dr. Stephen J. Brooks
 Department of Entomology
 Natural History Museum
 UK



Luoto T.P., 2010. Spatial and temporal variability in midge (Nematocera) assemblages in shallow 
Finnish lakes (60−70 °N): community-based modelling of past environmental change. Helsinki 
University	Print.	Helsinki.	62	pages	and	20	figures.

abstract

Multi- and intralake datasets of fossil midge as-
semblages in surface sediments of small shallow 
lakes in Finland were studied to determine the 
most important environmental factors explaining 
trends in midge distribution and abundance. The 
aim was to develop palaeoenvironmental calibra-
tion models for the most important environmen-
tal variables for the purpose of reconstructing 
past environmental conditions. The developed 
models were applied to three high-resolution fos-
sil midge stratigraphies from southern and east-
ern Finland to interpret environmental variability 
over the past 2000 years, with special focus on the 
Medieval Climate Anomaly (MCA), the Little 
Ice Age (LIA) and recent anthropogenic chang-
es. The midge-based results were compared with 
physical properties of the sediment, historical ev-
idence and environmental reconstructions based 
on diatoms (Bacillariophyta), cladocerans (Crus-
tacea: Cladocera) and tree rings.

The results showed that the most important 
environmental factor controlling midge distribu-
tion and abundance along a latitudinal gradient 
in Finland was the mean July air temperature 
(TJul). However, when the dataset was environ-
mentally screened to include only pristine lakes, 
water depth at the sampling site became more 
important. Furthermore, when the dataset was 
geographically scaled to southern Finland, hy-
polimnetic oxygen conditions became the domi-
nant environmental factor. The results from an 
intralake dataset from eastern Finland showed 
that the most important environmental factors 
controlling midge distribution within a lake ba-

sin were river contribution, water depth and sub-
merged vegetation patterns. In addition, the re-
sults of the intralake dataset showed that the fossil 
midge assemblages represent fauna that lived in 
close proximity to the sampling sites, thus en-
abling the exploration of within-lake gradients in 
midge assemblages. Importantly, this within-lake 
heterogeneity in midge assemblages may have 
effects on midge-based temperature estimations, 
because samples taken from the deepest point of 
a lake basin may infer considerably colder tem-
peratures than expected, as shown by the pres-
ent test results. Therefore, it is suggested here 
that the samples in fossil midge studies involv-
ing shallow boreal lakes should be taken from 
the sublittoral, where the assemblages are most 
representative of the whole lake fauna.

Transfer functions between midge assem-
blages and the environmental forcing factors 
that	were	significantly	 related	with	 the	assem-
blages, including mean air TJul, water depth, hy-
polimnetic	oxygen,	stream	flow	and	distance	to	
littoral vegetation, were developed using weight-
ed averaging (WA) and weighted averaging-par-
tial least squares (WA-PLS) techniques, which 
outperformed all the other tested numerical ap-
proaches. Application of the models in downcore 
studies showed mostly consistent trends. Based 
on the present results, which agreed with pre-
vious studies and historical evidence, the Me-
dieval Climate Anomaly between ca. 800 and 
1300 AD in eastern Finland was characterized 
by warm temperature conditions and dry sum-
mers, but probably humid winters. The Little Ice 



4

DePARTMenT OF GeOsCienCes AnD GeOGRAPHy A

Age (LIA) prevailed in southern Finland from 
ca. 1550 to 1850 AD, with the coldest condi-
tions occurring at ca. 1700 AD, whereas in east-
ern Finland the cold conditions prevailed over a 
longer time period, from ca. 1300 until 1900 AD. 
The recent climatic warming was clearly repre-
sented in all of the temperature reconstructions. 
In the terms of long-term climatology, the pres-
ent results provide support for the concept that 
the North Atlantic Oscillation (NAO) index has 
a positive correlation with winter precipitation 
and annual temperature and a negative correla-
tion with summer precipitation in eastern Fin-
land. In general, the results indicate a relative-
ly warm climate with dry summers but snowy 
winters during the MCA and a cool climate with 
rainy summers and dry winters during the LIA.

The results of the present reconstructions and 
the forthcoming applications of the models can 
be used in assessments of long-term environmen-
tal	dynamics	to	refine	the	understanding	of	past	
environmental reference conditions and natural 
variability required by environmental scientists, 
ecologists and policy makers to make decisions 
concerning the presently occurring global, re-
gional and local changes. The developed midge-
based models for temperature, hypolimnetic ox-
ygen, water depth, littoral vegetation shift and 
stream	flow,	presented	 in	 this	 thesis,	are	open	
for	scientific	use	on	request.

.



5

acknowledgements

I am very thankful to the Finnish Graduate School 
in Geology, the EPHIPPIUM project (Academy 
of Finland, grant no. 1107062), the Finnish En-
tomological Society, Nordenskiöld Foundation 
and the University of Helsinki Fund (Mathemat-
ics	and	Science	Fund)	for	their	financial	support	
concerning this thesis.

My supervisor, Prof. Veli-Pekka Salonen, has 
given true support in my career and I am very 
grateful for the trust he has shown me. The re-
viewers, Dr Oliver Heiri and Dr Roberto Quin-
lan, provided critical and constructive comments 
that improved the value of this thesis.

I express my gratitude to the coauthors, Dr 
Kaarina Sarmaja-Korjonen, Dr Liisa Nevalain-
en, Dr Tommi Kauppila, Prof. Salonen and Dr 
Samuli Helama, for fruitful collaboration. I spe-
cifically	want	 to	 thank	Kaarina	for	her	unself-
ish support, guidance and friendship. I thank Dr 
Seija Kultti for helping me numerous times and 
Dr Marjut Nyman for introducing me to chirono-

mid palaeoecology. I also wish to acknowledge 
my other research colleagues and collaborators 
for all the discussions and their valuable advice 
on my work. Dr Roy Siddall is thanked for im-
proving the english of the synopsis. The help and 
support of coworkers at the department, such 
as Mikko Haaramo MSc, Dr Mia Kotilainen, 
Frauke Kubischta MSc, Ilona Romu MSc, Eli-
na Sahlstedt MSc, Tuija Vaahtojärvi and Kirsi-
Marja Äyräs, is deeply appreciated. 

I thank my parents Sirpa and Mauri Luo-
to  and my in-laws Riitta and Reijo Nevalainen 
for their support and help when needed. Spe-
cial thanks go to my hairy friends at home: On-
ni, Helmi and Vilho. I just love you guys! The 
greatest and most heartwarming thanks belong 
to my dearly loved wife, Liisa, who guided, en-
couraged and kicked me in the buttocks during 
difficult	times,	but	also	provided	me	such	com-
fort at home that it was always easy to forget all 
about the science.

I am among those who think that science has great beauty. 
A scientist in his laboratory is not only a technician: 
he is also a child placed before natural phenomena 
which impress him like a fairy tale.

Marie Curie (1867 - 1934)



6

DePARTMenT OF GeOsCienCes AnD GeOGRAPHy A

contents
Abstract ........................................................................................................................3
Acknowledgements ......................................................................................................5
List of original publications .........................................................................................7
Abbreviations ...............................................................................................................8
List	of	figures ...............................................................................................................9
Authors’ contribution to the publications.....................................................................9

1. Introduction ........................................................................................................10
 1.1. State of the world address .............................................................................10
 1.2. Ecosystem-based reconstruction of environmental change...........................12
 1.3. Where to draw the line? – Reliability of reconstructions ..............................15
 1.4. Objectives of the study ..................................................................................16
2. Regional setting ..................................................................................................17
 2.1. Multilake dataset ...........................................................................................17
 2.2. Intralake dataset .............................................................................................18
 2.3. Downcore sediment sequences ......................................................................18
3.  Material and methods ........................................................................................19
 3.1. Sediment sampling ........................................................................................19
 3.2. Limnological, sedimentological and climatological measurements..............20
 3.3. Fossil midge analysis ....................................................................................20 
 3.4. Numerical analyses........................................................................................21

 3.4.1. Ordinations ...........................................................................................21
 3.4.2. Model development and reconstructions ..............................................22

4.  Results and discussion ........................................................................................23
	 4.1.	Distribution	and	diversity	of	midges	at	regional,	local	and	site-specific	

 scales..............................................................................................................23
 4.2. Mystery of the midges: what forcing factors are communities 

 responding to? ...............................................................................................25
 4.3. Potential and problems of midge-based palaeoenvironmental inference 

 models............................................................................................................27
 4.3.1. Training set design ................................................................................27
 4.3.2. On the search for the perfect sampling point ........................................29
 4.3.3. Environmental intercorrelation and spatial autocorrelation .................31
 4.3.4. Development of transfer functions .......................................................32

 4.4. Midge-based palaeoenvironmental reconstructions ......................................35
 4.4.1. Lake Hampträsk ....................................................................................35
 4.4.2. Lake Iso Lehmälampi ...........................................................................41
 4.4.3. Lake Pieni-Kauro ..................................................................................44

5.  Concluding remarks ...........................................................................................47
 5.1. Environmental factors affecting midge distribution ......................................47
 5.2. Model applicability........................................................................................47
 5.3. Synthesis of the palaeoenvironmental reconstructions .................................49
 5.4. Implications for environmental change assessments.....................................50
References ..................................................................................................................51
Publications I-VI



7

List of original publications

This thesis is based on the following publications:

I Luoto, T.P. 2009. Subfossil Chironomidae (Insecta: Diptera) along a latitudinal 
gradient in Finland: development of a new temperature inference model. Journal 
of Quaternary Science 24: 150–158.

II Luoto, T.P., Sarmaja-Korjonen, K., Nevalainen, L. & Kauppila, T. 2009. A 700 
year record of temperature and nutrient changes in a small eutrophied lake in south-
ern Finland. The Holocene 19: 1063–1072.

III Luoto, T.P. & Salonen, V.-P. 2010. Fossil midge larvae (Diptera: Chironomidae) 
as quantitative indicators of late-winter hypolimnetic oxygen in southern Finland – 
A calibration model, case studies and potentialities. Boreal Environment Research 
15: 1–18.

IV Luoto, T.P. 2009. A Finnish chironomid- and chaoborid-based inference model 
for reconstructing past lake levels. Quaternary Science Reviews 28: 1481–1489.

V Luoto, T.P. 2010. Hydrological change in lakes inferred from midge assemblages 
through use of an intralake calibration set. Ecological Monographs 80: 303–329.

VI Luoto, T.P. & Helama, S. Palaeoclimatological and palaeolimnological records 
from fossil midges and tree rings: the role of the North Atlantic Oscillation in east-
ern Finland through the Medieval Climate Anomaly and Little Ice Age. Submitted 
to Quaternary Science Reviews.

The publications are referred to in the text by their roman numerals.



8

DePARTMenT OF GeOsCienCes AnD GeOGRAPHy A

abbreviations

λ1:λ2 ratio of the eigenvalues
CCA canonical correspondence analysis
CPET chironomid pupal exuvial technique
DCA detrended correspondence analysis
DLV distance from littoral vegetation
DO dissolved oxygen
GIS geographical information system
LI lotic index
LIA Little Ice Age
LOI loss-on-ignition pyrolysis
LWWA locally-weighted weighted averaging
MAT modern analogue technique
MCA Medieval Climate Anomaly
MS magnetic susceptibility
N number of observations
N2 Hill’s (1973) effective number of occurrences
NAO North Atlantic Oscillation
P	 level	of	statistical	significance
P:L ratio between planktonic and littoral species
PCA principal components analysis 
PLS partial least squares
r	 Pearson	product-moment	correlation	coefficient
r2	 apparent	coefficient	of	determination
r2

boot	 bootstrapped	coefficient	of	determination
r2

jack	 jackknifed	coefficient	of	determination
RMSEP root mean squared error of prediction
S taxon richness
SqRL squared residual length
TCE total chydorid ephippia
TJul July temperature
TN total nitrogen
TP total phosphorus
TWINSPAN two-way indicator species analysis
WA weighted averaging
WA-PLS weighted averaging-partial least squares
WAtol weighted averaging with taxon tolerance weighting
WFD Water Framework Directive of the European Union
WMAT weighted modern analogue technique
YD Younger Dryas



9

List of figures

Fig 1  Projected climate change in Finland, page 11
Fig 2  The training set approach to quantitative palaeoenvironmental reconstruction, page 13
Fig 3  Chironomid larva and an adult midge, page 14
Fig 4  Fossil midge head capsules and mandibles, page 15
Fig 5  Study sites, page 17
Fig 6  CCA biplot of species and environmental variables, page 23
Fig 7  Assessment of sampling site selection, page 25
Fig 8  DCA plot of samples, page 26
Fig 9  Environmental factors influencing midge distribution, page 27
Fig 10  TWINSPAN grouping of lakes along the latitudinal gradient in Finland, page 28
Fig 11  TWINSPAN grouping of lakes in the intralake dataset, page 29
Fig 12  Assessment of the influence of depth on mean air TJul reconstruction, page 31
Fig 13  Relationship between observed and midge-inferred environmental variables, page 33
Fig 14  Temperature and TP dynamics in Lake Hampträsk, page 36
Fig 15  Midge-inferred hypolimnetic oxygen for Lake Hampträsk, page 37
Fig 16  Midge-inferred water depth, DLV and stream flow for Lake Hampträsk, page 38
Fig 17  Midge-inferred water depth and cladoceran P:L ratio for Lake Iso Lehmälampi, page 41
Fig 18  Midge-inferred hypolimnetic oxygen for Lake Iso Lehmälampi, page 42
Fig 19  Precipitation, stream flow and mean air TJul for Lake Pieni-Kauro, page 44
Fig 20  Internal and external factors influencing the macrobenthic fauna, page 47

authors’ contribution to the publications

Study plan Sampling Sample 
analyses

Data analy-
ses

Interpretation and 
writing

I TPL TPL TPL TPL TPL

II TPL TPL, LN TPL TPL, TK TPL, KSK, LN, TK

III TPL TPL TPL TPL TPL, VPS

IV TPL TPL TPL TPL TPL

V TPL TPL TPL TPL TPL

VI TPL, SH TPL TPL TPL, SH TPL, SH
KSK = Kaarina Sarmaja-Korjonen (Department of Geosciences and Geography, University of Helsinki, Finland) 

LN = Liisa Nevalainen (Department of Geosciences and Geography, University of Helsinki, Finland)

SH = Samuli Helama (Arctic Centre, University of Lapland, Rovaniemi, Finland)

TK = Tommi Kauppila (Geological Survey of Finland, Kuopio, Finland)

TPL = Tomi P. Luoto (Department of Geosciences and Geography, University of Helsinki, Finland) 

VPS = Veli-Pekka Salonen (Department of Geosciences and Geography, University of Helsinki, Finland)



10

DePARTMenT OF GeOsCienCes AnD GeOGRAPHy A

1. introduction

1.1. State of the world address

Climate forcings include variations in solar ac-
tivity and the Earth’s orbit, plate tectonics and 
changes in greenhouse gas concentrations, which 
are	amplified	or	diminished	by	multiple	climate	
change feedbacks.  Our planet is undergoing ac-
celerated warming due to dramatic increases in 
anthropogenic emissions of greenhouse gases in-
to the atmosphere (International Panel on Cli-
mate Change (IPCC) 2007). In the present cli-
matic change there are multiple stressors, the 
effects of which are not well understood and 
which	will	culminate	in	ways	that	are	difficult	
to predict. The global change scenarios for Fin-
land in the 21st century project major problems, 
including increased temperatures, precipitation 
and surface runoff (Boer et al. 1990, Carter et al. 
2004, Jylhä et al. 2004). The expected changes 
in Finland will be more severe during winters 
than summers (Fig. 1), critically affecting fac-
tors such as the development and duration of 
the snow cover, which is an important climate 
change feedback mechanism and provides a crit-
ical ecological threshold for ecosystem health. 
The projected global warming will also have nu-
merous other serious consequences for ecosys-
tems and mankind: the sea level rise will en-
danger coastal areas and the frequency and se-
verity of extreme weather events will increase. 
To reduce the effects of human-induced climate 
change, global greenhouse gas emissions must 
be	reduced	significantly.

Increased primary productivity resulting 
from an elevated availability of nutrients leads 
to harmful eutrophication processes, which are 
probably the greatest threat to global freshwa-
ter ecosystems and resources (UNEP 1999). The 
eutrophication processes are accelerated by the 

increased atmospheric concentrations of carbon 
dioxide	through	its	direct	influence	on	plant	and	
algal	growth	and	indirect	influence	through	in-
creased temperatures, which promotes plant me-
tabolism and boosts the growth of planktonic 
algae (Chapman 1996). Progressive eutrophi-
cation inevitably leads to dramatic changes in 
biota and biodiversity, massive blue-green al-
gal blooms, late-winter/-summer hypolimnetic 
oxygen	depletions	and	winter	fish	kills	in	Finn-
ish	lakes.	In	addition	to	its	influence	on	aquatic	
ecosystems, eutrophication creates problems for 
human societies through an increase in unwant-
ed	fish	species,	 the	deterioration	of	water	sup-
plies and a decrease in the recreation status of 
lakes. Although eutrophication is in many cases 
a natural phenomenon, anthropogenic activities 
have strikingly increased its occurrence and mag-
nitude in lakes (Räike et al. 2003, Smol 2008). 
In Finland, this is especially a problem in the 
southern part of the country (Valpola 2006, Luo-
to 2007), where the population is focused. The 
European Union (EU) aims to control the eutro-
phication problem through the Water Framework 
Directive (WFD, European Commission 2000), 
which obligates member countries to monitor the 
ecological status and water quality of surface wa-
ters and to estimate the natural reference condi-
tions (European Commission 2003).

The self-perpetuating process of eutrophica-
tion, probably by internal (autochthonous) load-
ing of accumulated nutrients redissolved into the 
water,	makes	it	difficult	 to	remedy	water	bod-
ies even if the external (allochthonous) loads of 
nutrient sources are reduced or eliminated (Al-
honen 1985). Restoration of lakes is possible by 
removing nutrients from the ecosystem through 
the	removal	of	unwanted	fish,	such	as	roach	(Ru-
tilus rutilus L.), and excess plant growths. In 
addition, oxygenation of the hypolimnion (cf. 
Lappalainen 1994) when the lake is frozen and 
oxygen exchange with the atmosphere is prevent-
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ed slows the release of nutrients from the sedi-
ments. More drastic restoration measures include 
chemical treatment of the lake water or sediment, 
dredging and covering the lakebeds with various 
membranes. However, in lake restoration proj-
ects	it	is	difficult	or	even	impossible	to	remedy	
the lake in such way that the ecological status 
returns to the previous natural state. Rather, al-
ternative communities can exist under similar 
nutrient conditions (Langdon et al. 2006), and 
a different faunal composition may therefore be 
expected in “restored” lakes compared to the eco-
logical reference conditions. Moreover, the pres-
ent climate change complicates ecological res-
torations, because under warming climatic con-
ditions, water quality, e.g. hypolimnetic oxygen 
conditions, can strongly deteriorate (Stefan et al. 
1993),	making	it	difficult	to	identify	the	effec-

tiveness of restoration efforts.
The instrumental records of meteorologi-

cal and especially limnological parameters are 
very short. For example temperature measure-
ments in Finland did not start until the mid-18th 
century (Vesajoki & Holopainen 1998), and no 
measured data therefore exist for the distinct late 
Holocene climate events, the Medieval Climate 
Anomaly (MCA) and Little Ice Age (LIA), or 
events prior them. In addition, the observational 
records are often fragmentary and coincide with 
the time when human activities have increas-
ingly contaminated the environment on a global 
scale (Bradley 2000). Because we have entered 
a time period during which major changes in 
the biosphere are primarily the result of human 
activities (Crutzen (2002) coined the term “An-
thropocene”),	and	we	live	in	a	strongly	modified	
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Figure 1. Projected climate change in Finland using different greenhouse gas scenarios for temperature 
(a-b) and precipitation (c-d) during winters (a, c) and summers (b, d) in the 21th century. in scenario A2 the 
greenhouse gas emissions increase continuously during the century, whereas in scenario B1 the emissions 
turn into a vigorous decrease in the middle of the century. The baseline conditions for the four 30-year 
periods represent climate normals 1971-2000. The estimations over Finland are based on results from 19 
global climate models and the data are provided by the Finnish Meteorological institute (the ACCliM project).
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biosphere, we need to put present-day conditions 
into context (Pienitz et al. 2004). Thus, longer 
indirect interpretations from geological and oth-
er natural archives are needed for assessments 
of	long-term	climate	dynamics	to	refine	the	un-
derstanding of the presently occurring changes 
(Caseldine et al. 2010). In addition to environ-
mental scientists and policy makers, ecologists 
require long-term monitoring data to make ef-
fective assessments, because regime shifts are 
reported and many lakes have already passed 
critical ecological thresholds due to recent warm-
ing (Smol et al. 2005; Smol & Douglas 2007a, 
2007b). 

