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Introduction

Global climate change has a complex impact on the eastern Baltic region, evident in
warming air and water temperatures, reduced ice-cover duration, increased precipitation,
and alterations in growing season start and duration (Meier et al., 2022). Significant
changes in continentality have been recorded both in the eastern Baltic area and globally
over the last 50 years (Stonevicius et al., 2018; Alexandrov et al., 2019). Furthermore,
these changes are expected to continue in the near future in the context of ongoing
climate change (Williams et al., 2007).

The eastern Baltic region, and Estonia in particular, lies at the transition between
boreal and temperate vegetation zones and features a pronounced west-east
continentality gradient (Edvardsson et al., 2016). Ecosystems of transitional areas like this
are highly sensitive to climate variations (Fu, 1992). Thus, the vegetation of the eastern
Baltic area has been found to be sensitive to past changes in northern Europe’s air
circulation patterns (Giesecke et al., 2008; Seppa et al., 2009). This makes Estonian
palaeolimnological sites perfect for tracking past and observing present climate changes.

Pollen-based climate reconstructions are most common in the region, with only a few
studies utilizing other biotic or abiotic proxies (Heiri et al., 2014; Véliranta et al., 2015;
Veski et al., 2015; Stansell et al., 2017; Druzhinina et al., 2020; Seiriené et al., 2021;
Eensalu et al., 2024). While pollen is an excellent indicator of regional and local land cover
changes and human impact, and one of the most widely used proxies for past climate
reconstructions (llyashuk et al., 2009; Salonen et al., 2012; Kaufman et al., 2020), its use
in formerly glaciated areas has limitations. For example, studies show terrestrial plant
migration after deglaciation lagged behind climate change in Northern and Eastern
Europe (Rao et al., 2022; Viliranta et al., 2015; Zani et al., 2023). The cold, highly
continental, and dry climate during the glacial and late glacial periods, driven by proximal
continental ice sheets, resulted in vegetation assemblages not found today (Magny
et al., 2001; Gonzales & Grimm, 2009). Furthermore, boreal forest biomes, widespread
in eastern Baltic history, can be insensitive to minor climate fluctuations (Seppa et al.,
2007; Stralberg et al., 2020).

Therefore, there is a need for alternative and independent approaches for
palaeoclimate reconstruction. The analysis of subfossil chironomid remains, non-biting
midges from the family Chironomidae, order Diptera, has been considered one of the
most promising methods for quantitative palaeotemperature reconstruction (Battarbee,
2000). The chitinous remains of chironomid larvae are preserved well in Quaternary lake
sediments and can be identified at the species, morphotype (species-group), or genus level
(Brooks et al., 2007). This enables observations of past chironomid assemblage shifts based
on lake sediment records, providing insights into past climatic and environmental changes.

In general, insects are able to follow and respond to rapid climate changes due to
their high diversity, sensitivity, narrow ecological niches, and fast reproduction cycle.
Mendoza et al. (2024) show that chironomids can provide close modern analogues to
the Younger Dryas subfossil communities. To produce a chironomid-inferred climate
reconstruction using modern statistical modelling approaches, a training set (TS) of
modern chironomid analogues is needed. Such TSs are commonly recommended to be
applied within their biogeographic regions of origin (Juggins et al., 2013; Medeiros et al.,
2022). The eastern Baltic area is understudied in terms of chironomid analysis. Only a few
chironomid-related studies have been conducted here (Seire & Pall, 2000; Agasild et al.,



2018; Stivrins et al., 2021) and even fewer chironomid-inferred climate ones (Heiri et al.,
2014; Veski et al., 2015; Seiriené et al., 2021).

Chironomids demonstrate particular sensitivity to warm season temperatures and
duration, factors that directly regulate development, growth, and survival rates in these
ectothermic organisms (Foucault et al., 2018). Therefore, not surprisingly, a strong
relationship between the taxonomic composition of chironomid assemblages and summer
air temperature has been found globally (Eggermont & Heiri, 2012a). Chironomid
assemblages are widely used for July air temperature (July air T) reconstructions (Téth
et al., 2015; Hajkova et al., 2016; Jiménez-Moreno et al., 2023; Rigterink et al., 2024).
However, the mechanisms linking air and surface water temperatures with chironomid
assemblages remain debated. Eggermont and Heiri (2012) demonstrate that temperature’s
indirect effects on lakes’ physical and chemical characteristics could play a significant role
in determining the distribution of lake-dwelling chironomid larvae. This suggests a more
complex climate-chironomid relationship than generally assumed.

Recent studies show that chironomid assemblage composition is also affected by site
continentality (Self et al., 2011). The significance of this finding cannot be overstated:
continentality represents a fundamental climate characteristic influenced by factors such
as distance from the ocean, latitude, and atmospheric circulation patterns (Stonevicius
et al., 2018) while integrating not only annual temperature variations but also precipitation
patterns, and their seasonal variability. Thus, it was hypothesised that continentality
could influence chironomids indirectly through cold season temperature dependent
presence and duration of ice-cover and vegetation season properties (Self et al., 2011).
However, the field of chironomid-inferred continentality reconstructions is new,
the mechanisms of continentality influence on chironomid assemblages have not been
studied, and the method has not been fully developed.

While chironomid-based reconstructions of July air T and continentality dynamics
during the postglacial time could provide valuable insights into the past, present, and
future climate and aquatic environment development of the eastern Baltic area, such
reconstructions are largely missing. There is no specialized TS applicable for continentality
reconstructions in Europe. Furthermore, although a number of chironomid TSs are
available from different parts of Europe (T. P. Luoto, 2009; Heiri et al., 2011; Kotrys et al.,
2020), the eastern Baltic region still lacks a chironomid-based TS specifically designed to
account for unique characteristics of the region.

The main goal of this thesis is to develop and validate chironomid-based statistical
inference models tailored to the eastern Baltic region, and to apply these models to
reconstruct past climate conditions using sediment records from the area. The thesis
focuses on developing of a new regional chironomid-inferred statistical model for July air
T reconstructions, provides justification for using chironomids as a proxy of continentality,
and constructs a novel chironomid-based model suitable for continentality reconstructions.
Furthermore, the thesis includes the examples of these new models being applied to two
sites in the eastern Baltic region presenting chironomid-based July air T and continentality
reconstructions of late glacial and Holocene climate changes.

The main chapters of the thesis include a literature review on chironomid ecology and
inference model development; a description of the materials and methods used, a
presentation of the key results of the published papers, a comprehensive discussion of
the findings, and the conclusions.
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Aims of study

While most chironomid-based studies have been conducted in central and northern
Europe, eastern Europe remains relatively understudied. Specifically, the eastern Baltic
region lacks a dataset reflecting local modern chironomid assemblage distributions and
reliable chironomid-inferred climate reconstructions. Given its transitional position
between boreal and nemoral biomes and oceanic and continental climates, July air T and
continentality reconstructions could offer valuable insights into the region's ecosystem
functioning. Although the dependence of chironomids on July air T has already been well
established, the mechanism by which continentality influences chironomid assemblages
has only been hypothesized. Therefore, this mechanism must be clarified before
chironomids can be reliably used as a proxy for continentality.
The main aims of this thesis are:
1. To investigate the composition of chironomid assemblages located in the
eastern Baltic area and regionally across longitudinal and latitudinal gradients.
2. Todevelop a chironomid-based inference model suitable for reconstructing July
air T in the eastern Baltic area.
3. Toexplore the application of chironomids as continentality-proxy by developing
and testing a chironomid-based inference model.
4. To fill knowledge gaps about the eastern Baltic region’s postglacial climate
dynamics.
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Abbreviations

airT

TS

FBP

LOI

KOl
ATR
WA
WA-PLS
INDVAL
ANOSIM
GAM
DCA
CCA
RDA
PCA

BP

ka

cal

mean air temperature

Training set

Finno-Baltic-Polish

Loss-on-ignition

Kerner Oceanity Index

Annual Temperature Range
Weighted-Average regression
Weighted Averaging-Partial Least Square regression
Indicator Species Analysis

Analysis of similarity

Generalized Additive Model
Detrended Correspondence Analysis
Canonical Correlation Analysis
Redundancy Analysis

Principal Component Analysis
Before Present

kiloanni

calibrated
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1 Background

This chapter provides a literature review on chironomid ecology and inference models
development and use.

1.1 Chironomid life cycle

Chironomidae is a family of non-biting midges belonging to the order Diptera, class Insecta.
It is one of the most abundant and widely distributed freshwater insects, accounting for
up to 15000 species globally, with around 1000 species described in Europe (Armitage
et al., 1995; Seether, 2000).

Chironomids have a four-stage life cycle: imago (adult), egg, larvae, pupae (Figure 1).
Eggs are laid in a gelatinous mass or individually, typically on aquatic vegetation (Karima,
2021), and hatch after a specific number of days at a certain temperature (Schiitz &
Flireder, 2019). The larval stage consists of four instars and is characterized by a
well-developed, chitinous head capsule and an elongated, segmented, soft body without
thoracic legs. The larval chitinous head capsules are well preserved in Quaternary lake
sediments and thus can be used for the lake sediments, allowing their identification at
the morphotype level (Brooks et al., 2007). The pupal stage is characterised by a
comma-shaped body, and its duration is the shortest in the chironomids’ life cycle — from
several hours to several days. A key feature of the imago stage is the reduction of the
mouthparts and, hence, the absence of feeding (Karima, 2021). This characteristic gives
chironomids their common name, “non-biting midges”. Depending on the geographic
area, chironomids can produce one to four generations per year.

Larvae: 4 instars

Figure 1 Chironomid life cycle.



1.2 Chironomidae ecology

1.2.1 Water depth, pH and heavy metals

Water depth influences bottom-dwelling chironomid assemblages by affecting a variety
of environmental parameters (water temperature, oxygen content, food availability,
density of aquatic macrophytes, habitat structure etc.) to which chironomids are
sensitive (Heiri, 2004; Kurek & Cwynar, 2009; Engels & Cwynar, 2011; Cao et al., 2012;
Zhang et al., 2013; Chen et al., 2014). Engels et al. (2012) noted that changes in the ratio
between available littoral and profundal habitats are one of the major reasons for
chironomid assemblages’ sensitivity to water level changes. This could be explained by
the fact that chironomid larval feeding behavior and dietary preferences are often linked
to the characteristics of their specific habitat (Antczak-Orlewska et al., 2021). Thus,
chironomid assemblages have been successfully used to reconstruct depth changes
(Ni et al., 2023).

Chironomids are also influenced by pH, a well-established driver affecting aquatic
ecosystems and the distribution of chironomid species (Mousavi, 2002; Brooks et al.,
2007). The pH values below 4 and above 9 are recognized as unfavourable for limnetic
macroinvertebrate communities (Berezina, 2001). Low pH is known to reduce the
diversity and ecological stability of chironomids in waterbodies (Brodin & Gransberg,
1993; Orendt, 1999; Woodcock et al., 2005). Also, pH influences the absorption of heavy
metals by chironomids (Krantzberg & Stokes, 1988), which they are highly sensitive to
(Ruse et al., 2000; Pegler et al., 2020). The chironomid responses to pollution are
reflected through mentum deformities (Cortelezzi et al., 2011; Veroli et al., 2014), metal
bioaccumulation (Roosa et al., 2016), and shifts in community composition (llyashuk
et al., 2003; De Bisthoven et al., 2005).

1.2.2 Water trophic state

Trophic state is another key factor influencing chironomid diversity, species composition,
and biomass (Brooks et al., 2007). Chironomid diversity has been observed to increase
from oligotrophic and mesotrophic conditions towards eutrophic ones, followed by
a decline under hypereutrophic conditions (Salonen et al., 1993; Luoto, 2011). Eutrophic
lakes typically exhibit elevated total phosphorus levels, stimulating the growth of
microorganisms and macrophytes, thereby enhancing food availability and habitat
complexity for chironomid larvae (Brooks et al., 2001). These conditions promote the
biomass growth and diversity in chironomid communities (Takahashi et al., 2008).
The decline in diversity observed in hypereutrophic lakes is most likely a result of oxygen
depletion events caused by algal blooms and high microbial activity, typically occurring
in late summer before autumn turnover (Brooks et al., 2001; Luoto, 2011).

There is also an inverse relationship between chironomids and the trophic status of a
water body. Chironomids play an essential role in the phosphorus flux in the lake
ecosystem as agents of phosphorus turnover and as live food for fish, and thus affect the
long-term phosphorus budget of lakes (Biswas et al., 2009; Hupfer et al., 2019). Hupfer
et al. (2019) notes that, as potential ‘ecosystem engineers’, chironomid larvae help to
control water quality.

Fossil chironomid assemblages can be effectively used to quantitatively reconstruct
the trophic history of lakes (Brodersen & Lindegaard, 1999; Brooks et al., 2001; Luoto,
2011). A high degree of precision in such reconstructions can be achieved by applying
this method to chironomids in shallow, eutrophic lakes (Langdon et al., 2006).

14



1.2.3 Dissolved water oxygen concentrations

Oxygen is a critical factor for aquatic organisms relying on aerobic respiration. Seasonal
and spatial variations in dissolved oxygen availability can significantly affect chironomid
life history strategies, distribution, behaviour, and interactions with other species
(J. C. Davis, 1975). Langton et al. (2006) emphasize that in deep, stratified lakes, dissolved
oxygen concentrations are the primary driver of chironomid communities.

