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Introduction 
Humans have reshaped landscapes, habitats, and the climate for millennia, and this 
process has only accelerated since the Industrial Revolution (Ellis & Ramankutty, 2008; Ellis 
et al., 2013; Ruddiman et al., 2020; Steffen et al., 2015). The result is an ever-changing 
mosaic of agricultural, urban, forested, and aquatic environments, each exposed to 
varying intensities of anthropogenic pressure. Within this shifting planetary scene, lakes 
have been of notable importance for human societies throughout history. Early human 
settlements were closely connected to water bodies and were often established near the 
lake shores (Makohonienko et al., 2023; Meadows & Zunde, 2014; Tóth et al., 2019). 
In addition to the practical services lakes might have provided, they have also been 
influential as cultural and religious inspiration for pagan cultures in Europe (Hiiemäe, 
2024; Mustonen & Huusari, 2020). Today, lakes continue to support human societies by 
supplying drinking water, food, and recreation opportunities (Reynaud & Lanzanova, 
2017). At the same time, they remain indispensable ecological systems, providing habitat 
for diverse communities of fish, invertebrates, aquatic plants, and many other species 
groups (O’Sullivan & Reynolds, 2004). Despite the economic, ecological, and cultural 
importance of lake ecosystems, they are currently under threat from a multitude of 
stressors. These include eutrophication (Le Moal et al., 2019), salinization (Kaushal et al., 
2021), acid deposition (Battarbee, 1990), and pollution with xenobiotics (such as heavy 
metals, microplastics, pesticides, etc.) (Amoatey & Baawain, 2019; Barone et al., 2024), 
as well as brownification (Williamson et al., 2016), climate warming (Woolway et al., 
2020), and expansion of invasive species (Reynolds & Aldridge, 2021). Furthermore, 
many lakes are under several of these pressures, which can often interact with each 
other in complex ways (Moss et al., 2011; Radosavljevic et al., 2022; Smol, 2010). 

Paleolimnology is a scientific discipline that utilizes physical, biological, and chemical 
information stored in the sediments of lakes, reservoirs, etc. to reconstruct past 
environmental conditions. Paleolimnological records provide valuable insights into past 
climatic conditions, landscape changes, and different types of stressors that have 
affected the lake ecosystems (Elias, 2025). This is information that most monitoring 
programs cannot provide due to their comparatively brief (a few decades maximum) 
observation time frames (Smol, 2019). The knowledge of past conditions is crucial for 
setting adequate lake restoration targets, evaluation of natural lake variability, as well as 
for predictions of the potential future development of lake ecosystems (Anderson  
et al., 2006; Bennion et al., 2011; Catalan et al., 2013). Furthermore, investigations of 
sedimentary records can enhance the understanding of contemporary species diversity 
within water bodies (Nevalainen, 2010; Tumurtogoo et al., 2022) and help to evaluate 
the success of restoration efforts and lake recovery (Smol et al., 1998). 

Subfossil Cladocera, the chitinous remains left behind in the lake sediments by 
different Cladocerans, can be used as a proxy for assessing temperature, water level, 
trophic state, pH, electrical conductivity, as well as fish and macrophyte abundance of 
the past (Jeppesen et al., 2001; Rautio & Nevalainen, 2025). Furthermore, subfossil 
Cladocerans can be used to evaluate anthropogenic impacts and natural changes in the 
environment throughout the Holocene (Davidson et al., 2011a; Szeroczyńska, 2002). 
However, the methodology is not without its caveats, many of which overlap with other 
proxies used in paleolimnology. Environmental reconstructions using subfossil Cladocera 
could be classified as either descriptive (qualitative and semi-quantitative) or quantitative. 
For descriptive reconstructions, information on the ecology of each observed species is 
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needed. This information is often obtained from literature focusing on contemporary 
Cladocera ecology (for example, such books as Flössner, 2000). However, not all Cladocera 
species have received equal attention in the research of limnology (Smirnov, 2017), and 
paleolimnological samples often contain higher diversity of littoral taxa than contemporary 
ones (Çakıroğlu et al., 2014; García-Girón et al., 2018; Nevalainen, 2010; Tumurtogoo et al., 
2022). An alternative approach that solves this issue is the development of surface 
sediment training sets. Such training sets can be used to evaluate the correlations between 
Cladocera species and the environment, and to develop transfer functions for quantitative 
environmental reconstructions. In an ideal scenario, a surface sediment training set should 
encompass the regional variability of all the relevant environmental parameters. 
Furthermore, these parameters should be independent of each other (Birks et al., 2012; 
Juggins, 2013). This is rarely achieved, as researchers often maximize the training set’s 
coverage on a single parameter of interest, which can lead to result misinterpretation 
(Davidson & Jeppesen, 2013; Velle et al., 2012), especially if the changes have occurred in 
multiple environmental parameters. The commonly used transfer function methods, such 
as Weighted Averaging Partial Least Squares (WA-PLS), have certain data distribution 
assumptions (Birks et al., 2012; Turner et al., 2021). Therefore, it might be a difficult task to 
build a training set with sufficiently covered and independent gradients across multiple 
parameters. This issue might be tackled by choosing more advanced machine learning 
methods such as random forest (RF) or Boosted Regression Trees (BRT), which do not have 
a priori assumptions of the data distribution or species response (Birks et al., 2012). 
However, these methods might not be suitable for small datasets (Elith et al., 2008). 
Independent of the preferred method, additional uncertainties can arise based on the chosen 
taxonomical resolution and measurement errors (Birks et al., 2012; Turner et al., 2021). 

During this research, a subfossil Cladocera surface sediment training set was built for 
the Baltic states (Estonia, Latvia, Lithuania) across multiple environmental parameters, 
and the validity of different reconstruction methods for each of the studied 
environmental parameters was assessed. This is the first such training set of the region. 
The Baltic states are a region rich in natural lakes (Estonia 1,562, Latvia 2,256, Lithuania 
6,714) (Apsīte et al., 2014; Taminskas et al., 2012; Terasmaa, 2018). The lakes of the Baltic 
states are mostly of glacial origin (Nikodemus et al., 2018; Teresmaa, 2018). However, 
some other types, such as bog and coastal lakes, are present (Nikodemus et al., 2018; 
Suursaar et al., 2024; Teresmaa, 2018), and at least one lake (Kaali) has formed due to a 
meteorite impact (Veski et al., 2004). Lakes in the Baltic states vary in their size 
(the largest Lake Peipsi 3,543 km2), depth (deepest Lake Drīdzis 65.1 m) (Estonian Ministry 
of Climate, 2025; Latvijas Ezeri, 2010). Lakes in Baltic states also differ in catchment 
characteristics, such as bedrock (sand, silt, clay, limestone) and land cover (urban, 
agricultural, forested, or bog area) (Daubarien et al., 2011; Nikodemus et al., 2018; 
Teresmaa, 2018). As a result, lakes in this area vary in their trophic state, water hardness, 
pH, color, as well as in the organisms that inhabit them (Česonienė et al., 2020; Eņģele & 
Sniedze-Kretalova, 2013; LVĢMC, 2022; Teresmaa, 2018). 

The aim of this study is to: 
1. Identify the main abiotic drivers of subfossil Cladocera community species

composition in lentic freshwater bodies of the Baltic states.
2. Find the optimal approach/model for reconstructing different environmental

parameters based on subfossil Cladocera.
3. Apply the developed methods to reconstruct the environmental history of lakes 

in the Baltic States.
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To achieve these goals, a list of tasks was executed: 
1. Create a surface sediment training set that would include a variety of

environmental conditions representative of lakes in the Baltic states.
(2020–2021: Select lakes, collect sediment samples, find the available
information from monitoring data, go to lakes for fieldwork to measure water
parameters where data is not available, consult with recognized experts on
subfossil Cladocera identification, analyze subfossil Cladocera, do preliminary
data analysis, identify potential gaps in the training set. In 2022, do additional
sampling to cover the gaps). (Article I)

2. Identify the major factors driving the subfossil Cladocera species composition in 
the surface sediment training set samples through correlation and ordination
analysis. (Article I)

3. Analyze the relationship between subfossil Cladocera and main environmental
parameters using the functional group approach.

4. Analyze the relationship between subfossil Cladocera and main driving
environmental parameters using the indicator species approach (Article I).

5. Create a subfossil Cladocera training set based quantitative reconstruction
models for the main environmental parameters using:
1. WA-PLS
2. BRT

6. Test how the model's performance changes with:
1. The reduction of taxonomical resolution by merging Bosmina (Eubosmina)

coregoni and Bosmina (Eubosmina) longispina into the Eubosmina spp.
group.

2. Targeted sampling site selection, by excluding the dystrophic lakes.
7. Analyze subfossil Cladocera species composition from sediment cores of 3 lakes 

with different time scales and levels of anthropogenic influence, two of which
have available literature on the past conditions, for evaluation of various
environmental reconstruction method performance (Article II, Article III,
Manuscript I):
1. With functional group approach
2. With indicator species approach
3. With quantitative reconstruction approach.

8. Compare the results between different subfossil Cladocera-based
environmental reconstruction approaches and with the conclusions derived by
other proxies (Article II, Article III, Manuscript I) and lake environmental
observations recorded in literature sources.