Methods of palaeoenvironmental reconstruc-
tion include stratigraphic sequencing, palaeo-
magnetism, radiometric dating, oxygen isotope 
studies and many other methods. The palaeocli-
matic records can be tested against proxies of 
potential climatic forcings, such as solar activity 
(Jirikowic & Damon 1994; Solanki et al. 2004), 
the North Atlantic Oscillation (NAO) (Cook et 
al. 2002; Luterbacher et al. 2002; Trouet et al. 
2009) and the strength of the thermohaline cir-
culation (Bianchi & McCave 1999; Chapman 
and Shackleton 2000; Bond et al. 2001), and 
interpreted in the context of long-term synoptic 
climatology. This is particularly important in the 
North Atlantic sector, where the natural climat-
ic changes originating from the Atlantic Ocean 
seem	to	drive	multi-decadal	variations	(Enfield	
et al. 2001; Sutton and Hodson 2005; Knight et 
al. 2005). These natural variations can be then 
compared with the more recent changes induced 
by human activity.

1.2. ecosystem-based reconstruction 
of environmental change

Palaeolimnology plays an important role in the 
study of long-term environmental change, pro-
viding information on past changes and also giv-

ing insights into the effects of present and fu-
ture environmental changes. Palaeolimnology is 
a	diverse	and	rapidly	developing	field	and	new	
methods and applications are frequently present-
ed (Sarmaja-Korjonen 2003, 2004; Wooller et al. 
2004; Kurek & Cwynar 2009; Pienitz & Lotter 
2009, van Hardenbroek et al. 2010). Common-
ly used palaeolimnological methods include the 
development of transfer functions (i.e. the train-
ing set or calibration set approach), which are 
multivariate statistical models relating modern 
organisms to environmental conditions (Pienitz 
et al. 1995, Weckström et al. 1997; Quinlan and 
Smol 2001a; Rühland and Smol 2002; Brooks 
and Birks 2004; Seppä et al. 2004). These func-
tions can be applied to fossil species assemblag-
es from deeper sediment layers and used to re-
construct past environmental changes (Fig. 2). 
Thus, quantitative palaeolimnology provides a 
useful tool for characterizing the pristine state 
of a lake and thus eases the determination of 
goals for conservation, preservation or restora-
tion projects (Räsänen et al. 2006). Additionally, 
the high-resolution records obtained from lake 
deposits are ideal for applications to problems 
in ecology, since they provide temporal and spa-
tial scales for ecological experiments and eco-
system monitoring. 

For the purposes of modern ecology, the pa-
laeoecological training sets can be very infor-
mative, because they are able to provide large 
amounts of data on the modern distribution of 
species. The fossil (or subfossil) assemblages in 
surface	sediment	 samples	are	beneficial	com-
pared with traditional ecological monitoring, be-
cause single sampling provides integrated species 
data from a time period of several recent years. 
In the case of organisms that vary seasonally in 
their occurrence, such as larval midges (Insecta: 
Diptera:	Nematocera)	and	water	fleas	(Crustacea:	
Cladocera) (Einarsson et al. 2002; Tátosová and 
Stuchlík 2006; Nevalainen 2008a; Nevalainen & 
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Sarmaja-Korjonen 2008), the use of ecological 
monitoring to establish modern distribution data 
for the purposes of training sets would be very 
time- and resource-consuming and would also 
provide information on fewer taxa than the cali-
bration set approach (Saros 2009). However, the 
traditional single-sample and multilake calibra-
tion set approach does not allow the distinguish-
ing of which species inhabit particular habitats 
within a lake basin and in many cases it is dif-
ficult	to	identify	the	effect	of	different	environ-
mental variables, due to covariance (Korhola et 
al. 2000; Saros 2009). Nevertheless, it is possible 
to	clarify	 the	 influence	of	correlating	environ-
mental variables using experimental approaches/
modern ecology and merging this information 

quantitatively with the paleolimnological cali-
bration set data (Brodersen et al. 2004), although 
this approach is also labour-intensive. Neverthe-
less, different modern ecological approaches and 
perspectives, such as establishing temperature or 
oxygen sensitivity of reproduction patterns in or-
ganisms (Nevalainen & Luoto 2010, Nevalainen 
et al. subm. a), are clearly needed to increase the 
level of understanding and to serve as reliable 
bases for the development of ecosystem-based 
calibration sets and for consequent environmen-
tal reconstructions.

Midges and especially chironomids (Chiron-
omidae), also known as the non-biting midges, 
are a diverse insect group in freshwater environ-
ments (Lindegaard 1997) and they have been 
succesfully used as indicators of contemporary 
water quality (Sæther 1979, Armitage et al. 1983, 
Kansanen et al. 1984, Paasivirta 1984), but also 
as palaeoindicators of lake productivity (Brod-
ersen & Quinlan 2006), climate (Brooks 2006, 
Walker & Cwynar 2006), salinity (Walker et 
al. 1995; Heinrichs et al. 2001; Eggermont et 
al. 2006) and pollution (Meriläinen et al. 2001, 
2003; Ilyashuk et al. 2003; Ilyashuk & Ilyashuk 
2004; Brooks et al. 2005). Midges are holometa-
bolic (complete metamorphism) insects that go 
through egg (embryo), larval, pupal and adult 
(imago) life stages (Tokeshi 1995; Fig. 3). The 
remains of the larval stage (mainly the third and 
fourth instars) are preserved in lake sediments 
as fossil head capsules and mouth parts, such 
as mandibles (Fig. 4). Midges are mostly steno-
topic,	ubiquitous,	abundant,	identifiable,	species-
rich, complementary and sensitive, making them 
especially well suited to the needs of palaeo-
limnology (Brooks 2003; Brooks et al. 2007). 
Developments in numerical techniques in pal-
aeolimnology have enabled the use of midges 
as quantitative indicators of environmental con-
ditions, especially regarding air/water tempera-
ture (in northern Europe by Olander et al. 1997, 

Modern
assemblages

Measured
environmental

variables

Fossil
assemblages

Transfer function

Reconstruction

Downcore
sediment
sample

Calibration
set

Training set sites ( 30)N≥

Surface
sediment
sample

Figure 2. The training set and transfer function 
approach (calibration-in-space) to quantitative 
palaeoenvironmental reconstruction (modified 
from an unpublished diagram by steve Juggins, 
Weckström 2001 and luoto 2006). First, multiple 
lakes or intralake gradients are cored for their 
surface sediments (topmost 0-1 cm) representing 
the present. second, the relationships between 
modern assemblages and measured environmental 
variables are determined and the statistically 
significantly correlating variables can be modelled 
using a calibration set forming the transfer function 
for a particular environmental variable (regression). 
Third, the transfer function can be used to 
reconstruct past environmental conditions from the 
fossil assemblages in the deeper sediment layers 
(calibration).
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1999, Brooks and Birks 2001, 2004, Larocque 
et al. 2001 and Seppä et al. 2002). Although the 
distribution of midges is most often found to 
be driven on a broad scale by temperature, oth-
er factors also affect their distribution, such as 
lake trophic conditions, hypolimnetic oxygen 
content and water depth, and these parameters 
have also been used to develop quantitative cal-
ibration models (Lotter et al. 1998, Quinlan et 
al. 1998; Brodersen & Lindegaard 1999; Ko-
rhola et al. 2000; Brooks et al. 2001; Little & 
Smol 2001; Quinlan & Smol 2001a; Barley et 
al. 2006; Zhang et al. 2006; Kurek & Cwynar 
2009). Furthermore, fossil midge assemblages 
are high potential tools for the implementation 
of	the	WFD	of	the	EU	as	a	lake	type	classifica-
tion technique (Nyman & Korhola 2005), and 
for the establishment of the ecological and lim-
nological reference conditions for lake manage-
ment projects (Salonen et al. 1993; Luoto & Ne-
valainen subm.).

Because temperature, pH, substrate, water 
depth, food, dissolved oxygen (DO), salinity and 
turbulence, among other gradients, affect midge 
distribution and abundance, it is also important 
to measure these when developing a training set. 

In addition, it is important to consider how these 
parameters affect the midges. The effect of water 
temperature on midge species compositions is 
probably greater than the effect of air tempera-
ture. However, when compared, air temperature 
inference models have most often demonstrated 
superior performance (Brooks & Birks 2001). 
There	are	also	potential	difficulties	in	the	mea-
surement of water temperature that may cause 
serious problems in applications (Seppälä 2001). 
Data on the minimal DO requirements of aquat-
ic invertebrates is needed when studying low 
oxygen tolerances (Davis 1975). The minimal 
DO conditions in shallow lakes in Finland usu-
ally occur during late winter, and winter oxygen 
depletion is especially common in shallow and 
productive ponds and lakes, where decomposi-
tion consumes a great deal of oxygen (Brönmark 
and Hansson 2005). Therefore, when developing 
a midge-based transfer function for DO using 
shallow boreal lakes, DO should be measured 
during late winter in the hypolimnion, where the 
minimal values occur. In addition, the selection 
of the sampling point is crucial, because the fos-
sil assemblages may have an uneven distribu-
tion within a lake basin (Heiri et al. 2003; Heiri 

Figure 3. Chironomid larva from kvallroslaguna, svalbard (a), and an adult midge laying eggs on the water 
surface in lake Pielinen, eastern Finland (b). Photo credit T.P. luoto.

a) b)
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2004; Kurek & Cwynar 2009). This can cause 
bias in the performance of calibration models 
and in reconstructions, and the most represen-
tative sampling point should therefore be care-
fully assessed. 

1.3. Where to draw the line? 
– reliability of reconstructions

The signal of environmental parameters can be 
extracted from fossil records and statistically sep-
arated from extraneous noise by comparing mod-

ern observational records with records of proxy 
data.	Because	midge	assemblages	are	influenced	
by many environmental factors, the inference of 
one particular variable, such as temperature, may 
be compromised if the midge response to second-
ary variables becomes stronger (Heiri & Lotter 
2003; Velle et al. 2005; Brooks 2006; Brooks et 
al. 2007). However, in lakes with a high num-
ber of taxa, the reconstruction of multiple vari-
ables is potentially possible due to the elevated 
number of indicator taxa and by examining the 
community response, since the community as-

Figure 4. Fossil midge head capsules and mandibles; Bezzia-type ceratopogonid (a), Protanypus (b), 
Chaoborus obscuripes mandible (c), Heterotrissocladius maeaeri-type (d) and Orthocladius (Pogonocladius) 
consobrinus-type (e). specimens a-d) are from Finland and specimen e) from Arctic Russia. Figure a) is 
reprinted from luoto (2009) and c) from luoto & nevalainen (2009). The pictures are taken at 100-400 times 
magnification.  Photo credit T.P. Luoto.

a) b) c)

e)d)
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semblage is unique in a particular environment 
with multiple and varying forcing factors affect-
ing the species composition. The factors to which 
midge assemblages are responding the most at 
a given time and the reliability of reconstruc-
tions can be evaluated using several approaches, 
including direct and indirect hypothesis testing 
(Birks et al. 1990; Birks 1998; Bigler et al. 2002, 
2003; Velle et al. 2005). In addition to statisti-
cal tests implemented by using, for instance, the 
modern analogues of fossil taxa, the topmost in-
ferred values can be compared with the modern 
observations and measurements from the study 
lakes to assess the accuracy of reconstructions 
in the most recent layer. However, care should 
be taken in the interpretation of these evalua-
tion	methods,	since	‘poor’	fit	samples	may	also	
represent	the	truth,	while	the	‘good’	fit	samples	
may not always provide accurate estimates (Bi-
gler et al. 2002). Moreover, reconstructing mul-
tiple variables from midge assemblages gives the 
opportunity to compare the reconstructions, thus 
possibly enabling the separation of correct and 
erroneous inferences. However, multiproxy in-
vestigations and comparison to other local stud-
ies, historical evidence and observational records 
(i.e. reproducibility) are probably the best means 
for estimating the reliability of reconstructions.

1.4. objectives of the study

This study aimed to provide detailed taxon-spe-
cific	ecological	data	on	midge-environment	re-
lations in Finland using sedimentary death as-
semblages and to apply this data to produce re-
constructions of past changes in climate, water 
quality and habitats (cf. Smol 1990, Saros 2009) 
that	can	be	interpreted	in	case-specific	and	syn-
optic palaeoenvironmental contexts. Multi- and 
intralake perspectives together with geographical 
scaling and environmental screening approach-
es were used to seek the forcing factors behind 

midge distribution, diversity and abundance and 
different training set designs were tested. The 
developed models were applied to high-resolu-
tion	sediment	profiles	from	southern	and	eastern	
Finland, with a special focus on the time peri-
ods of the MCA, LIA and increased anthropo-
genic	influence.	

The present study area is located in a clima-
tologically important region, because the North 
Atlantic	has	a	direct	influence	on	the	climate	of	
Northern Europe through the upper troposphere 
jet stream and strong westerly atmospheric cir-
culation providing the heat and moisture trans-
port from the Gulf Stream (Wallén 1970). These 
large-scale climatic patterns, teleconnections or 
modes, explain a major part of the variability in 
atmospheric circulation (Wallace & Thompson 
2002). The developed models can provide essen-
tial knowledge on past environmental conditions 
(e.g. the baseline or reference conditions) and 
natural variability (e.g. spatiotemporal climate 
patterns and mechanisms, such as the NAO) that 
is needed by decision makers in local, regional 
and global environmental change assessments 
and in ecosystem management (Smol 1992). 

In particular, the research presented in this the-
sis aimed to: 

1) develop a midge-based palaeotemperature in-
ference model (paper I) and apply it to a late-
Holocene	sediment	profile,	with	a	special	focus	
on the relationship between chironomid-inferred 
temperatures and diatom-inferred trophic condi-
tions during the LIA (paper II); 
2) examine the relationship between midge as-
semblages and late-winter hypolimnetic oxygen 
to produce quantitative estimations of past oxy-
gen conditions (paper III); 
3) develop a midge-water depth transfer function 
for the reconstruction of past lake levels (paper 
IV), which are sensitive indicators of effective 
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moisture variability;
4) investigate intralake gradients in midge assem-
blages for better understanding of midge ecology 
and taphonomy and with the aim of producing 
more reliable and novel environmental recon-
structions, with a focus on hydrological variables 
(paper V); and
5) infer temperature and precipitation trends dur-
ing the MCA and LIA using midge and tree-ring 
records and examine the long-term relationship 
between the NAO and climate (paper VI).

2. regional setting

2.1. multilake datasets

The study area is located in Finland, ranging 
from 60°13’ to 69°53’ N and 22°00’ to 30°13’ 

E (Fig. 5). The study sites span a 1080-km lati-
tudinal transect, from boreal coniferous forests 
in the south to tundra vegetation in north. The 
examined 83 lakes are generally small and shal-
low and are remotely located. The altitude of the 
lakes varies from 11 to 404 m above sea level 
(a.s.l.) and the mean July air temperature (TJul) 
ranges from 11.3 to 17.0 °C. The mean annual 
precipitation varies within the area from 400 to 
660 mm. The surface sediment dataset in paper 
I was collected from 82 of these sites. The data-
set in paper III was collected from southern Fin-
land (60°13’-63°05’ N, 22°00’-30°13’ E). The 
vegetation in the catchments of the 30 lakes in 
this dataset consists of boreal coniferous forests, 
underlain by Precambrian granitic bedrock and 
typically having a thin soil layer. Some of the 
lakes are located in urban areas. In general, the 
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study	area	in	paper	III	is	more	influenced	by	hu-
man activity than that examined in paper I, al-
though some sites have remained close to their 
pristine state. The dataset in paper IV comprises 
68 lakes, which are mostly the same as in paper 
I, except for the omission of the human disturbed 
and	deepest	lakes	to	better	assess	the	influence	
of water depth and focus on the study of shal-
low lakes (< 7 m). 

2.2. intralake dataset

The intralake dataset was derived from surface 
sediment samples of Lake Pieni-Kauro, situated 
in Kuhmo, eastern Finland (64°17’ N, 30°07‘ E) 
(Fig. 5, paper V). The regional mean annual air 
temperature varies between 1 and 2 °C and the 
mean annual precipitation between 600 and 650 
mm (climate normals 1971–2000). The mean 
air TJul in the lake area is 15.3 °C. The catch-
ment bedrock consists of Archean granitoids and 
migmatites (Mikkola 2008). The area is sparsely 
inhabited and the catchment is characterized by 
a drumlin landscape and wilderness-like conif-
erous forests. The northern shore is covered by 
wetlands and the Saavanjoki River enters the 
lake from the north, while the main outlet is on 
the western side. Lake Pieni-Kauro is part of a 
larger lake complex connected by small rivers 
that originates in Russia and eventually drains 
into the Gulf of Bothnia in the Baltic Sea. The 
ca. 30 ha lake lies at an elevation of 188.4 m 
a.s.l. The maximum water depth in the dystro-
phic Lake Pieni-Kauro is 7.9 m. 

The emergent aquatic vegetation of Lake 
Pieni-Kauro and the Saavanjoki River mostly 
consists of the common reed (Phragmites aus-
tralis (Cav.) Trin. ex Steud.), which is especial-
ly abundant on the lake’s western and southern 
shores. The mouth of the Saavanjoki River is 
characterized	by	floating-leaved	yellow	water-
lily (Nuphar lutea L. Sm.), while the emergent 

water horsetail (Equisetum fluviatile L.) is com-
mon in the soft bottoms of the shallow shores in 
the river-lake transition zone. The sediments of 
the lake mostly consist of detritus, but the western 
shore is characterized by sandy substrates with 
a low organic content. The lake has a diverse 
and	abundant	fish	fauna,	and	the	noble	crayfish	
(Astacus astacus [L.]), which is restricted to un-
polluted freshwater environments, is abundant in 
the local streams, including the Saavanjoki River.