Chironomid metabolism is directly influenced by oxygen levels, with egg development
slowing considerably under low-oxygen conditions (Pinder, 1992). Chironomids do not
occur in environments with permanently anoxic conditions, while low oxygen
concentrations can trigger entering summer diapause or aestivation (Bryce & Hobart,
1972; Kansanen, 1985; Armitage et al., 1995). Oxygen content was observed to explain
the diversity of chironomid profundal communities (Verbruggen et al., 2011; Jyvasjarvi
et al., 2013).

Brodersen et al. (2004) proposed a classification of chironomid species based on their
oxy-regulatory capacity using experimental approaches, showing that species typical of
cold, oligotrophic lakes generally prefer well-oxygenated conditions. In Ontario, Canada,
chironomid-based inference models have been successfully developed for reconstructing
past hypolimnetic anoxia (Quinlan et al., 1998) and late-summer hypolimnetic oxygen
conditions (Little & Smol, 2001) providing valuable information on historical lake oxygen
dynamics. The effectiveness of such models is enhanced when supported by other
proxies that estimate the duration of the open-water season and nutrient status, key
factors regulating hypolimnetic oxygen availability (Luoto & Salonen, 2010).

1.2.4 Climate

Temperature directly influences lake organisms by regulating physiological processes like
growth, development, and respiration. In addition it indirectly affects chironomids by
shaping limnological factors such as nutrient levels and oxygen concentrations, impacting
survival and reproduction. Thus, the taxonomic composition of subfossil chironomid
assemblages is known to be responsive to warm season temperature fluctuations
(Walker & Mathewes, 1987; Heiri et al., 2011; Fortin et al., 2015; Nazarova et al., 2023)
and heat accumulation expressed as growing degree days (GDD; Lotter et al., 1997; Velle
et al., 2010). Composition of chironomid larvae communities in lakes across polar and
temperate regions of the northern hemisphere is strongly associated with July air T
(Barley et al., 2006; Walker, 1987). While the southern hemisphere is understudied in
terms of chironomid analysis, the relationships between chironomid assemblages and
warm season temperature have also been revealed there (Verschuren & Eggermont,
2006; Rees et al., 2008; Martel-Cea et al., 2021). Chironomid assemblages in lakes can be
used to reconstruct past changes in temperature at the local scale (Eggermont & Heiri,
2012b).

Besides summer temperature, chironomids have shown dependency on winter
temperature (Larocque et al., 2001; Eggermont & Heiri, 2012b). Chironomid assemblages
were hypothesized to be affected by ice-cover length, which is directly related to winter
temperatures and is inversely correlated with dissolved oxygen levels, warm season
duration, and changes in continentality (Self et al., 2011; Engels et al., 2014).

The relationship between continentality and chironomids, as well as the broader
impact of continentality changes on the lake ecosystems, remains largely understudied.
However, continentality can indirectly affect aquatic zoobenthos through variations in
the start and duration of the growing season (Nishimura & Laroque, 2011), water
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turnover timing (Butcher et al., 2015), and ice-cover presence and duration, which
influences pH (Preston et al., 2016) and dissolved oxygen levels (Zdorovennova et al.,
2021). The annual temperature range (ATR), defined as the difference between the
coldest and warmest months, is the most commonly used metric for estimating
continentality. However, several other indices accounting for different combinations of
its major drivers provide effective measures of continentality gradients. For instance,
Kerner oceanity index (KOI; Zambakas, 1992) takes into account October and April air T
and Gorzynski continentality index (Gorczynski, 1920) also accounts for latitude.

In 2011, Self et al. presented a TS collected from the European part of Northern Russia
and Central Siberia. They demonstrated that chironomid assemblages in Northern Russia
are influenced by continentality (Gorzynski continentality index). Since then, no further
studies have examined modern chironomid assemblage distribution in relation to
continentality.

1.3 Chironomid-based numerical inference models

A calibration dataset of modern analogues that represent a range of climate conditions
is necessary to develop a numerical model for quantitative palaeotemperature
reconstruction. These datasets are created by analyzing chironomid taxa from the
topmost 1-2 c¢cm of lake bottom sediments in a large number of lakes spanning
diverse lacustrine environments. Based on the calibration dataset, (Birks & Birks, 1998;
Birks, 2010) developed a numerical inference model (transfer/calibration function) to
determine chironomid-temperature relationships and quantitatively reconstruct past air
T values from fossil Chironomid assemblages. Weighted Averaging-Partial Least Square
regression (WA-PLS; ter Braak & Juggins, 1993) is the most widely used approach for
chironomid-based inference model building. It allows achieving a prediction error
ranging from less than 1° C to 2 °C (Kaufman et al., 2020).

Currently, chironomid-based calibration datasets (training sets; TSs) and July air T
inference models have been developed for Switzerland (Lotter et al., 1997), Norway
(Brooks & Birks, 2000), northern Sweden (Larocque et al., 2001), Finland ( Luoto, 2009),
Poland (Kotrys et al., 2020), Tatra Mountains (Chamutiova et al., 2020), the western part
of Russia and Northern Siberia (Self et al., 2011; Nazarova et al., 2023), New England and
Canada (Suranyi et al., 2025), and Greenland (Brodersen & Anderson, 2002). Calibration
functions are recommended to be applied within the biogeographic regions from which
they were developed (Heiri et al., 2011; Self et al., 2011). Partially, because the same
morphotype can have various ecological requirements in different regions, which can
potentially bias temperature reconstructions (Langdon et al., 2008; Kotrys et al., 2020).

The Swiss-Norwegian and Finnish TSs have been used for the reconstruction of July air
T change during late glacial and early Holocene climate events in the eastern Baltic area
(Heiri et al., 2014; Seiriené et al., 2021). The estimated air T generally align with other
European fossil chironomid-based records and climate model simulated data (Heiri
et al.,, 2014). However, neither Finnish, Swiss-Norwegian, nor the recently published
Swiss-Norwegian-Polish (Kotrys et al., 2020) TSs adequately capture the climatic and
environmental specifics of the eastern Baltic area.

Modern July air T range in the eastern Baltic area is 17.2-18.4 °C, outside the range of
the Finnish TS (12.1-17.5 °C). Thus, the Finnish TS lacks warm-site modern analogues
suitable for application in the eastern Baltic area. In addition, the bedrock composition
in Fennoscandia is more acidic than in the eastern Baltic, possibly leading to varying
water chemistry that influences chironomid assemblages (Eggermont & Heiri, 2012b).
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Swiss-Norwegian TS mainly includes high-altitude lakes, and their ecology likely
differs from the geographically distant lowland lakes of the eastern Baltic area.
The Swiss-Norwegian-Polish TS (Kotrys et al., 2020) expanded the mean July air T range
of northeastern European models up to 20 °C. This addition helps to fill the gap in
modern “warm” analogues and incorporates sites from carbonate-rich regions,
improving reconstructions based on the eastern Baltic region sediments. However,
the Swiss-Norwegian-Polish TS, as a combination of spatially separated sampling areas,
is not continuous, and lacks modern analogues for the eastern Baltic. This limitation
complicates regression-based methods for temperature reconstruction, as they require
evenly distributed samples along environmental gradients.
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2 Study area, materials and methods

This paragraph provides a general overview of the research area and methods used
to study modern chironomid assemblages distribution, and to develop and use
chironomid-based TSs for palaeoclimate reconstructions. Please refer to the individual
papers for more comprehensive details regarding the study areas, materials, methods,
and statistical analyses.

2.1 Study area and sites

The current thesis study area lies within the eastern European Plain and Fennoscandia
with a special emphasis on Southern Estonia and the nearby areas, where the
palaeoclimate reconstructions were conducted (Paper lll, Manuscript) (Figure 2).

The Finno-Baltic-Polish (FBP) TS, developed in Paper |, consists of 121 lakes, evenly
distributed across the longitudinal gradient from northernmost Finland until the
northern-eastern part of Poland (Figure 2). The eastern Baltic part of the TS was
developed as a part of this thesis, while Finnish and Polish have been published before
(Table 1). The lakes chosen for the study represent the local water chemistry patterns
and have experienced low anthropogenic impact. The FBP TS sampling design reflects
the continuous increase in July air T from the north to south (12.1-19.2 °C; Figure 2) with
the Baltic Sea as a physical obstacle.
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0 75150 m
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© continentality dataset
@ Finno-Baltic Polish dataset

“,'.‘ reconstructed lakes

h g i
7.0 22.5°E 38.0°E 53.5°E 69.0°E

Figure 2 Location of the sites included in the FBP TS (Paper 1) and Continentality Dataset (Paper I1);
climate reconstruction sites: Lake Nakri (Manuscript), Lake Petrovskoe (Paper Ill). The Satellite ESRI
map was used as a basemap.

The Continentality Dataset, developed in Paper I, comprises 51 lakes sampled along

a longitudinal gradient from the Ural Mountains to the Norwegian Atlantic coast.
The Russian and Latvian parts of the dataset were developed within the scope of the
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current thesis, while Swedish and Norwegian were obtained from existing datasets
(Table 1). The July air T gradient of the dataset remains narrow (14.6-20.2 °C) with a
drastic increase from 14.4 up to 33.3 °Cin the ATR.

The Swiss-Norwegian TS was downloaded from the National Oceanic and Atmospheric
Administration online storage to be used as an inference model (Heiri et al., 2011) along
with FBP TS.

Two lakes — Nakri (Manuscript) and Petrovskoe (Paper Ill) — were chosen to produce a
chironomid-based palaeoclimate reconstructions. Lake Nakri is situated in the south of
Estonia, while Lake Petrovskoe lies about 400 km southeast, in Russia (Figure 2).

Table 1 Environmental data for subsets of the FBP TS and Continentality Dataset. The table includes
data about July air T (°C), ATR (°C), KOI, number of ice-cover days, and growing degree days with a
base temperature 5°C (GDD5).

Dataset Number Publication July air ATR KOl Ice- GDD5
origin of T(°C) (°C) cover
samples days
Finland 82 Luoto, 12.1- 21.4- 2.8- 105—- 163—-
2009 17.5 27.8 11.4 223 583
Poland 9 Kotrys 18.4— 20.9- -0.3- 82-89 1810-
etal., 2020 19.2 21.2 13 1937
Norway 6 Heiri et al., 16.0— 14.4— 15.8- 35-83 1200-
2011 17.3 16.7 27.5 1511
Sweden 7 Huser, 14.6—- 17- 6-11.3 43-65 939-
unpublished 16.8 194 1088
Eastern 35 Paper | 17.2—- 18.6— -2-11 87— 1473-
Baltic 18.4 22.6 128 1828
Russia 31 Paper I 17.8- 23.0- -4.5- 126—- 1497-
20.2 33.3 -1.6 196 1880

2.1.1 East European Plain and Fennoscandia

The East European Plain is bordered by the Baltic Sea to the west, which acts as a thermal
buffer by absorbing excess heat during the summer and releasing it in the winter. This
ameliorating effect results in a mild maritime climate in the western part of the East
European Plain. In contrast, the eastern part of the Plain experiences a more continental
climate due to the influence of the Siberian High (Cohen et al., 2001) and can be
characterized by severe winters and hot summers. Summer temperatures gradually rise
from north to south, while continentality increases from west to east across the East
European Plain.

The North Atlantic borders Fennoscandia to the west, the Arctic Ocean to the north,
and the Baltic Sea to the south. Although the distribution of July air T generally follows
the same north-to-south gradient observed in the East European Plain, the continentality
gradient behaves differently. It increases inland and decreases along the coastal regions.

The bedrock of the East European Plain mainly consists of sandstone and limestone,
while Fennoscandia lies predominantly on gneisses and granite/granitoids. The biomes
of the area depend on the local environmental and climatic factors. Fennoscandia’s
landscape is dominated by the boreal forest (taiga) with tundra associations in the
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northern and western coastal areas. The East European Plain is characterized by the dry
forest-steppes in the areas adjacent to the Ural Mountains, deciduous and mixed
deciduous-coniferous forest in the central part, boreal forests in the north-west and
tundra biomes in the northernmost parts.

2.1.2 Eastern Baltic area

The last deglaciation of the eastern Baltic took place around 14.7-12.7 ka cal BP (Kalm
et al., 2011; Lasberg & Kalm, 2013; Amon et al., 2016; Hughes et al., 2016). Postglacial
rebound remains noticeable, particularly in Estonia, with land uplift rates ranging from
—0.5 to +2 mm per year, according to rebound models (Kall et al., 2014).

The history of the eastern Baltic area vegetation development after deglaciation has
been reconstructed based on pollen data. Late glacial climate and environment in the
eastern Baltic revealed several distinct events: Bélling/Aller6d warming followed by the
Younger Dryas cooling (Seppéa & Poska, 2004; Laumets et al., 2014). Immigration of plant
and animal taxa followed shortly after the ice retreat. The late glacial open tundra biome
dominated by herbs and cold-tolerant shrub species was replaced by boreal forest during
the Early Holocene (Amon et al.,, 2016; Poska et al., 2022). Later on, from ca 8.5 ka
onwards, temperate broad-leaved forests gradually replaced the boreal forests with a
distinct reduction in the proportion of temperate trees during 8.2 ka cold event (Saarse
& Veski, 2001; Niinemets & Saarse, 2009; Seppa et al., 2009; Seppa & Poska, 2004; Veski
etal., 2015). During the Holocene climate optimum, 8 ka cal BP the pollen-based summer
air T reconstructions suggest warmer temperatures compared with the present day.
Since 6 ka cal BP annual air T gradually decreased to the present level and development
of mixed boreal forests. After 4 ka cal BP the eastern Baltic area has experienced
considerable anthropogenic deforestation, and change in woodland composition with
late successional temperate taxa replaced by early successional ones (Niinemets &
Saarse, 2009; Poska et al., 2022).