While comparative evaluations between more traditional transfer function methods 
and machine learning algorithms such as BRT and RF, applied to pollen or diatom data, 
have recently been published (Wang et al., 2021; Sun et al., 2024), this study is the first 
to perform such an assessment for subfossil Cladocerans. Furthermore, this might be the 
first time the results of the quantitative reconstruction model outputs are compared to 
results obtained by indicator species, functional group approaches, environmental 
measurements from literature, and other proxies (such as Chironomidae, pollen, 
diatoms, sediment chemistry) in the same work.  

This study has contributed to 3 research articles and one manuscript (see section “List 
of publications”), and results from work done as part of this PhD project have been 
presented:   
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“Prelimnary results of multi-proxy paleolimnological survey performed in
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2021. Lanka A. (oral presentation), Zawiska I., Stivrins N., Tylmann W., Dimante-
Deimantovica I. “A Cladocera Based Paleolimnological Assessment of Recent
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1 Background 
1.1 Cladocera 
Cladocera, also known as water fleas, are a diverse group of microscopic zooplanktonic 
crustaceans that belong to the class Branchiopoda (subphylum Crustacea) (Smirnov, 
2017). A characteristic trait of all brachiopods and therefore Cladocera is leaf-like limbs 
with epipodites whose function can be compared to branchiae (Fryer, 1987). Cladocera 
bodies are segmented and are covered by a bivalved chitinous carapace that does not 
cover the head (Smirnov, 2017; Van Damme & Kotov, 2016). Cladocerans are also 
characterized by parthenogenetic reproduction, swimming antennae adapted for 
locomotion, and a large, immobile eye formed by the fusion of a pair of eyes and 
asymmetrical mandibles. However, each of these features can also be characteristic of 
other crustacean groups, or there are exceptions within the superorder Cladocera itself 
where some of these features are not present (Fryer 1987; Van Damme & Kotov, 2016). 

Cladocera are an evolutionarily old group with the earliest possible cladocera-like 
fossils dating back to the Devonian and Carboniferous periods (Anderson et al., 2003; 
Womack et al., 2012). Although these fossils are attributed to Cladocerans, many 
diagnostic features that would truly classify them as Cladocera are missing (Van Damme 
& Kotov, 2016). The first fossils fully recognizable as Cladocera can be found around the 
Jurassic period (Kotov, 2007; Sun et al., 2016), and it is considered that most specimens 
of the modern species have diverged during the Pleistocene (Van Damme & Kotov, 2016). 
However, while the group itself might be ancient, some of the species have diverged very 
recently during the Holocene (Faustová et al., 2011). Cladocera can be found in all of the 
zoogeographical regions of the World, and there are approximately 700 known currently 
living Cladocera species (Forró et.al., 2008; Smirnov, 2017). However, it is estimated that 
the actual number of species should be twice as high, due to the existence of cryptic 
species and the fact that Cladocera diversity in some regions is insufficiently described 
(Adamowicz & Purvis, 2005). 

1.1.1 Habitat preferences 
Cladocerans are predominantly water-associated crustaceans that inhabit brackish and 
marine habitats, freshwater (lakes, bog pools, rivers, temporary ponds), some species 
can live as stygobionts (Brancelj & Dumont, 2007; Forró et.al., 2008; Stenert et al., 2017), 
and there are even reports of semi-terrestrial Cladocera inhabiting different types of wet 
mosses of tropical rainforests several meters above the ground (Glime, 2017). 
Nevertheless, it is considered that Cladocerans have primarily evolved in lentic freshwater 
habitats (Van Damme & Kotov, 2016). 

Cladocera species found in lakes can be categorized by their habitat preference into 
pelagic species, which live in the open water column, and littoral species. While many 
Cladocera researchers tend to classify species as pelagic or littoral, this division is 
somewhat artificial, as the littoral species category often includes species that are  
non-pelagic, rather than strictly tied to the littoral zone (Nevalainen et al., 2011; Rautio 
& Nevalainen, 2025). Littoral zone by definition is the area in the lake where light reaches 
the bottom of the waterbody allowing for macrophyte and benthic algae growth (Rose, 
2024), however, there are Cladocera species, that while sometimes referred to as littoral, 
actually inhabit rock, sand and mud substrates (Rautio & Nevalainen, 2025) and 
therefore have no direct connection to light and macrophytes associated to littoral zone. 
The pelagic/littoral species division is even more complicated by the fact that many 
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pelagic species prefer to inhabit the water column among littoral vegetation (Kuczyńska-
Kippen & Nagengast, 2006), existence of neustonic species (Rautio & Nevalainen, 2025), 
and littoral species such as Chydorus sphaericus, that can be found in pelagic zone due 
to their ability to attach themselves to floating filamentous algae (Fryer, 1968).  

1.1.2 Cladocera in aquatic food webs 
Cladocera have an essential role in aquatic food webs, as they feed on algae, bacteria, 
and detritus, linking primary producers to higher consumers that feed on Cladocerans. 
Cladocera are primarily filter feeders or scrapers, however there are also some predatory 
species (Smirnov, 2017). Pelagic Cladocera are primarily filter feeders, and their diet 
mainly consists of phytoplankton, and in some cases also bacterioplankton and fine 
detritus (Ebert, 2005). It is considered that, in general, small green algae, as well as 
diatoms, are a better-suited food source for Cladocera (Smirnov, 2017), however, there 
are some species that are well adapted for consuming blue-green algae and therefore have 
a competitive advantage under conditions with cyanobacteria blooms (Tõnno et al., 2016). 

Littoral and bottom-dwelling Cladocerans are primarily scrapers or grazers and obtain 
food by scraping periphyton or by feeding on detritus from the substrate they inhabit 
(Smirnov, 2017). Sediment-associated species can feed on sediment-dwelling bacteria, 
protozoans, and algae or directly feed on detritus derived from various sources (Lemke 
et al., 2007; Smirnov, 2017). Detritus can come from both allochthonous (terrestrial) and 
autochthonous (in-lake) sources.  It is known that the type of allochthonous matter 
present can significantly shape the zooplankton species composition (Yıldız et al., 2025). 
Allochthonous organic matter is considered a food source with low nutritional value, and 
with an increase in trophic state, the relative contribution of allochthonous matter to the 
zooplankton biomass decreases (Cole et al., 2006; Wilkinson et al., 2013), however, the 
optimal food sources for sediment-associated Cladocera are largely unknown (Smirnov, 
2017). It is unclear whether autochthonous and allochthonous sources of detritus are 
equally suitable for the detritivorous Cladocera, or to what degree the diversity of 
detritus sources is connected to the diversity and abundance of substrate-dwelling and 
detritivorous Cladocera. 

There are several carnivorous Cladocera species (such as Pseudochydorus, Leptodora, 
Polyhemus, Bythotrephes, and Anchistropus spp.), which prey primarily on other 
zooplankton organisms, such as ciliates, rotifers, hydras, and other Cladocerans (Packard, 
2001; Smirnov, 2017; Young & Taylor, 1988). The mechanisms of prey detection differ, 
with some Cladocerans like Polyphemus pediculus being visual predators (Young & 
Taylor, 1988), while others, like Leptodora kindtii, are mainly tactile (Browman et al., 
1989). The targets of prey can overlap between several predatory Cladocera species, 
nevertheless, several carnivorous species can coexist within the same lake due to 
different spatial niches, which reduces competition (Cavaletto et al., 2010). 

Cladocera serves as a food source for other animals. One of the primary predators of 
Cladocera are planktivorous fish, which can significantly influence Cladocera communities 
and lake ecosystems by selectively feeding on larger Cladocerans (Jeppesen et al., 2001). 
Cladoceran communities can also be affected by invertebrate predation, however, 
invertebrates tend to affect small-sized species and individuals more severely (Gliwicz & 
Umana, 1994). Fish have been preying on Cladocerans for millions of years (Richter & 
Baszio, 2001). Cladocerans, in turn, have developed different anti-predation strategies. 
These strategies can be divided into behavioral and morphological adaptations.  
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Diel migrations are among the best-documented antipredator strategies in 
zooplankton. In the most common pattern of diel vertical migration, zooplankton sinks 
into deeper water levels during daytime and returns to upper water levels during 
nighttime. As fish are visual predators, Cladocerans are more vulnerable during the day, 
and diel vertical migration can be helpful to avoid predation due to worse light conditions 
in the deeper water layers (Dodson, 1990; Wojtal-Frankiewicz et al., 2010). It is also 
known that some Cladocera species are more hypoxia tolerant than fish, therefore 
temporary refuge in the anoxic water layer can provide additional protection from fish 
predation (Vanderploeg et al., 2009). However, many Cladocera species are hypoxia 
intolerant; therefore, in lakes with hypoxic hypolimnion, diel vertical migration might be 
disturbed and could potentially lead to higher planktivorous fish pressure (Doubek et al., 
2018; Vanderploeg et al., 2009).  

This diel migratory behavior of Cladocerans can switch its direction in some cases. 
For example, in shallow lakes, diel vertical migration can be replaced by diel horizontal 
migration, where some Cladocerans seek refuge in the macrophytes during the day, 
but return to the pelagic zone at night (Burks et al., 2002). If the primary predators of 
Cladocerans are nocturnal invertebrates, these migratory patterns can change to reverse 
diel vertical migration, where Cladocerans migrate to deeper water layers during night, 
but to upper water layers during daytime (Wojtal-Frankiewicz et al., 2010). Another 
behavioral pattern is swarming, which is exhibited by several Cladocera species in the 
presence of chemical cues released by fish, in this way reducing capturing risk, however 
this behavior is not universal even with the individuals of the same species (Pijanowska 
& Kowalczewski, 1997; Smirnov, 2017).  