2.3. Downcore sediment sequences

Lake Hampträsk (papers II, III, V) is situated 
in southern Finland (60º17´ N, 25º15´ E) in the 
municipality of Sipoo (Fig. 5). The surface area 
of the lake is ca. 3.8 ha and it lies at an altitude 
of 20.3 m a.s.l. (Table 1). The modern observed 
mean air TJul at the lake is 16.8 °C. The size of 
the catchment area is 37 ha and it consists of 
low-lying clay patches east of the lake and el-
evated rocky areas north and west of it. Forest 
with	occasional	paludification	covers	the	elevat-
ed	land.	Cultivated	fields	and	several	buildings	
occur near the lake. One ditch enters the lake 
from	the	elevated	area,	where	the	paludified	areas	
are heavily ditched. The lake has a single outlet 
in the southern end. The emergent aquatic veg-
etation mainly consists of Phragmites australis 
and Nuphar lutea. The western shore is paludi-
fied	and	consists	of	Sphagnum mosses. The lake 
has suffered from nutrient enrichment due to his-
torical and modern cultivation and is currently 
eutrophic. The lake seems to be experiencing 
hydroseral development, a plant succession in 
which the littoral vegetation gradually proceeds 
towards the open-water areas (cf. Korhola 1990). 
The present summer epilimnetic total phospho-
rus	(TP)	concentration	is	58	μg	l-1 and the sum-
mer total nitrogen (TN) concentration is 1123 
μg	l-1 (Nevalainen & Sarmaja-Korjonen 2008). 
The lake is known to have experienced oxygen 
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depletion	and	winter	fish	kills	(Ekholm	2007).
Lake Iso Lehmälampi (papers III, IV) is sit-

uated in southern Finland (60°20’ N, 24°36’ E) 
in the municipality of Vihti (Fig. 5, Table 1). It 
covers an area of ca. 5.1 ha in the Nuuksio Up-
land at an altitude of 91.7 m. The modern ob-
served mean air TJul at the lake is 16.4 °C. The 
catchment (ca. 30 ha) is characterized by bedrock 
outcrops and patches of mire. The lake has one 
small recently dug outlet, but no inlets. The lake 
is naturally acidic (Korhola and Tikkanen 1991; 
Sarmaja-Korjonen & Alhonen 1999; Sarmaja-
Korjonen 2001), but experienced repeated ma-
jor pH decreases in the 1980s leading to a val-
ue below 5.0 (Verta et al. 1990). Since then, the 
lake has recovered and the pH presently ranges 
between 5.1 and 5.8 (Nevalainen and Sarmaja-
Korjonen 2008). Recently, there have been sev-
eral	fish	introductions,	but	only	perch	(Perca flu-
viatilis L.) is currently known to inhabit the lake 
(Nevalainen 2008).

The	sediment	profile	in	paper	VI	originates	
from the same lake as the intralake surface sam-
ple dataset (Lake Pieni-Kauro, eastern Finland) 
described above (Fig. 5, Table 1). The compared 
tree-ring assemblage used in paper VI originates 
from eastern Finland (61°–62° N, 29°–28° E) 
and is based on hundreds of individual tree-ring 
records (Helama et al. 2005, 2009). 

3. material and methods

3.1. Sediment sampling 

The surface sediment samples of the 82, 68 and 
30 lake datasets (papers I, III, IV) were obtained 
through the lake ice with a Limnos gravity corer 
(Kansanen et al. 1991) between February and 
April 2005. The lakes were chosen to represent 
a temperature gradient in paper I, a hypolimnetic 
oxygen gradient in paper III and a water depth 
gradient in paper IV. The surface sediment sam-
pling of Lake Pieni-Kauro and the Saavanjoki 
River (paper V) was performed in October 2008 
from a boat (M/S Unski), also using a Limnos 
corer. The retrieved 34 samples were selected 
to represent different habitat types, with a focus 
on	 the	effects	of	depth,	 stream	flow,	substrate	
and vegetation on midge assemblages. The sur-
face sediment samples (topmost 0–1 cm) used 
in this study represent the recent years of sedi-
mentation. The fossil faunal assemblages in them 
can be considered as analogues of modern rela-
tive abundances (Frey 1960; Nevalainen 2008; 
Nykänen et al. 2009) and to characterize the lake 
environment adequately for palaeoenvironmen-
tal calibration studies (Bunbury and Gajewski 
2008). The samples were stored in plastic bags 
in a cold room at +4 °C.

Short downcore sediment sequences from 

Lake Hampträsk Lake Iso Lehmälampi Lake Pieni-Kauro

Location 60°17' N, 25°15' E 60°20' N, 24°36' E 64°17' N, 30°07' E

Biogeographical province Nylandia Tavastia australis Ostrobottnia kajanensis

Altitude (m a.s.l.) 20.3 91.7 188.4

Surface area (ha) 3.8 5.1 30

Catchment characters Cultivations, forest Forest, mires Forest, mires

Fish status Winter fish kills Introduced fish Abundant in fish

Anthropogenic influence Heavily disturbed Atmospheric acidification Close to pristine

Trophic status Eutrophic Oligotrophic Dystrophic

Table 1. location, catchment characteristics and limnological status of the three downcore study sites in southern 
and eastern Finland.
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Lake Hampträsk (47 cm) (papers II, III, V) and 
Lake Iso Lehmälampi (25 cm) (papers III, IV) 
were cored through the ice in February 2005 and 
the record from Lake Pieni-Kauro (36 cm) (pa-
per VI) was taken from a boat in October 2008. 
The corings were performed using the Limnos 
corer. The water depth at the coring point was 
242 cm in Lake Hampträsk, 412 cm in Lake Iso 
Lehmälampi and 685 cm in Lake Pieni-Kauro. 
All of the sediment sequences consisted of ho-
mogeneous	fine-detritus	gyttja.	The	cores	were	
sheared	at	1-cm	intervals	in	the	field	and	the	sub-
samples were placed in plastic bags for storage 
in a coldroom at +4 °C. 

3.2. Limnological, sedimentological 
and climatological measurements

Limnological measurements were performed as 
single measurements taken in situ during the col-
lection	of	 the	sediment	samples	 (papers	 I−VI)	
with an Orion Model 1230 pH/mV/ORP/con-
ductivity/dissolved oxygen/salinity/temperature 
meter	(Thermo	Fisher	Scientific,	Waltham,	MA,	
USA) before sediment sampling to avoid the re-
sulting disturbance of the water column. The ox-
ygen concentration was recorded from the hypo-
limnion (or below the photic zone/thermocline), 
ca. 0.5 m from the bottom, and conductivity and 
pH from the epilimnion. The Orion dissolved 
oxygen meter calculated the oxygen concentra-
tion on the basis of the known relationship be-
tween oxygen solubility, temperature and total 
atmospheric pressure. The oxygen meter has a 
resolution of 0.01 mg l-1 and an accuracy of ± 
0.5% of the measured value ± 1 digit within an 
ambient temperature range of 5 °C to 30 °C. The 
Orion MSRTM (Minimum Stir Requirement) DO 
probe is a stable probe with very low oxygen 
consumption and zero current at zero oxygen 
concentration. 

Magnetic susceptibility (MS) was measured 

using a Bartington equipment sensor MS2C 
(Bartington Instruments Ltd., Witney, Oxon, 
UK). The measurements for MS were performed 
from unopened sample bags prior to the other 
analyses. Loss-on-ignition (LOI) was performed 
from wet sediment using a sample size of ap-
proximately 10 g. The samples were dried at 105 
°C for 12 h and ignited in an oven at 550 °C for 
2 h (Dean 1974; Heiri et al. 2001) following the 
standards SFS-EN 12819 and SFS-EN 12880.

The lake depth was measured from the sam-
pling point and is in fact the water depth at the 
sampling site, which does not mean the same as 
the maximum lake depth (paper IV). The mul-
tilake dataset samples were taken from the sub-
littoral areas rather than from the deepest point.  

The modern mean air TJul was estimated for 
each lake using a geographical information sys-
tem (GIS)-based method. The temperature data 
were provided by the Finnish Meteorological In-
stitute and were based on the 1971-2000 climate 
normals, which take into account all Finnish me-
teorological data. The temperature data were in-
terpolated from the data of the meteorological 
stations to a 50 x 50 km grid, taking into account 
factors such as elevation and lake coverage. If 
the elevation of the sample point was markedly 
different from the grid in question, the eleva-
tion was reconsidered (Seija Kultti pers. comm.).

3.3. fossil midge analysis

The sediment samples for fossil midge analysis 
were prepared applying standard methods de-
scribed in Hofmann (1986), Walker (2001) and 
Brooks et al. (2007). Papers V and VI used vol-
umetric (1 cm-3) subsamples. The wet sediment 
was treated with warm 10% KOH for 10-20 min-
utes in papers I-IV, but not in papers V and VI be-
cause it seems to be a generally unnecessary prac-
tice. The sediments were sieved through a rec-
ommended 100-µm sieve (Larocque et al. 2009) 
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and the residue was examined using a Bogorov 
counting chamber (Gannon 1971) or a Petri dish, 
under	a	stereomicroscope	(25-40	times	magnifi-
cation)	for	extraction	of	midge	remains	with	fine	
forceps. The fossil remains were permanently 
mounted in Euparal® or Canada balsam (Rhe-
nohistol®)	on	microscope	slides	and	identified	to	
the highest taxonomic resolution possible under 
a	light	microscope	at	400-times	magnification.	

In the surface sample datasets, a minimum of 
100	midge	individuals	were	identified	from	each	
sample to better include rare taxa. In the sedi-
ment	profiles	from	Lake	Hampträsk	and	Lake	
Iso Lehmälampi, a minimum of 60 individuals 
were enumerated and in the core from Lake Pi-
eni-Kauro a minimum of 50, which exceeds the 
minimum count size of 40-50 head capsules rec-
ommended for fossil chironomid analysis (Heiri 
and Lotter, 2001; Larocque, 2001; Quinlan and 
Smol 2001). In the volumetric samples (papers 
V, VI), all remains were enumerated, but if a 
sample had a low number of remains, more sedi-
ment was prepared for extra slides to gain the 
minimum counting sum set for analysis. Two 
chaoborid mandibles were considered as one in-
dividual.	The	identification	was	mainly	based	on	
the	identification	guides	of	Wiederholm	(1983)	
and Brooks et al. (2007). Heiri et al. (2004) was 
used to identify the Tanytarsini and Rieradevall 
and Brooks (2001) the Tanypodinae larvae. The 
identification	of	Cricotopus pulchripes-type was 
based on the description of Nyman et al. (2005). 
The phantom midges (Chaoboridae) and biting 
midges	 (Ceratopogonidae)	were	 identified	ac-
cording to descriptions of Finnish specimens by 
Luoto and Nevalainen (2009) and Luoto (2009). 
The black fungus gnats (Sciaridae) were identi-
fied	according	to	Heiri	and	Lotter	(2007).	The	
remains	of	the	black	fly	(Simuliidae)	Simulium 
are described in paper VI. The nomenclature fol-
lows the above-mentioned literature.

3.4. Numerical analyses
3.4.1. Ordinations

All data analyses, both uni- and multivariate, 
were performed using relative taxon abundanc-
es and square-root transformation of assemblage 
data with and without taxa deletions (see papers 
for details). Detrended correspondence analysis 
(DCA) was applied to explore patterns in dis-
tribution of the taxa within spatial and tempo-
ral dimensions and to choose between linear- 
or unimodal-based methods in further numerical 
analyses by estimating the lengths of composi-
tional gradients (DCA axes 1 and 2). The DCA 
was run with detrending by segments. DCA is 
an indirect ordination method that summarizes 
the variation in species assemblages along the 
DCA axes (ter Braak 2003). 

Canonical correspondence analysis (CCA) 
was used to explore the relationships between 
midge assemblages and environmental variables. 
CCA is a direct gradient technique that can be 
used to identify environmental variables that are 
strongly related to the species assemblages (ter 
Braak 2003). The CCAs were run with only one 
environmental variable at a time. The statistical 
significance	of	each	variable	was	tested	with	a	
Monte Carlo permutation test (499-999 unre-
stricted permutations), and variables were con-
sidered	significant	if	the	permutation	test	value	
(P)	was	≤	0.05.	When	only	one	environmental	
variable	is	used,	the	ratio	of	the	first	constrained	
eigenvalue (λ1) to the second unconstrained ei-
genvalue (λ2) indicates the relative importance 
of	the	specific	variable	in	explaining	the	cumu-
lative variance in the species data. Explanatory 
variables that have high λ1:λ2 ratios may be useful 
for quantitative inference models. In the intral-
ake	dataset	(paper	V),	stream	flow	(lotic	index,	
LI), the proximity of wetland and the presence of 
Nuphar, Equisetum and Phragmites stands were 
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entered as nominal variables, using binary codes 
(value 0 when absent and 1 when present). The 
stream	flow	was	entered	as	a	‘dummy’	variable,	
because discharge can vary greatly among sea-
sons or within and following a precipitation event 
(Gandoin et al. 2006). The distance from the lit-
toral vegetation (DLV) was measured and deter-
mined	by	examining	aerial	photographs	and	field	
observations. The DCAs, PCAs and CCAs were 
performed using the program CANOCO, version 
4.52 (Plant Research International, Wageningen, 
the Netherlands) (ter Braak 2003). 

Two-way indicator species analysis (TWIN-
SPAN) was used as a divisive technique to clas-
sify the 82 lakes from the dataset along the lati-
tudinal gradient in Finland and the 34 samples 
from the intralake dataset in Lake Pieni-Kauro 
(in this synopsis). Taxa with less than 2 occur-
rences were removed from the analyses and pseu-
dospecies cut levels were set to 0, 2, 5, 10 and 
20%. TWINSPAN was performed using the pro-
gram WinTWINS, version 2.3 (Centre for Ecol-
ogy and Hydrology & University of South Bo-
hemia,	Huntingdon	&	České	Budejovicě)	(Hill	
& Šmilauer 2005).

Taxon-specific	optima	and	tolerances	for	the	
environmental variables of interest were calcu-
lated using the weighted averaging (WA) tech-
nique (complete results presented in the Appen-
dix).	The	influence	of	sampling	point	selection	in	
multilake calibration set studies were assessed by 
examining Pearson correlations (Pearson prod-
uct-moment	correlation	coefficient, r) between 
the	sample-specific	and	 lake-averaged	assem-
blage along the water depth gradient (paper V). 
Additionally, chironomid-based mean air TJul re-
constructions were applied to the intralake sam-
ples and to the summary sample containing all 
the taxa with their average abundances within 
the lake. 

The midge stratigraphy in paper VI was di-
vided	into	local	faunal	zones	that	were	identified	

by major changes in midge assemblages using 
the program ZONE version 1.2 (Juggins 1991). 
The zoning was performed using optimal parti-
tioning and the number of zones was determined 
using the broken stick method (Bennett 1996). 
Species diversity was assessed using the Shan-
non (i.e. Shannon-Wiener or Shannon-Wiever) 
index in paper II and Hill’s N2 (1973) (effective 
number of occurrences) in papers III, IV and V. 
The actual number of taxa was expressed as spe-
cies richness (S) in papers V and VI.

3.4.2. Model development 
and reconstructions

In the development of palaeoenvironmental in-
ference models, several calibration techniques 
were used to select the methods that perform 
best by giving a high squared correlation between 
jackknife-predicted and observed values (r2

jack), 
a low prediction error (RMSEP) and low mean 
and maximum biases in jackknife residuals. The 
methods used were simple WA with an inverse 
deshrinking regression, WA with taxon tolerance 
weighting (WAtol) and an inverse deshrinking re-
gression, simple WA with a classical deshrinking 
regression, WA with WAtol and a classical de-
shrinking regression, locally weighted WA (LW-
WA), partial least squares (PLS), WA-PLS, a 
Gaussian logit model (i.e. maximum likelihood) 
and the modern analogue technique (MAT) (Jug-
gins 2007). The optimal number of calibration 
regression components included in PLS and WA-
PLS transfer functions was assessed using leave-
one-out cross-validation. Additional components 
were considered useful if they gave a reduction 
in the prediction error of at least 5% (ter Braak 
and Juggins 1993, Birks 1998). MAT was per-
formed by applying average and weighted aver-
age (WMAT) values of the 10 closest analogues. 
The inference models were run and developed 
with the program C2, version 1.5.0 (University 
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of Newcastle, UK) (Juggins 2007).
The palaeoenvironmental reconstructions 

were implemented with C2. The reconstruc-
tions were evaluated using four different ap-
proaches (Birks et al. 1990; Birks 1998; Bigler 
et al. 2002; Velle et al. 2005; Sarmaja-Korjonen 
et al. 2006): 1) by calculating the proportion of 
taxa from each fossil assemblage that was rep-
resented in the modern calibration set (cutoff for 
samples with poorly represented assemblages < 
90−95%);	2)	by	examining	the	squared	residual	
distance (square residual length, SqRL) of the 
modern and fossil passive samples in a CCA with 
the environmental variable of interest as the sole 
constraining	variable	(lack-of-fit	>	10%	of	the	
extreme values in the modern calibration set); 3) 
by testing whether the samples have good mod-
ern analogues (MAT) (threshold for good assem-
blage	>	5%	chord	distance);	and	4)	by	comparing	
whether the modern measured values exceeded 
the topmost inferred values by more than the 
model’s RMSEP. In paper VI, the relationship 
between the reconstructions was examined by 
calculating the Pearson product-moment corre-
lation between the reconstructed environmental 
variables.

4. results and discussion

4.1. Distribution and diversity 
of midges at regional, local 
and site-specific scales

The distribution of midge taxa in the dataset 
along the latitudinal gradient in Finland (paper 
I) corresponded with general faunal observa-
tions made in the Palaearctic region (Brooks et 
al. 2007) and with the previous data from Fin-
land (Nyman et al. 2005; Paasivirta 2007). Of 
the individual taxa, Micropsectra radialis-type, 
Heterotrissocladius maeaeri-type, Corynocera 
oliveri-type, Psectrocladius (Monopsectrocladi-

us) calcaratus-type, Micropsectra insignilobus-
type, Protanypus and Tanytarsus lugens-type had 
very low temperature optima in the present data-
set, while taxa such as Endochironomus impar-
type, Chironomus plumosus-type, Nanocladius 
rectinervis-type, Endochironomus albipennis-
type, Glyptotendipes pallens-type and Einfeldia 
pagana-type had the highest temperature optima. 
Some	clearly	eurytopic	taxa	were	also	identified,	
including Microtendipes pedellus-type, Psectro-
cladius (P.) sordidellus-type and Ablabesmyia 
monilis-type. 

In the dataset restricted to southern Finland 
(paper III), the taxa having the strongest rela-
tionship with elevated late-winter hypolimnetic 
oxygen levels were Heterotanytarsus apicalis-
type, Psectrocladius (M.) septentrionalis-type, 
Heterotrissocladius marcidus-type and Psectro-
cladius (M.) calcaratus-type (Fig. 6). The taxa 
associated with the lowest oxygen levels were 
Einfeldia pagana-type, Glyptotendipes pallens-
type and Cricotopus cylindraceus-type. Chirono-
mus plumosus-type was also found to be indic-
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ative of low oxygen levels in accordance with 
previous studies (e.g. Wiederholm & Eriksson 
1979, Kansanen 1985, Meriläinen et al. 2000).

The taxon most indicative of high water lev-
els in the dataset of 68 pristine lakes (Paper IV) 
was Heterotrissocladius marcidus-type, and the 
other Heterotrissocladius species also had high 
optima. This corresponds well with the results 
from previous studies in the Holarctic (Walker & 
MacDonald 1995; Korhola et al. 2000; Barley et 
al. 2006). Other common taxa of deeper waters 
in the present dataset included Tanytarsus lugens-
type and T. pallidicornis-type. Together with Het-
erotrissocladius species, T. lugens is well known 
from cold and deep waters (Brundin 1949) and T. 
pallidicornis-type is also restricted to the deep-
est parts of lake basins in shallow lakes in Nor-
way	(Heiri	2004),	fitting	well	with	the	present	
results. Of the shallow-water taxa of this study, 
Polypedilum nubeculosum-type indicated very 
shallow lakes. Korhola et al. (2000) also found 
that Polypedilum was indicative of shallow lakes, 
and another feature common with their dataset 
was the association of Psectrocladius (Monop-
sectrocladius) with shallow lakes. This was also 
indicated by the results of Nyman and Korhola 
(2005) and Mousavi (2002). Additionally, the 
shallow-water indicators in this study, such as 
Glyptotendipes, Cladotanytarsus, Cladopelma 
and Zalutschia species, also indicated shallow-
water habitats in Canadian datasets (Walker & 
MacDonald 1995; Barley et al. 2006). Thus, it 
appears that the present results represent a pattern 
consistent with that of previous studies on midge 
distributions along depth gradients in the Hol-
arctic region. The broad distribution of the tany-
pods Procladius and Ablabesmyia monilis-type 
may be due to the fact that they are free-living 
and not sessile, as the tube-building midges are.