2.2 Sediment coring and sampling

The modern chironomid assemblages in Latvia, Lithuania, Estonia, and Russia were
obtained by sampling lake-bottom sediments with the gravity corer from the deepest
part of the lake (Papers I-ll). Upper 1-2 centimetres of the sediments were collected and
prepared for the analysis.

Lake Nakri palaeosediment coring was conducted from the deepest part of the lake
using a Russian corer, and in total 1346 cm long sediment section was recovered
(Manuscript). Sediment sequence consists of parallel, overlapping sets of 100 cm long
segments. These segments were correlated using loss-on-ignition curves. The coring of
Lake Petrovskoe followed the same strategy (Paper lll).

2.3 Laboratory analysis and chironomid identification

For chironomid analysis of the eastern Baltic and Russian modern sediments, Lakes Nakri
and Petrovskoe palaeo-sediments, 5 cm® samples were water-sieved using a 100-um
mesh to remove fine particles. Afterward, each sample was transferred to a Petri
dish, where chironomid head capsules were extracted using fine forceps under a
stereomicroscope at 25x magnification. The extracted head capsules were air-dried
and mounted in Aquatex® or another mounting medium. Taxonomic identification was
performed under a light microscope at 100-400x magnification. The identification of
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subfossil chironomid head capsules was conducted following the taxonomic framework
of Brooks et al. (2007) and supplemented by identification keys from (Klink & Pillot, 2003;
T. Andersen et al., 2013; Larocque-Tobler, 2014).

The laboratory procedures for the Finnish, Swiss—Norwegian, and Polish TSs samples
are detailed in the original studies (Luoto, 2009; Heiri et al., 2011, p. 20; Kotrys et al.,
2020). However, generally they followed the same protocol as described above.

2.4 Other proxies

Pollen, loss-on-ignition (LOI), and Cladoceran analysis of Lake Nakri were done by Siim
Veski, Jiri Vassiljev, and Anna Lanka, respectively (Manuscript). Pollen, Cladocera, and
charcoal analysis of Lake Petrovskoe were done by Maria Nosova, Yulia Pastukhova,
Dmitrii Kupriyanov, respectively (Paper Ill). In all cases, the standard procedures were
used, following methods described in Berglund & Ralska-Jasiewiczowa (1991) and Moore
et al. (1991) for pollen analysis; (Frey (1986) and Korhola et al. (2000) for Cladocera
analysis; Heiri et al.) 2001) for LOI; Mooney & Tinner (2011) for charcoal analysis.
The specifics of laboratory procedures are detailed in respective manuscripts.

2.5 Climate and environmental data

Air T of each month (°C) and ice-cover thickness (mm) for each lake for FBP TS and
Continentality Dataset were extracted from the ERA5 dataset with hourly temporal and
0.25° x 0.25° spatial resolution (Hersbach et al., 2020). Using the downloaded climate
data, the following variables were calculated based on a 30-year means (1991-2021 for
eastern Baltic and Russian sites; 1975-2005 for Finnish sites; 1984—2014 for Polish sites;
1984-2014 for Swedish sites; 1965—1995 for Norwegian sites):

1. Mean January, July, October, and April air T (°C).

2. Continentality indices: ATR (annual temperature range; the difference between
the warmest month’s mean temperature and the coldest month’s mean
temperature); KOI (Kerner oceanity index; Zambakas, 1992) reflecting not only
annual temperature variation but also the warmth of spring and autumn,
calculated following the equation: KOI = 100 x (Toctober-Tapril)/ATR.

3. Growing degree days at a base temperature of 5 °C (GDD5) were calculated by
applying the daily temperature data following the equation: (Tmax+Tmin)/2-Thase
(McMaster and Wilhelm, 1997); Tpase equals 5 °C.

4. Ice conditions (number of ice-cover days): the number of ice-cover days was
estimated using the ice-thickness dataset by summing the number of days with
a minimum ice thickness > 0.

For lakes from the eastern Baltic dataset, water depth was measured simultaneously
with coring from the ice; pH, oxygen concentrations, and water phosphorus content were
measured in the following summer (Paper ). Lake water depth and pH for the rest of
FBP TS were obtained from the original publications (Luoto, 2009; Kotrys et al., 2020).
The lake-water depth, pH, and bedrock composition were determined simultaneously
with summer coring for the Continentality Dataset (Paper Il).
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2.6 Data analysis

Chironomid count data were transformed into relative abundances (%). Only morphotypes
with an abundance higher than 2% in at least one sample were included for statistical
analysis to minimize the possible noise (Walker, 2001). Additional square-root
transformation was applied to minimise variances among taxa for ordination analysis.

In Paper |, the FBP TS was divided into three biogeographic zones based on July
air T: northern boreal (12.1-15.0 °C), southern boreal (15.0-17.0 °C), and temperate
(17.0-19.2 °C). In Paper Il, the Continentality Dataset was categorized into three
KOl-based zones: continental (-10-0), transitional (0-10), and oceanic (10-20) (Stonevicius
etal., 2018). FBP TS was divided by the ATR value to transitional (19-24 °C) and continental
(24-28 °C) part. Analysis of Similarities (ANOSIM; Clarke & Green, 1988) was used to
validate described divisions.

The Shapiro-Wilk test and Spearman correlations were used in Paper Il to identify
collinearity between environmental and climatic variables. Variables showing correlation
coefficients > 0.7 considered indistinguishable in their effects.

The detrended correspondence analysis (DCA; Hill & Gauch, 1980) was used to
examine chironomid assemblages and compositional gradients in Papers I-Il. In Paper |,
redundancy analysis (RDA) and canonical correspondence analysis (CCA) were applied to
chironomid assemblages data due to intermediate DCA axis lengths (3.1 and 2.4 SD; Birks
& Birks, 1998; Lep$ & Smilauer, 2003). In Paper Il, RDA was chosen for its shorter DCA
axes (2.9 and 2 SD).

Generalized additive models (GAM; Wood, 2011) were applied to estimate the
taxon-specific July air T/abundance relationships in the FBP TS (Paper I). Indicator species
analysis (INDVAL; Dufrene & Legendre, 1997) was used to identify key morphotypes for
the best-performing continentality variable in Paper Il and Manuscript.

Weighted-average regression with inverse deshrinking (WA; Birks et al., 1997; Braak
& Juggins, 1993) was used to estimate taxon-specific July air T and continentality optima
in Papers I-Il.

Weighted averaging-partial least squares (WA-PLS; Braak & Juggins, 1993) with
bootstrapping (9999 permutations; Birks et al., 1997) was used to assess the feasibility
of a chironomid-based TSs in Papers I-ll and conduct the chironomid-inferred
palaeoclimate reconstruction in Paper Ill and Manuscript. The best transfer function was
selected based at minimized cross-validated root mean square error of prediction
(RMSEP), with statistical significance set at p < 0.05. RMSE (root mean square error), bias,
and R? were taken to consideration while discussing the reliability of the results.

Analyses were conducted in R (v4.1.1; Wickham et al., 2019; R Core Team, 2021) using
packages: ‘ggplot2’ for visualization in Papers I-lll and Manuscript (Wickham et al., 2019),
‘dplyr’ for general data processing in Papers I-lll and Manuscript (Wickham et al., 2022),
‘vegan’ for ordination and ANOSIM in Papers |-Il (Oksanen et al., 2022), ‘rioja’ for
WA-PLS and stratigraphic plotting in Papers I-Il (Juggins, 2022), ‘indicspecies’ for
performing INDVAL on the Continentality Dataset in Paper Il (De Caceres & Legendre,
2009), ‘mgcv’ for performing the GAMs in Paper | (Wood, 2017). The C2 program (Juggins,
2003) was used to perform pollen-based and chironomid-based reconstructions.
Stratigraphic diagrams for Manuscript were prepared in Tilia 3.0.1 software.
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3 Results

3.1 Modern chironomid assemblages distribution

This section includes the key results on the modern chironomid distribution patterns
across longitudinal and latitudinal gradients, presented in Papers I-II.

3.1.1 Chironomid taxonomic composition and distribution

The taxonomic composition of chironomid assemblages of the eastern Baltic area
(Figure 3) included Psectroclasdius sordidellus-type (8.6% average abundance),
Chironomus plumosus-type (8.6%), Dicrotendipes nervosus-type (6.8%), Neozavrelia
(6.8%), Polypedilum nubeculosum-type (5.28%), Glyptotendipes pallens-type (4.8%),
Microtendipes pedellus-type (4.6%) and Corynoneura ambigua-type (4.1%) as the most
abundant ones. The most abundant taxa in the whole FBP TS were Psectrocladius
sordidellus-type (15.6%), Chironomus plumosus-type (7.3%), Ablabesmyia (7.2%),
Procladius (7%), Microtendipes pedellus-type (6.8%), Cladotanytarsus mancus-type
(6.1%) and Zalutschia zalutschicola-type (5.7%).

The most abundant morphotypes in the Continentality Dataset (Figure 4)
were Chironomus plumosus-type (9.6%), Psectrocladius sordidellus-type (7.4%),
Dicrotendipens (4.6%), and Tanytarsus pallidicornis-type (3.5%). The presence of
Chironomus anthracinus-type, Heteratanytarsus, Heterotrissocladius marcidus-type,
Sergentia coracina-type, and Zalutschia characterises the transitional and oceanic
parts of the dataset. These taxa are either absent or present in low quantities in
continental lakes. Transitional lakes are further differentiated from oceanic ones by the
presence of Paratanytarsus penicillatus-type, Limnophyes, and Pseudorthocladius, and
higher abundances of Heterotrissocladius marcidus-type, Tanytarsus mendax-type,
Tanytarsus pallidicornis-type, Cricotopus intersectus/laricomalis-type (marked as
Cricotopus; Figure 4), and Microtendipes pedellus-type.
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Figure 3 Selected eastern Baltic (temperate climate zone) chironomid morphotypes from the lake surface sediment layer (0—2 cm) included in the FBP TS. Lake indices
are ordered according to decreasing latitude. Morphotypes are organized according to the decreasing abundances in the eastern Baltic dataset.
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3.1.2 Distribution of the TSs sites in respect to the climate and environmental

variables

The variance gradient of DCA calculated for eastern Baltic chironomid assemblages
equals 2.4 SD and 2.0 SD for Axis 1 and Axis 2, respectively. The DCA variance gradient
for the FBP TS was 3.1 SD and 2.4 SD units for Axis 1 and 2, respectively (Figure 5A).
The Continentality Dataset (Paper II) DCA variance gradient was 2.9 SD and 2 SD units for
Axis 1 and 2, respectively (Figure 5B). Thus, while the distribution of the sites from FBP
TS is relatively smooth, the gap between Russian-Latvian and Swedish-Norwegian parts
is observed in the Continental Dataset.
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Figure 5 (A) DCA ordination diagram for the chironomid assemblages from the FBP TS; (B) DCA
ordination diagram for the chironomid assemblages from the Continentality Dataset.

3.1.3 Influence of climate and environment factors on chironomid assemblages
RDA of the eastern Baltic dataset identified July air T, ATR and water phosphorus content
as the only significant predictors of chironomid distribution (Table 2).

RDA and CCA of the FBP TS showed that all examined variables were significant.
July air T explained 9.1% (CCA) / 14.4% (RDA) of variance, followed by ATR (7.3% / 10.9%),
pH (7.2% / 11.5%), dissolved oxygen (4.5% / 7.5%), sampling depth (3.0% / 3.9%) and KOI
(1.9% / 2.5%) (Table 3, Figure 8). July air T had the highest explanatory power based on
the A1:A2 ratio (1.4 CCA / 1.3 RDA), indicating a strong relationship between July air T
and chironomid assemblage data (Vilar et al., 2018). However, the horseshoe effect
visible in the CCA plot (Figure 6) may have influenced the results.

In the Continentality Dataset KOI explained more chironomid assemblage variation
(18.4%) than ATR (15%) (Table 2), both with A1:A2 >1. GDD5 and July air T each explained
~17% of the variation, outperforming April (4%) and October (14.2%) air T. However,
the April air T was the only variable aligned with RDA Axis 2 (Figure 7). Ice-cover days had
a significant impact, explaining 15.5% of the variation. Bedrock explained 16.8%,
lake-water pH 12.3%, and lake depth 8.3% (Table 2, Figure 7).
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Figure 6 CCA biplots for the lakes from the FBP TS with July air T, KOI, ATR, sampling depth, dissolved
oxygen and pH as explanatory variables. The eigenvalues of the CCA1 and CCA2 axes are 0.3191
and 0.0569, respectively.
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Figure 7 RDA plot for the lakes from the Continentality Dataset with lake-water depth; longitude;
lake water pH; bedrock type; soil base saturation (BS); soil clay content (clay); soil sand content
(sand); July (Jul T), October (Oct T), and April (Apr T) mean air T (°C); lake-ice-cover (days); GDD5;
KOI and ATR. Variables explain 44.6% of the variation in total with a p-value of 0.001. Continental
sites have a KOI of —10 to 0, transitional sites range from 0 to 10, and oceanic sites from 10 to 20.
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Table 2 The ordination tests output for the eastern Baltic dataset, FBP TS, and Continentality
Dataset (Papers I-1l). For eastern Baltic and Continentality datasets the percentage of variability
explained is based on RDA. For FBP TS, the percentage of variability explained is presented as
CCA/RDA results.