To avoid predation by fish and invertebrates, many Cladocera species have evolved to 
undergo rapid morphological changes triggered by the presence of predators. One of the 
best-known examples is the cyclomorphosis, or changes in morphology of the same 
species within a year. Changes can include elongation of carapace, tail spine, or growth 
of new appendages such as neck teeth (Johnsen & Raddun, 1987; Korosi et al., 2013; 
Pijanowska, 1990; Tollrian, 1995), and some Cladocerans can develop populations with 
less pigmented eyes or more transparent bodies in the presence of Fish (Tollrian & Heibl, 
2004; Zaret, 1972). These adaptations, such as an increase in Cladoceran relative size due 
to the elongation of appendages, reduce the possibility of being ingested by predators 
(Kolar & Wahl, 1998) but come at a cost of energy expenditure (Black & Dodson, 1990). 
Therefore, in conditions with no predation pressure, the defensive morphological 
features of Cladocerans tend to disappear (Herzog et al., 2016).  

Cladocerans can be hosts of different fungal, bacterial, single-celled parasites, as well 
as other invertebrate organisms (Decaestecker, 2005). The known effects on Cladocerans 
include decreased fecundity and a decrease in population (Decaestecker, 2005; Duffy 
et al., 2015). Nevertheless, the true diversity of parasites of Cladocera is most likely 
underdescribed (Goren & Ben-Ami, 2013), and its ecological impact on host communities 
is therefore incompletely described as well. Additional mortality of Cladocera can be a 
result of predation by Utricularia spp. (Kurbatova & Yersov, 2009), however thus far 
there are no reports of this macrophyte species having significant effect on overall 
Cladocera populations or species assemblages.  
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1.1.3 Reproduction 
Cladocera reproduction is characterized by cyclical parthenogenesis, which means that 
Cladocerans are capable of reproducing both sexually and asexually. For most species, 
the parthenogenic and sexual reproduction is cyclical (one cycle includes parthenogenic 
and gametogenic reproduction). The cyclicity is species and environment specific, and 
different species under different conditions can undergo one or more cycles per year 
(Klemetsen et al., 2020; Smirnov, 2017). 

In the parthenogenic (asexual) phase, females produce other genetically identical 
females from unfertilized eggs (Decaestecker et al., 2009). Under favorable conditions, 
such as optimal temperature and abundance of good quality food sources, Cladocerans 
can continue to reproduce parthenogenetically for several generations (Koch et al., 2009; 
Smirnov, 2017). This strategy allows Cladocerans to rapidly expand their populations and 
exploit resource-rich periods (Tessier, 1986). 

Cladocerans tend to switch to gametogenic (sexual) reproduction mode in the 
presence of cues for unfavorable environmental conditions (Koch et al., 2009), as well as 
under changes in photoperiod (Kleiven et al., 1992). In the presence of unfavorable 
conditions, females can produce eggs that develop into males that can participate in 
sexual reproduction (Ebert, 2005; Smirnov, 2017). After sexual reproduction, resting eggs 
are formed. In some cases, resting eggs are encapsulated in thick-walled shell called 
ephippium. Resting eggs can be preserved within the water column, macrophytes, or lake 
sediments (Gyllström & Hansson, 2004). The resting eggs can survive in a variety of 
unfavorable conditions (such as cold temperatures and drought) (Smirnov, 2017) and can 
remain viable for hundreds of years (Burge et al., 2018). Ephippia can not only be useful 
for survival of the population under environmental stressors, but also for the dispersal 
into new water bodies (Pinel-Alloul et al., 2021; Reynolds & Cumming, 2015). When 
certain environmental cues that suggest improvement of the conditions are met, resting 
eggs hatch into new female Cladocerans (Gyllström & Hansson, 2004), and the cycle can 
be repeated. 

1.1.4 Relation to abiotic factors 
Cladocera communities are strongly influenced by abiotic factors such as pH, ionic 
content of the water body, xenobiotics, temperature, light, and water transparency, as 
well as water depth, phosphorus, nitrogen, and oxygen concentration. Many of these 
factors have indirect effects. For example, oxygen concentration and light conditions can 
impact the predatory pressure on Cladocerans (Vanderploeg et al., 2009; Zagars et al., 
2025). Phosphorus and nitrogen concentrations can impact algae growth, and therefore 
food abundance and quality, as well as availability of macrophyte habitats (Naderian 
et al., 2025; Nürnberg & Shaw, 1998; Rattray et al., 1991). As these effects are discussed 
in the previous sections, the focus of this chapter will be the direct interactions between 
Cladocerans and abiotic factors. 

Temperature can directly affect Cladocera either by controlling physiological 
processes or by changing different aspects of metabolism. Generally, rising temperatures 
are associated with increased activity (Smirnov, 2017). Most Cladocerans can’t maintain 
sufficient activity in temperatures close to 0 °C and overwinter by producing resting eggs. 
However, there are some exceptions, for example, Chydorus sphaericus can maintain 
activity even under ice (Kalinowska & Karpowicz, 2020; Klemetsen et al., 2020; Smirnov, 
2017). The optimal temperature for many temperate zone Cladocerans is somewhere 
between 10 °C and 20 °C, and becomes lethal around 30 °C (Smirnov, 2017). However, 
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that is not the case for all Cladocerans, as researchers have found that some species can 
inhabit hot springs with temperatures close to 40 °C (Padhye & Kotov, 2010).  

The pH tolerance between Cladocera species might differ, however, most Cladocerans 
prefer neutral pH (Bērziņš & Bertilsson, 1990; Smirnov, 2017). Few species can survive 
under conditions with a pH < 3 (Deneke, 2000). Acidic stress and ion uptake inhibition 
can be some of the reasons why many Cladocerans cannot tolerate low pH conditions 
(Gao et al., 2022; Smirnov, 2017). Ecotoxicology studies have also shown that metal 
toxicity for some Cladocerans increases at low pH (De Schamphelaere et al., 2025). 
However, this effect might be less pronounced in dystrophic than in acidic clearwater 
lakes (Korosi & Smol, 2012). Nevertheless, other properties of acidic water bodies might 
influence Cladoceran distribution. For example, softwater acidic lakes often have low 
calcium (Ca) concentrations (Murphy, 2002). Ca is necessary for different bodily 
functions of Cladocerans (Smirnov, 2017). Additionally, a lack of Ca can increase the 
toxicity of various substances, such as heavy metals and road salt (NaCl) in Cladocerans 
(Buren & Arnott, 2025; Smirnov, 2017). Ca demand is species-specific, and as some 
species have lower Ca demand than others, it is sometimes used as an argument for why 
some Cladocerans can thrive in acidic or softwater lakes, while others disappear (Hessen 
et al., 1995; Jeziorski et al., 2015; Shapiera et al., 2011). The opposite end of the lake 
condition spectrum could be considered alkaline, hardwater, or even saline water bodies. 
Most Cladocerans inhabit freshwaters, with few species living in saline waters (Boronat 
et al., 2001; Smirnov, 2017). It is considered that the species’ ability or inability to occupy 
waters with certain salinity or hardness depends on its osmotic regulation mechanisms 
(Smirnov, 2017). Electrical conductivity is a commonly used parameter to describe the 
concentration of ions in the water (Jones & Smol, 2024). It is considered that for many 
Cladocerans the optimal electrical conductivity range is between 50 and 500 µS/cm 
(Boronat et al., 2001; Smirnov, 2017). 

Many researchers have found that lake depth can significantly influence Cladocera 
assemblages. Some Cladocerans can live in water depths greater than 100 m (Smirnov, 
2017), but as most lakes do not reach such depths, the effects of depth might rather be 
connected to other associated parameters. Lake depth can influence the distribution of 
macrophytes (Jones & Smol, 2024), which can be important for many Cladocerans, as 
well as provide refuge from fish through diel vertical migration (Dodson, 1990). 
Inhabiting deeper water layers can also protect Cladocerans from harmful ultraviolet 
(UV) radiation. In conditions when sufficient vertical migration is not possible or is costly, 
some Cladocerans develop melanized shells to minimize UV radiation’s impact (Rhode 
et al., 2001). This adaptation is absent or reduced in waters with fish presence, as this 
makes Cladocerans more vulnerable to visual predation (Tollrian & Heibl, 2004). Light 
can also be an important cue to terminate the diapause of the resting eggs (Gyllström & 
Hansson, 2004); therefore, in cases where resting eggs have settled deep below the 
photic zone, their hatching might be limited (Rother et al., 2010). 

1.1.5 Subfossil Cladoceran use in paleoenvironmental reconstructions 
Cladoceran body is covered by chitinous exoskeleton and after the individuals death or 
molting different body parts are settled into the sediment layer. The preserved exoskeleton 
elements can be retrieved from the sediments, providing information on the Cladocerans 
and their related environments of the past (Korhola & Rautio, 2001). The first publications 
using Cladocera subfossils date back to the first half of the 20th century (Deevey, 1942). 
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Subfossil Cladocera species assemblages can be used to assess the changes in water 
depth, trophic state (TS), pH, electrical conductivity (EC), calcium concentrations, climate, 
macrophyte abundance, and planktivorous fish density in lake ecosystems (Jeppesen et al., 
2001; Jeziorski & Smol, 2017; Rautio & Nevalainen, 2025). Other information, such as 
Cladocera community size structure, can be informative of changes in climate, as well as 
fish and invertebrate predation (Sysoev et al., 2025). Information on the melanin content 
and size of ephippia can be informative of the UV radiation in the past (Kultti et al., 2011; 
Nevalainen & Rautio, 2014), while isotopic composition can provide insights into trophic 
web structure (Rautio & Nevalainen, 2025). Reconstructions using subfossil Cladocera 
mainly focus on human impact in the Holocene time scale (Korhola et al., 2005; Jensen 
et al., 2020; Szeroczyńska, 2002), but they are sometimes used for earlier geological periods 
as well (Suchora et al., 2025). 