The taxon richness in the surface sediments 
of Lake Pieni-Kauro and the Saavanjoki River 
(Paper V) was very high, since over 100 midge 

taxa	were	identified.	This	was	most	likely	due	
to the great diversity of habitats available for 
midges, including lentic and lotic environments 
with different exposures, substrata and vegeta-
tion types. The midge assemblages showed sig-
nificant	heterogeneity	between	the	samples,	and	
the highest taxon richness and absolute midge 
abundance was found at intermediate sample 
depths (Fig. 7). The deepwater samples may be 
expected to have lower diversity, because the 
profundal provides a more uniform habitat with-
out the shelter of vegetation or rocks. Most of 
the midge taxa apparently prefer intermediate 
depths, because the results showed that the midge 
diversity of the shallow waters was high only in 
the riverine samples.

Among the most common midge taxa in Lake 
Pieni-Kauro, Heterotrissocladius marcidus-type 
prefers deep waters with well-oxygenized hypo-
limnia while Ablabesmyia monilis-type and Pro-
cladius are frequently found in all lake types in 
Finland (Nyman et al. 2005; Paasivirta 2007, pa-
pers I, III, IV). The profundal zone in Lake Pieni-
Kauro was dominated by cold-indicating H. mae-
aeri-type, while it was absent from other parts of 
the lake. Many other cold water taxa, such as Ser-
gentia coracina-type, Protanypus, Micropsectra 
radialis-type and Tanytarsus lugens-type were 
also restricted to the profundal zone. The littoral 
areas of Lake Pieni-Kauro were characterized by 
taxa such as Psectrocladius (P.) sordidellus-type, 
while the riverine samples were dominated by 
the Thienemannimyia pseudocarnea-type. The 
lotic environments were characterized by the 
presence of Simulium, Rheotanytarsus, Nano-
cladius (P.) branchicolus-type, Rheocricotopus 
chalybeatus-type and T. clavicornis-type,	fitting	
well with previous data on their ecology (Wie-
derholm 1983; Currie & Walker 1992; Gandoin 
et al. 2006; Brooks et al. 2007). 

The occurrence of Zalutschia mucronata-
type in Lake Pieni-Kauro seemed to be con-
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trolled	by	 the	proximity	of	paludification	and	
thus humic substances, while sphagnum mosses 
seemed to provide part of its habitat. Psectro-
cladius (P.) sordidellus-type, Cladopelma virid-
ulum, Parakiefferiella bathophila-type, Nano-
cladius rectinervis-type and Bezzia-type cerato-
pogonids were strongly associated with Phrag-
mites australis	stands.	Previous	data	confirm	that	

Psectrocladius (P.) sordidellus and Cladopelma 
are common taxa in vegetated lake shores (To-
lonen et al. 2001) and ceratopogonids are often 
associated with submerged vegetation (Brooks 
et al. 2007). 

4.2. Mystery of the midges: 
what forcing factors are 
communities responding to?

Previous studies based on surface sediment sam-
ples have shown that in north-eastern Finnish 
Lapland, chironomid distribution and abundance 
are mainly controlled by the substrate type (sedi-
ment organic content measured as LOI), air/sur-
face water temperature and lake depth (Olander 
et al. 1997, 1999; Nyman et al. 2005). Because of 
the pronounced effect of temperature on midge 
distributions, many chironomid-based tempera-
ture inference models have been developed, such 
as those for northern Europe by Olander et al. 
(1999), Brooks and Birks (2001, 2004), Larocque 
et al. (2001) and Seppä et al. (2002). However, it 
has remained unclear whether chironomids re-
spond to temperature directly through physiolog-
ical temperature tolerances or indirectly through 
changes in the lake habitat and other intralake 
processes (Anderson et al. 2008; Brodersen et al. 
2008). Furthermore, limnological factors, such 
as lake trophic status, can have an overwhelm-
ing	influence	in	warmer	climatic	conditions	or	
within short climatic gradients (Brodersen & Lin-
degaard 1999; Brooks et al. 2001). 

The results from the present dataset of 82 
lakes in a transect across Finland (1080 km) dem-
onstrated that the mean air TJul is a major fac-
tor affecting chironomid distribution and abun-
dance, together with sampling depth and dis-
solved oxygen (paper I). The DCA sample plot 
showed a fanlike shape from the coldest lakes 
towards the warmest (Fig. 8), and it thus seems 
that temperature is clearly the most important 
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factor	influencing	chironomid	distributions	in	the	
entire dataset, whereas in southern regions other 
factors	also	become	significant.	The	results	sug-
gest that many of the taxa succeeding in particu-
lar limnological conditions, such as an elevated 
trophic status, may also favour warm lakes. It 
has been shown that in northern and alpine ar-
eas, nutrient conditions are related to summer 
temperatures, with cool lakes often having re-
duced nutrient conditions, while lowland areas 
at lower latitudes are more often subject to an-
thropogenic nutrient enrichment (Brodersen & 
Anderson 2002; Heiri & Lotter 2005). This is 
also probably the reason for the variation found 
in the current DCA plot, as the southern parts of 
Finland are extensively utilized by man, where-
as the environment in northern Finland is more 
close to its natural state. 

Temperature, metabolism and respiratory re-
quirements are directly linked to each other, and 
respiration physiology is thus among the indi-
rect causal responses and mechanisms making 
midges useful as climate indicators (Brodersen et 

al. 2004, 2008). The oxygen conditions can def-
initely change under stable climate conditions, 
but climate hardly ever changes without affect-
ing	the	oxygen	status.	Under	significant	temper-
ature changes, oxygen, productivity and climate 
in combination are probably the forcing factors 
determining midge distribution.

Many of the deepwater taxa in this study, 
such as Micropsectra radialis-type, Heterotris-
socladius maeaeri-type, Corynocera oliveri-
type and Tanytarsus lugens-type, appear to also 
be those indicating cold temperatures. This is 
most likely because deepwater environments are 
characterized by colder water temperatures dur-
ing the summer. There is also the discrepancy 
over whether some cold-indicating midges are 
responding to changes in temperature or in hypo-
limnetic oxygen or depth, since well-oxygenated 
profundal environments provide refugia for cold 
stenothermic taxa (Brodersen et al. 2004, 2008). 
However, some cold-indicating taxa, such as Co-
rynocera ambigua and Zalutschia mucronata-
type, which also tolerate moderate hypolimnet-
ic	oxygen	deficiency,	indicate	shallow	water	in	
the present dataset and show that not all cold-
indicating midge taxa are restricted to deep and 
well oxygenated waters. In addition, Chaoborus 
flavicans, a species that is absent from the cold-
est parts in Finland (Luoto & Nevalainen 2009), 
was found solely in the deepwater samples in 
this study. 

Since	multiple	environmental	factors	influ-
ence midge assemblages, it may also be possible 
to use these assemblages to infer multiple envi-
ronmental variables. The best means for isolat-
ing the effects of temperature in lake-level re-
constructions is to look for synchronous changes 
within a region (Dearing & Foster 1986). The 
ultimate environmental forcing factors evidently 
vary among different taxa, but apparently it is 
also a matter of spatial and environmental scal-
ing (Fig. 9). Along the latitudinal gradient of 
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over 1000 km in Finland, summer air tempera-
ture was the most important factor controlling 
midge distribution (paper I), but when deep and 
anthropogenically disturbed lakes were exclud-
ed,	 the	 influence	of	water	depth	became	more	
predominant (paper IV). Furthermore, the data-
set restricted to southern Finland, with a tem-
perature gradient of only 1.1 °C, revealed that 
a major forcing factor on midge assemblages 
was the late-winter hypolimnetic oxygen content 
(paper III), while summer air temperature was 
still	statistically	significant,	but	the	water	depth	
lost	its	significance.	The	hydrological	variables	
of	stream	flow	and	water	depth	were	the	most	
important factors controlling midge distribution 
when the study was scaled to a single lake, while 
the submerged vegetation patterns and catchment 
characteristics	also	contributed	as	significant	ex-
planatory variables (paper V). In addition, the 
TWINSPAN	grouping	of	samples	identified	in-
dicator taxa representative for different parts of 
the climatic gradient in the 82 lake dataset (Fig. 
10), whereas the taxa were divided into indica-
tor groups based on their habitat preferences in 
the intralake dataset (Fig. 11). Therefore, if large-
scale regional datasets are divided into smaller 

local datasets or screened to reduce background 
variance (cf. Hausmann & Kienast 2006), infer-
ence models can be developed for multiple en-
vironmental	variables,	and	lake-specific	datasets	
can moreover provide inference models of fac-
tors affecting species assemblages within a lake 
basin (i.e. habitats). 

4.3. Potential and problems of 
midge-based palaeoenvironmental 
inference models 

4.3.1. Training set design

The development of training sets for palaeolim-
nological purposes has focused on sampling the 
most recent fossil fauna from the surface sedi-
ments of multiple lakes (Smol 2008). The sup-
posed advantage of this approach is that the sur-
face sediments in profundal areas are considered 
to integrate organisms with respect to spatial and 
temporal dimensions, including all seasons and 
habitats (Frey 1988). However, this may not al-
ways be the case, as the fossil fauna in the sur-
face sediments sometimes represent fauna living 
in close proximity to the sampling site (Heiri et 
al. 2003; Heiri 2004; Kurek & Cwynar 2009). 
Therefore, alternative methods, such as those 
based on contemporary pupal exuviae (chiron-
omid pupal exuvial technique, CPET, Wilson & 
Ruse 2005, Ruse 2010), are promising perspec-
tives in developing better training sets through 
a more accurate species assemblage description 
(Luoto & Raunio subm.). The greatest advan-
tage of the CPET method is that it usually pro-
vides a more representative sample of midges 
from all depths and aquatic microhabitats (e.g. 
Raunio et al. 2007, 2010) compared to the tradi-
tional single-point training set sampling of fossil 
specimens. However, this method only considers 
recently emerged species, whereas surface sedi-
ment sampling for fossil specimens integrates 
fauna during a longer temporal dimension, in-
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cluding all seasons (Frey 1988).
The surface sediment sampling in papers I, III 

and IV was performed from the sublittoral areas 
of the lakes and not from the profundal, as usu-
ally in training sets. The study in paper I used all 
the sampled 82 lakes, except for the exclusion 
of	five	outliers	from	the	temperature	inference	
model. These outlier lakes were the only large 
lakes in the dataset and had extreme pH condi-
tions. The study in paper IV focused on pristine 
shallow lakes with sampling depths < 7 m (Table 
1), because short environmental gradients may 
assist in estimating environmental optima that 
are more realistic for the taxa involved (Velle et 
al. 2005). In addition to deeper lakes, disturbed 
lakes that are mostly located in urban or culti-
vated areas were excluded to reduce the effects 
of nutrients and hypolimnetic oxygen on midge 
assemblages. This exclusion aimed to create a 
consistent dataset (shallow lakes without major 
anthropogenic	influence)	on	which	the	new	in-
ference model for water level was based. There 
is, however, a concern that even though editing 
of a dataset may improve the model performance 
statistics, it may not eliminate the true inference 
error, leading to the requirement of incorporat-

ing longer environmental gradients (Walker & 
Cwynar 2006). 

The water depth model was based on mea-
surements of the sampling depth, which does 
not mean the same as the maximum lake depth, 
because the samples in this study have been tak-
en from the sublittoral. Nevertheless, the midge 
assemblages of the sampling points seemed to 
represent the water level (i.e. sampling depth) 
very well. Cores taken from the deepest point 
are generally insensitive to small changes in wa-
ter depth (Hofmann 1998; Battarbee 2000), and 
the present methods therefore probably provide 
more sensitive cues of lake-level changes. Thus, 
the results in paper IV indicate that lake-level 
transfer functions can also be developed by using 
intralake datasets (cf. Kurek & Cwynar 2009), 
as midge assemblages of a particular sampling 
point are representative of certain depths. This 
was supported by the results from paper V, which 
showed	significant	shifts	 in	midge	assemblag-
es within Lake Pieni-Kauro. Because the death 
assemblages represent fauna that lived in close 
proximity to the sampling point, the examina-
tion of intralake gradients using surface sediment 
samples can be rewarding. However, in lakes 
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with only a few habitat types, such as most of 
the lakes in arctic and subarctic regions, the fossil 
lake fauna is likely to be more uniform (e.g. Hol-
mes et al. 2009). In addition, arctic and subarctic 
lakes are more exposed to wind created currents, 
which cause within-lake transportation of fossil 
remains. Intralake models may also suffer from 
many potential limitations, such as lower applica-
bility, shorter environmental gradients and lake-
specific	discrepancies	in	the	modern	distribution	
(Kurek & Cwynar 2009). However, because the 
present results showed a close relationship in 
taxon-specific	water	depth	preferences	between	
the examined dataset types (papers IV, V), it is 
possible to combine these training sets to pro-
vide better estimates of the taxon optima and to 
enhance the transfer function (Luoto subm. a).

Environmental perturbations operating in la-
custrine or riparian systems may be dampened 
or irrelevant at regional or even local scales. 
Thus, one potential approach in training set de-
sign could be to increase the number of sam-
ples, but not necessarily the environmental gra-
dient or the size of the geographical area. It is 
clear from the present results that the selection 

of the sampling point in training set develop-
ment and in downcore studies is crucial in or-
der to be able to detect the environmental signal 
of interest. However, the selection of the study 
lakes is also important, because environmental 
changes, such as those related to climate, can 
appear very differently in different lake types, 
and the actual changes may remain undetected 
or become falsely interpreted. Alternative midge 
communities can exist under similar trophic or 
climate conditions, but changes in communities 
may occur over thresholds and these ecosystem 
switches can be detected using palaeoecological 
proxies, such as midges (Langdon et al. 2006).

4.3.2. On the search for the 
perfect sampling point

The	influence	of	basin	morphometry,	windiness	
and currents on the taphonomic processes of 
midges, such as selective offshore transport, mix-
ing and resuspension, are relatively poorly under-
stood, but apparently there is wide taphonomic 
variability among lakes (Walker et al. 1984; Frey 
1988; Schmäh 1993; Hofmann 1998; Heiri 2004; 
Holmes et al. 2009; Kurek and Cwynar 2009). 
In paper V, the high level of heterogeneity in 
the fossil surface sediment midge assemblages 
clearly indicated that the assemblages predomi-
nantly incorporate the locally dwelling fauna, 
instead of integrating remains from a larger area 
around the lake. This is proven by the fact that 
the surface sediments of different parts of Lake 
Pieni-Kauro were dominated by different taxa. 
This is essential information for all midge-based 
studies dealing with surface sediment datasets 
that are based on a single sample per lake; the 
selection of the sampling point may profoundly 
affect the results when aiming to develop train-
ing sets, e.g. for temperature. However, midge-
based downcore studies that are based on a single 
sample may not be as severely affected, because 
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the downcore samples always represent the same 
spot in the lake, and the possible resulting error 
would thus be systematic (under- or overesti-
mation of the environmental variable studied) 
(Heiri et al. 2003). 

According to the present results, the samples 
taken from a water depth of approximately 3 m 
had the highest midge abundance, taxon rich-
ness and strongest correlation with the whole-
lake species assemblage (Fig. 7). However, most 
of the samples showed strong correlations with 
the average species assemblage, and only if a 
sediment sample had been taken from the lo-
cation of a few of the sampling points would 
the	assemblages	have	been	significantly	differ-
ent from the lake system average. The test of the 
effect of sampling point on chironomid-based 
temperature reconstructions indicated that there 
is a potential risk of underestimating the tempera-
tures when the sample is taken from the deepest 
point (Fig. 12). However, if there are randomly 
occurring errors in the temperature estimates of 
calibration models, these are likely to be detect-
ed as outliers in earlier statistical analyses. One 
possibility in the development of a chironomid-
temperature training set could be to amalgamate 
more	than	one	sample	from	each	lake	(modifi-
cation from Olander et al. 1999). 

A major advantage in coring the deepest 
points are that they also integrate some littoral 
taxa while the littoral samples lack profundal or-
ganisms. In addition, the sedimentation processes 
are usually more continuous in the lake centre, 
with a reduced risk of running into hiatuses or 
sediment mixing (cf. Iovino 1975, Walker et al. 
1984). However, in the present dataset, the lake-
specific	summary	sample	(average	depth	of	3.1	
m) showed an estimated value identical to that 
of the modern observed temperature (Fig. 12). 
This indicates that the sublittoral is probably the 
best coring point in single-sample midge-based 
studies in shallow boreal lakes. Consistently 

with the present midge-based results, Kattel et 
al. (2007) showed that fossil cladoceran samples 
in	lake	sediment	gave	a	biased	reflection	of	the	
communities from which they were derived in 
a small lake in Scotland, and suggested that the 
best coring point would be in the sublittoral. In 
the case of diatoms, the best coring point in shal-
low	boreal	 lakes	seems	to	be	at	depths	>	6	m	
(Kauppila 2002), most likely because the light 
diatom frustules are more easily transported to-
wards the primary accumulation zones than the 
considerably larger and heavier midge and cla-
doceran remains. However, to be representative, 
the location of core samples should always match 
that of the training set samples. 

Another point worth mentioning from the re-
sults	of	Lake	Pieni-Kauro	is	that	the	stream	flow	
of	the	Saavanjoki	River	had	little	influence	on	
the midge-inferred temperatures, as they showed 
only slight overestimation, which was within the 
model’s error estimate. This observation is in ac-
cordance with a previous study by Engels et al. 
(2008), which also indicated that the river contri-
bution has no major effect on chironomid-based 
temperature estimations.

In principle, the best coring point to detect 
stream	flow	events	would	be	in	the	lake	basin	
as close to the river mouth as possible, where 
continuous sedimentation occurs. However, the 
close proximity of a stream would obviously af-
fect water depth reconstructions, as the samples 
would be enriched with stream taxa, which may 
not have a preference for a particular depth. Care-
ful selection of the sampling point is also crucial 
when littoral vegetation shifts are reconstructed. 
Estimation of the changes that have occurred 
in the water level and thus in the location of 
the littoral vegetation is important, but the best 
sampling point would probably be in the sublit-
toral, between the vegetation and profundal. In 
water depth reconstructions it is important that 
the sampling point is in the range of the mod-
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els’ depth gradient.

4.3.3. environmental intercorrelation 
and spatial autocorrelation

There are intercorrelations among the examined 
variables in the present intralake dataset (paper 
V), as depth and DLV are positively correlated. 
However,	there	appears	to	be	no	significant	re-
lationship between temperature and water depth 
(paper IV), temperature and DO (paper III, Fig. 
6) or water depth and DO (paper III, Fig. 6) in 
the datasets used. Model intercorrelations com-
plicate isolation of the effects of the different 
environmental variables and may cause ambigu-
ity in the reconstructions. In addition, the use of 
midges to infer multiple parameters in the same 
lake may sometimes increase the ambiguity, be-
cause the factors that most strongly impacted the 
midges at a given time may remain unsolved. 
However, the combined use of midge-based in-
ference models may help in interpreting midge 
responses to environmental changes (Quinlan et 
al. 1998). In lakes with a high number of spe-
cies, such as those in the present study, it may 

be possible to infer multiple environmental fac-
tors based on midges, because of the community 
response and the high number of indicator taxa. 
Midge communities are unique in a given spa-
tiotemporal environment and the presence and 
abundance of taxa thus mirrors a particular en-
vironment, which consists of multiple forcing 
factors. Therefore, there is no reason why mul-
tiple variables could not be reconstructed using 
fossil midge assemblages from a single lake, but 
effort should be given to estimating the reliabil-
ity of the reconstructions using various numeri-
cal methods. 