Variable Number of % of variability AL:A2 p-value
sites explained
eastern Baltic dataset
July air T 35 5.4 0.4 0.048
ATR 35 5 0.6 0.01
KOl 35 - - 0.08
Water depth 35 - - 0.1
pH 31 - - 0.2
Dissolved oxygen 29 - - 0.1
Total phosphorus 29 5.6 0.3 0.047
Finno-Baltic-Polish TS
July air T 121 9.1/14.4 1.4/1.3 0.001/0.001
ATR 121 7.3/11 1.2/1.1 0.001/0.001
KOl 121 2/2.5 0.2/0.1 0.001/0.001
Water depth 121 3/4 0.3/0.23 0.001/0.001
pH 79 7.2/11.5 1/1 0.001/0.001
Dissolved oxygen 56 4.5/7.5 0.5/0.4 0.001/0.001
Continentality Dataset
GDD5 51 17.2 1.5 0.001
October air T 51 14.2 1.2 0.001
April air T 51 4 0.2 0.045
July air T 51 17.4 1.3 0.001
Ice-cover 51 15.5 11 0.001
ATR 51 15 1.3 0.001
KOl 51 18.4 1.6 0.001
Bedrock 51 16.8 1.1 0.001
pH 51 12.3 1 0.001
Soil base saturation 51 8 0.5 0.002
Soil clay content 51 10 0.7 0.001
Soil sand content 51 4.7 0.2 0.013
Water depth 51 8.3 0.5 0.001
Longitude 51 13.1 0.8 0.001
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3.1.4 Distribution of chironomids in respect to July air T

The ANOSIM test justified the significancy (p = 0.001) of division of FBP TS chironomid
assemblages into 3 groups based on July air T — northern boreal (12.1-15.0 °C), southern
boreal (15.0-17.0 °C), and temperate (17.0-19.2 °C) — with R? = 0.54.

GAM analysis across the entire FBP TS (Paper |) revealed that the taxa most strongly
dependent on July air T were Psectrocladius septentrionalis-type (51.6% variance
explained), Psectrocladius calcaratus-type (47.6%), Micropsectra insignilobus-type
(43.7%), Tanytarsus mendax-type (39.4%), Ablabesmyia (35.6%), Procladius (33.7%),
Dicrotendipes pulsus-type (32%), and Chironomus plumosus-type (28.3%). In contrast,
Psectrocladius sordidellus-type, Microtendipes pedellus-type, and Corynoneura lobata-type
showed no July air T dependence. Psectrocladius septentrionalis-type, Tanytarsus
lugens-type, Psectrocladius calcaratus-type revealed July air T WA-calculated optimum
in the northern boreal zone (Figure 8). 18 morphotypes within the group of the most
abundant taxa, including Ablabesmyia, Chironomus anthracinus-type, and Tanytarsus
mendax-type, were assigned to the southern boreal zone. 11 morphotypes, including
Chironomus plumosus-type, Dicrotendipes and Corynoneura scutellata-type, revealed
optimum in the temperate climate zone.
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Figure 8 WA based July air T optima and tolerances for the morphotypes in FBP TS with the
abundances at least 5% in one sample. The background is coloured according to the July air T: blue
represents northern boreal (12.1-15.0 °C), green represents southern boreal (15.0-17.0 °C), and
yellow represents temperate (17.0-19.2 °C) climate.
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3.1.5 Distribution of chironomids in respect to continentality

ANOSIM test of FBP TS revealed that the division into two continentality groups —
continental (ATR > 24 °C) and transitional (ATR < 24 °C) — is significant (p = 0.0001).
An R-value of 0.4 indicated moderate separation between groups. While there is some
overlap in taxonomic composition, the groups still show notable differences. 27 taxa
were identified as continental climate-related ones (Figure 9), with Protanypus,
Heterotrissocladius marcidus-type, and Hydrobaenus type explicated the smallest error
in ATR optima of estimation. 17 morphotypes were identified as characteristic for the
transitional part of the TS, where Dicrotendipes notatus-type, Cryptochironomus and
Ablabesmyia revealed the smallest error in ATR optima of estimation.
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Figure 9 WA based ATR optima and tolerances for morphotypes in FBP TS revealed as indicators by
INDVAL. The continentality group dffiliation identified by INDVAL is marked in brackets:
tr — transitional, cont — continental; all taxa revealed statistical significance in the corresponding
zone based on INDVAL. The star sign means revealed dependency in the July air T GAM models
(Paper 1). The background is coloured according to the ATR: continental (orange) for ATR < 24 °C,
transitional (green) for ATR > 24 °C.

In the case of the Continentality Dataset, ANOSIM revealed that the chironomid
assemblages could be significantly divided by KOI (p = 0.007) into continental (—10-0),
transitional (0-10), and oceanic (10-20) groups. R-value of 0.24 is indicative of
some overlap in taxonomic composition between continental, transitional, and
continental sites. Continental sites are indicated by the presence of Glyptotendipes
pallens-type, Neozavrelia, Polypedilum sordens-type, and Microchironomus (Figure 10).
The continental-transitional morphotype is Chironomus plumosus-type. Oceanic sites are
characterised by Paratanytarsus penicillatus-type, Pseudorthocladius, Thienemannimyia,
and Limnophyes. Oceanic-transitional morphotypes are Procladius, Heterotrissocladius
marcidus-type, Sergentia coracina-type, Zalutschia, Chironomus anthracinus-type,
Heterotanytarsus, and Tanytarsus chinyensis-type. One morphotype (Cricotopus) is
assigned to the continental-oceanic group. Weighted-average regression revealed that
the smallest tolerances are shown by Microchironomus and Glyptotendipes pallens-type,
both from the continental part of the dataset (Figure 10).
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Figure 10 WA based KOI optima and tolerances for morphotypes revealed as indicators by INDVAL.
The continentality group affiliation identified by INDVAL is marked in brackets: oc — oceanic,
tr — transitional, cont — continental; all taxa revealed statistical significance in the corresponding
zone based on INDVAL. The background is coloured according to the KOI: continental (green) for
KOl < 0, transitional (coral) for KOI 010, oceanic (blue) for KOI > 10.

3.2 Chironomid-based inference models

This section includes results of FBP TS-based (1) July air T (Paper I) and (2) ATR (Manuscript)
WA-PLS models building process, as well as the KOl WA-PLS model based on the
Continentality Dataset (Paper Il).

3.2.1 Inference model for July temperature reconstruction

The FBP TS-based two-component WA-PLS July air T inference model revealed the
RMSEPpoot Of 0.7 and the R%po0r Of 0.9, suggesting reliable performance compared to
Swiss-Norwegian TS (Table 3; Heiri et al., 2011). The scatterplot of cross-validated
predicted vs. observed July air T (Figure 10) aligns closely with a 1:1 relationship.
However, July air T below 13 °C tends to be overestimated, suggesting a slight positive
bias at the colder end of the temperature gradient.

Table 3 Error statistics of WA-PLS models based on the FBP and Swiss-Norwegian TSs and
Continentality Dataset from which taxa with max abundance under 2% were excluded. Values are
based on bootstrapping with 9999 cycles.

Trainine set Climate RMSEpoot R2 Average Maximum
& variable (OC) boot Biaspoot (oc) Biashoot (oc)

Swiss-Norwegian .

(Heiri et al., 2011) JulyairT 1.5 09 -0.02 1.5

Finno-Baltic-Polish 7 07 09 001 0.4

(Paper )

Finno-Baltic-Polish 1 16 08 001 22

(Manuscript)

Continentality KOl 5.1 07  -0.1 14.6

Dataset (Paper Il)
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3.2.2 Inference models for continentality reconstruction

The KOI-based two-component WA-PLS inference model for the Continentality Dataset
resulted in an RMSEPyoot Of 5.1 and an R%yt Of 0.72 (Table 3). The ATR-based

two-component WA-PLS inference model
R2,00t Of 0.8 (Table 3). The scatterplots of

for the FBP TS revealed RMSEPy.: of 1.6 and
cross-validated predicted vs. observed values

followed the 1:1 relationship for both models (Figure 11B, C). Models revealed the
increased error trend at the ends of the gradient. Thus, the FBP TS can be suggested to
underestimate the high continental climates and overestimate the climates closer to the

oceanic ones.
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Figure 11 Diagnostic plots of cross-validated estimates and prediction residuals compared with
observed values of (A) July air T-based and (B) ATR-based two-component WA-PLS models for the
FBP TS, and (C) KOI-based two-component WA-PLS model for the Continentality Dataset.

32



3.3 Palaeoclimate reconstructions

This section includes the results of the palaeoclimate and environment reconstructions
for Lakes Nakri and Petrovskoe, presented in Paper Il and Manuscript.

3.3.1 Lake Nakri fossil chironomid assemblages

On average, 44 chironomid head capsules were counted per sample, with the count
range 30-127, and 155 chironomid taxa identified in total (Figure 12). The late glacial
period was characterized by the dominance of widely distributed Microtendipes
pedellus-type and Tanytarsus mendax-type, both classified as cool-related taxa.
Chironomus anthracinus-type, which also exhibited a broad distribution, was more
closely associated with temperate-related taxa. Cold-related taxa, including Tanytarsus
lugens-type, Psectrocladius septentrionalis-type, Micropsectra insignilobus-type, and
Heterotrissocladius grimshawi-type, dominated between 14.5-13.5 ka cal BP.
Additionally, taxa not directly linked to climate, such as Procladius, Psectrocladius
sordidellus-type, and Cricotopus intersectus-type, were present during this period.

During the Early Holocene, temperate-related taxa, including Dicrotendipes
nervosus-type, Chironomus plumosus-type, Cladopelma lateralis-type, and Corynoneura
scutellata-type, were recorded, alongside generalist taxa like Psectrocladius sordidellus-
type and Cricotopus intersectus-type. Cold-related Tanytarsus penicillatus-type and
Tanytarsus lugens-type appeared only at the onset of this period. Temperate-related
taxa such as Glyptotendipes pallens-type, Neozavrelia, and Endochironomus albipennis-
type became dominant from 10 ka cal BP onward. Not climate dependent Micropsectra
contracta-type, Procladius, and Limnophyes-Paralymnophyes first appeared at
approximately 10.5 ka, 9.5 ka, and 8.5 ka cal BP, respectively.

The Middle Holocene assemblages largely resembled the Early Holocene ones.
Still, they exhibited increased abundances of temperate-related Cladotanytarsus
mancus-type and Polypedilum sordens-type, as well as climate-independent
Lauterborniella and Nanocladius rectinervis-type. Cold-related taxa, including Sergentia
coracina-type and Micropsectra insignilobus-type, reappeared during this period.

Peaks in temperate-related Chironomus plumosus-type, Neozavrelia, Cladopelma
lateralis-type, Cladotanytarsus mancus-type, and Tanytarsus pallidicornis-type marked
the Late Holocene. Polypedilum nubeculosum-type, a taxon associated with moderate
conditions, showed overwhelming dominance around 0.5 ka cal BP. Cold-related taxa
were nearly absent in this period, while climate-independent Psectrocladius sordidellus-
type and Cricotopus intersectus-type increased in abundance.

3.3.2 Lake Petrovskoe fossil chironomid assemblages

Early Holocene was characterized by dominance of cold-related Sergentia coracina-type,
Stempellinella, Tanytarsus mendax-type, Cladotanytarsus, and Tanytarsus pallidicornis-
type. Warm-related taxa (Dicrotendipes nervosus-type, Corynoneura scutellata-type,
Chironomus plumosus-type) increased toward the end of this period. Acidification
indicators (Cladotanytarsus, Pagastiella) and taxa linked to submerged vegetation
(Lauterborniella, Gymnimetriocnemus-Bryophaenocladius, Polypedilum sordens-type)
were presented (Figure 13).
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Figure 12 Chironomid morphotypes diagram of the selected taxa from Lake Nakri sediments (Manuscript).
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Figure 13 Chironomid morphotypes diagram of the selected taxa from Lake Petrovskoe (Paper ll). Chironomid morphotypes with abundances
in the dataset of at least 2% in one sample were included. The pink colour indicated erosion and submerged wood indicative morphotypes.
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The Middle Holocene started with increased abundance of cold-related taxa (Sergentia
coracina-type, Stempellinella). The presence of Stenochironomus indicated submerged
vegetation or dead wood habitats. Cold-adapted taxa (Sergentia coracina-Tanytarsus
mendax-type, Tanytarsus chinensis-type, Stempellinella) were gradually replaced by
warm-related ones as Cladopelma, Dicrotendipes nervosus-type, Nanocladius rectinervis-
type, and Endochironomus albipennis-type. Indicators of alkalization (Guttipelopia,
Endochironomus impar-type) and taxa associated with submerged vegetation
(Cricotopus cylindraceus-type, Nanocladius rectinervis-type, Paratanytarsus penicillatus-
type) were also present, reflecting shifts in lake productivity and habitat conditions.

Late Holocene was characterized by a stable coexistence of temperate and cool-
related taxa without clear dominance. Submerged wood indicators (Synorthocladius,
Gymnimetriocnemus-Bryophaenocladius) and macrophyte-associated taxa increased.
Throughout 0.8-0.5 ka cal BP, acidification (Psectrocladius sordidellus-type,
Cladotanytarsus) and eutrophication indicators (Micropsectra insignilobus-type,
Neozavrelia) increased. Warm-adapted taxa, including Chironomus plumosus-type,
Corynoneura scutellata-type, Einfeldia, and Microchironomus, dominated at the very end
of the sediment core.