When using subfossil Cladocera, the changes in lake environment are most often 
presented in a descriptive (qualitative or semiquantitative) manner, and quantitative 
models are rarely used. This does not mean there are no models for the environmental 
quantitative reconstructions using subfossil Cladocera. Early attempts at quantitative 
pH reconstruction involved a combination of indicator species and linear regression 
approaches (Krause-Dellin & Steinberg, 1986), while most researchers after that use 
such well-known palaeoecological statistical methods as Weighted Averaging (WA), 
Partial Least Squares (PLS), Weighted Averaging Partial Least Squares (WA-PLS), Modern 
Analogues (MA),  Boosted Regression Trees (BRT), and Random Forest (RF) (Table 1). 
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Table 1. Summary of published subfossil Cladocera based quantitative reconstruction models. 

Parameter Method Country Training 
set size 

Reference 

Planktivorous 
fish 

WA Denmark 30 Jeppesen et al., 1996 

Mean summer 
temperature 

WA-PLS Switzerland 68 Lotter et al., 1997 

TP WA-PLS Switzerland 68 Lotter et al., 1998 
TP WA Denmark 32 Brodersen et al., 1998 
SAL, Depth WA Canada 33 Bos et al., 1999 
Depth WA-PLS, WA, 

PLS 
Finland 53 Korhola et al., 2000 

Planktivorous 
fish, SAL, TP 

WA Denmark 36 Amsinck et al., 2005 

Lake surface 
water 
temperature 

PLS United 
Kingdom, 
Norway 

68 Kattel et al., 2008 

TP WA-PLS, WA, 
PLS 

Ireland 33 Chen et al., 2010 

Macrophytes, 
Planktivorous 
fish 

WA, ML United 
Kingdom, 
Denmark 

39 Davidson et al., 2010 

Depth WA Greenland 53 Davidson et al., 2011b 
Depth MA, WA, WA-

PLS, PLS, ML 
Finland 55 Nevalainen et al. 2011 

Maximum 
depth 

PLS Sri Lanka 51 Yatigammana et al., 
2017 

Macrophytes BRT China 64 Dong et al., 2020 
Depth WA, WA-PLS, 

MA, RF 
China, 
Mongolia 

136 Wang et al., 2024 
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2 Methods 
The work of this thesis consists of four major blocks: 

1. Training set development
2. Assessment of the relationship between environmental factors and subfossil

Cladocera assemblages
3. Development of methods for subfossil Cladocera based environmental

reconstructions
4. Analysis of subfossil Cladocera in sediment records and lake environmental

reconstruction

Figure 1 Location of the sampling sites. a – location of the Baltic states in Europe. b – map of the 
lakes included in the surface sediment training set. White circles - sites for which environmental 
data was obtained from monitoring programs; Orange circles – environmental data collected by 
the author of the thesis or co-authors of Article I. Yellow stars – the sites for which sediment cores 
were investigated. 

2.1 Training set development 
78 lakes, bog pools, and artificial water bodies across Estonia, Latvia, and Lithuania were 
selected to create a surface sediment training set with an aim to encompass the diversity 
of freshwater environmental conditions found throughout the Baltic states. In particular, 
sites that captured variations in pH, electrical conductivity (EC), trophic state (TS), lake 
maximum depth (Depth), and lake surface area (Area) were targeted. Furthermore, sites 
with different levels of anthropogenic disturbance were selected, ensuring that the 
resulting training set accurately represents the variety of conditions of the Baltic region. 
The artificial water bodies (3 sites) were included in the training set to improve the 
coverage of hypereutrophic lake conditions, as, after the preliminary data analysis, it was 
found that there was a shortage of such sites among natural water bodies. These artificial 
water bodies with considerable sediment layers are at least 100 years old. Therefore, 
their functioning should be comparable to that of natural lakes. 
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2.1.1 Sediment collection 
Lake surface sediments were collected during the fieldwork campaigns of 2021 and 2022. 
Where possible, surface sediments were taken in the deepest part of the lake using a 
Willner-type gravity corer. The upper two cm of sediments were preserved for further 
analysis. This amount of sediments could accumulate in approximately 2–10 years of lake 
history (Heinsalu & Alliksaar, 2009; Liiv et al., 2018; Mikalauskienė et al., 2015; Punning 
et al., 2007; Stivrins et al., 2018; Stivrins, 2023; Veski et al., 2005).  Therefore, it was 
assumed that the upper two cm of surface sediment should represent the modern 
situation (up to 10 years) while avoiding the one-year extreme event bias. However, 
the represented period might also be shorter for highly productive lake ecosystems 
(Article II). 

2.1.2 Lake water descriptive parameters 
The information on the lake water descriptive parameters was collected by the author of 
this thesis (28 sites), obtained from the monitoring data of Lithuania (11 sites) (Aplinkos 
Apsaugos Agentūra , 2024), Latvia (16 sites) (LVĢMC, shared upon request), and Estonia 
(15 sites) (Keskkonnaseire infosüsteem, 2024),  from published literature (3 sites) (Zagars 
et al., 2025) or collected by other co-authors of Article I (5 sites). As many parameters 
were only measured by a few of the mentioned sources, this thesis will focus on the ones 
with no missing values that could be potentially used for subfossil Cladocera based 
environmental reconstructions. These parameters are surface water pH, EC, dissolved 
oxygen (DO), Secchi depth (SD), total phosphorus (TP), and Chlorophyll-a (Chl-a). 
Additional parameters analyzed include lake Depth, Area, and mean annual air 
temperature (Tann). 

The author collected water samples and measurements during the fieldwork 
campaigns of 2021 and 2022 to obtain data from smaller lakes outside the scope of the 
monitoring programs, which primarily focus on lakes with an Area of > 50 ha. 
Measurements were taken one to three times per vegetation season (April to October). 
The author measured pH, EC, and DO on site using a ProDSS probe and SD using a white 
Secchi disk. The author measured TP and Chl-a concentrations in laboratory conditions. 
More information on the methodology of these measurements can be found in Article I. 

The monitoring program’s information was extracted for up to five years before and 
one year after the sediment collection on lake water pH, EC, TP, total nitrogen (TN), DO, 
and SD. The five years were chosen as this period should approximately correspond to 
the period in which the collected surface sediments could have accumulated (see section 
2.1.1). Only measurements from the growing season (April to October) were included in 
the data analysis, as this period is the most important for the development of Cladocera 
(Smirnov, 2017; Walther & Linderholm, 2006). There were differences in the number and 
frequency of measurements between data providers, such as measurements done every 
year vs. every few years, every month vs. one or few times per vegetation season, 
therefore the existing measurements of each parameter for each lake were combined as 
the average value of all the measurements of Table 2. While the relationship between 
TN and subfossil Cladocera was not analyzed directly, this information was included in 
the trophic state index (TSI) calculations where available (see section 2.4). 

Auxiliary parameters such as Depth and Area were extracted from literature (Estonia: 
kalapeedia.ee; Latvia: ezeri.lv; Lithuania: zvejogidas.lt). Information on the Tann for each 
lake was compiled from the ERA5 dataset (Copernicus Climate Data Store) (Hersbach, 
2020). 
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Table 2. Time of measurements for each lake. Lake names with a white background are missing 
total nitrogen measurements. Under each year, the months in which the data was collected are 
written. When a hyphen is used between numbers, it relates to time, which includes every month 
in the range. Months of data collection are color-coded according to the data provider: Estonian 
(EST), Latvian (LV), and Lithuanian (LT) monitoring programs, Anna Lanka (AL), Matīss Žagars (MZ), 
and Inta Dimante-Deimantoviča (IDD). 
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2.2 Study sites for analysis of sediment cores 
We selected three lakes from Latvia and Estonia with different levels of human impact 
and temporal coverage for environmental reconstruction. All these lakes are small-sized 
(Velnezers 3.5 ha, Sekšu 7.9 ha, Nakri 0.9 ha) brown water lakes (Līcīte, 2017a, 2017b; 
authors’ observations). Lake Sekšu and Velnezers nowadays do not have any inlet or 
outlet, while Lake Nakri receives water from a small spring. Currently, Lake Sekšu, Lake 
Velnezers, and Lake Nakri can be described as eutrophic lakes with neutral to alkaline pH 
(Article I). 

2.2.1 Lake Velnezers 
Lake Velnezers (56.97’ °N, 24.24’ °E) (average depth 3.5 m, maximum depth 6 m, elevation 
4.6 m) is located within Riga, Latvia (Dručka, 2014). The catchment area of Lake Velnezers 
has undergone significant changes in the last 200 years, transitioning from a forested to 
an agricultural to an urban landscape. These changes have resulted in increased 
eutrophication as well as water pollution with heavy metals (Article II). 