In addition to model intercorrelations, there 
are inevitable taphonomy-related model autocor-
relations involved with intralake calibration sets, 
as fossil remains can be transported (postmor-
tem) downstream or downslope, but probably 
not in the opposite directions. Spatial autocor-
relation, the tendency of closely located sites to 
resemble one another, is not solely a problem in 
intralake models, but a common factor in other 
training set types and in ecological data in gen-
eral as well (Legendre 1993), and may lead to 
inappropriate model choice and misleading and 
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over-optimistic estimates of model performance 
(Telford & Birks 2005, 2009).
 
4.3.4. Development of transfer functions

The best chironomid-based WA-PLS tempera-
ture inference model using one WA-PLS com-
ponent (assessed by leave-one-out cross-valida-
tion) performed well, with an RMSEP of 0.721 
°C, an r2 of 0.78 and a maximum bias of 0.794 
°C (paper I, Table 2, Fig. 13a). A one-compo-
nent WA-PLS model is the statistical equivalent 
of WA with inverse deshrinking, having only a 
minor difference in the r2 and RMSEP values. 
The favourable model performance of the pres-
ent training set may be due to the relatively long 
geographic distance included in the transect of 
the study lakes, together with the high number 
of lakes, head capsule-counting sum and taxo-
nomic resolution (cf. Brooks and Birks 2001). 
In a previously produced chironomid-based da-
taset from northwestern Finnish Lapland by Sep-
pä et al. (2002), which is a taxonomically im-
proved training set based on 63 lakes examined 
by Olander et al. (1999) and Vasko et al. (2000), 

the RMSEP for mean air TJul was 0.73 °C and 
r2 was 0.76 (reported by Sarmaja-Korjonen et 
al. 2006). Since both Finnish datasets show fa-
vourable model performance statistics, it seems 
that midge distribution in Finland is particularly 
strongly linked to mean TJul. Short environmental 
gradients can sometimes provide more realistic 
estimates of taxon optima, but training sets with 
lakes over a large geographic transect, such as 
in the present study, may contribute to a better 
understanding of the ecology and biogeography 
of midges (Larocque et al. 2006).

The best late-winter hypolimnetic oxygen 
model was also developed with WA-PLS re-
gression using one component (paper III, Table 
2). The RMSEP of the model was 2.35 mg l-1, 
the r2

jack 0.72 and the maximum bias 4.23 mg l-1. 
The model appeared to predict late-winter hy-
polimnetic oxygen levels reasonably well and 
quite evenly within the observed oxygen gradient 
(Fig. 13b). The Canadian inference models for 
end-of-summer hypolimnetic oxygen produced 
by Quinlan and Smol (2001a) showed an r2

jack 
of 0.56 and an RMSEP of 2.15 mg l-1, while the 
best models of Little and Smol (2001) had an 

Table 2. General information and performance statistics for the midge-based palaeoenvironmental inference 
models developed in this thesis.

Mean air

T Jul

Hypolimnetic

oxygen
Water depth Water depth

Littoral veget.

shift (DLV)
Stream flow

Dataset type
Multilake,

single sample

Multilake,

single sample

Multilake,

single sample

Intralake,

multisample

Intralake,

multisample

Intralake,

multisample

Latitude 60-70 °N 60-63 °N 60-70 °N 64 °N 64 °N 64 °N

Technique WA-PLS WA-PLS WA-PLS WA-PLS WAclassical WAclassical

No. samples 77 30 68 34 34 34

No. taxa 72 63 84 107 107 107

Gradient 11.3-17.0 °C 0.5-18.1 mg l-1 0.7-7.0 m 0.5-7.3 m 0-270 m 0-1 LI

RMSEP 0.72 °C 2.35 mg l-1 0.78 m 0.94 m 41.81 m 0.17 LI

r
2

jack 0.78 0.72 0.68 0.76 0.71 0.77

Max. bias 0.79 °C 4.23 mg l-1 2.02 m 1.95 m 67.28 m 0.25 LI



33

r2
jack of 0.58. The better correlation in the present 

study is most likely due the fact that the largest 
gradient in the parameters that were measured 
was in DO, not in temperature. In the present 
dataset the temperature gradient was only 1.1 

°C, while in the other datasets for DO the tem-
perature gradient was more than 5 °C. 

In the 68 lake dataset, the best of the water 
depth models was developed with WA-PLS re-
gression using three WA-PLS components (pa-
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per IV, Table 2). The model yielded an RMSEP 
of 0.78 m, an r2

jack of 0.68 and maximum bias of 
2.02 m. The best chironomid-based linear PLS 
maximum lake depth model with two compo-
nents produced by Korhola et al. (2000) from 
northwestern Finnish Lapland also provided fa-
vourable performance statistics, since the RM-
SEP was 0.49 m and r2

jack was 0.70. A similar 
trend in the inference values and residuals was 
observed in this study as in the calibration model 
of Korhola et al. (2000), since the inferred val-
ues led to overestimation of the depth in shallow 
lakes and underestimation in deeper lakes (Fig. 
13c). However, the trend was more pronounced 
in the present study. The minimum water depth 
at the sampling site in the present dataset was 
0.7 m and the maximum depth 7.0 m, while the 
range in the dataset of Korhola et al. (2000) was 
0.9–27.0 m. In both studies, the mean depth was 
at the shallow end of the gradient, i.e. 2.7 m in 
the present dataset and 6.4 m in the dataset by 
Korhola et al. (2000). This bias could possibly be 
weakened if the number of samples representing 
the deeper end of the depth gradient would be 
increased without increasing the depth gradient 
itself. However, the nonlinear distortions at the 
ends of the gradients are an inherent problem 
in all unimodal-based calibration methods that 
use weighted averaging (ter Braak & Juggins, 
1993), and the so-called edge effect may possi-
bly only be reduced by using shorter gradients 
and linear-based methods (Birks 1998, Brooks 
& Birks 2001).

Larocque et al. (2006) developed a chiron-
omid-based inference model based on PLS for 
lake depth in northwestern Quebec, Canada, but 
because the lake depth model suffered from a 
low	coefficient	of	determination	they	speculated	
that the model would not be reliable. Barley et 
al. (2006) also developed a midge-based model 
based on WA-PLS for lake depth in northwestern 
North America and the model yielded an r2

boot 

of 0.38 and RMSEP of 0.58 log transformed 
depth units (ln (x+1)). Later, Kurek and Cwynar 
(2009)	presented	site-specific	(based	on	one	lake,	
29 samples) and local (based on three lakes, 87 
samples) PLS inference models for water depth 
in Alaska, USA, and compared them with the 
regional model of Barley et al. (2006). The re-
sults of Kurek and Cwynar (2009) showed that 
the	site-specific	(r2

boot  = 0.90, RMSEP = 1.76 
m) and local (r2

boot  = 0.68, RMSEP = 4.36 m) 
inference models had better performance sta-
tistics than the regional model. In comparison 
to these previous chironomid-based lake depth 
models, the present multilake model shows rel-
atively favourable performance statistics. How-
ever, because the measured water levels in this 
study do not refer to maximum lake depths, the 
results are not directly comparable to some of 
the prior studies.

The best of the intralake water depth infer-
ence models from Lake Pieni-Kauro was devel-
oped with the WA-PLS technique, using two 
WA-PLS components (paper V, Table 2). The 
model’s r2

jack of 0.76, RMSEP of 0.94 m and 
maximum bias of 1.95 m imply that the mod-
el is able to perform quantitative estimates on 
past	lake	levels.	The	site-specific	depth-inference	
model by Kurek and Cwynar (2009) showed bet-
ter statistics than the local and regional models 
they compared their results with (see above). 
The higher prediction error in their study, when 
compared with the present results, is most likely 
explained by the greater depth gradient in their 
study. The cross-validated r2 value of the pres-
ent intralake model is higher than that of both 
Finnish regional models. This may be due to a 
more detailed representation of the habitat, which 
in a broad sense is probably the most important 
factor enabling the use of midges as a proxy for 
water depth. The present results indicate similar 
trends in the models’ inferred values and in the 
residuals as were found in the multilake depth 
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model (paper I) and by Korhola et al. (2000): 
The inferred values overestimated the depth of 
shallower samples and underestimated the deep-
er samples (i.e. the edge effect) (Fig. 13d). This 
may have again resulted from fewer samples at 
the deeper end of the depth gradient. Therefore, 
more even sample distances could make this bi-
as weaker. Currently, both of the present water 
depth models tone down the extreme values and 
thus underestimate the magnitude of changes in 
water depth. 

The best of the DLV models use WA with 
classical deshrinking without tolerance weight-
ing (Table 2). The statistics of the best model 
imply that the model produces reliable recon-
structions, because the r2

jack was 0.71, RMSEP 
41.8 m and the maximum bias 67.2 m. The use 
of the DLV model is based on the idea that when 
changes in lake level occur, this results in hori-
zontal shifts in littoral vegetation. Thus, changes 
in the species assemblages around the sampling 
area are expected, because the littoral vegetation 
has moved and likewise the midge taxa associ-
ated with it. Thus, if a lake level were to rise, 
the sediment fossil assemblage would become 
poor in taxa that have low optima for DLV. In 
contrast, when lake level decreases, the fossil 
assemblage is expected to become abundant in 
these vegetation-associated taxa, because the lit-
toral vegetation is then closer to the sampling 
point. Apparently, the DLV model suffers from a 
problem similar to that of the water depth mod-
els in its predictions (the inherent edge effect) 
(Fig. 13e). This is most likely due to a similar 
reason: there are more samples representing the 
near-vegetation habitats than those taken from 
offshore. In addition, the edge effect may re-
flect	 the	 fact	 that	 the	environment-assemblage	
descriptions are most accurate at intermediate 
water depths, where the model also produces 
the most reliable reconstructions (e.g.  Fig. 7).

Similarly to the DLV models, the best of 

the	stream	flow	inference	models	use	WA	tech-
niques with classical deshrinking and without 
tolerance weighting (Table 2). The r2

jack of the 
best model was 0.77, RMSEP 0.17 LI and the 
maximum	bias	0.25	LI.	The	stream	flow	model	
and thus the LI optima for the different midge 
taxa are based on binary codes (0 = lacustrine, 
1 = riverine) (Fig. 13f), because discharge can 
vary enormously within or among seasons and 
following a precipitation event. Furthermore, the 
model is more applicable when it is not restricted 
to	a	particular	stream	flow	gradient.	The	model	
is designed to be used in lake basins that have 
experienced	past	fluctuations	in	their	river	con-
tribution or in internal turbulence, rather than in 
the stream environments themselves. The output 
of	the	model	significantly	depends	on	the	sam-
pling point selection, as samples taken closer to 
a stream would infer higher values. 

4.4. midge-based 
palaeoenvironmental 
reconstructions

4.4.1 lake Hampträsk

The palaeoenvironmental records from Lake 
Hampträsk showed some clear natural and an-
thropogenic changes over the past 700 years (pa-
pers II, III, V, Table 3).  Cultivation is known to 
have begun in the Sipoo area during the Iron Age 
(Sarmaja-Korjonen 1992), and the trophic status 
of Lake Hampträsk was already elevated by the 
14th century, representing mesotrophic conditions 
at the base of the core (Figs. 14, 15). Reconstruc-
tion of the hypolimnetic oxygen levels revealed 
that the 14th century was also characterized by 
poor oxygen conditions (Fig. 15), probably re-
sulting from the elevated trophic status. The re-
constructed water levels indicated that the lake 
was quite deep (approx. 10 m) during that time 
(Fig. 16). However, there are serious uncertain-
ties in lake-level reconstructions when the recon-
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structed values are higher than the depth gradient 
od the models. Thus, the lake level before the 
decrease may be overestimated, as the present 
model provides a reliable prediction up to ca. 7 
m. Nevertheless, evidence for the elevated lake 
level is provided by the dominant midge taxon 

in Lake Hampträsk at the time, Chaoborus flavi-
cans (Luoto et al. 2008), which cannot survive in 
shallow lakes in Finland (Luoto and Nevalainen 
2009), and the species also has a high depth op-
timum in the applied transfer function (paper V). 

During the 15th century the lake level dropped 
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Paper Lake Hampträsk Lake Iso Lehmälampi Lake Pieni-Kauro

II Mean air T Jul *** ***

TP (diatoms)

TCE (Cladocera)

LOI

MS

III Hypolimnetic DO Hypolimnetic DO ***

IV Water depth ***

P:L (Cladocera)

V Water depth *** ***

Stream flow

DLV

VI *** *** Stream flow

Mean air T Jul

Precipitation (tree rings)

LOI

MS

Table 3. inferred parameters from lake Hampträsk, lake iso lehmälampi and lake Pieni-kauro tabulated 
according to their appearance in the papers. Midge-inferred variables are marked in bold type.
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dramatically, as shown by the reconstructed wa-
ter depth at the sampling point, which decreased 
by over 6 m. This lake level lowering may very 
well have been due to human activities, since 
lakes have traditionally been drained in Finland 
for cultivation purposes, and there was evidence 
of hemp (Cannabis sativa L.) cultivation in the 
catchment of Lake Hampträsk since ca. 1050 
AD (Sarmaja-Korjonen 1992, 2003). Although 
the inferred massive lake drainage at the time im-
plies human activity, there is no direct evidence 
that the lake was drained by humans and the 
lake-level lowering may also have been caused 
by natural factors. Furthermore, the changes in 
species assemblages might have been driven by 
changes in food web structures as speculated by 
Nevalainen and Luoto (subm.), and thus the re-

constructed water depth values for the base of 
the core would be overestimated. However, the 
reconstruction trend is apparent even with un-
certainties in its magnitude, and it is likely that 
the lake level was indeed higher at the begin-
ning of the stratigraphy. From 1500 AD to the 
present, the inferred water depth has remained 
relatively low.

The DLV reconstruction showed an increas-
ing trend during the 14th century (Fig. 16). The 
high DLV value during that time was most likely 
caused by the elevated lake level shown in the 
water depth reconstruction. When the inferred 
lake level rapidly dropped during the 15th century, 
the littoral vegetation also approached the sam-
pling	point.	The	reconstructed	stream	flows	in-
dicated two increased surface runoff/turbulence 
events,	the	first	around	1400-1500	AD	and	the	
second more recently (Fig. 16). The reconstruct-
ed changes in Lake Hampträsk were more likely 
caused by anthropogenic manipulation of the lo-
cal	hydrology	than	by	climate	change.	The	first	
minor	increase	in	the	stream	flow	(approx.	0.1	LI)	
occurred soon after the reconstructed decrease 
in the water level, possibly resulting from the 
anthropogenic activities.

The effects of enhanced nutrient input were 
accompanied by deteriorating climatic condi-
tions, and the aquatic ecosystem was severely 
disturbed ca. 1700 AD (Luoto et al. 2008, paper 
II), when chironomid-inferred temperatures also 
dramatically decreased, coinciding with the tim-
ing of the LIA (Jones et al. 2009). The results of 
Luoto et al. (subm.) from another lake in south-
ern Finland, Lake Hirvijärvi, indicate a tempera-
ture change that was similar in magnitude to the 
present results. The temperature drop of 3.5-4 
°C reconstructed at Lake Hirvijärvi indicates a 
coherent reconstruction of the LIA and repro-
ducibility of midge-based results. The cladoc-
eran, diatom and midge assemblages changed 
in Lake Hampträsk and the diversity and pro-

Figure 15. Midge-inferred hypolimnetic oxygen 
for lake Hampträsk, southern Finland, during the 
past 700 years (redrawn from paper iii). The age 
estimations are based on the radiocarbon dating 
results and time-depth model applied by luoto et al. 
(2008).
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portion of planktonic diatom species decreased. 
In addition, oribatids (Arachnida: Acari: Oriba-
tida) disappeared from the sediment record dur-
ing the coldest period. The cold phase was also 
well represented by changes in the physical prop-
erties of the sediment, as the LOI and MS de-
creased (paper II), possibly due to increased ero-
sion from the catchment and decreased biological 
productivity.	The	LIA	seems	to	be	reflected	as	
an increase in chironomid-inferred hypolimnetic 
oxygen levels, which peaked twice, during the 
16th and 17th centuries. Tiljander et al. (2003) 
noted from annually laminated lake sediments 
from southern Finland that during two phases, 
ca. 1580-1630 and 1650-1710 AD, a colder cli-
mate prevailed. The study of Luoto et al. (2008) 
also suggested that the LIA was not uniformly 

cold, as cold-indicating chironomids peaked at 
separate depths and chydorid ephippia had two 
maxima, which was consistent with the results 
of Tiljander et al. (2003).

The dominating midges in Lake Hampträsk 
during the LIA were Tanytarsus lugens-type, 
Micropsectra insignilobus-type and Corynoc-
era ambigua (Luoto et al. 2008), which indi-
cate cold climatic conditions (Appendix, paper 
I). Tanytarsus lugens-type and M. insignilobus-
type are missing from the present calibration set 
for DO, and they do not therefore contribute to 
the oxygen reconstruction. This is because they 
have northern distributions (paper I) and they 
only occur at a very low abundance in the DO 
calibration dataset (southern Finland). Howev-
er, if these taxa contributed to the oxygen re-
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construction they would probably increase the 
reconstructed values, since they are known to 
prefer deep and cold lakes with good hypolim-
netic oxygen conditions. The cold climate epi-
sode of ca. 1700 AD is also reported in historical 
documents, as around 25% of the local popula-
tion of Sipoo died in a famine (Rantanen and 
Kuvaja 1994).

The chironomid-inferred DO was elevated 
during the cooling of the LIA between ca. 1550 
and 1850 AD (Fig. 15). Interestingly, diatom-in-
ferred TP reconstruction from Lake Hampträsk 
showed a major increase during the LIA (Fig. 
14). It is generally expected that lake produc-
tivity decreases during cold climate events, al-
though Kirilova et al. (2009) showed that during 
the extreme Younger Dryas (YD) cold event the 
productivity truly increased in a lake in Central 
Europe. However, evidence for decreased pro-
ductivity in Lake Hampträsk was also provided 
by the strongly decreased organic content during 
the LIA (Luoto et al. 2008). The diatom assem-
blages were dominated by a single taxon (Frag-
ilaria pinnata) during the LIA, and this most 
likely caused the overestimation, since the TP 
inference is based on its temperature optimum, 
which may be biased in the training set (see dis-
cussion in paper II). 

The increase in the DLV at ca. 1700 AD co-
incided with the coldest period of the LIA in the 
area. Although the LIA was characterized by wet-
ter climate conditions (Tiljander et al. 2003), the 
water depth reconstruction showed no marked 
changes in Lake Hampträsk (Fig. 16). There-
fore, the reconstructed change in the DLV was 
most likely due to diminished littoral vegetation 
caused by the harsh and cold climate and the re-
sulting reduction in vegetation-associated midg-
es. After the LIA, the DLV began to decrease. 
This decrease was probably associated with the 
hydroseral development that can currently be ob-
served on the lake shores. 