3.3.3 Models performance

The chironomid-based July air T reconstruction of Lake Nakri exhibited comparable
trends and performance values using FBP and Swiss-Norwegian TSs (Figure 14,
Table 4). The FBP TS yielded the lowest reconstruction error (RMSEPboot = 0.7 °C).
The chironomid-based ATR reconstruction using this TS resulted in an RMSEPboot of
1.4 °C and an R%boot value of 0.8. The pollen-based July air T reconstruction for the Lake
Nakri sequence demonstrated overall performance values similar to those of the
chironomid-based reconstruction with the FBP TS. The only notable difference was a
significantly larger estimate of maximum bias in the pollen-based reconstruction.

Table 4 Error statistics of WA-PLS chironomid-based and pollen-based TSs cross-validation and
reconstructions outcome.

Average  Maximum

Training set Climate variable i’:?f(; R%bo0ot  BiaShoot Biaspoot

(°Q) (°9)
Nakri (Manuscript)

Finno-Baltic-Polish  July air T 0.7 0.9 0.02 0.7

Finno-Baltic-Polish ~ ATR 1.4 0.8 0.04 3.1

Swiss-Norwegian July air T 1.5 0.9 -0.03 1

Pollen-based Julyair T 0.7 0.8 -0.03 2.9

Petrovskoe
(F;r;r;‘;ﬁﬁ')t'c"%"sr‘ July air T 0.8 09 001 0.5
Finno-Baltic-Polish ~ ATR 1.6 0.8 0.02 2.2
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The chironomid-based July air T reconstruction of Lake Petrovskoe using FBP TS
exhibited similar performance values and climate trends as Lake Nakri (Table 4). The ATR
reconstruction of Lake Petrovskoe was lower than the modern ATR value of the site
(Figure 14B; dotted line). Thus, the mean reconstructed Holocene ATR value of 22 °Cis
the same for both produced reconstructions.
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Figure 14 WA-PLS July air T (°C) and annual temperature range (°C) reconstructions from (A) Lakes
Nakri and (B) Petrovskoe. Dotted line indicates modern values. Orange line indicates pollen-based
July air T reconstruction; grey line indicates chironomid-inferred July air T reconstruction based on
Swiss-Norwegian training set (SN TS); green line indicates July air T chironomid-inferred reconstruction
based on FBP TS; pink line indicates ATR range reconstruction based on FBP TS.
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4 Discussion

This part summarizes the results of Papers I-lll and Manuscript and puts it in a broader
context of already published literature.

Climate is widely recognized as one of the primary drivers shaping the regional
distribution of chironomid assemblages (Luoto, 2009; Heiri et al., 2011; Kotrys et al.,
2020). It influences chironomid life cycles both directly — by regulating reproductive
processes — and indirectly by altering the characteristics of the warm, productive season
and affecting key aspects of lake water chemistry, such as oxygen and phosphorus levels
and trophic status (Brodersen & Anderson, 2002; Brodersen & Quinlan, 2006; Eggermont
& Heiri, 2012). As shown in Papers |-, July air T is one of the most important climatic
variables that shape chironomid assemblages. However, it was revealed that chironomids
are also significantly dependent on GDD5, October and April air T, and ice-cover duration.
All these climate variables are connected to the term continentality and support the
statistical outcomes that KOI (Paper Il) and ATR (Manuscript) significantly influence
chironomid assemblages.

However, it should be kept in mind that under stable climatic conditions,
macroinvertebrate communities, including chironomids, tend to be more strongly
governed by local environmental factors such as organic carbon availability and trophic
state (Brodersen & Anderson, 2002; Velle et al., 2005; Luoto & Ojala, 2018).

4.1 Impact of environmental variables on chironomid assemblages

4.1.1 Water depth

In the FBP TS, the explanatory power of lake-water depth is 4%, whereas in the
Continentality Dataset, it is notably higher — 8.3%. In both cases, sites sampling strategy
was designed to minimize variations in water depth to enhance the climate signal.
However, in the Continentality Dataset, the limited availability of lakes in the
forest-steppe region near the Urals made it impossible to completely exclude deeper
lakes from sampling.

The stronger explanatory power of lake-water depth in the Continentality Dataset
compared to previous studies (Luoto, 2009; Kotrys et al., 2020) is likely due to the broad
depth range represented in the dataset (1-45 m). However, a study of the Fennoscandian
chironomid modern assemblages demonstrated that water depth can account for up to
10.2% of variation, despite the narrower depth range (0.85-27.0 m) (Korhola et al.,
2000). The pronounced influence of water depth in the local dataset of northern Finland
can be attributed to the rapid cooling and freezing of the epilimnion in autumn, which
results in higher winter water temperatures in the north compared to the south
(Kuusisto, 1981). Furthermore, northern lakes tend to warm more gradually during
summer and often maintain an extended hypolimnetic storage of cold water (Walker
& MacDonald, 1995). In contrast, within the Continentality Dataset and FBP TS,
the processes of lake warming and freezing are more closely linked to the geographical
position of the lake, which determines the duration of the cold season rather than to the
water depth itself. This suggests that while water depth can significantly influence
chironomid assemblages in certain climatic regions, its role may be modulated by
broader geographical and climatic factors.
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4.1.2 pH

In the eastern Baltic region, where alkaline lake waters are predominant, no significant
influence of pH on chironomid assemblages was detected. However, the influence of pH
recorded in the FBP TS and the Continentality Dataset (11.5% and 12.3%, respectively;
RDA) is higher than in previous studies, where it generally explained up to 4% of the
variation (Self et al., 2011; Kotrys et al., 2020). The most probable reason for this
difference is a broad range of bedrock types brought by the greater geographical scale
of these datasets. Thus, while Fennoscandian bedrock is mainly composed of acidic
granites, the alkaline limestones prevail in the eastern Baltic region and the European
part of Russia, and neutral to alkaline sandstones near the Ural Mountains.

4.1.3 Total phosphorus and dissolved oxygen

Total phosphorus concentration was the only significant environmental variable
identified for lakes in the eastern Baltic region. This finding has important implications
for contemporary lake ecology, highlighting that the effects of total phosphorus
variations on the lake invertebrate communities are detectable even within a small
subset of relatively undisturbed natural lakes. It was demonstrated that climate warming
increases lake total phosphorus concentrations (Jeppesen et al., 2009; Lucas et al., 2023).
This linkage suggests a heightened sensitivity of lake ecosystems, and invertebrate
bottom communities in particular, to ongoing climate-driven phosphorus dynamics.

In the FBP TS, oxygen accounted for 7.5% of the variation in RDA analysis, which is
higher than the 4.6% explained in the Finnish dataset alone (Luoto, 2009). This discrepancy
can primarily be attributed to differences in the number and variety of study sites across
the TSs. Verbruggen et al. (2011) reported that oxygen can explain up to 11% of the
variation in a dataset focusing on deep, stratified lakes, concluding that deep-water
oxygenation is a key factor influencing chironomid assemblages in such systems. However,
the FBP TS includes a considerable proportion of shallow lakes, where hypolimnetic oxygen
conditions have less influence on chironomid distributions.

4.1.4 Soil properties and bedrock

Soil properties are rarely discussed in the context of chironomid research. However,
the findings of Paper Il suggest their significant ecological importance. In the Continentality
Dataset, soil base saturation, as well as sand and clay content, were found to significantly
influence chironomid assemblages.

Barbiero et al. (2008) highlighted that variations in soil properties can lead to the
formation of lakes with different chemical characteristics, even under identical climatic
conditions. In general, the presence of a thick soil layer has a strong impact on water
chemistry (Kamenik et al., 2001; Kopacek et al., 2004).

The influence of soils in the lake catchment on water chemistry is primarily attributed
to alterations in the quantity and quality of terrestrial inputs (Bertolet et al., 2018),
particularly the organic carbon content in lake water (Nelson et al., 1990; Kortelainen,
1993; Brodersen & Anderson, 2002; Larsen et al., 2017). Also, soils may influence water
chemistry through erosion processes. It has been shown that soil erosion caused by
deforestation can dramatically reduce chironomid biodiversity (Zhang, Tang, et al.,
2013). In addition, soil parameters (base saturation, sand and clay content) influence a
lake’s ability to buffer acid deposition, thereby affecting pH values (Kahkonen, 1996;
Stumm et al., 1996; Houle et al., 2006; Larsen et al., 2017). In turn, the structure and total
biomass of chironomid communities are closely linked to the organic content in both lake
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water and sediments (Nyman et al., 2005; Jyvasjarvi et al., 2013; Luoto et al., 2016) and
pH, which is a well-known factor determining the distribution of chironomids (Orendt,
1999; Luoto, 2009).

Bedrock composition, though also seldom used in chironomid-focused studies, can
significantly influence a lake’s acid-neutralizing capacity (Brousseau et al., 1985; Kopacek
et al., 2004). Additionally, bedrock influences pelagic phosphorus availability, carbon
cycling, and metal concentrations (Hamilton et al., 2001) — all of which are factors to
which chironomids are highly sensitive, as discussed in the Chironomidae Ecology
chapter.

Therefore, soil properties and bedrock composition can indirectly shape chironomid
community structure by modulating water chemistry. Incorporating these environmental
variables may be especially valuable in ecological studies where extensive limnological
chemistry data are unavailable. In the case of the Continentality Dataset (Paper 1), the
relatively lower importance of the soil and bedrock data compared to July air T, ATR, or
KOI supports the hypothesis that chironomid distribution in this regional context is
primarily driven by climatic factors.

4.2 Chironomid assemblages distribution in respect to climate

4.2.1 JulyairT

All tested modern chironomid datasets — the Continentality Dataset (Paper II), the eastern
Baltic dataset and the FBP TS (Paper 1) — demonstrated a clear dependence on July air T.
Notably, even in the datasets with short temperature gradient, such as those in the
eastern Baltic and Continentality Datasets, the distribution of chironomid assemblages
was significantly explained by the July air T gradient. In the FBP TS, July air T emerged as
the primary explanatory variable, with explanatory power comparable to previously
published chironomid-based calibration sets (Larocque et al., 2001; Heiri et al., 2011;
Kotrys et al., 2020).

The taxon-specific July air T optima estimated for the FBP TS (Figure 7) were generally
consistent with those derived from the Swiss-Norwegian TS (Paper |). However, some
taxa exhibited warmer optima than Swiss-Norwegian ones. Discrepancies in temperature
optima estimation have also been observed in comparisons among Icelandic, Norwegian,
Polish, and Finnish TSs (Holmes et al., 2016; Luoto et al., 2019). Potential explanations
for these differences include: (1) the inability to distinguish certain taxa based solely on
larval head capsule morphology, which may lead to grouping species with varying
ecological preferences under a single morphotype (Brooks et al., 2007); (2) biogeographical
effects that influence chironomid communities by limiting species dispersal, reducing
competition, or promoting ecological isolation (Holmes et al., 2011); and (3) bottleneck
effects resulting from specific environmental conditions or disturbance events (van Kleef
etal., 2015).

Due to such complexities, the application of TSs beyond their regional boundaries is
generally discouraged (Juggins, 2013; Medeiros et al., 2022). Nevertheless, extra-regional
applications are common in practice. For instance, the Swiss-Norwegian inference model
has been applied to sites in Estonia (Heiri et al., 2014), Lithuania (Seiriené et al., 2021),
Slovakia (Hajkova et al., 2016), and Germany (Bolland et al., 2022). Similarly, the Swedish
chironomid TS (Larocque et al., 2001) has been used to reconstruct past temperatures in
Russian lakes (Andreev et al., 2005; E. A. llyashuk et al., 2005), while both North American
and Swedish TSs have informed reconstructions from sites in Italy (Larocque & Finsinger,
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2008) and Switzerland (Larocque-Tobler, 2010). Mostly, these reconstructions correspond
well with other palaeoclimatic proxy data, such as ice cores, pollen, and macrofossils.

To improve calibration set performance and extend their geographical applicability,
merging local and regional TSs is a commonly used approach (Holmes et al., 2011; T.
Luoto et al., 2019; Kotrys et al., 2020). Accordingly, the development of the merged FBP
TS in Paper | represents a critical step toward producing robust chironomid-based
temperature reconstructions for the eastern Baltic region.

The performance statistics of the FBP inference model compare well with existing
models (Larocque et al., 2001; Luoto, 2009; Heiri et al., 2011; Kotrys et al., 2020).
However, the absence of representation at the colder end of the July air T gradient
(< 12 °C) limits the model’s usage for reconstructing the colder phases of the late glacial
period. This shortcoming could be addressed by incorporating colder calibration sites,
such as those from northern Norway. Nonetheless, a key strength of the FBP TS lies in its
improved coverage of the warm end of the July air T gradient, thereby overcoming a
known limitation of the Finnish TS and enhancing the accuracy of reconstructions for
warm intervals of the Middle and Late Holocene, as well as for estimating past rates of
July air T change for comparison with modern trends.

4.2.2 Continentality and growing season duration

The chironomid assemblages from the Continentality Dataset revealed significant
dependency on GDD5, October and April air T, and ice-cover duration. Together with the
strong performance of July air T, it supports the interpretation of the incredible
importance of growing season warmth and duration for chironomid assemblages
composition. Previous studies showed that GDD5 significantly influences chironomid
assemblages (Lotter et al., 1997; Dieffenbacher-Krall et al., 2007). Also, it was shown that
interannual variations in spring warming (Lindegaard & Brodersen, 2000) together with
GDDs, can significantly affect swarming behaviour and the overall chironomid biomass
emerging from lakes (Hodkinson et al., 1996). Likewise, the relatively high explanatory
power of October air T implies that autumn processes such as water column mixing may
also shape chironomid communities.