Samples for Lake Velnezers were collected in February 2019 using 8 cm diameter 
Kayak-type gravity corer. The sediment profile was 33 cm long and was sliced into 1 cm 
thick sub-samples in the field conditions. The core chronology was obtained using 210Pb 
dating (Blaauw & Christen, 2011; Tylmann et al., 2016). In Article II, sediment chemistry 
was also analyzed to better evaluate changes in Lake Velnezers. 

2.2.2 Lake Sekšu 
Lake Sekšu (57°03’N, 24°35’) is a shallow lake (average depth between 2.3 and 3.3 m, 
maximum depth 6 m, elevation 2.5 m a.s.l) located in the vicinity of Riga (Bauze-Krastiņš, 
2009; Jansons, 1997; Latvijas Ezeri, 2010). Lake Sekšu has been part of the “Baltezers” 
water supply system for Riga since 1904. Currently, the lake is part of a restricted area, 
limiting more direct influences from pollution of agriculture and recreation (LVĢMC, 
2015). The utilization of Lake Sekšu in the water supply system has led to considerable 
water level fluctuations (Bauze-Krastiņš, 2009; Jansons, 1997). Between 1953 and 1965, 
attempts were made to increase the water level in Lake Sekšu by pumping water from 
nearby Lake Baltezers via pipeline (Dziļuma, 2003). The influence of this pipeline led to 
increased erosion and eutrophication of Lake Sekšu (Article III). 

Samples for Lake Sekšu were collected in February 2019 using 8 cm diameter 
Kayak-type gravity corer. The sediment profile was 46 cm long and was sliced into 1 cm 
thick sub-samples in the field. The core chronology was obtained using spheroidal 
carbonaceous particles, 137Cs, and 210Pb dating (Rose, 1990; Tylmann et al., 2016). 
In addition to subfossil Cladocera analysis, for this core, we also have information on pollen, 
non-pollen palynomorph, diatom, Chironomidae, and sediment chemical composition 
(Article III). 

2.2.3 Lake Nakri 
Lake Nakri (57°53′ N, 26°16′ E) (maximum depth 3 m, 48 m a.s.l.) is a small, shallow lake 
in Southern Estonia. The low swampy shores of Lake Nakri are characterized by a floating 
mat, with vegetation composed of Phragmites australis and different Sphagnum and 
Carex species. Macrophytes of Lake Nakri mainly consist of submerged species, with a 
few floating-leaved plants (authors' field observations). The catchment (0.25 km2) (Amon 
et al., 2012) of Lake Nakri is dominated by coniferous and birch forests. Nowadays, some 
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potential influences for Lake Nakri include drainage ditches from the nearby forest and 
a gravel road passing by the northern end of the lake (Keskkonnainvesteeringute keskus, 
2024). However, this might not have always been the case as historical maps show that 
in the 19th and the beginning of the 20th century, some parts of the northern shore of 
Lake Nakri were covered by pasture instead of forest (Üheverstane kaart, 1911). 

Several publications have used sediment archives from Lake Nakri to investigate the 
climatic and vegetation patterns of late glacial (14,700 to 11,700 years BP) and early 
Holocene (11,700 to 8,000 years BP) periods (Amon et al., 2012, 2014; Väliranta et al., 
2015; Veski et al., 2015). The area of Lake Nakri deglaciated approximately 14,000 years 
ago. The pollen and macrofossil data show that during the late glacial period, the area 
underwent different stages of tundra vegetation, with a transition to forest vegetation 
at the beginning of the Holocene, approximately 11,650 years BP (Amon et al., 2012).  

Sediment sampling of Lake Nakri was done on three separate occasions. In the year 
2007 the glacial and early Holocene sediments were cored (sediment depths used in this 
thesis 10.5 to 7.4 m), in 2009 (sediment depth selected from these cores 7.3 to 6 m), and 
in 2018 (sediment depth 6 m to 0.25 m) using a Russian corer. In 2018 Willner corer was 
used for the surface sediments (sediment depth 0.25 to 0 m). 

Sediments were sampled for Cladocera analysis (for more details on Cladocera 
analysis, see section 2.3) with an interval of every 10 cm for the upper 3 m to capture the 
potential anthropogenic influence on the lake ecosystem. In the rest of the sediment 
profile, the author sampled sediments with an interval of every 20 cm. There were some 
deviations in this sampling strategy in cases when some parts of the core were missing 
due to the material being used to analyze some other proxies, but also when transitioning 
to cores taken at different times (for example, switching from cores taken in 2018 to the 
ones taken in 2009). The author also sampled sediments with a smaller interval in the 
transition zone between late glacial and Holocene sediments. For more information on 
the selected samples and sediment dating, see Manuscript I. 

2.3 Cladocera analysis 
For subfossil Cladocera analysis, 1–2 cm3 of sediment samples were taken and prepared 
according to the standard procedure described in Szeroczyńska & Sarmaja-Korjonen 
(2007). Sediment samples were placed in 100 ml of 10% KOH, then heated in an 85 °C 
water bath for 30 minutes. Afterward, samples were sieved (mesh size 40 µm). In this 
step, 10% HCl was applied if the sediments were carbonate-rich. After the treatment, 
sediment samples were diluted with water. The volume for the sample dilution was 
10 ml for the samples of the surface sediment training set, Lake Sekšu, Lake Velnezers, 
and most of Lake Nakri. However, for some of the samples, it was visible already during 
the sample treatment process that the concentration of the remains was low, so the 
dilution volume was adjusted accordingly. The diluted sediments were stained with 
Safranine O. A few drops of ethanol were added to the diluted sample, and it was stored 
in a fridge until further investigation. 

To prepare the microscopy slides, 100 µl of the homogenized subsample was taken 
with an automatic pipette. The prepared slides were investigated under a light microscope 
at 100x, 200x, and 400x magnification. All the recognizable remains (heads, shells, 
postabdomens, postabdominal claws, etc.) within each slide were counted. After 
counting each slide, the maximum number of individuals present for each species and 
how many individuals could be present in total were calculated, and this procedure was 
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repeated until the number of individuals was at least 70. This number is considered to be 
sufficient to characterize the species assemblages (Kurek et al., 2010). After this, one 
additional slide was investigated, marking the presence of the species not previously 
found in the sample (Figure 2). 

Species identification was primarily based on the identification key by Szeroczyńska 
and Sarmaja-Korjonen (2007). For the determination of rare species, or species and 
skeletal elements not described in this book, additional literature was used (Bjerring 
et al., 2008; Błędzki & Rybak, 2016; Sinev & Gavrilko, 2021; Van Damme & Nevalainen, 
2019). 

Figure 2 Subfossil Cladocera microscopy analysis scheme. 
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2.4 Data analysis 

2.4.1 Dataset manipulations and data subset creation 
To give a general description of Cladocera species assemblage samples of the surface 
sediment training set and the cores of Lake Velnezers, Lake Sekšu, and Lake Nakri, species 
counts were converted to relative abundances. All of the species were included in the 
functional group analysis and species diversity analysis (see section 2.4.3), but for 
ordination analysis (section 2.4.2), indicator species analysis (section 2.4.4), and model 
development (section 2.4.5) all the species that appeared in 5 samples or less were 
excluded from the dataset. Before it was done, it was graphically assessed whether the 
observations clustered around some areas of the tested environmental gradients (which 
they did not). 

The pH, EC, Chl-a, TN, TP, and SD values for each lake were expressed as the average 
value of all the measurements for each parameter. This was done due to uneven 
data coverage among lakes (Table 2). Eutrophication and trophic state (TS) of lakes is one 
of the focus points in paleolimnological research (Davidson & Jeppesen, 2013). 
However, TS is a complex variable that can be assessed based on several parameters 
(such as TP, TN, SD, and Chl-a). To simplify the TS evaluation of the lakes, a combined 
parameter-trophic state index (TSI) (Brezonik, 1984; Carlson, 1977; Carlson, 2007) was 
calculated and added to the data analysis. First, TSI was calculated based on each of the 
measured TS-related parameters (SD, Chl-a, TP, and TN). 

 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑆𝑆) = 60 − 14.41ln (𝑇𝑇𝑆𝑆) 
 𝑇𝑇𝑇𝑇𝑇𝑇(𝐶𝐶ℎ𝑙𝑙 − 𝑎𝑎) = 9.81 ln(𝐶𝐶ℎ𝑙𝑙 − 𝑎𝑎) + 30.6 
 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇) = 14.42 ln(𝑇𝑇𝑇𝑇) + 4.15 
 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇) = 54.45 + 14.43ln (𝑇𝑇𝑇𝑇) 

Then the average TSI index was calculated depending on the limiting nutrient, 
if information on TN was available. If TN data was missing and it was not possible to 
determine the limiting nutrient, an assumption of TP limitation was made. In dystrophic 
lakes, SD is water color limited due to the humic substances (Gray et al., 2022); therefore, 
in these lakes, SD was excluded from the TSI calculation, and the average value 
calculation was adjusted accordingly (division by two instead of three). 