Clear	changes	 in	 the	stream	flow	occurred	
from ca. 1900 AD onwards, represented by three 
separate reconstructed peaks, the last one (ca. 0.2 
LI) representing the present situation (Fig. 16). 
The	first	two	peaks,	with	LI	values	over	0.3,	can	
be considered to indicate relatively large changes 
in the lake’s environmental conditions. These re-
cent changes in the reconstruction are probably 
the results of large-scaled ditching, which has 
increased the surface runoff in the catchment, 
thus creating streams and water turbulence in the 
lake. The dominant midge taxa during the stream 
flow	events	were	Chironomus anthracinus-type, 
Dicrotendipes nervosus-type, Cladotanytarsus 
mancus-type and Procladius, which thus seem 
to be quite tolerant of limnological perturbation. 
The absence of true lotic taxa from the entire 
sediment sequence and the occasional presence 
of turbulence-tolerant taxa indicate that there has 
not been a permanent stream in the lake. 

The reconstructed oxygen conditions deterio-
rated especially from the 19th century onwards 
(Fig. 15), most likely as a consequence of cli-
mate warming and induced nutrient enrichment 
in the lake, as cultivation in the catchment in-
creased. Some diatom species that thrive in eu-
trophic conditions increased in abundance from 
the end of the 18th century onwards, but in con-
trast the diatom-based TP reconstruction showed 
decreasing values (Fig. 14). However, the repre-
sentativeness of these diatom samples in the cali-
bration set was not good. The reason behind this 
may be other environmental changes unrelated 
to TP, such as hydroseral development, as the 
shoreline vegetation (e.g. Phragmites australis 
and Spaghnum mosses) would have spread and 
reduced the lake surface area. Thus, the result 
would have been an increase in the proportion 
of the littoral area at the expense of the pelagic 
area, which would have led to an increased pro-
portion of littoral habitats for periphytic diatoms. 
The high number of periphytic taxa in the sam-
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ples may result in lower predicted TP concentra-
tions, as shown by Kauppila et al. (2002b). The 
present diatom-based TP reconstruction provid-
ed a value for the surface sample that is clearly 
lower than the observed one (underestimation 
of	38.0	μg	 l-1). A similar type of underestima-
tion in diatom-inferred and measured TP values 
occurred in a reconstruction from a small lake 
in southern Finland (Kauppila & Valpola 2003), 
and the higher proportion of periphytic taxa in 
the samples is likely to be a major factor behind 
the underestimation of the recent TP values also 
found in the present reconstruction. In the most 
recent sample (0 cm), the reconstructed DLV 
reached its minimum (32 m) (Fig. 16), provid-
ing evidence for the development of plant suc-
cession towards the sampling point.

The inferred values showed a distinct and 
rapid change in temperature in the surface sam-
ples as they increased by 1.3 °C at the top (Fig. 
13). These recent inferred changes correspond 
well with the general changes in observed mean 
TJul values (data provided by the Finnish Meteo-
rological Institute). However, the surface sedi-
ments have not been accurately dated and the 
1-cm sample resolution restricts more detailed 
tracking. The inferred mean TJul for the surface 
sample showed only a slight underestimation (0.3 
°C) that is within the error limits of the model 
(RMSEP = 0.72 °C). In the hypolimnetic oxygen 
reconstruction, the taxa in the fossil samples were 
relatively poorly represented in the training set, 
and only seven of the samples were well repre-
sented in the training set (see paper II for details). 
The main reason for this is that the studied time 
period was mostly affected by the cold LIA, and 
cold-associated chironomids that are not includ-
ed in the calibration dataset (warm lakes) were 
therefore common (e.g. Tanytarsus lugens-type, 
Micropsectra insignilobus-type and Constempel-
lina brevicosta) (Luoto et al. 2008). When con-
sidering all the analogue statistics, only three of 

the samples (0, 5 and 9 cm) showed good reli-
ability.	However,	the	‘poor’	fit/analogue	samples	
may also provide accurate estimations and the 
‘good’	fit/analogue	samples	may	provide	erro-
neous estimations (Bigler et al. 2002). The DO 
reconstruction showed underestimation (3.7 mg 
l-1) in the topmost sample when compared to the 
modern measured value. Nevertheless, the lower 
estimations appears to be logical, because Lake 
Hampträsk is known to have experienced oxygen 
depletion during late winter (Ekholm 2007), and 
the measured value thus seems to overestimate 
the oxygen conditions.

The reconstructed water depth for the sur-
face sample showed that the inferred value was 
very close to the actual value and clearly within 
the depth model’s error limits. The slight over-
estimation was also expected in the light of the 
model’s tendency to overestimate shallow depths 
(Fig.	13c).	The	estimated	(field	observation	and	
map interpretations) DLV showed a slight under-
estimation that was, however, close to the mod-
el’s prediction error. In addition, a minor stream 
flow	influence	may	be	expected,	based	on	 the	
lake’s inlet and the observed ditches, and this is 
also indicated by the reconstructed turbulence. 
The reliability estimations for the reconstructions 
provided by using the intralake models showed 
‘good’ reliability for all of the reconstructions 
based on the SqRLs and MATs, but six of the 
samples failed to contain 90% of the taxa pres-
ent in the training set. Interestingly, the sample 
at 0 cm, which showed poor taxon representa-
tiveness, had the minimum DLV value and the 
poorly represented sample at 6 cm had the min-
imum	water	depth	and	maximum	stream	flow	
values. The missing taxa that contributed to the 
poor taxon representativeness were Chironomus 
plumosus-type and Einfeldia pagana-type. Chi-
ronomus plumosus-type is a taxon that mostly 
occurs in profundal zones, whereas E. pagana-
type occurs in littoral zones (Brooks et al. 2007). 
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Both taxa are rarely found in purely lotic habi-
tats (Pinder and Reiss 1983). Thus, the absence 
of these taxa from the reconstructions may re-
sult	in	overestimation	of	the	stream	flow	recon-
struction, but the joint effect on water depth and 
DLV	reconstruction	may	be	insignificant.	There-
fore, since the poorly represented samples with 
relatively abundant appearance of C. plumosus-
type and E. pagana-type represent the maximal 
stream	flow	peaks	in	the	reconstruction,	the	ac-
tual changes may have been less pronounced.

4.4.2. lake iso lehmälampi

The	water	level,	which	is	considered	to	reflect	
the effective moisture in Lake Iso Lehmälampi 

(cf. Mason et al. 1994), showed a decreasing 
trend from ca. 300 AD to ca. 1000 AD, when it 
attained minimal levels (Fig. 17, paper IV). The 
lowest reconstructed water levels occurred dur-
ing the timing of the MCA (Esper et al. 2002), 
with the minimum at ca. 1100 AD. Helama et al. 
(2009) showed that the MCA was characterized 
by a multicentennial megadrought in northern 
Europe and linked it with a coinciding global 
El Niño–Southern Oscillation drought pattern. 
In accordance with their results, the water depth 
reconstruction from Lake Iso Lehmälampi indi-
cates reduced lake levels (i.e. effective moisture) 
during the MCA, providing further evidence for 
these large-scale patterns. From ca. 1200 AD on-
wards, both cladocerans and chironomids indi-
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cate	an	increased	water	level,	which	fits	well	with	
the general trends found by Luoto et al. (subm.) 
in southern Finland and Hyvärinen and Alho-
nen (1994), Seppä and Birks (2001) and Korhola 
et al. (2005) in Finnish Lapland, indicating an 
elevated water level during the Late Holocene 
in both northern and southern Finland. The cla-
doceran- and chironomid-based reconstructions 
showed relatively close correlation (r = 0.5) (Fig. 
17, Nevalainen et al. subm. b), indicating that the 
reconstruction trend is reliable and reproducible. 
The reconstruction of hypolimnetic oxygen re-
vealed	 that	good	DO	conditions	 (>	11	mg	 l-1) 
prevailed in the late Holocene (Fig. 18). From 
ca. 1100 AD, the inferred hypolimnetic oxygen 
levels increased, possibly due to an elevation of 
the water level and consequent change in late-
winter oxygen conditions as a result of the en-
larged volume of the lake. However, this inter-
pretation is in contrast to the results of Ilyashuk 
et al. (2005), who speculated that the lowering 
of	lake	level	weakened	the	thermal	stratification	
and led to improved hypolimnetic oxygen con-
ditions in a lake in the Kola Peninsula, Russia. 

The maximal inferred water depth value oc-
curred in Lake Iso Lehmälampi ca. 1700 AD, 
which is consitent with the results of Tiljander et 
al. (2003), who suggested wetter climatic condi-
tions at that time. The coolest time period of the 
LIA occurred ca. 1700 AD in southern Finland 
(Tiljander et al. 2005; Fig. 14), but the recon-
structed TJul levels from Lake Iso Lehmälampi 
do not show clear signs of this cooling (paper 
IV). This may be simply due to the fact that even 
though the sediment was sampled and studied 
in papers II and IV using similar 1-cm inter-
vals, the sedimentation rate in Lake Hampträsk 
was higher, thus providing better chronological 
resolution. This may have resulted in the signal 
of the climatic episode beeing missed in Lake 
Iso Lehmälampi. However, this does not explain 
why the signal of increased effective moisture 

(precipitation - evapotranspiration) appeared at 
ca. 1700 AD, while a decreased air temperature 
was not shown, given that the LIA was charac-
terized by a long lasting change to colder condi-
tions. It may also be simply that the chironomid 
taxa did not respond to temperature variations 
at that time, and the present temperature recon-
struction may not therefore give reliable results. 
There is also a problem with the reconstructed 
water level at that time, because the sample at 
4	cm	showed	a	‘poor’	fit	with	the	water	level.	
However, since the previous sample also indi-
cated an elevated water level, it may be that the 
‘poor’	fit	value	 is	 representative	of	 the	actual	
environmental conditions.
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The oxygen levels in lake Iso Lehmälam-
pi experienced a major increase around 1700 
AD (Fig. 18), occurring simultaneously with the 
coldest period of the LIA in southern Finland 
(Tiljander et al. 2003; paper II). The elevated oxy-
gen conditions were represented by an increased 
abundance of Heterotanytarsus apicalis-type and 
Psectrocladius (M.) septentrionalis-type, which 
have the highest hypolimnetic oxygen optima in 
the present dataset (paper III). After a short reduc-
tion ca. 1800 AD, which was probably caused by 
the warming climate, the inferred hypolimnetic 
oxygen levels increased during the 20th century 
and have remained high until the present (Fig. 
18).	This	could	reflect	a	reduction	in	the	biologi-
cal production of the lake caused by anthropo-
genic	acidification	(Verta	et	al.	1990).	Although	
the lake has always been acidic and oligotrophic 
(Korhola & Tikkanen 1991), the additional re-
duction in biological production could have led 
to improved winter oxygen conditions because 
oxygen consumption under the ice decreased. 
The recent success of C. anthracinus-type may 
be due to the reduced pH in the lake, since the 
taxon is known to be tolerant of very acidic con-
ditions (Mousavi 2002). However, even though 
C. anthracinus can be common in oligotrophic 
lakes, it is also known to tolerate organic pol-
lution and hypoxia (Sæther 1979, Moller-Pillot 
2009), implying the potential problems in its 
value as an indicator species. The CCA results 
(SqRL	<	10%)	showed	a	‘good’	fit	for	the	DO	
in all of the samples, but the taxa in the fossil 
samples were poorly represented in 12 of the 
samples.	The	MAT	results	showed	a	‘poor’	fit	for	
hypolimnetic oxygen in four of the samples and 
the inferred DO in the surface sample showed 
an underestimation of 3.2 mg l-1 when compared 
to the measured value. Nevertheless, the lower 
estimation in the surface sample appears to be 
logical, because the measured value in Lake Iso 
Lehmälampi is anomalously high.

The inferred water level and mean TJul val-
ues increased in the recent sediments, the tem-
perature reconstruction showing trends similar 
to those observed in measured values during the 
past two centuries in southern Finland (data pro-
vided by the Finnish Meteorological Institute). A 
slight underestimation, as found from the pres-
ent results (-0.2 m), is expected in the water-
level reconstruction results at depths around 4 m 
based on the model’s performance as assessed 
by the training set samples (Fig. 13c). However, 
the error in estimation for the mean TJul of -1.0 
°C seems high, since the RMSEP of the air tem-
perature model is 0.7 °C. However, because of 
the relatively slow sedimentation rate in Lake 
Iso Lehmälampi, the surface sediment sample 
of 1-cm thickness most likely represents midge 
assemblages from multiple decades, and the sam-
ple’s assemblages may not therefore be able to re-
flect	the	recent	increase	in	temperature.	The	other	
estimates of the reliability of the reconstructions, 
the proportion of taxa from each fossil assem-
blage represented in the modern calibration set 
and the SqRL of the modern and fossil samples, 
showed	a	‘good’	fit	for	both	environmental	vari-
ables in the topmost samples. Using statistical 
techniques, Nevalainen et al. (2008) demonstrat-
ed that prominent changes occurred in the recent 
cladoceran and chironomid species assemblages 
in Lake Iso Lehmälampi. They speculated that 
the forcing factors for these changes were wa-
ter chemistry variables caused by the anthropo-
genic loading of pollutants. The most distinct 
increases in chironomid proportions occurred in 
the tanypodines (Procladius and Ablabesmyia 
monilis-type) and Chironomus anthracinus-type 
(Nevalainen et al. 2008), which are known to be 
more tolerant of contamination processes (Ilyas-
huk et al. 2003), while taxa such as the Parata-
nytarsus penicillatus-type and P. austriacus-type 
disappeared. Therefore, it is likely that not only 
changes in water level and air temperature, but 
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also in the water chemistry of Lake Iso Lehm-
älampi occurred during recent decades, which led 
to these changed species assemblages.

4.4.3. lake Pieni-kauro

The chironomid-based mean air TJul reconstruc-
tion from Lake Pieni-Kauro (paper VI) indicates 
elevated temperatures between ca. 600 and 1300 
AD,	with	two	distinct	periods	(Fig.	19).	The	first	
occurs between ca. 600 and 700 AD and the 
second, coinciding with the general timing of 
the MCA (Esper et al. 2002), between ca. 800 
and 1300 AD. The MCA was characterized by 
a multicentennial megadrought in northern Eu-
rope, including eastern Finland (Helama et al. 
2009, Fig. 19). These results are well-matched 
with those found from the reconstructed effec-
tive moisture in Lake Iso Lehmälampi (Fig. 17). 
The sediment MS showed two distinct decreas-
es during the MCA, around 900 AD and 1000 
AD (paper VI). Changes in sediment MS can 
be	used	as	indications	of	forest	fires	(Rummery	
1983), and it is therefore possible that these MS 

anomalies	resulted	from	extensive	fires	during	
the MCA megadrought. There are also major 
char layers in the podsol soils of the catchment 
that	could	 represent	 these	fires,	but	 they	have	
not been dated.

Even though there are clear signs of the MCA 
drought,	the	stream	flow	reconstruction	shows	el-
evated values. The reason for the controversy be-
tween	the	increased	stream	flow	and	the	precipi-
tation record based on tree-rings is probably that 
the	stream	flow	model	apparently	indicates	val-
ues	that	represent	the	magnitude	of	spring	floods,	
which led to subsequent increased deposition of 
stream taxa at the sampling point. The increased 
spring	floods,	 resulting	 from	snowmelt,	could	
therefore imply that the winters were character-
ized by elevated precipitation during the MCA 
(Fig. 19). However, it is also possible that early 
spring warming could have caused more rapid 
ice breakup and occasionally changed the hy-
drology. Despite the increased winter precipi-
tation, the evidence points to reduced summer 
precipitation during the MCA in the catchment 
of Lake Pieni-Kauro in eastern Finland, in close 
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agreement with the present results from Lake 
Iso Lehmälampi in southern Finland (Fig. 17).

The inferred summer air temperatures mark-
edly decreased around 1300 AD, indicating the 
onset of the LIA (Fig. 19). The decreased tem-
perature event continued for 600 years in Lake 
Pieni-Kauro, showing that the LIA was a long 
lasting event in eastern Finland. Similarly, ac-
cording to the results of Helama et al. (2008), a 
generally cool climate period prevailed in south-
east Finland between 1300 and 1850 AD. The 
LIA continued from ca. 1500 AD until 1850 AD, 
with the coldest period around 1700 AD in south-
ern Finland (Fig. 14), but the temperature recon-
struction from Lake Pieni-Kauro indicates that 
the cold climate prevailed until ca. 1900 AD in 
eastern Finland (Fig. 19). In addition, historical 
records show that the climate in the region re-
mained cold for relatively long and, for instance 
there was a serious famine in Kuhmo after the 
cold summers in the 1860s (Wilmi 2003). Fit-
ting well with the present results, Weckström et 
al. (2006) showed from northern Finland that 
the LIA continued until the early 20th century.

The reconstructed precipitation, based on the 
tree-ring data of Helama et al. (2009) in a rela-
tively closely located area (south-east Finland, 
approx. 300 km from Lake Pieni-Kauro), shows 
increased values during the LIA (Fig. 19). This 
agrees with the results of Tiljander et al. (2003) 
from the central part of the country, which indi-
cate that the LIA was a wetter climatic episode 
in Finland. In addition, there is evidence that 
lake levels were elevated during and after the 
LIA in southern Finland (Fig. 17) and also in 
mid-Europe (Magny 2004). However, the pres-
ent	stream	flow	reconstruction	shows	greatly	re-
duced values during the LIA, possibly implying 
decreased snowmelt during the spring and thus 
reduced winter precipitation in eastern Finland. 

In the present results, the clearest evidence 
for historical human activity in the catchment of 

Lake Pieni-Kauro is the increased organic con-
tent of the sediment. The changes in the organic 
content correspond well with the known human 
history, as it begins to slightly increase during the 
16th	century	(when	the	first	people	arrived	and	
began slash-and-burn agriculture), followed by a 
more extensive increase during the 17th century. 
The organic content remained elevated between 
1700 and 1800 AD and began to decrease be-
fore 1900 AD. It most likely increased due to 
the ash fallout from the slash-and-burn agricul-
ture and tar burning, beginning in the 16th cen-
tury (paper VI). The decreasing trend in the MS 
results	between	1500	and	1900	AD	may	reflect	
the anthropogenic ash fallout, and the decrease 
in the organic content from 1800 AD onwards 
most	likely	reflects	the	reduction	in	slash-and-
burn agriculture and tar burning (Wilmi 2003).

At ca. 1900 AD the regional precipitation 
shows an elevated trend (Fig. 19), but the stream 
flow	reconstruction	indicates	generally	decreased	
values,	possibly	implying	reduced	spring	floods	
and winter precipitation. The inferred mean air 
TJul values from ca. 1900 AD onwards indicate 
increasing temperatures, corresponding with pre-
vious multiproxy evidence from southern Fin-
land (Holopainen et al. 2009). The inferred in-
crease is also similar to the trend of the present 
global warming, showing the ‘so-called’ hockey 
stick shape since the time of the LIA (cf. ICCP 
2007). However, there is some overestimation 
in the inferred temperature values compared to 
the modern measured values. In addition, the 
inferred temperature for the surface sample in-
dicates values that are close to the MCA tem-
peratures. This is in contrast with previous chi-
ronomid-based studies from other regions (e.g. 
Rolland et al. 2009). 