In Paper Il, positive correlation between GDD5 and ice-cover duration was revealed.
This pattern can be explained by the geographic alignment of the sites along a narrow
latitudinal band following the ATR gradient. In this configuration, warmer summers are
typically associated with colder winters, resulting in extended periods of ice-cover.
Ice-cover has been shown to reduce dissolved oxygen concentrations in lakes, particularly
depending on the lake’s thermal regime (Golosov et al., 2007; Zdorovennova et al., 2021)
and lake productivity — in productive lakes, chironomids tend to experience more severe
hypoxia during colder periods with prolonged ice-cover (Lotter et al., 2002; Quinlan &
Smol, 2002; Heiri & Lotter, 2003; Brodersen & Quinlan, 2006). Thus, chironomid
assemblages revealed the response to ice-cover duration variations in previous studies
(Quinlan et al., 2005; llyashuk et al., 2015). In the study of (Granados & Toro, 2000)
the higher relative abundances of Chironomus were observed during colder years,
as extended ice-cover led to increased hypoxic stress that favoured Chironomus over
other chironomid taxa. Thus, the effect of continentality on chironomid assemblages can
be indirect through other climate factors, which affect the limnological characteristics of
the waterbody.

The main driver of chironomid communities change in the longitudinally distributed
Continentality Dataset was KOI, which was calculated based on ATR, October and April
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air T. Presence of the October and April air T in the formula highlights the importance of
the start and end of the growing season. The WA-PLS model performance was relatively
good, compared to the total KOI range in the Continentality Dataset (Paper Il). However,
the WA-PLS plot (Figure 11) reveals the gap between continental and transitional-oceanic
sites, indicating the need to equalize the proportion of each group. Also, the number of
sites in the Continentality Dataset (56) is comparably small to the vast geographic area it
spread across (Figure 2). Thus, to use the Continentality Dataset for creating inference
model for KOI reconstructions, its robustness needs to be increased by densifying the
dataset.

The FBP TS, spread across wide latitudinal space (Figure 2), also revealed a
considerable continentality gradient. However, the KOI gradient was much smaller than
the ATR one. Thus, this dataset’s continentality changes reflect more latitudinal winter
and summer temperature changes than the start and end of the growing season.
The number of taxa that were identified by INDVAL as characteristic for different
continentality groups in FBP TS is much higher than in the Continentality Dataset
(Figure 9, 10). In the Continentality Dataset, Glyptotendipes pallens-type, Neozavrelia,
and Microchironomus are placed in the continental group, while in the FBP TS, they
appear in the transitional group. This can be explained by the difference in datasets
design in terms of geographical span and usage of different continentality indexes. Thus,
taxa identified based on ATR in FBP TS are still very dependable on the July air T, while
the ones based on KOl in the Continentality Dataset are also influenced by the start and
end of the growing season. However, 23 taxa out of 42 ones identified as characteristic
for ATR groups in FBP TS, were not dependent on July air T (GAM-based, Paper ).
The model performance of ATR in FBP TS is close to that of July air T inference model.
Thus, in the absence of the specifically designed continentality-related TS, FBP TS can be
used to produce test reconstructions of ATR.

4.3 Validation of Lakes Nakri and Petrovskoe reconstructions

All conducted chironomid-based July air T reconstructions using WA-PLS and the FBP and
Swiss—Norwegian TSs showed similar performance (Table 2) and broadly reflected the
same climate patterns, including alignment with the GRIP (Rasmussen et al., 2023) or
GISP2 (Kobashi et al., 2011) ice core records.

Cladocerans and chironomids stored in Lake Nakri sediments revealed minor
environmental changes, which are not expected to shift the reconstructed July air T and
ATR values (Manuscript). The Lake Petrovskoe FBP TS-based reconstruction of July air T
can be disturbed by the natural and anthropogenic causes, which were indicated by the
increased proportions of submerged wood and vegetation and soil erosion chironomid
markers (Gymnometriocnemus, Parametriocnemus, Synorthocladius, Stenochironomus,
Stylocladius) in Late and Early Holocene. Pollen analysis of Lake Petrovskoe indicated the
enhance of anthropogenic activities, since 4.2 ka cal BP (Paper lll). Also, the sample density
between 4 and 10 ka cal BP in Lake Petrovskoe is low, which limits the interpretation of
specific climate events of this part of the core and allows only for the identification of
general trends.

The Swiss-Norwegian TS-based Lake Nakri reconstruction showed lower temperatures
and greater variability during the late glacial and Early Holocene than FBP TS-based one.
Such differences are well documented (Engels et al., 2014; Luoto et al., 2019) and are
mainly due to regional variation in chironomid temperature optima and identification
resolution differences. The Swiss-Norwegian TS includes a high number of cold climate
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related analogues and some morphotypes that are grouped to genera level (e.g.,
Dicrotendipes, Endochironomus, Cladopelma), while the FBP set separates them into
sub-genera groups. Though finer resolution increases misidentification risk, it can
improve model performance if consistently applied (Heiri & Lotter, 2010). However,
as both modern and fossil samples were identified using consistent keys and expert
comparison, the risks were minimized. Therefore, prioritizing the FBP TS-based model for
the Baltic lowlands due to its regional relevance is recommended.

Pollen-based reconstruction of Lake Nakri showed similar statistical performance as
chironomid-based but differed in late glacial and early Holocene, showing diverging
trends and timing — indicating warmer late glacial and delayed Early Holocene warming.
This likely reflects delayed terrestrial vegetation migration to formerly glaciated areas of
northern Europe (Véliranta et al., 2015; Rao et al., 2022; Zani et al., 2023) and the lack of
modern analogues for late glacial landcover in the present-day ecosystems (Magny et al.,
2000).

ATR reconstruction of Lakes Nakri and Petrovskoe using the FBP set yielded RMSEPyo0t
of 1.4 °C and 1.6 °C, respectively, which is a reasonable performance compared to the
given dataset’s range (18.6-27.7 °C). The reconstructed values in the case of both
lakes are similar, even though the modern ATR value of Lake Petrovskoe is higher
(more continental). Such discrepancy can be explained by the underrepresentation of
the continental sites in the FBP TS and underestimation of continental sites by the
WA-PLS model (Figure 11B). Due to all the uncertainties that are still presented in
chironomid-ATR relationships and in the absence of a specifically tailored TS, it is
preferable to discuss reconstructed ATR curves as trends rather than absolute values.

4.4 Highlights on the postglacial climate history of the eastern Baltic area

4.4.1 Late glacial (14 ka —11.7 ka cal BP)

Based on the previous studies, deglaciation of Estonia occurred approximately between
14.7 and 12.7 ka cal BP (Kalm et al., 2011; Lasberg & Kalm, 2013; Amon et al., 2016;
Hughes et al., 2016). The oldest sediments in the Lake Nakri record date to approximately
14.5 ka cal BP, capturing the period since the early ice melting.

Previous pollen-based studies have identified two major late glacial climatic phases in
the eastern Baltic region: the Bglling/Allergd warming and the subsequent Younger Dryas
cooling (Seppa & Poska, 2004; Laumets et al., 2014). Chironomid-based reconstruction
of Bglling/Allergd event in Lake Nakri exhibited temperatures around 16 °C, which was
slightly colder than the one from the more southern location in Kaliningrad area
(Druzinina et al., 2020). Thus, it is possible, that July air T during the Bglling/Allergd
period exhibited an increasing trend from north to south and with greater distance from
the ice sheet.
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Pollen-based reconstructions from Lake Nakri and other parts of the eastern Baltic
region (Veski et al., 2015) indicate a cool phase around 11.5-11 ka cal BP. However, other
proxy-based climate reconstructions (Stivrins et al., 2016; Druzhinina et al., 2020;
Seiriené et al., 2021), as well as chironomid-based reconstruction of Lake Nakri, place the
late glacial cooling episode between 12.7 and 11.7 ka cal BP. This discrepancy may be
due to delayed responses in terrestrial vegetation migration and the absence of modern
analogous, as discussed earlier.

Previously, the Younger Dryas was characterized mainly by cold winters, with summer
temperatures comparable to present-day conditions according to pollen-based studies
(Borisova, 1997; B. A. S. Davis et al., 2003). Theuerkauf & Joosten (2012) highlighted
uncertainties regarding the extent of winter cooling and the degree of continentality
during the Younger Dryas. The Younger Dryas period in Lake Nakri was marked by a drop
in July air T down to 13 °C, which supports other chironomid-based reconstructions across
Europe (Heiri et al., 2014). The chironomid-inferred ATR values in Lake Nakri exhibited
an increase trend from Bglling/Allergd towards Younger Dryas. This agrees with cryogenic
cave carbonate records from Great Britain (Tochterle et al., 2024), and climate model
simulations of Younger Dryas conditions (e.g., Renssen et al., 2001). Also, there is
evidence that the development of tundra biomes, typical for Younger Dryas in Norther
Hemisphere, may have been promoted by the enhanced continentality (Sher et al., 2003;
Kienast et al., 2008).

4.4.2 Early Holocene (11.7 ka — 8.2 ka cal BP)

Chironomid-based temperature reconstructions from Lake Nakri and Petrovskoe indicate
that July air T during the Early Holocene reached approximately 17.5-18 °C, which is the
same as today’s values (Figure 14). The ATR fluctuations at that period were
reconstructed as relatively small, exhibiting a steep decreasing trend from the previous
Younger Dryas stage. These stable and warm climatic conditions facilitated the transition
from tundra vegetation to boreal forest ecosystems, as reflected in the Lake Nakri and
Petrovskoe pollen record and supported by similar findings across the eastern Baltic
region (Amon et al., 2016; Poska et al., 2022). Around 8.5 ka cal BP, boreal forests were
replaced with temperate broad-leaved forests (Saarse & Veski, 2001; Niinemets &
Saarse, 2009; Poska et al., 2022). This transition was disrupted by the distinct cooling
event around 8.2 ka cal BP, which is clearly registered in vegetation records from the
eastern Baltic (Seppa & Poska, 2004; Niinemets & Saarse, 2009; Seppa et al., 2009;
Veski et al., 2015).

The 8.2 ka event is also detected in the chironomid record from Lake Nakri as a
temperature decline of roughly 1°C between 9.0 and 8.0 ka cal BP and a more
pronounced increase in ATR. In Lake Petrovskoe this event is almost not captured by the
July air T curve, only by the ATR one. This can be explained by the low sampling density
in Early Holocene part of the core as well as the special importance of ATR changes during
9.0-8.0 ka cal BP event.

Pollen-based reconstructions generally identify 8.2 ka event as a brief cooling episode
(Heikkila & Seppa, 2003; Veski et al., 2015), while chironomid records from southern
Finland and central Poland suggest a more prolonged summer cooling period that began
around 9.0 ka cal BP (T. P. Luoto et al., 2010; Ptéciennik et al., 2011). Furthermore,
Mayewski et al. (2004), drawing on global multi-proxy data, interpret the 9.0-8.0 ka cal
BP interval as a partial climatic regression toward glacial conditions. This could lead to
the regrowing of ice sheets, one of the causes of the increase in continentality
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(Boulton & Hagdorn, 2006). Evidence from western Ireland, based on phosphorus levels
in speleothem calcite, suggests a rise in temperature seasonality during the 8.2 ka event
(Baldini et al., 2002). Additionally, studies have reported increased seasonal precipitation
variability and pronounced dry events across the Northern Hemisphere between 9 and 8
ka cal BP (Shuman, 2012; N. Andersen et al., 2017). These climatic anomalies are believed
to have been triggered by a weakened Atlantic Meridional Overturning Circulation,
reduced summer insolation, and the cooling impact of volcanic aerosols (Mayewski et al.,
2004; Carlson et al., 2008).

4.4.3 Middle Holocene (8.2 ka — 4.2 ka cal BP)

The Middle Holocene was marked by a generally warm and stable climate with the
chironomid-inferred July air T of 17.5-18.5 °C both in Lakes Nakri and Petrovskoe. This
period is often referred to as the Holocene Thermal Maximum, during which temperate
broadleaved forests became well-established in the eastern Baltic region, as indicated by
pollen records (Paper Ill, Manuscript). Despite this overall climatic stability, chironomid-
based temperature reconstruction from Lake Nakri revealed minor summer cooling
episodes of approximately 0.5—1 °C occurring around 7.5-7.0 ka and 6.5-5.5 ka cal BP,
which coincide with slight ATR fluctuations. These episodes were not visible in the Lake
Petrovskoe record due to the low density of the sampling; however, fluctuations in ATR,
similar to Lake Nakri ones, were presented.

A cooling event around 7.5-7.0 ka cal BP is evident in chironomid data from southern
Finland (Luoto et al., 2010; Figure 15), although this signal is not detected in local
pollen-based reconstructions. Evidence from pollen records in Sweden points to winter
cooling and an increase in continentality around 7.0 ka cal BP (Seppé et al., 2005),
suggesting a possible seasonal asymmetry in climate change during this period.