Nutrient balanced lakes (10≤TN/TP≥30) 

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑇𝑇𝑇𝑇𝑇𝑇(𝐶𝐶ℎ𝑙𝑙 − 𝑎𝑎) + 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑆𝑆) + 0.5(𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇) + 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇))

3
P-limited lakes (TN/TP>30)

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑇𝑇𝑇𝑇𝑇𝑇(𝐶𝐶ℎ𝑙𝑙 − 𝑎𝑎) + 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑆𝑆) + 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇)

3
N-limited lakes (TN/TP<10)

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑇𝑇𝑇𝑇𝑇𝑇(𝐶𝐶ℎ𝑙𝑙 − 𝑎𝑎) + 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑆𝑆) + 𝑇𝑇𝑇𝑇𝑇𝑇(𝑇𝑇𝑇𝑇)

3
The taxonomical level to which species are determined, and training set data 

coverage, can influence the model performance and statistical analysis results (Heiri & 
Lotter, 2010; Turner et al., 2021). Therefore, smaller data subsets were created and used 
in ordination analysis and model building. Subsets were created by excluding lakes from 
the training set with pH < 6. This lake group mainly consisted of dystrophic lakes and is 
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mostly addressed separately from clear water lakes in limnological research. Another 
subset type was created by merging Bosmina (Eubosmina) longispina and Bosmina 
(Eubosmina) coregoni under the group Eubosmina spp. The taxonomy and determination 
of Eubosmina species is complicated due to its cyclomorphic forms and high 
morphological variability (Błędzki & Rybak, 2016; Johnsen & Raddum, 1987). However, 
while merging these two groups lessens the probability of subfossil remain 
misidentification, some information may be lost this way. 

The resulting datasets are: 
• “all” – dataset that includes all the species that have been observed in more

than five sites and consists of all 78 sites of the training set;
• “Eubosmina”– dataset similar to “all”, with the only difference of B. (E.)

longispina and B. (E.) coregoni being merged into Eubosmina spp.;
• “pH > 6” – dataset with excluded lakes with average pH < 6;
• “Eubosmina (pH < 6)” – excluded lakes with average pH < 6 and B. (E.) longispina

and B. (E.) coregoni being merged into Eubosmina spp.

2.4.2 Cladocera species relation to environmental parameters 
Cladocera species relation to environmental parameters are primarily investigated in 
Article I. For data preparation in this step, subfossil Cladocera data were square root 
transformed, and species that had fewer than five observations were excluded from the 
analysis. Environmental data was natural logarithm transformed. The main environmental 
factors affecting subfossil Cladocera species composition were determined by redundancy 
analysis (RDA) (Birks et al., 2012) with a forward selection algorithm to reduce the 
number of explanatory variables. The analysis was performed for all of the created data 
subsets to determine whether the driving factors of the species composition differed. 
The analysis was done in R (v4.3.3, R core team 2024), using library “vegan” (Oksanen 
et al., 2022). Only parameters identified as significant in the RDA analysis were further 
investigated for environmental reconstructions. 

2.4.3 Cladocera composition description 
Cladocera species diversity was described in the samples based on Shannon’s species 
diversity index, species evenness, and rarefied richness (Birks, 2012). Rarefied species 
richness was calculated in program R (v4.3.3, R core team 2024), using library “vegan” 
(Oksanen et al., 2022). Species diversity and evenness were calculated in program 
“Past 5.2.1” (Hammer et al., 2001).  

Functional characteristics of a community can reveal aspects of ecosystem functioning 
that may be overlooked when focusing on individual species, mainly due to factors like 
competition for resources and functional redundancy (Laureto et al., 2015). Therefore, 
in addition to analyzing Cladocera community on a species level, the observed species 
were also divided into groups based on the average female size of the species 
(Small < 0.5 mm, Medium 0.5–1 mm, Large > 1 mm), habitat preference (Pelagic, Littoral 
unspecified (Littoral generalists), littoral Macrophyte-associated, littoral Sediment-
associated). Species were divided into groups based on the species description in Błędzki 
& Rybak (2016). The relationship between the environmental parameters identified by 
RDA analysis and the functional groups of the training set samples was assessed via 
Pearson’s correlation coefficient (Berman, 2016). Species composition was further 
evaluated by PCA analysis (Birks et al., 2012), which was carried out for each of the data 
subsets. 
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2.4.4 Indicator species analysis 
Cladocera are commonly used in paleolimnology as indicators to assess the changes in 
lake environments (Chen et al., 2010; Davidson et al, 2010; Zawiska et al., 2025). 
To evaluate which species could be used as indicators for past environmental 
reconstructions, IndVal.g analysis was used (Cáceres & Legendre, 2009). This method 
evaluates species fidelity and observation frequency within the group (Dufrêne & 
Legendre, 1997). IndVal.g differs from IndVal by taking into account the number of 
samples within the analysed group (Cáceres & Legendre, 2009). The indicator species 
analysis was performed in program R, using “indicspecies” package (Cáceres et al., 2010). 
Within the analysis, it is possible to define whether each species can be indicative of only 
one group or several groups. Researchers more commonly use one species –one group 
indicator species approach, however, allowing a species to be indicative of several 
environmental groups can allow inclusion of species with wider environmental niches 
(Cáceres et al., 2010) and could be potentially more informative in cases when species 
environmental preference lays within a border of two environmental groups. Indicator 
species analysis was performed by applying both approaches. One species – one group 
approach is further referred to as “IndVal.g1”, and multiple group indicator species 
analysis is referred to as “IndVal.gall”. 

Each of the important environmental variables identified by RDA analysis was 
analysed using the IndVal.g method. The environmental groups were pre-defined by the 
author of the thesis. Trophic state (TS) groups were defined based on the TSI values, as 
TS is a complex variable. The TS groups were oligotrophic, mesotrophic, eutrophic, 
hypereutrophic (Table 3), and dystrophic. Dystrophic lakes were identified based on the 
literature, as dystrophic lake definitions vary and are often based on catchment 
characteristics more than water chemistry (Eņģele & Sniedze-Kretalova, 2010; Gray et al, 
2022; Ingmar Ott, personal communication). 

Table 3. TS descriptive water parameters and the threshold values between different trophic states 
according to Nürnberg (1996) and Carlson (2007).  

Trophic state Trophic 
State 
Index 

Secchi 
depth 
(m) 

Total 
Phosphorus 
(µg/l) 

Total 
Nitrogen 
(µg/l) 

Chlorophyll-a 
(µg/l) 

Oligotrophic < 40 > 4 < 10 < 350 < 3.5 

Mesotrophic 40–50 2–4 10–30 350–650 3.5–9 

Eutrophic 50–70 1–2 30–100 650–1200 9–25 

Hypereutrophic > 70 < 1 > 100 > 1200 > 25

Lakes were grouped based on their average pH value into groups “< 6”, “6–8”, and 
“> 6”. The selected electrical conductivity (EC) groups were “0–100”, “100–200, “200–300”, 
“300–400” and “> 400”. The selected Depth groups were defined with a 5 m step (“< 5”, 
“5–10”, “10–15”, “15–20”, “> 20”). Lake Area (ha) groups were defined as “< 10”, “10–25”, 
“25–50”, “50–100”, “100–400”, “> 400”. The division of EC and Depth groups with a step 
was chosen due to a lack of clear definitions within limnological literature. Indicator 



30 

species analysis and its pH, EC, and TS results are described in depth in Article I. The only 
new result of pH, EC, and TS indicator species was regarding Eubosmina spp., whose 
indicator species potential was not assessed in Article I. 

2.4.5 Model development 
This work aimed to find suitable models for reconstructing past environmental changes 
in the Baltic states. We developed and tested weighted averaging partial least squares 
(WA-PLS) and boosted regression tree (BRT) models for the reconstruction of pH, EC, 
Depth, and TS descriptive parameters (such as TSI, TP, Chl-a). WA-PLS is one of the most 
commonly used methods for constructing transfer functions in paleolimnology (Heiri 
et al., 2011; Turner et al., 2021). This method combines two commonly used methods – 
weighted averaging (WA) and partial least squares (PLS) – each with its own advantages 
and limitations. WA is a popular method for environmental reconstructions that captures 
unimodal species-environment relationships well. However, it is rather sensitive to 
uneven data distribution along the gradient and tends to overestimate the values at the 
lower end of the gradient and underestimate the higher values. On the other hand, PLS 
is a method that can effectively use several components for environmental predictions 
but has a tendency for model overfitting (Birks et al., 2012). It is considered that combining 
these two methods into WA-PLS results in improved model performance (Ter Braak & 
Juggins, 1993).   

Even though WA-PLS has been shown to be an effective method for environmental 
reconstruction, it has some limitations, such as the model assumption of unimodal 
species response distributions (Ter Braak et al., 1993). Furthermore, uneven environmental 
gradient distribution can significantly impair the model’s predictive power (Turner et al., 
2021). As most of the data in the developed training set for Baltic States has uneven 
coverage along the environmental gradients (Appendix 5), machine learning methods 
that do not have fundamental assumptions might be more appropriate. Despite the rapid 
development of machine learning techniques, subfossil Cladocera research and the field 
of paleolimnology have shown relatively few attempts to integrate this knowledge into 
past environmental reconstructions (Dong et al., 2020; Salonen et al., 2014; Sun et al., 
2024; Wang et al., 2021). Therefore, the author tested whether BRT could be a suitable 
method for reconstructing past lake conditions of the Baltic states. 

 The BRT approach combines regression tree and boosting algorithms. Regression 
trees are non-parametric models that subset the data with similar response values. 
They are capable of capturing complex, nonlinear relationships and interactions between 
species and environmental variables. Boosting, on the other hand, is an ensemble 
learning method that incrementally builds a strong predictive model by combining many 
weaker models, reducing bias and improving performance. While boosting enhances 
accuracy and robustness, it can be computationally intensive and prone to overfitting if 
not properly tuned (Elith et al., 2008). The integration of these two approaches in BRT 
allows to account for non-linear, non-monotonic relationships and interactions, which 
are common in species-environment datasets (Birks et al., 2012). 