The overestimation in the temperature re-
construction (0.81 °C) is, however, close to the 
models’	error	estimates.	In	the	stream	flow	re-
construction, the fossil taxa have good coverage 
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in the dataset used. However, many of the lotic 
taxa	occurring	in	the	present	sediment	profile	are	
missing from the temperature inference model. 
This is because the temperature calibration data-
set was developed using enclosed basins without 
major inlets (papers I, III). The absence of lo-
tic taxa from the temperature calibration model 
probably increases the reliability of the recon-
struction, because the lotic taxa obviously re-
spond	more	strongly	to	changes	in	stream	flow	
than to changes in temperature. Therefore, the 
samples in the temperature reconstruction that 
have poor representativeness in the training set 
(see paper VI for details) may nevertheless rep-
resent reliable inference values, despite some of 
the taxa being missing from the calibration data-
sets. The MAT indicated some ‘poor’ analogue 
samples. However, the earliest of these samples 
predates the time period of interest in this study, 
as it is located at the bottom of the sediment pro-
file.	The	sample	at	7	cm	shows	no	major	change	
compared to the neighbouring samples, and the 
low temperature value at 2 cm is supported by 
the historical evidence (Wilmi 2003). In addition, 
statistical edge effects in the calibration models 
(paper	VI;	Fig.	13)	have	most	likely	influenced	
the quantitative results. Nevertheless, the recon-
struction trends are axiomatic, even with the po-
tential problems in the reliability of the numerical 
results. Correlations between midge and tree-ring 
based records were probably underestimated due 
to differences in chronological control between 
the sedimentary and incremental records.

The proximity of the North Atlantic to the 
study region enables the interpretation of the 
present palaeoclimate results in the context of 
the	NAO.	The	region-specific	correlations	be-
tween the temperature and precipitation and the 
NAO showed, consistently with the preceding 
studies (Hurrell 1995; Hurrell & van Loon 1997; 
Dickson et al. 2000; Hurrell et al. 2001; Trigo 
et al. 2002; Uvo & Berndtsson 2002), that the 

temperatures in winter and summer could be 
positively related to the NAO index (paper VI). 
Furthermore, the precipitation during winter and 
summer appeared to be positively and negatively 
related to the NAO index, respectively, indicat-
ing warm and moist winter conditions and warm 
and dry summer conditions during the positive 
NAO phase. The results from Lake Pieni-Kauro 
also agreed with the previous results regarding 
the late-Holocene climate variations in southern 
Finland (e.g. Helama et al. 2008, 2009; Luoto et 
al. 2008; Nevalainen et al. 2008; papers II, III, 
IV), indicating the reliability of the results and 
also their reproducibility. A large-scale long-term 
phase of positive NAO seems to have prevailed 
during the MCA, and weaker NAO conditions 
during the LIA (Trouet et al. 2009). This is con-
sistent with the present interpretation of the long-
term climatic variations in the study region dur-
ing the MCA and LIA, which could have been 
triggered, at least partly, by changes in the en-
ergy output of the Sun (Helama et al. 2009) and 
some reinforcing mechanism. 

There was a negative correlation in the pres-
ent	results	between	the	stream	flow	reconstruc-
tion,	mostly	reflecting	the	spring	floods	resulting	
from snowmelt, and the other precipitation-relat-
ed reconstructions that are indicative of summer 
conditions (paper V). The negative correlation is 
consistent with the observed NAO-climate as-
sociations, which showed divergent correlation 
directions for winter and summer precipitation. 
In	addition,	the	seasonal	and	annual	stream	flow	
of Finnish rivers has been shown to be positively 
correlated with prevailing temperatures and the 
NAO index (Korhonen 2007). In the context of 
European	stream	flow	data,	the	study	region	ex-
hibits	 the	most	 significant	positive	correlation	
with the NAO index during winters (Shorthouse 
& Arnell 1997, 1999). 
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5. concluding remarks

5.1. environmental factors 
affecting midge distribution

The present results indicated that the most im-
portant environmental forcing factor behind 
midge distribution along the latitudinal gradi-
ent in Finland was mean air TJul, but when the 
dataset was environmentally screened to include 
only undisturbed, close to pristine lakes, water 
depth at the sampling sites became more im-
portant. Geographical scaling to southern Fin-
land	revealed	that	the	influence	of	hypolimnetic	
oxygen conditions became the dominant envi-
ronmental factor, because the lakes were situ-
ated in warmer climate conditions and within a 
shorter climatic gradient, and the lakes were also 
considerably more stressed by human activities 
when compared those in northern Finland. The 
results from the intralake dataset from Lake Pi-
eni-Kauro, eastern Finland showed that the most 
important environmental factors controlling the 
distributions	on	a	site-specific	scale	were	river	
contribution, water depth and submerged veg-
etation patterns. 

These	findings	show	that	the	distribution	and	
abundance of midge taxa are scale-dependent: on 
the regional scale the forcing factors are climate 
and morphometry, on more local scales they are 
related	to	water	quality	and	on	site-specific	scales	
the habitat determines the species assemblag-
es. The intralake processes are externally forced 
by	climate	and	anthropogenic	influence	through	
the catchment. The complex internal processes 
within a lake basin have direct and indirect in-
fluences	on	 the	macrobenthic	 fauna.	Of	 these	
forcing variables (Fig. 20), the food web struc-
ture, including phytoplankton, zooplankton and 
fish,	 is	not	 included	 in	 the	variables	 that	were	
examined in this thesis. However, many of the 

midge	taxa	are	sensitive	to	fish	predation	(Olan-
der 1992; Liljendahl-Nurminen 2006; Luoto & 
Nevalainen 2009) and the predatory midges 
are known to control zooplankton communi-
ties (Einarsson et al. 2002), and it would there-
fore most likely be possible to develop quanti-
tative palaeoecological reconstruction methods 
for the past food web structure based on midge 
assemblages. This is particularly intriguing in the 
case	of	fish,	for	which	postmortem	remains	are	
rarely preserved in lake sediments, and indirect 
midge-based	reconstructions	of	fish	populations	
as carried out by Uutala (1990) in North America 
have not yet been possible in Palaearctic lakes. 
However, a cladoceran-based transfer function 
has already been developed in Denmark (Am-
sinck et al. 2005), and a corresponding model 
can probably also be constructed from midge 
remains (Brodersen 1998). In fact, the potential 
for invertebrate-based (insects, crustaceans and 
arachnids) reconstruction of the past presence of 
fish	also	exists	in	Finland,	as	their	distribution	
can locally be determined by predation pressure 
(Nevalainen & Luoto subm.).

5.2. model applicability

The results of numerical analysis of the devel-
oped temperature and hypolimnetic oxygen in-
ference models showed that they performed well 

CLIMATEANTHROPOGENIC
INFLUENCE

NUTRIENTS HYDROLOGY
SUBMERGED
VEGETATION,
SUBSTRATE

HYPOLIMNETIC
OXYGEN

PHYTOPLANKTON,
ZOOPLANKTON, FISH MACROBENTHOS

CATCHMENT

WATER
TEMPERATURE

Figure 20. synthesis of the internal and 
external biotic and abiotic factors influencing the 
macrobenthic fauna in the study lakes.
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and thus can be used for the purpose for which 
they were created. The palaeotemperature infer-
ence model can be used to reconstruct past cli-
mate conditions, which is crucial background 
knowledge for understanding the present cli-
matic change and for reliable assessment of fu-
ture changes and their effects on organisms. The 
hypolimnetic oxygen model can provide valu-
able information on past water quality condi-
tions, and may serve as a tool for lake manage-
ment when setting guidelines for preserving or 
restoring lakes. The combined use of temperature 
and water quality inference models can provide 
useful insights into the long-term relationship 
between climate and water quality, which can 
be used for assessing the effects of the present 
climatic change on freshwater lakes. However, 
when examining the temperature-trophic interac-
tions, a multiproxy approach is required.

When using multiple midge-based inference 
models on the same downcore assemblage, it is 
important to assess the suitability of the different 
models to the particular study site. Especially in 
lakes with a low number of taxa, it is often dif-
ficult	 to	assess	which	environmental	variables	
that the taxa are responding to. In addition, if the 
training sets used have environmental intercorre-
lation between the variables to be reconstructed, 
the output would have serious uncertainties. In 
the case of the present multilake inference mod-
els for temperature, hypolimnetic oxygen and 
water depth, no variable intercorrelations were 
found, but among the intralake models, water 
depth and DLV were strongly correlated in the 
dataset. Thus, the use of these models on the 
same downcore assemblage may be problem-
atic. Nevertheless, the results from the applying 
the models in Lake Hampträsk showed that the 
DLV	model	reflected	the	changes	in	the	position	
of littoral vegetation following the apparent hy-
droseral development, whereas the water depth 
model indicated a major lake level change at the 

beginning	of	the	sediment	profile,	thus	confirm-
ing that the reconstructions were independent and 
without correlation.

During many climatic episodes, such as the 
MCA and LIA, the balance of evaporation vs. 
precipitation	of	the	climate	fluctuated,	resulting	
in changes in lake levels. Therefore, it is impor-
tant not only to interpret temperature reconstruc-
tions per se,	but	to	understand	the	influence	of	
depth, which is often a crucial secondary fac-
tor in explaining the midge distributions. The 
use of water level and temperature models to-
gether may provide important information on 
the variability of both climate-related variables, 
but it is also necessary to understand the ecol-
ogy	of	the	specific	taxa	behind	the	variations	in	
the reconstructions. Kurek and Cwynar (2009) 
showed that intralake models may suffer from 
lower applicability, shorter environmental gradi-
ents	and	lake-specific	discrepancies	in	modern	
distribution. Nevertheless, since many of the in-
dicator taxa have geographically rather uniform 
responses to water depth, the present intralake 
model can possibly provide reliable reconstruc-
tions whenever the taxa that occur in the fossil 
assemblages are similar to those of the intral-
ake dataset. However, in general, water depth 
models based on intralake datasets are probably 
best suited for studying past changes in the da-
taset lake itself. 

The LI model can be used to track increased 
stream	flow	events,	using	downcore	sediment	
samples in lakes that have permanent river con-
tribution or at least occasional, such as possi-
bly in an oxbow lake. In addition, smaller-scale 
changes in water turbulence, such as those re-
sulting from catchment ditching or forest clear-
cutting,	may	be	detected	using	the	stream	flow	
model. The vegetation shift model can be use-
ful in studies involved with hydroseral succes-
sion	or	with	past	water	volume	fluctuations	in	
large shallow lakes with level catchments, where 
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depth models are likely to have problems because 
the increased water volume would not markedly 
change the lake depth. Since the present intral-
ake paleohydrological models are best suited to 
particular lake types, it should be carefully con-
sidered which of the models are appropriate for 
each study in future applications.

In all reconstructions it is important that the 
changes in the reconstructed variable remain 
within the range of the model’s environmental 
gradient. Otherwise, the magnitude of change 
would become underestimated under extreme 
conditions. Furthermore, interpretations should 
not be based solely on the reconstructed vari-
ables, because other environmental factors, such 
as pollution or changes in ecological interac-
tions, may interfere with the reconstruction re-
sults. Multiproxy studies provide the most reli-
able picture of past environmental changes, and it 
is	also	beneficial	to	have	background	knowledge	
on recent anthropogenic environmental chang-
es in the area to ease the interpretation process 
of the results. In addition, it is important to as-
sess the reliability of the inferred values (Birks 
et al. 1990; Birks 1998). However, the methods 
used to assess reliability may not always provide 
correct	 information,	as	 the	 ‘poor’	fit/analogue	
samples may provide reliable reconstructions 
while	‘good’	fit/analogue	samples	may	provide	
erroneous reconstructions (Bigler et al. 2002). 
Lakes having a low number of taxa may more 
easily provide erroneous reconstruction results 
than those with high taxon richness, due to the 
lower number of indicator taxa.

5.3. Synthesis of the 
palaeoenvironmental 
reconstructions

The midge-based palaeoclimatic reconstructions 
from Lake Pieni-Kauro indicate that summer air 
temperatures in eastern Finland followed the gen-

eral patterns of the known late Holocene climate 
events in northern Europe. The inferred mean air 
TJul increased markedly during the MCA, which 
was also characterized by decreased precipita-
tion. In addition, the MS results indicated forest 
fires	in	eastern	Finland	during	the	multicenten-
nial MCA megadrought. The MCA drought was 
also clearly represented in the reconstructed wa-
ter levels from Lake Iso Lehmälampi in south-
ern Finland, with minimum values at ca. 1100 
AD. The water-level reconstruction of Lake Iso 
Lehmälampi over the past 2000 years agreed 
with previous results from the lake (Sarmaja-
Korjonen & Alhonen 1999; Sarmaja-Korjonen 
2001; Nevalainen et al. 2008, subm. b) and 
showed clear resemblance to the changes in the  
proportion of planktonic cladocerans (P:L ratio). 

The calculated correlations between climate 
and	the	NAO	in	eastern	Finland	fit	well	with	the	
tree-ring records and midge-based reconstruc-
tions from Lake Pieni-Kauro. The results thus 
seem to indicate a relatively warm climate with 
rainless summers but snowy winters during the 
MCA and a cool climate with rainy summers 
and dry winters during the LIA. In the record 
of Lake Pieni-Kauro, the inferred air tempera-
ture decreased during the LIA, which seems to 
have been a long lasting episode in the region 
beginning at ca. 1300 AD and ending at ca. 1900 
AD. However, the cooling during the LIA ap-
pears to have been shorter in southern Finland 
(ca. 1550-1850 AD), but more severe according 
to the temperature reconstruction and magnitude 
of ecosystem change in Lake Hampträsk. 

DO reconstructions from Lake Hampträsk 
and Lake Iso Lehmälampi indicated that dur-
ing the LIA, late-winter hypolimnetic oxygen 
conditions improved. This could indicate the ef-
fect of decreased biological production in the 
lakes during cold climate periods, which led to 
reduced oxygen consumption and consequently 
enhanced oxygen conditions. The low produc-



50

DePARTMenT OF GeOsCienCes AnD GeOGRAPHy A

tivity in the lakes and thus well-oxygenated con-
ditions therefore have an overwhelming effect, 
countering the lengthened ice-cover period (cold 
climate), which is known to cause oxygen de-
pletion when wind exposure and turbulence are 
inhibited. The long winters are also illustrated 
in the biostratigraphy of Lake Hampträsk dur-
ing the LIA as an increase in chydorid ephippia 
(Luoto et al. 2008), which are sensitive indicators 
of the length of the open-water season (Sarmaja-
Korjonen 2003). In agreement with the present 
results, Quinlan and Smol (2002) reported that 
most of the lakes they examined in Ontario, Can-
ada, have recorded some decline in the hypolim-
netic oxygen content as a possible consequence 
of recent climatic warming. However, in all of the 
present hypolimnetic oxygen reconstructions the 
samples showed mostly ‘poor’ reliability during 
the LIA. This may be because the magnitude of 
the temperature change overrode the effect of hy-
polimnetic oxygen on chironomid assemblages. 
This is suggested by the fact that taxa that are 
seldom observed even from the most oxidized 
shallow lakes in southern Finland, but are com-
mon in cold northern lakes, dominated in Lake 
Hampträsk during the LIA (Luoto et al. 2008). 

Historical anthropogenic activities were de-
tected in the sediment physical properties as 
changes in LOI and MS values in Lake Hamp-
träsk, where historical cultivation occurred, and 
in	Lake	Pieni-Kauro,	which	was	also	influenced	
by slash-and-burn agriculture and additionally by 
tar burning. The recent changes in all the study 
lakes include the present climate warming, which 
is	 reflected	 in	 the	 temperature	 reconstructions.	
Similar increases have also been found from oth-
er midge-inferred results in Finland, including 
those by Luoto (2006) from subarctic northern 
Finnish Lapland (Lake Várddoaijávri in Utsjoki) 
and Luoto et al. (subm.) from southern Finland 
(Lake Hirvijärvi in Kärkölä/Orimattila). The in-
ferred increases in temperatures closely follow 

the observed changes and thus give evidence for 
the reliability and reproducibility of the midge-
based reconstructions.

The midge assemblages of the sediment se-
quences from Lake Pieni-Kauro, Lake Iso Lehm-
älampi and Lake Hampträsk showed results that 
can be reasonably associated with anthropogen-
ic and natural changes. The inferred changes in 
Lake Hampträsk using the intralake dataset from 
Lake Pieni-Kauro were larger than the models’ 
prediction errors. Thus, since the training set lake 
and the test lake are limnologically very different 
and geographically remote but the reconstructed 
results were nevertheless reasonable, it appears 
that the models may be used whenever the down-
core species assemblages are relatively close to 
those of the training set, because the taxon re-
sponses to water depth, aquatic vegetation and 
stream	flow	are	geographically	rather	uniform.	
In the present study, no distinct evidence for sys-
tematically incorrect reconstructions was found 
considering all the inferred parameters, and all 
the reconstructions showed logical results with 
regard to previous data and general expectations. 

5.4. implications for environmental 
change assessments

Lake sediment research is necessary in modern 
lake management (Valpola 2006), and palaeoli-
mnological	studies	can	be	used	in	defining	refer-
ence conditions and the goals and tools for con-
servation and restoration acts (Valpola & Salonen 
2006; Buczkó et al. 2009). Eutrophication is a 
serious lake management problem and can be 
considered as the single greatest threat to global 
freshwater resources (UNEP 1999; Smol 2008). 
Palaeolimnological proxies can be used as an 
informative and cost-effective monitoring and 
assessment tool for the implementation of the 
WFD of the EU (Buczkó et al. 2009), and chi-
ronomid midges have been shown to be an ex-
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cellent means for this (Nyman & Korhola 2005). 
Besides inferences of past TP conditions (Brooks 
et al. 2001), the midge-based estimation of hypo-
limnetic oxygen changes provides a useful tool 
when assessing anthropogenic effects, because 
lakes under anthropogenic nutrient stress record 
decreases in DO (Quinlan & Smol 2002). Result-
ing from eutrophication, long-lasting hypolim-
netic oxygen depletion causes the elimination of 
fish	and	other	biota	from	the	deep	water,	and	the	
potential release of orthophosphate from the sedi-
ments causes internal loading with phosphorus, 
which is the ultimate limiting nutrient for algal 
growth in freshwaters in Finland.

It is also evident from the present results that 
in	addition	to	the	direct	anthropogenic	influence	
on water quality, natural and human-induced 
climate change can strongly affect the lake tro-
phic status, and the recent climate change thus 
presents major concerns in lake management. 
The combined uses of midge-based water qual-
ity and temperature inference models may help 
in interpreting past environmental changes and 
increase the knowledge of the relationship be-
tween temperature and water quality. Tempera-
ture	can	have	an	overwhelming	direct	influence	
on midges through metabolism, but it is also a 
driving factor of lake trophic and hypolimnetic 
oxygen conditions, thus affecting them indirect-
ly. Biological productivity in lakes and in their 
catchments most often decreases under cold cli-
mate conditions. The winter hypolimnetic oxy-
gen conditions are closely related to temperature 
changes through the length of the open-water pe-
riod and summer biological productivity, which 
results in elevated oxygen consumption under ice 
due to the increased amount of decaying organ-
ic matter. Furthermore, lake-level changes are a 
potential factor in determining phosphorus and 
oxygen availability through, for instance, the es-
tablishment	of	stratification.	Therefore,	changes	
in long-term precipitation, such as those follow-

ing the prevailing NAO index phase, probably 
influence	the	general	water	quality	of	lakes.	The	
close relationship between climatic factors and 
water quality entail that the projected increase in 
temperature and precipitation, driven by the cur-
rent climate change, will cause increased nutrient 
and decreased hypolimnetic oxygen conditions 
in lakes, thus affecting whole lake ecosystems.

In the future, the palaeoenvironmental recon-
struction methods developed in this thesis could 
be enhanced by increasing the number of study 
sites in the training sets, and the general trends in 
long-term environmental dynamics could be test-
ed using a multiproxy approach and an increased 
number	of	sediment	profiles	from	various	lakes	
types. Thus, the most promising approach to-
wards	the	consistent	site-specific,	local	and	re-
gional establishment of past environmental con-
ditions is to ensure the reproducibility of results. 
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Appendix. Weighted averaging (WA) optima and tolerances for mean air TJul, water depth, late-winter 
hypolimnetic oxygen, autumnal epilimnetic total phosphorus (TP) and stream flow (lotic index, LI) of the 
most common midge taxa in the surface sediment samples in Finland. The TP optima are derived from 
luoto (subm. b), whereas the other optima are derived from the studies in this thesis. The taxon coding 
system mostly follows schnell et al. (1999). 