The cooling interval between 6.5 and 5.5 ka cal BP is supported by both pollen and
chironomid data from northern Belarus, eastern Latvia, and southern Finland (Luoto
et al., 2010; Veski et al., 2015; Figure 15). Comparable cooling episodes have also been
identified in marine and terrestrial records from the North Atlantic and central Europe
(O’Brien et al., 1995; Oppo et al.,, 2003; Magny & Haas, 2004; Moros et al., 2004;
Vollweiler et al., 2006). According to Marsicek et al. (2018), the average summer
temperature decline around 5.5 ka across Europe and North America was estimated at a
minimum of 0.5 °C.

The most plausible explanation for these cooling events is a reduction in solar activity,
particularly a decline in summer insolation resulting from orbital forcing (Mayewski
et al., 2004; Shuman, 2012). This decrease in insolation likely led to broader climate
system responses, including reduced mid-latitude temperatures, altered El Nifio-Southern
Oscillation frequency, intensification of the westerlies over the North Atlantic and
Siberia, glacier advances, treeline shifts in Scandinavia (Clement et al., 2000; Liu et al.,
2000; Harrison et al., 2003; Braconnot et al., 2004; Mayewski et al., 2004; Shin et al.,
2006; Liu et al., 2007). These climatic perturbations have been interpreted as a complex
and hierarchical system response to peak rates of orbital insolation change (Shuman,
2012).
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4.4.4 Late Holocene (4.2 - 0 ka cal BP)

The commonly accepted border of the Middle Holocene (4.2 ka cal BP) did not exhibit any
specific climate of vegetation change events either in Lake Nakri or in Lake Petrovskoe.
After approximately 4.0 ka cal BP, the eastern Baltic region underwent significant
anthropogenic transformation, most notably through widespread deforestation. This land
use facilitated the development of mixed boreal forests, replacing late-successional
temperate tree species with early-successional taxa (Niinemets & Saarse, 2009; Poska
et al., 2022). Chironomid-based reconstructions of Lakes Nakri and Petrovskoe indicate
relatively stable July air T around 17-18 °C throughout the Late Holocene, with a slight
warming of about 0.5 °C around 1.0 ka cal BP. This warming phase was followed by a
subsequent cooling 0.5 °C, reflecting the climatic progression from the Medieval Warm
Period to the Little Ice Age (Diaz et al., 2011; Ptéciennik et al., 2011). Comparable climatic
patterns are evident in pollen records from eastern Latvia and Southern Finland (Heikkila
& Sepp4, 2003; Luoto et al., 2010; Veski et al., 2015; Figure 15).

The chironomid-inferred reduction of ATR was indicated since 2.0 until O ka cal BP,
with Lake Petrovskoe exhibiting more drastic decrease than Lake Nakri. This is consistent
with increased moisture availability in Southern Finland around 0.5 ka cal BP (Seppa et
al., 2009) and general estimation of snowy winters and periodic cool, humid summers
across Europe (Jones et al., 2014). These climatic shifts promoted positive glacier mass
balances and widespread glacier advances across the Northern Hemisphere (Steiner
et al., 2008; Solomina et al., 2015). The cooling during the Little Ice Age likely resulted
from a combination of reduced summer insolation (Wanner et al., 2008) and frequent
volcanic eruptions, which introduced aerosols into the atmosphere and suppressed
summer temperatures (Owens et al.,, 2017). Additional contributing factors include
increased surface albedo due to deforestation and enhanced sea-ice export from the
Arctic, which may have further amplified regional cooling (Miles et al., 2020).
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5 Conclusions

This thesis presents the first systematic study of modern chironomid assemblages from
the eastern Baltic area and the eastern European part of Russia. The collected data
formed the basis for developing a new regional FBP TS (Paper I) and a Continentality
Dataset (Paper Il). The FBP TS was used to reconstruct July air T and ATR throughout the
entire postglacial period at two sites in the eastern Baltic area. The Continentality
Dataset was used to examine the relationships between chironomid assemblages and
continentality.

In the case of the latitudinally distributed FBP TS, July air T emerged as the primary
factor influencing the distribution of chironomid assemblages. The strengths of the FBP
TS include its geographic and climatic continuity, modern analogues covering the full
range of expected postglacial temperature changes in the eastern Baltic region, and the
representation of climatic and environmental conditions typical for eastern Baltic
lowlands. The excellent WA-PLS performance values of the FBP inference model indicate
that it currently provides the most reliable July air T reconstructions available for the
Eastern Baltic region, adding an independent climate parameter and supporting the
validity of chironomids as proxies for these environmental parameters.

In the longitudinally distributed Continentality Dataset, KOl explained the most
variation within observed variables among tested continentality-related indexes.
Performance of the Continentality Dataset within the KOI-based WA-PLS model suggests
that chironomids hold potential as indicators of continentality. Paper Il statistically
confirmed that continentality, expressed in KOI, affects chironomid assemblages
primarily through factors such as the timing and length of the growing season, the
presence and duration of ice-cover, and the intensity of summer warmth. The Paper Il
findings emphasize the importance of developing targeted TSs tailored to specific
environmental parameters to enable reliable reconstructions.

Chironomid assemblages from FBP TS also explicit dependency from continentality
expressed as ATR, which increases from coastal areas towards inland in Finland and the
eastern Baltic area. The number of sites included in FBP TS and performance statistics of
the produced ATR inference model (Manuscript) allows for use in palaeoclimate
reconstructions.

The chironomid-based reconstructions of July air T and ATR for Lakes Nakri and
Petrovskoe (Paper lll) correspond well with major event stratigraphy from previously
published data. However, our results highlight the discrepancies between pollen- and
chironomid-based reconstructions and differences arising from using different TS.
Conducted reconstruction of Lakes Nakri (Manuscript) and Petrovskoe demonstrated
that chironomid-based and pollen-based reconstructions of July air T during the
Holocene generally exhibit consistent patterns. Nonetheless, notable discrepancies
occur during the Younger Dryas and the early Holocene warming phases, likely due to
the lack of modern analogues in modern vegetation communities. Chironomid-inferred
July air T indicate relatively warm conditions during the Bglling-Allergd period, followed
by a cooling phase during the Younger Dryas. An increase in ATR accompanied this
cooling. During the Holocene, climate conditions appear to have been relatively stable in
temperature and ATR reconstructions, punctuated by several minor cooling events of
approximately 0.5-1 °C. These occurred around 8.0-9.0 ka cal BP, 7.0-7.5 ka, 6.5-5.5 ka
cal BP, and around 0.5 ka cal BP. The ATR revealed an increase during the 8.0-9.0 ka cal
BP cooling event and a decrease since 2.0 ka cal BP until nowadays.
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The above-listed findings enhance our understanding of chironomid ecology and
provide valuable insights into how ecosystems in the Eastern Baltic region have
responded to past climate shifts in this previously understudied area. This knowledge
helps to contextualize potential future environmental changes under ongoing global
warming.
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significance in the corresponding zone based on INDVAL. The background is coloured
according to the KOI: continental (green) for KOI < 0, transitional (coral) for KOI 0-10,
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Figure 11 Diagnostic plots of cross-validated estimates and prediction residuals
compared with observed values of (A) July air T-based and (B) ATR-based two-
component WA-PLS models for the FBP TS, and (C) KOI-based two-component WA-PLS
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Figure 12 Chironomid morphotypes diagram of the selected taxa from Lake Nakri
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Figure 13 Chironomid morphotypes diagram of the selected taxa from Lake Petrovskoe
(Paper Ill). Chironomid morphotypes with abundances in the dataset of at least 2% in one
sample were included. The pink colour indicated erosion and submerged wood indicative
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Figure 14 WA-PLS July air T (°C) and annual temperature range (°C) reconstructions from
(A) Lakes Nakri and (B) Petrovskoe. Dotted line indicates modern values. Orange line
indicates pollen-based July air T reconstruction; grey line indicates chironomid-inferred
July air T reconstruction based on Swiss-Norwegian training set (SN TS); green line
indicates July air T chironomid-inferred reconstruction based on FBP TS; pink line
indicates ATR range reconstruction based on FBP TS.......ccoocveiverenesnceneseene e seeeneens 37
Figure 15 July air T (°C) reconstructions of Lakes Nakri and Petrovskoe together with
other records from the Baltic area and Greenland Ice Core Project (GRIP) isotopes curve.
The green lines represent pollen-based reconstruction, the blue lines represent
chironomid-based reconstruction, grey line represents iSOtopes.......c.cccoeevereerererererenenn 44
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Abstract

Postglacial climate change in Eastern Europe: focus on
Chironomid-based reconstruction of summer temperatures
and continentality

The current PhD thesis investigates the use of fossil Chironomidae (non-biting midges) as
bioindicators for reconstructing past climatic conditions, specifically mean July air
temperature (T) and continentality. In the scope of the thesis, two chironomid-based
inference models were developed and applied to two palaeosediment sequences in the
understated in terms of Eastern Baltic and nearby areas to enhance our understanding
of late Quaternary climate variability and ecosystem responses.

The first component of the study introduces a new Finno-Baltic-Polish (FBP)
chironomid training set (121 lakes), extending the geographic and climatic coverage of
July air T-based reconstructions into the eastern Baltic lowlands. Canonical correspondence
analysis revealed the strong influence of July air temperature 9.1% on chironomid
assemblages distribution. Cross-correlated weighted averaging-partial least squares
chironomid-July air T inference model revealed the robust performance values with
RMSEPyo0t = 0.7 °C, thus reinforcing the reliability of chironomid-based temperature
reconstructions in previously underrepresented regions.

Further, the ecological relevance of continentality as a driver of modern chironomid
distribution was evaluated across longitudinally distributed 51 lakes in the East European
Plain and southern Scandinavia, as well as in the FBP training set. The results
demonstrate that chironomid assemblages exhibit clear responses to continentality
gradients. Notably, the Kerner Oceanity Index revealed the highest explanatory power
(18.4%) in the longitudinal continental dataset, whereas the annual temperature range
(ATR) was the most critical continentality-related variable in the FBP training set (11%).

The final component of the thesis includes the application of the July air T and ATR
chironomid-inferred models on the late glacial and Holocene fossil chironomid
assemblages of the Lake Nakri in southern Estonia (14.5 ka years-long record) and Lake
Petrovskoe in western Russia (10 ka years-long record). The results identify major climate
events such as the Younger Dryas, as well as minor ones, e.g., 9.0-8.0 ka, 7-7.5 ka, and
5-5.5 ka cold events.

Together, these studies advance the methodology and spatial applicability of
chironomid-based palaeoclimatic reconstructions. The findings contribute to a deeper
understanding of long-term climate dynamics in Eastern Europe and offer valuable tools
for future assessments of climate change impacts in sensitive freshwater ecosystems.
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Lihikokkuvote

Parastjddaja kliimamuutus Ida-Euroopas: fookus
Hironomiidide-pohisele suvetemperatuuride ja
kontinentaalsuse rekonstruktsioonile

Kaesolev doktoritoo uurib subfossiilsete hironomiidide (Chironomidae e. surusaasklased)
kasutamist bioindikaatoritena mineviku kliimatingimuste, eriti juuli keskmise
Ohutemperatuuri (MJAT) ja kontinentaalsuse rekonstrueerimisel. T66 raames tootati
vdlja kaks surusddskedel pohinevat jareldus-mudelit mida saab rakendatada seni
paleotkoloogiliselt vaheuuritud aladel Baltimaades ja Ida-Euroopa lauskmaa ldaneosas.
Et parandada meie arusaamist nende alade paérastjddaegse kliima muutlikkusest
rakendati neid mudeleid kahe péarastjddaegse settejarjestuse pdhjal klimaparameetrite
rekonstrueerimiseks.

Uurimistod esimene osa tutvustab uut Soome-Balti-Poola (FBP) surusaddskede
andmebaasi (121 jarve sette pinnaproovid), mis laiendab MJAT-i (juuli keskmine
6hutemperatuur)  rekonstruktsioonide  geograafilist ja  klimaatilist  katvust
Baltimaadesse ja nende lahiimbrusesse. Kanooniline korrespondentsanalililis naitas
juuli S8hutemperatuuri tugevat moju (9,1%) surusdaskede koosluste jaotusele.
Kaalutud keskmistamise osalise vahimruutude meetodil koostatud surusadskede pdhise
MJAT-jareldus-mudeli statistiline veahinnang oli madal (RMSEPy..t = 0,7 °C), kinnitades
seega surusdaskedel pdohinevate temperatuurirekonstruktsioonide suurt statistilist
usaldusvaarsust ka selles varem vahemuuritud piirkonnas.

Kontinentaalsuse ©koloogilist tahtsust kaasaegsete surusddskede koosluste
kujundajana hinnati nii piki Ida-Euroopa lauskmaad ja Skandinaavia IGunaosa paikeval
ida-ldanesuunalisel transektil 51 jarvest kogutud andmete, kui ka eelkirjeldatud FBP
andmebaasi pohjal. Tulemused néitavad, et surusdaskede kooslused reageerivad selgelt
kontinentaalsuse muutustele. Kerneri okeaansusindeks oli ida-ladnesuunalises
andmestikus suurim muutuste selgitusjéud (18,4%), samas kui FBP andmebaasis oli kdige
olulisem kontinentaalsusega seotud muutuja aastane temperatuurivahemik (ATR) (11%).

T66 viimane osa hdlmab surusdaskedel pdhinevate mudelite rakendamist MJAT ja ATR
rekonstrueerimiseks hilisjddaja ja Holotseeni fossiilsete surusaiskede kooslustele Louna-
Eestis asuvas Nakri jarves (viimased 14,5 tuhat aastat) ja Lddne-Venemaal asuvas
Petrovskoe jarves (viimased 10 tuhat aastat). Tulemused nditavad nii suuremaid
kliimasiindmusi nagu noorema Driiliase aegne jahenemine, aga ka vaiksemaid siindmusi,
naiteks 9-8, 7-7,5 ja 5-5,5 tuhat aastat tagasi esinenud kilmemad perioodid.