Data analysis was done using program R (v4.3.3, R core team 2024), the WA-PLS model 
was developed using package “rioja” (Juggins, 2022), while the BRT model was developed 
using package “gbm” (v 2.2.2, Ridgeway & Developers, 2024). To make the model results 
comparable for both models, k-fold (k = 10) cross-validation (López et al., 2022) with fixed 
folds predefined by the author (Appendix 6) was used. The WA-PLS model was tested for 
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five components, and for the final model, the component with the lowest average RMSEP 
value was chosen. 

The BRT workflow development was based on the article by Elith et al. (2008). 
The author did grided automated hyperparameter tuning to find the inner model 
parameters that would give the best results for the BRT model (López et al., 2022). 
The model performance was tested for distributions (“gaussian”, “laplace”, “tdist”), 
shrinkage (0.1, 0.05, and 0.01), bag fraction (0.6, 0.65, 0.7 and 0.75), interaction depth 
(1, 2 and 3), a minimum number of observations in the terminal nodes (2, 3, 5, 10) with 
a maximum number of 2000 trees. The best set of hyperparameters was chosen by 
selecting the hyperparameter combination that would give the smallest mean square 
error. The seed was set before the hyperparameter tuning, and a matching seed was 
used before the usage of the model to ensure the reproducibility of the model result. 
The best hyperparameters can be found in Appendix 7.  

To make the data distribution more suitable for the WA-PLS model, Cladocera data 
was square root transformed, species present in less than five samples were excluded, 
and environmental data (except pH) was natural logarithm (ln) transformed. It was done 
as most of the parameters had a right-skewed distribution. However, pH has a slightly 
left-skewed distribution (Appendix 5). Therefore, natural logarithm transformation 
would not improve the distribution of the pH data (Birks et al., 2012). 

Separate BRT and WA-PLS models were built using data subsets “all” and “Eubosmina” 
for pH, EC, TSI, TP, Chl-a, and Depth. Models based on datasets “pH > 6” and “Eubosmina 
(pH > 6)” were built for TSI, TP, Chl-a, and Depth. 

The cross-validation (CV) results for all the developed reconstruction models for each 
parameter (pH, EC, TSI, TP, Chl-a, Depth) were compared by RMSEP, R2, and slope values 
for model CV results. Residuals vs. Predicted values were tested for heteroskedasticity 
using the Breusch-Pagan test in the package “lmtest” (Zeileis & Hothorn, 2002), and for 
the normality of distribution using the Shapiro-Wilk test (Shapiro & Wilk, 1965). Residuals 
vs. Observed values were analysed using Pearson's correlation coefficient (Berman, 
2016) to identify if models are displaying any trends in their predictions in relation to the 
observed values. 

2.4.6 Environmental reconstructions 
The stratigraphic diagrams for Lake Velnezers, Sekšu, and Nakri were created in the 
program Tilia (Grimm, 2011). For sediment core investigations, to recognize the important 
shifts in the Cladocera species community, temporally constrained hierarchical clustering 
(CONISS) was employed (Grimm, 1987). The number of significant clusters was chosen 
using the broken stick method (Jackson, 1993). 

The author tested the developed pH, EC, TSI, TP, Chl-a, and Depth models on the core 
of Lake Velnezers (Article II), Lake Sekšu (Article III), and Lake Nakri (Manuscript I). 
All of the developed models were applied to these sites and evaluated how well the 
model output aligns with the conclusions drawn in Article II, Article III, and Manuscript I, 
as well as with information from literature sources. Additionally, the author evaluates 
pH, EC, TS, and Depth based on the indicator species and functional group approach 
findings of this work. LOESS 10-point smoothing was applied to the graphical 
representations of all the reconstructed parameters for each lake. It was hypothesized 
that sediment core samples that have a similar species composition to the ones in the 
training set in reconstruction will provide more realistic results. The similarity between 
each sample in the core of Lake Sekšu, Lake Velnezers, and Lake Nakri was determined 
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by first calculating the sample similarity as one minus Bray dissimilarity times 100 (Faith 
et al., 1987) between the sediment core sample and each of the training set samples. 
The 10 highest dissimilarity values were then selected to represent the dissimilarity 
results. This procedure was repeated for all four data subsets The past environment 
reconstructions, their representations as well as similarity calculations were done using 
program R (v4.3.3, R core team 2024) and libraries “rioja” (Juggins, 2022), “gbm” (v 2.2.2, 
Ridgeway & Developers, 2024) and “vegan” (Oksanen et al., 2022). 
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3 Results 
3.1 Training set development 

3.1.1 Cladocera relation to environmental parameters 
RDA triplot shows that pH, TSI, and Depth are the main environmental parameters 
influencing subfossil Cladocera species communities (Figure 3). These parameters have 
a significant explanatory power independently of the tested dataset. Parameters, that 
were selected as significant by the forward selection criteria in some of the tested datasets, 
but not others are TP and Area (“all”, “Eubosmina”), Chl-a (“pH > 6”, “Eubosmina (pH > 6)”), 
EC (“All”, “pH > 6”, “Eubosmina (pH > 6)”). The explanatory power of the RDA1 and  
RDA2 axes is constant, regardless of whether Bosmina (Eubosmina) longispina and  
B. (E.) coregoni are left as separate groups (“All”) or merged into Eubosmina spp.
(“Eubosmina”). However, it can be observed that changes in RDA1 and RDA2 axis
explanatory power change from the dataset “pH > 6” to “Eubosmina (pH > 6)”, with
increasing explanatory power for the RDA1 (from 20.65% to 23.97%) and a slight
reduction of RDA2 explanatory power. The parameters excluded from further analysis as 
insignificant based on the RDA were DO, SD, and Tann.

Figure 3 Redundancy analysis (RDA) for each of the sub-datasets (“all”, “pH > 6”, “Eubosmina”, 
“Eubosmina (pH > 6)”). 
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3.1.2 Environmental parameters 
The median values of TSI and Depth do not noticeably differ between pH groups, 
however there is a difference in data range. The pH < 6 lakes do not exceed lake Depth 
of 10 m and have generally higher TSI values. While on average, pH < 6 lakes are smaller, 
the smallest and largest lakes belonged to pH groups 6–8 and > 8. (Figure 4). All of the 
pH < 6 lakes also belonged to the EC 0–100 group, but not all the lakes with EC 0–100 
belonged to the pH < 6 group. There is no clear relationship between EC and TSI. There 
appears to be a relationship between lake Depth and lake TSI. Oligotrophic lakes were 
the deepest, and with increased TS the median lake Depth decreases, hypereutrophic 
lakes rarely exceeding 5 m. Shallow lakes (Depth < 10 m) tend to be smaller, but there 
seems to be generally little connection between lake Area and any other parameter. 

Figure 4 Distribution of pH, EC (Electrical Conductivity, µS/cm), TS (Trophic State), Depth (maximum 
depth, m), Area (lake surface area, ha) groups across pH, EC, TSI (Trophic State Index), Depth, and 
Area values. In the column “count” a number of lakes in each group are represented by histograms. 

3.1.3 Cladocera relation to environmental parameters 
Lakes with pH < 6 seem to have noticeably higher species evenness and slightly higher 
species richness and diversity (Figure 5). Species richness, evenness, and diversity tend 
to reduce with increasing TS. Data points are scattered in all of these cases, especially for 
eutrophic lakes. Therefore, results cannot be interpreted unequivocally. Species diversity 
and richness reduce with the increase of EC. On the other hand, evenness is higher in 
lakes with EC < 100 µS/cm, but does not differ much between lakes with EC > 100 µS/cm. 
Lake Area and Depth seem to have little connection to diversity descriptive parameters. 
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Figure 5 Diversity descriptive parameters (Richness, Evenness, Shannon’s diversity index) to pH, 
Electrical Conductivity (EC), Trophic state (TS), lake maximum depth (Depth, m), and surface area 
(Area, ha). 

Functional groups that most correspond to pH and EC are Large-sized Cladocera 
(r = –65 and r = –51) (Figure 6). Small and Medium Cladocera strongly correlate to TSI 
(r = 0.62 and r = –0.63). However, this group also has a noticeable correlation to Depth 
(r = –0.41 and r = 0.40). Small Cladocera also has a positive relation to pH (r = 0.41). 
In addition to Small and Medium-sized Cladocera, lake Depth correlates with relative 
abundance of Pelagic Cladocera (r = 0.45) and Macrophyte-associated Cladocera 
(r = –0.55). Littoral generalists (littoral unspecified) show no significant relation to any of 
the analyzed parameters. There was no functional group related to the lake area. 

PCA analysis shows that subfossil Cladocera species compositions cluster according to 
trophic groups and pH (Figure 7). The Small Cladocera group coincides with the direction 
of eutrophic lake distribution, while the Medium-sized Cladocera vector points towards 
oligotrophic conditions. Large species seem to be characteristic of dystrophic lakes; 
however, for the datasets where acidic and dystrophic lakes were excluded, the vector 
points towards oligotrophic lakes. Macrophyte-associated species show a connection to 
both hypereutrophic and dystrophic lakes. Sediment-associated species seem to be 
connected to oligotrophic and mesotrophic lakes, but Littoral generalist species and 
pelagic species do not display a clear connection to any of the pH or trophic groups. 
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Figure 6 Cladocera functional group relation to pH, Electrical Conductivity (EC), Trophic State Index 
(TSI), maximum depth (m; Depth), surface area (ha; Area). The top left corner of each plot Pearson’s 
correlation coefficient (r) is displayed. 
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Figure 7 Principal Component analysis (PCA) results for each of the data subsets (“all”, “pH > 6”, 
“Eubosmina”, “Eubosmina (pH > 6)”). The relationship between lakes and functional groups is 
illustrated with arrows. 