Code Mean T Jul Depth Oxygen TP Lotic

(°C) (m) (mg l-1) (μg l-1) index (LI)

Gradient 11.3−17.1 0.5−7.3 0.5−18.1 2−105 0/1

CERATOPOGONIDAE

Bezzia -type Bezzind 15.3 ± 1.4 2.3 ± 1.4 6.5 ± 4.3 20.5 ± 18.0 0.4 ± 0.5

Dasyhelea-type Dasyind 14.4 ± 1.3 2.3 ± 1.2 3.3 ± 3.7 10.7 ± 11.1 0.1 ± 0.3

CHAOBORIDAE

Chaoborus flavicans Chao fla 16.4 ± 0.6 3.7 ± 1.5 2.6 ± 2.1 24.9 ± 23.3 0.0 ± 0.4

SIMULIIDAE

Simulium Simuind * 2.5 ± 2.1 10.9 ± 3.5 * 0.6 ± 0.5

CHIRONOMIDAE

TANYPODINAE

Ablabesmyia longistyla -type Abla lon 15.3 ± 0.9 2.7 ± 1.8 5.0 ± 3.1 14.8 ± 9.7 0.3 ± 0.5

Ablabesmyia monilis -type Abla mon 14.9 ± 1.5 2.9 ± 1.6 5.6 ± 4.9 15.6 ± 15.5 0.1 ± 0.2

Ablabesmyia phatta -type Abla pha 15.5 ± 0.9 1.5 ± 1.1 1.4 ± 1.4 17.8 ± 9.9 *

Clinotanypus nervosus-type Clin ner 15.5 ± 0.2 4.3 ± 1.4 10.9 ± 3.5 * 0.0 ± 0.4

Labrundinia longipalpis-type Labr lon 16.4 ± 1.2 1.8 ± 1.4 2.2 ± 3.4 37.0 ± 17.5 *

Natarsia punctata -type Nata pun 16.2 ± 0.4 3.2 ± 1.9 3.6 ± 2.9 33.4 ± 19.5 1.0 ± 0.4

Procladius Procind 15.2 ± 1.4 3.0 ± 1.7 4.8 ± 4.6 27.6 ± 32.3 0.1 ± 0.3

Thienemannimyia pseudocarnea-type Thiy pse 14.7 ± 1.7 2.3 ± 1.8 4.2 ± 3.9 11.5 ± 7.7 0.4 ± 0.5

PODONOMINAE

Lasiodiamesa sphagnicola -type Lasi sph 16.3 ± 1.2 4.7 ± 1.4 5.5 ± 3.4 * *

DIAMESINAE

Protanypus Protind 13.3 ± 1.3 4.0 ± 2.0 5.5 ± 3.4 7.9 ± 3.9 0.0 ± 0.4

PRODIAMESINAE

Monodiamesa Mondind 13.5 ± 1.2 2.8 ± 0.8 * 7.0 ± 17.5 *

Prodiamesa olivacea -type Prod oli 16.4 ± 0.3 4.2 ± 1.4 1.3 ± 0.6 * *

ORTHOCLADIINAE

Acamptocladius Acamind 15.5 ± 0.2 3.7 ± 1.5 10.9 ± 3.5 * 0.0 ± 0.4

Brillia Brilind 15.7 ± 1.0 3.1 ± 1.4 4.3 ± 2.9 24.7 ± 14.7 0.8 ± 0.7

Chaetocladius Chaeind 16.1 ± 0.8 1.0 ± 1.4 1.0 ± 3.4 40.0 ± 25.1 1.0 ± 0.4

Corynoneura coronata-type Cory cor 14.7 ± 1.2 2.8 ± 1.1 9.4 ± 3.4 19.0 ± 17.5 *

Corynoneura lacustris-type Cory lac 15.3 ± 1.2 3.4 ± 1.4 * 7.0 ± 17.5 *

Corynoneura lobata-type Cory lob 16.2 ± 1.1 3.8 ± 1.7 2.5 ± 1.8 26.8 ± 22.3 0.0 ± 0.4

Corynoneura scutellata-type Cory scu 15.9 ± 1.1 3.1 ± 1.6 3.1 ± 3.0 31.4 ± 26.2 0.0 ± 0.4

Cricotopus bicinctus -type Cric bic 16.3 ± 0.4 2.6 ± 0.9 5.6 ± 3.9 35.6 ± 17.2 *

Cricotopus cylindraceus -type Cric cyl 15.6 ± 1.0 3.1 ± 1.9 2.3 ± 1.8 29.1 ± 30.3 0.2 ± 0.4

Cricotopus intersectus -type Cric int 15.2 ± 1.7 2.6 ± 1.4 4.0 ± 3.7 25.3 ± 24.7 0.3 ± 0.5

Cricotopus (Isocladius) sp. Criciso 14.0 ± 2.0 2.4 ± 1.5 6.3 ± 5.6 14.5 ± 22.2 0.0 ± 0.4

Cricotopus pulchripes -type Cric pul 14.6 ± 1.5 2.3 ± 0.9 2.2 ± 2.0 7.1 ± 3.9 0.0 ± 0.4

Cricotopus tremulus -type Cric tre 15.9 ± 0.9 3.3 ± 1.3 1.6 ± 0.3 * *

Cricotopus undif. Cricind 15.1 ± 1.7 2.0 ± 1.1 2.7 ± 2.3 34.8 ± 31.3 0.2 ± 0.4

Eukiefferiella claripennis -type Euki cla 15.7 ± 1.0 2.2 ± 1.6 1.5 ± 2.0 32.2 ± 32.6 0.6 ± 0.6

Heterotanytarsus apicalis -type Hett api 15.8 ± 1.3 3.8 ± 1.3 12.2 ± 4.6 10.7 ± 5.8 0.0 ± 0.2

Heterotrissocladius grimshawi -type Hete gri 13.5 ± 1.9 4.3 ± 1.9 3.6 ± 3.4 7.0 ± 4.8 0.0 ± 0.4

Heterotrissocladius maeaeri -type Hete mae 12.1 ± 1.2 4.5 ± 1.9 10.9 ± 3.5 6.9 ± 3.5 0.0 ± 0.4

Heterotrissocladius marcidus -type Hete mar 15.0 ± 1.3 3.3 ± 1.8 7.8 ± 4.1 12.1 ± 6.7 0.2 ± 0.4

Hydrobaenus conformis -type Hydrind 13.6 ± 1.0 3.3 ± 1.7 10.9 ± 3.5 6.5 ± 3.8 0.0 ± 0.4

Limnophyes Limnind 15.8 ± 0.9 3.2 ± 1.7 3.1 ± 2.1 27.8 ± 22.1 0.1 ± 0.3

Mesocricotopus thienemanni Mesc thi 14.6 ± 1.5 2.9 ± 1.6 4.0 ± 2.3 16.5 ± 21.9 0.0 ± 0.4

Metriocnemus fuscipes -type Metr fus 15.7 ± 0.8 4.5 ± 1.8 1.6 ± 3.4 9.5 ± 4.8 *

Nanocladius branchicolus -type Nano bra 15.5 ± 0.2 1.9 ± 2.1 10.9 ± 3.5 * 0.9 ± 0.4

Nanocladius rectinervis -type Nano rec 16.3 ± 0.5 2.7 ± 1.4 3.0 ± 3.8 29.6 ± 18.5 0.1 ± 0.4

Orthocladius consobrinus -type Orth con 15.6 ± 1.2 3.8 ± 1.4 * 8.5 ± 2.7 0.0 ± 0.4

Orthocladius (Euorthocladius) Ortheuo 16.2 ± 1.2 3.6 ± 1.6 6.0 ± 3.4 7.0 ± 17.5 *

Orthocladius sp. Orthind1 15.7 ± 1.3 2.7 ± 0.8 2.9 ± 2.0 30.5 ± 27.6 0.2 ± 0.4

Parakiefferiella bathophila -type Park bat 14.3 ± 1.1 2.1 ± 1.6 3.1 ± 3.4 11.4 ± 9.5 0.2 ± 0.4

Parakiefferiella nigra -type Park nig 13.1 ± 0.9 2.6 ± 0.7 * 4.9 ± 4.0 *

Parakiefferiella fennica Park fen 15.5 ± 0.2 4.4 ± 1.0 10.9 ± 3.5 * 0.0 ± 0.4

Psectrocladius barbatipes -type Psec bar 15.0 ± 1.6 2.5 ± 1.5 2.9 ± 2.2 21.2 ± 25.7 0.0 ± 0.4

Psectrocladius calcaratus -type Psec cal 13.0 ± 1.2 2.2 ± 0.9 7.2 ± 3.8 7.5 ± 6.1 *

Psectrocladius flavus -type Psec fla 15.7 ± 1.5 2.9 ± 1.8 5.9 ± 4.4 18.8 ± 17.4 0.2 ± 0.4

Psectrocladius septentrionalis -type Psec sep 14.3 ± 1.3 2.4 ± 1.3 10.6 ± 4.5 9.8 ± 6.6 0.1 ± 0.3

Psectrocladius sordidellus -type Psec sor 14.7 ± 1.5 2.6 ± 1.4 5.8 ± 4.6 14.6 ± 14.3 0.2 ± 0.4
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Code Mean T Jul Depth Oxygen TP Lotic

(°C) (m) (mg l-1) (μg l-1) index (LI)

Psedorthocladius Psesind 16.1 ± 1.2 4.3 ± 1.7 3.2 ± 3.4 56.0 ± 17.5 0.0 ± 0.4

Rheocricotopus chalybeatus -type Rheoind 15.8 ± 1.2 1.3 ± 0.8 10.9 ± 3.5 * 0.8 ± 0.4

Smittia foliacea -type Smit fol 16.0 ± 0.8 3.4 ± 1.6 4.2 ± 3.0 22.0 ± 18.5 *

Synorthocladius semivirens -type Syno sem 13.9 ± 1.2 3.3 ± 2.2 10.9 ± 3.5 7.0 ± 17.5 0.4 ± 0.5

Thienemanniella clavicornis -type Thie cla 15.5 ± 0.2 2.3 ± 1.0 10.9 ± 3.5 * 0.6 ± 0.6

Trissocladius brevipalpis -type Tris bre 15.4 ± 1.2 2.0 ± 1.4 * 9.0 ± 17.6 *

Zalutschia mucronata -type Zalu muc 14.0 ± 1.1 2.6 ± 1.5 4.9 ± 3.2 9.6 ± 7.5 0.0 ± 0.4

Zalutschia zalutschicola Zalu zal 15.5 ± 1.1 2.5 ± 1.2 5.2 ± 4.5 23.9 ± 18.6 0.0 ± 0.4

CHIRONOMINAE

CHIRONOMINI

Chironomus anthracinus-type Chir ant 15.7 ± 1.1 2.6 ± 1.2 5.2 ± 4.7 23.3 ± 19.3 0.3 ± 0.5

Chironomus plumosus -type Chir plu 16.2 ± 1.0 2.4 ± 1.1 3.7 ± 4.2 50.2 ± 37.7 *

Cladopelma viridulum Clad vir 15.5 ± 1.4 2.3 ± 1.4 4.6 ± 4.2 21.8 ± 20.8 0.2 ± 0.4

Cryptochironomus Crypind 14.3 ± 1.5 3.8 ± 2.2 2.6 ± 3.5 35.9 ± 38.2 *

Cryptotendipes Crytind 16.1 ± 0.7 2.6 ± 2.5 3.2 ± 3.4 44.9 ± 14.9 *

Demicryptochironomus vulneratus-type Demi vul 14.7 ± 2.1 3.6 ± 2.5 8.0 ± 3.4 8.3 ± 7.0 0.0 ± 0.4

Dicrotendipes nervosus-type Dicr ner 14.9 ± 1.5 2.5 ± 1.4 5.8 ± 4.8 19.3 ± 21.7 0.1 ± 0.3

Einfeldia pagana-type Einf pag 16.4 ± 0.3 2.5 ± 1.3 1.9 ± 1.7 64.7 ± 28.2 *

Endochironomus albipennis -type Endo alb 16.5 ± 0.3 2.3 ± 1.3 3.4 ± 3.3 42.5 ± 18.6 *

Endochironomus impar -type Endo imp 16.2 ± 0.7 3.6 ± 1.3 2.8 ± 1.9 54.2 ± 37.3 *

Endochironomus tendens -type Endo ten 16.2 ± 0.5 1.8 ± 1.4 4.8 ± 3.2 40.2 ± 26.1 *

Glyptotendipes pallens -type Glyp pal 16.4 ± 0.5 3.4 ± 1.9 2.1 ± 1.9 69.0 ± 28.2 0.0 ± 0.4

Lauterborniella agrayloides-type Laut agr 15.8 ± 0.9 2.5 ± 1.0 6.1 ± 4.2 23.5 ± 22.3 0.2 ± 0.5

Microtendipes pedellus-type Mict ped 14.6 ± 1.5 2.8 ± 1.4 5.4 ± 4.3 16.1 ± 15.6 0.2 ± 0.4

Microtendipes rydalensis-type Mict ryd 15.0 ± 2.6 1.0 ± 0.6 0.5 ± 3.4 4.0 ± 17.5 *

Omisus caledonicus Omis cal 16.5 ± 0.1 2.8 ± 1.3 1.6 ± 0.7 56.3 ± 27.2 *

Pagastiella orophila Paga oro 14.8 ± 1.5 2.4 ± 1.3 4.9 ± 4.8 14.3 ± 12.2 0.1 ± 0.3

Parachironomus varus-type Parc var 15.7 ± 1.2 2.4 ± 1.2 2.5 ± 1.8 30.1 ± 28.5 0.1 ± 0.4

Paracladopelma Pardind 14.5 ± 3.0 3.2 ± 1.1 5.4 ± 3.4 69.4 ± 49.1 0.0 ± 0.4

Paratendipes albimanus -type Patd alb 16.4 ± 1.2 1.8 ± 1.1 6.6 ± 3.4 24.0 ± 17.5 0.4 ± 0.5

Paratendipes nudisquama-type Patd nud 14.7 ± 1.2 2.2 ± 0.7 * 10.0 ± 17.5 0.0 ± 0.4

Phaenopsectra flavipes -type Phae fla 15.1 ± 1.3 2.4 ± 1.5 6.5 ± 3.8 16.4 ± 13.4 0.4 ± 0.5

Polypedilum nubeculosum -type Poly nuc 15.2 ± 1.3 2.4 ± 1.4 4.6 ± 4.6 26.4 ± 29.7 0.2 ± 0.4

Polypedilum pedestre-type Poly ped 16.0 ± 0.1 2.8 ± 1.6 * 28.0 ± 17.5 *

Polypedilum scaleanum -type Poly sca 14.3 ± 1.8 1.7 ± 0.8 1.4 ± 3.4 * 0.0 ± 0.4

Polypedilum sordens -type Poly sor 16.2 ± 0.6 2.3 ± 1.3 2.4 ± 2.4 39.6 ± 26.5 *

Sergentia coracina -type Serg cor 13.8 ± 1.4 3.3 ± 1.4 2.8 ± 2.2 6.4 ± 3.6 0.1 ± 0.2

Stenochironomus Stenind 16.1 ± 0.7 3.7 ± 1.0 3.9 ± 2.3 37.5 ± 25.7 0.0 ± 0.4

Stictochironomus rosenschoeldi -type Stic ros 14.9 ± 1.2 3.5 ± 1.3 3.7 ± 2.7 10.8 ± 8.9 0.0 ± 0.2

Tribelos intextus -type Trib int 15.2 ± 1.7 2.8 ± 1.2 2.9 ± 2.2 21.1 ± 17.7 *

PSEUDOCHIRONOMINI

Pseudochironomus prasinatus -type Pseu pra 15.0 ± 1.4 2.3 ± 1.5 6.0 ± 5.6 14.1 ± 13.3 0.0 ± 0.4

TANYTARSINI

Cladotanytarsus mancus -type Clat man 15.4 ± 1.2 2.4 ± 1.1 5.1 ± 4.4 23.4 ± 22.6 0.1 ± 0.3

Constempellina brevicosta Cons bre 14.7 ± 1.4 3.1 ± 1.5 11.1 ± 8.5 16.1 ± 12.7 0.1 ± 0.3

Corynocera ambigua Cory amb 13.7 ± 1.5 2.9 ± 1.3 5.4 ± 4.4 14.0 ± 14.7 0.0 ± 0.4

Corynocera oliveri-type Cory oli 12.8 ± 0.9 5.0 ± 2.0 10.9 ± 3.5 4.8 ± 2.8 0.0 ± 0.4

Micropsectra insignilobus -type Micr ins 13.1 ± 1.0 2.9 ± 1.1 6.0 ± 3.4 7.2 ± 5.1 0.0 ± 0.4

Micropsectra pallidula -type Micr pal 14.0 ± 1.2 2.8 ± 1.4 7.4 ± 2.6 12.4 ± 12.8 0.0 ± 0.4

Micropsectra radialis -type Micr rad 12.1 ± 1.0 5.1 ± 2.7 10.9 ± 3.5 4.9 ± 1.5 0.0 ± 0.4

Paratanytarsus austriacus -type Part aus 14.6 ± 1.5 2.8 ± 1.5 2.9 ± 2.9 14.2 ± 14.7 0.0 ± 0.2

Paratanytarsus penicillatus -type Part pen 14.2 ± 1.9 2.6 ± 1.8 2.8 ± 3.5 17.8 ± 22.6 0.0 ± 0.4

Paratanytarsus undif. Partind 14.3 ± 1.7 2.8 ± 1.5 4.4 ± 3.8 14.8 ± 16.5 0.1 ± 0.2

Rheotanytarsus Rhetind 16.7 ± 0.2 1.8 ± 1.5 3.0 ± 3.3 48.4 ± 22.9 0.7 ± 0.5

Stempellina Stemind 15.2 ± 1.0 2.6 ± 1.1 7.2 ± 7.2 20.3 ± 11.7 0.3 ± 0.5

Stempellinella Stepind 16.1 ± 0.7 3.6 ± 1.7 4.8 ± 3.6 36.0 ± 34.1 0.0 ± 0.4

Tanytarsus chinyensis -type Tany chi 15.6 ± 0.9 2.5 ± 1.3 6.0 ± 4.4 24.4 ± 16.8 0.2 ± 0.4

Tanytarsus glabrescens -type Tany gla 15.0 ± 1.6 2.0 ± 1.2 3.6 ± 3.5 20.1 ± 16.3 0.0 ± 0.4

Tanytarsus lactescens -type Tany lac 14.9 ± 1.6 3.0 ± 1.5 6.0 ± 4.2 18.5 ± 15.8 0.0 ± 0.4

Tanytarsus lugens -type Tany lug 13.5 ± 1.4 3.8 ± 1.8 10.9 ± 3.5 7.7 ± 5.8 0.0 ± 0.2

Tanytarsus mendax -type Tany men 15.6 ± 1.2 2.5 ± 1.3 5.0 ± 4.6 27.4 ± 26.5 0.1 ± 0.3

Tanytarsus pallidicornis -type Tany pal 15.7 ± 1.2 2.9 ± 1.6 5.5 ± 5.1 23.3 ± 22.7 0.1 ± 0.2

Tanytarsus undif. Tanyind 15.1 ± 1.4 2.7 ± 1.4 5.5 ± 4.9 20.7 ± 22.0 0.0 ± 0.2
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