Kokkuvottes arendavad need uuringud surusdaskedel pdhinevate paleokliima
rekonstruktsioonide metoodikat ja ruumilist rakendatavust. Tulemused aitavad
sivendada arusaamist Ida-Euroopa pikaajalisest kliimadinaamikast ning annavad
vaartusliku tooriista tulevaste kliimamuutuste mdéju hindamiseks tundlikes magevee
Okoslsteemides.

74



Appendix 1 (Paper )

Bakumenko, V., Poska, A., Ptéciennik, M., Gasteviciene, N., Kotrys, B., Luoto, T.P.,
Belle, S. and Veski, S. (2024). Chironomid-based inference model for mean July air
temperature reconstructions in the eastern Baltic area. Boreas, 53(3), pp. 401-414. doi:
10.1111/bor.12655
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Table 4. Results of CCAs of the different parts of the Finno-Baltic—Polish and Swiss—Norwegian full dataset (Heiri ez al. 2011) TSs set with mean
July air temperature as an explanatory variable. The number of sites, variability explained by the environmental factor, p-values and /1:42 ratio are
provided for each subset and combinations of these. MJAT = mean July air temperature.

Training set

Polish—Baltic (Polish; Baltic) Finnish Finno-Baltic—Polish Swiss—Norwegian
Number of sites 44 (9; 35) 77 121 265
Total taxa included 82(53;77) 79 101 154
Unique taxa for the component (%) 26.8(0;9.1) 24.0 - 100
Variance explained by MJAT (°C) (%0) 6.3(—5.4) 9.6 9.1 5.6
p-Value 0.001 (0.45;0.048) 0.001 0.001 0.001
Al1:A2 0.39 (- 0.37) 1.37 1.37 1.13
MIJAT (°C) 17.2-19.2(18.4-19.2; 17.2-18.4) 12.1-17.5 12.1-19.2 3.5-18.4
'RDA-based.

Brooks et al. 2007). For instance,
Norwegian—Polish TS (Kotrys et al. 2020), it explains
3.85%, and in the TS from Russia (Self ez al. 2011), it

Abundance (%)

in the Swiss—

explains 3.8%. In the Finno—Baltic—Polish TS, pH is the
second most significant factor, although in the eastern
Baltic part of the TS, pH does not explain the
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Fig. 5. Distribution of taxa with a significant relationship with temperature and abundances >2% in the Finno-Baltic—Polish TS. The lines are
calculated by loess smoothing over the whole TS.
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Table 5. Weighted averaging—partial least squares cross-validated
models based on the Finnish and Finno-Baltic-Polish TS error
statistics. Values are based on bootstrapping with 9999 bootstrap
cycles except for the RMSE, which represents non-cross-validated
values. Outliers and the least abundant taxa (max abundance under 2%)
were excluded before calculating the inference model. RMSE = root
mean square error; RMSEP = root mean square error of prediction;
WA-PLS = weighted averaging—partial least squares.

Training set Finnish Finno—Baltic—Polish

WA-PLS components 1 2 3 1 2 3

RMSE (°C) 06 05 04 08 06 0.4
RMSEP (°C) 08 08 08 09 07 0.7
Maximum bias °C) 0.8 1.1 04 12 04 0.3
Average bias (°C) 0.01 0.00 0.01 —0.01
R? 08 09 09 08 09 0.9

chironomids distribution significantly. The pH ranges
between 4.5 and 8.9 in the eastern Baltic lakes, with only
three lakes having pH values lower than 7 and 32 lakes
having pH values of 7-8.9. Thus, ecastern Baltic
Chironomidae communities reflect the changes within
1.9 pH units; however, adding the alkaline eastern Baltic
sites to the more acidic Finnish ones increases the
influence of the pH variable from 2.4% (CCA-based;
Luoto 2009) to 7.2% (CCA-based). Sampling depth
explained 2.4% of the variation in the Finnish TS and
increased to 3.0% after merging with eastern Baltic
and Polish lakes. The increase in the explanatory power is
the result of adding lakes with depths of 10-21 m,
whereas the deepest lake in the Finnish TS is 9 m.
Based on the GAM, among 44 taxa that had a mean
abundance higher than 2% in the northern boreal,
southern boreal or temperate parts of the TS
(Table S2), 30 morphotypes revealed significant MJAT
dependency (Fig. 5). Thus, the estimated taxa groups and
their proportions can be considered characteristic
features for the corresponding biogeographical zones.

WA-PLS cross—validation
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Dominant MJAT-dependent taxa in the eastern Baltic
and Polish sites (17.5-19.2 °C) (C. plumosus type, D.
nervosus type, Tanytarsus pallidicornis type, Polypedilum
sordens type, Cladopelma lateralis type, G. pallens type, P
nubeculosum type, C. mancus type, C. lateralis type and
Constempellina—Thienemanniola) were also considered
warm-related in the Polish, Swiss—Norwegian, Canadian
and northern America TSs (Walker er al. 1997; Heiri
et al. 2011; Kotrys et al. 2020; Medeiros et al. 2022).
Chironomus plumosus type, C. lateralis type, P. sordens
type and G. pallens type have rare findings in the northern
boreal part of the TS; however, they increase their
abundance when the MIJAT is warmer than 16 °C.
Dicrotendipes nervosus increases its abundances above
17 °C. Tanytarsus pallidicornis type as well as C. mancus
type appear in all parts of the Finno—Baltic—Polish TS,
although they tend to increase in abundance from 16 to
19.1 °C. Polypedilum nubeculosum type, which has always
been reported as a warm-related taxon (Heiri ez al. 2011;
Medeiros et al. 2022), has two peaks of distribution
according to GAM (Fig. 5)-one at approximately 14.5 °C
and another at approximately 18 °C — which could be
explained by the occurrence of different species included in
the type or by the presence of compensatory ecological
factors in the northern boreal zone of the Finno—Baltic—
Polish TS. Also, the P. nubeculosum type includes many
species, whose subfossils cannot be separated from each
other; it is possible that peaks represent two different
species — one dominating in the northern boreal zone of
MIJAT gradient and another dominating in the temperate
Baltic—Polish range of the TS. The Constempellina—
Thienemanniola morphotype revealed MJAT optima of
approximately 18.3 °C, with 16.2% variance explained,
thus the type can be considered as warm-adapted in the
Finno—Baltic—Polish TS. This is confirmed by the Swiss—
Norwegian—Polish TS when it appears in many warm lakes
of northern Poland. Neozavrelia has been described as a
stenotherm taxon distributed in calcareous waters
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(Ekrem 2006; Brooks et al. 2007). In the Finno—Baltic—
Polish TS, Neozavrelia shows a strong positive relationship
with MJAT and is mainly found in calcareous waters, which
is in good agreement with Brooks ez al. (2007). Procladius
appears over the whole Finno-Baltic—Polish TS, with a
broad distribution, which can be explained by the low
identification resolution and the existence of regional
morphotypes with different climatic optimums. The same
observation was made within the study from Russia (Self
et al. 2011), where Procladius had been considered a
cosmopolitan taxon. Chironomus plumosus type, C. later-
alis type and T. glabrescens type, although present in the
temperate and southern boreal biogeographical zones,
have significant positive correlations with a MJAT only in
the temperate part of the Finno—Baltic—Polish TS. These
taxa also seem to be related to secondary environmental
variables along their distribution. For example, C. plumo-
sus type has a strong negative relationship with dissolved

oxygen concentrations, which agrees with studies by Little
& Smol (2000) with ecological data that indicate that the
taxon is related to low oxygen concentrations. Limnophyes
and C. ambigua type revealed MJAT dependency in the
southern and northern boreal zones respectively but not on
the scale of the whole Finno—Baltic—Polish TS. Limnophyes
has a significant MJAT relationship in the southern boreal
zone of the TS and does not have any dependencies with
secondary environmental gradients, so the pattern of its
distribution must be clarified in future research. Previously,
Limnophyeswas described as a MJAT-related species and a
possible indicator of water level fluctuations (Brooks
et al. 2007), and a negative correlation with water depth
was found (Selfer al. 2011). The distribution of C. ambigua
type revealed two MJAT optima in the Swiss—Norwegian—
Polish TS (Kotrys et al. 2020), which together with findings
in the current study, can be the basis for considering the
presence of different cryptic species inside the type.
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Fig. 7. The WA-based July taxa optima calculated in Finno—Baltic—Polish and Swiss—Norwegian TSs.
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Inference model cross-validation and taxa MJAT optima
estimations

The cross-validation performance of the Finno—Baltic—
Polish TS is slightly better compared with the Finnish TS
(Table 5; 0.7 and 0.8 of RMSEP ( °C) respectively).
Furthermore, the RMSEP, obtained from the Finno—
Baltic—Polish WA-PLS model is comparably smaller
than some of the other widely used TSs. For instance, the
North American TS exhibited an RMSEP of 1.93 (Fortin
et al. 2015) and the Swiss—Norwegian TS revealed an
RMSEP of 1.4 (Heiri et al. 2011).

For most WA-based morphotypes, their MJAT
optima are situated in the biogeographic zones, where
their distribution is significant. Thus the calculated
optima values are expected to be reliable. Generally,
optima for the same taxa, calculated based on the Finno—
Baltic—Polish TS, are warmer than those calculated using
the Swiss—Norwegian TS (Fig. 7). Some taxa revealed the
same MJAT optima regardless of TS origin (Glyptoten-
dipes, P. sordens type, Stempellina, Tanytarsus lactescens
type, Pseudochironomus). Endochironomus albipennis
type, C. plumosus type and C. scutellata type MJAT
optima in Finno—Baltic—Polish TS are within the error
bars of those in the Swiss—Norwegian TS, e.g. exhibiting
similar but narrower distribution areas. These morpho-
types have a very low abundance or are absent in the
Finno-Baltic-Polish TS sites with MJAT <16 °C.
However, the same taxa revealed a more cold-adapted
distribution pattern, appearing in sites with <14 °C
MIJAT in the Swiss—Norwegian TS, especially in the
Swiss part of it (Heiri ez al. 2011). The broader difference
can be related to geographic position-, climate- or
environment-driven differences (elevation, bedrock
acidity, climate continentality, etc.) in the Swiss Alps
and Finno—Baltic—Polish areas. Endochironomus impar
type, P. septentrionalis type, T. lugens type, Pagastiella
and Ablabesmyia exhibited optima with the intersecting
error bars in the tested TSs. Considering that in the
Finno—Baltic—Polish TS these taxa revealed quite a
cosmopolitical distribution pattern (Fig. 5), we conclude
that the same pattern is apparent in the Swiss—
Norwegian TS. The most pronounced differences in
optima are observed for taxa that were identified on a
lower taxonomic level (e.g. Procladius, Dicrotendipens,
Chaetocladius, Microchironomus, Stempellinella, Smit-
tia) and can include species with different climatic
preferences, thus leading to the mismatch of the optima
in two tested TSs even within the error bars. This aligns
well with the study of Heiri & Lotter (2010), which stated
that the chironomid-based TSs with the high taxonomic
resolution have the smallest RMSEP.

The absence of the cold (<12 °C) part of the MJAT
gradient in the Finno—Baltic—Polish TS makes it
impossible to reconstruct the colder phases of the
Lateglacial climate. This could be handled by further
adding colder sites, e.g. northern Norwegian ones. The

BOREAS

advantage of the new Fino-Baltic—Polish TS is in
providing warmer modern analogues, which fixes the
issue of the warm end of the gradient in the Finnish TS.
This statistical issue mentioned previously (Heiri et al.
2011) appears because of the lack of warm analogues and
results in inferred July temperature overestimation.
Having adequate warm analogues from the eastern
Balticis beneficial in reconstructions of the warm periods
of the Middle and Late Holocene along with estimations
of the previous July temperature change rates, which can
be compared and discussed with modern ones.

Conclusions

Theeastern Baltic TS contributes new information about
Chironomidae taxa distribution patterns in the under-
studied Baltic region. The modern assemblages improve
considerably the statistical performance of the inference
model of July temperature when merged with other TSs
from the region. Thus, building the Chironomidae TS
representative of the environmental conditions of the
study area is an important prerequisite for high-quality
chironomid-based palacoenvironmental reconstruc-
tions. The advantages of the Finno—Baltic—Polish TS
are geographic and climatic continuity and the presence
of warm modern analogues.

The MJAT and water phosphorus content were the
only statistically significant environmental variables
among the other tested ones (pH, water depth and
dissolved oxygen level) which explained a Chironomidae
distribution in the eastern Baltic TS. Thus, the MJAT
range of approximately 2 °C asin the eastern Baltic TS is
already sufficient to find significant MJAT—Chironomi-
dae relationships. The MJAT had the highest explana-
tory power in the regional Finno—Baltic—Polish TS.

The differences in estimated Chironomidae
distribution—-MJAT optima in the Finno—Baltic—Polish
and Swiss—Norwegian TSs highlight the importance of
the TS selection. The differences can be attributed to the
temperature range represented by the TS, taxonomic
identification level, general cosmopolitan taxa distribu-
tion pattern and the influence of geographic position-,
climate- or environment-driven differences. These results
suggest that further tests are needed to investigate the
impact of Chironomidae TS taxonomic composition
and biogeographic origin on palaeotemperature
reconstructions.
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