3.1.4 Indicator species analysis 
Cladocera indicator species in relation to lake pH, EC, and TS were examined in Article I. 
Initial indicator species analysis showed, that there are two distinct species communities 
for lakes with pH < 6 and with pH > 6, while for EC similar result was observed with the 
dividing value being 100 µS/cm, with an exception of Alonopsis elongata and Polyphemus 
pediculus which are indicative of EC < 200 µS/cm (Figure 8). 

Figure 8 Species identified as indicators of pH < 6, pH > 6, EC < 100 µS/cm, EC < 200 µS/cm, 
EC > 200 µS/cm in Article I. Upwards arrow indicates that species is an indicator based on increase 
in relative abundance, not presence-absence. 
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The Cladocera identified as an indicator species by Article I displays a more complex 
pattern in relation to TS (Figure 9). Several species were found to be indicative of more 
than one trophic group. The presence of A. elongata can indicate dystrophic, oligotrophic, 
or mesotrophic conditions, while the presence of Monospilus dispar can indicate both 
oligotrophic and mesotrophic conditions. High relative abundances of Daphnia spp. can 
indicate dystrophic, oligotrophic, or mesotrophic conditions. Nevertheless, several 
species were found to be indicative of only one of the TS groups. Species whose presence 
indicates dystrophic conditions are Alona rustica, Drepanothrix dentata, P. pediculus, and 
H. gibberum.  The presence of Ophryoxus gracilis and Paralona pigra can indicate
oligotrophic conditions. The presence of Oxyurella tenuicaudis can indicate hypereutrophic
conditions. An increase in relative abundance and dominance of Alonella excisa indicates
dystrophic conditions, and an increase of B. (E.) coregoni suggests a reduction in the TS;
the dominance of B. (E.) longispina is typical for mesotrophic conditions.  The dominance 
of B. longirostris indicates eutrophic conditions, while the dominance of Coronatella
rectangula/ Alona guttata and Chydorus sphaericus indicates hypereutrophic conditions.

Figure 9 Species identified as indicative of oligotrophic, mesotrophic, eutrophic, hypereutrophic, 
dystrophic conditions, or some combination of these groups. As identified in Article I. The upward 
arrow indicates that species is an indicator based on the increase in relative abundance. 

Indicator species analysis identified Eubosmina spp. as indicative of oligotrophic 
conditions. Testing the indicator species approach on lake Area resulted in four more 
potential indicator species (Alonella exigua, Area < 50 ha; Alona quadrangularis, 
Area > 400 ha; Kurtzia latissima, Area 10–50 ha; Latona setifera, Area 10–25 ha) (Figure 
10). All of these results are statistically significant; however, they are of comparatively 
low significance (0.05 < p > 0.01). Results of Depth indicator species analysis classified as 
indicators species that were already mentioned as indicators of pH, EC, or TSI in Article I. 
A. elongata is a potential indicator of lakes with Depth of 5–10 and > 15 m. B. longirostris
and Leydigia leydigi are potentially indicative of a lake Depth of 10–15 m. P. pigra might
be indicative of lakes with a Depth of > 15 m.
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Most of the species that were identified as new potential indicators can only be 
observed in small relative abundances (< 4%) (Figure 11). The exceptions are 
A. quadrangularis (maximum 15%), C. rectangula/ A. guttata (maximum > 40%), and
Eubosmina spp. (maximum > 60%). A. quadrangularis has a larger relative abundance in
lakes with a larger surface area (> 400 ha), but it can be found in lakes of all sizes.
Eubosmina spp. relative abundance decreases with an increase in TSI and a decrease in
Depth. However, this species was not identified as indicative of any particular Depths
(Figure 10). C. rectangula/ A. guttata displays an opposite trend to Eubosmina spp. –
it increases its relative abundance with an increase of TSI, and the highest relative
abundance values for this species can be observed at lakes with Depth < 5m.

A. exigua can be observed in lakes of all sizes. However, this species is found in slightly
higher relative abundances (> 2%) at lakes with Depths < 10 m. K. latissima observations 
are strictly limited to lakes with an Area < 50 ha. L. setifera was only observed in lakes 
with an Area between 10 and 400 ha. A similar result was found for P. pediculus (Figure 
11), which was not identified as indicative of any particular Area size but instead is 
recognized as an indicator of depth between 5 and 10 m. In this Depth, P. pediculus 
reaches its highest relative abundance (3%). Results also show that P. pediculus was not 
found in any lakes that are deeper than 10 m. 

Figure 10 Indicator species results based on 1 group limited and group combined IndVal.g analysis. 
Species that are shown to be indicators by IndVal.g analysis and were not part of the indicator 
species list in Article I are displayed in bold. 
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Figure 11 Relative abundance of potential indicator species of Depth and Area in relation to pH, EC, 
TS, Depth, and Area. Additionally, Eubosmina spp. results are shown, as this species group was not 
analyzed before in Article I. 
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3.2 Model development: WA-PLS and BRT cross-validation results 
Model cross-validation (CV) results show that model performance descriptive parameters 
differ between the selected models (BRT vs. WA-PLS) and datasets (“all”, “Eubosmina”, 
“pH > 6”, “Eubosmina (pH > 6)”). Removing dystrophic lakes (datasets “pH > 6” and 
“Eubosmina (pH > 6)”) from the Depth, TSI, Chl-a, and TP models significantly improved 
the WA-PLS and BRT model performances (Figure 12). WA-PLS models’ performance 
results for datasets “all” and “Eubosmina” are, in general, more similar than the results 
for the same datasets using BRT models, and the same similarity can be noted between 
“pH > 6” and “Eubosmina (pH > 6)” results. When comparing the CV results for the same 
datasets between WA-PLS and BRT models, WA-PLS tends to have lower RMSEP values 
and higher R2 values. Exceptions to these results were found for the Depth model CV, 
where BRT had somewhat lower RMSEP values and higher R2 values, and for the TP 
model, where R2 values were similar between WA-PLS and BRT. Quartiles 1 and 4 tend 
to have higher RMSEP values than quartiles 2 and 3. No significant correlations were 
found between residuals vs. predicted values, and Breusch-Pagan did not indicate any 
anomalies within the distribution of the residuals. 

Models with an R2 value below 0.5 will be excluded from further environmental 
reconstructions of Lake Velnezers, Lake Sekšu, and Lake Nakri. This criterion classifies 
only datasets “pH > 6” and “Eubosmina (pH > 6)” as suitable for reconstructions of Depth, 
TP, and Chl-a. While for EC, the BRT model based on the “Eubosmina” dataset does not 
fit into the R2 > 0.5 criteria. It can be seen that the excluded models also tend to have a 
higher correlation of residuals vs. observed values, despite the fact that none of these 
correlations were statistically significant (Figure 12). 

WA-PLS overall showed lower RMSEP values for the pH model. The situation slightly 
changes when looking at the RMSEP values per quartiles, with WA-PLS performing better 
at quartiles 1 and 2, while BRT models performed better at quartiles 3 and 4.  WA-PLS 
and BRT models based on datasets “pH > 6” and “Eubosmina (pH>6)” had little difference 
in RMSEP values between quartiles 1 and 2, had the smallest RMSEP values at quartile 3, 
and the highest RMSEP values in quartile 4. 
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Figure 12 Model cross-validation (CV) results. The performance of each metric of each model is 
portrayed in a unique color as per the color scheme.  It must be noted that EC, TSI, Chl-a, and TP 
results were natural logarithm transformed before CV. Therefore, RMSEP values are also on a 
logarithmic scale. RMSEP (root mean square error of prediction) is portrayed first, and smaller 
RMSEP values are considered as desirable. However, they are dependent on the value range of the 
measured parameter, therefore, they can be compared between different models for the same 
parameter, but not between different parameters. In Slope & R2 plots, a horizontal line at 1 is 
drawn, as 1 is the ideal value for the slope. R2 values above 0.5 are portrayed with black dots, and 
the red dots represent R2 values below 0.5. Theoretical R2 values can range between 0 and 1, and 
the higher the R2 value, the higher the model’s predictive power. Pearson’s correlation of residuals 
vs. observed values is portrayed in the red color gradient under the Slope & R2 plots. A high 
correlation might indicate prediction bias at the ends of the environmental gradient. 
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3.3  Environmental reconstructions 

3.3.1 Lake Velnezers 
Clustering results identified two major clusters for Lake Velnezers, with the lower part of 
the core being significantly different from the rest of it (Figure 13).  
The first cluster spans 33 to 27 cm sediment depth (date unknown to the year 1920) 
(Zone 1). Other zones were selected based on historical environments and correspond 
to the same zoning used in Article II. 
Zone 2 (sediment depth 27 to 20 cm, year 1920 to 1970). The period before the 
apartment complex construction around Lake Velnezers. 
Zone 3 (sediment depth 20 to 14 cm, 1970 to 1990). The urbanized stage during the 
Soviet Union. 
Zone 4 (sediment depth 14 to 0 cm, 1990 to 2018). Urbanized stage after the collapse of 
the Soviet Union. The selected borders of Zones 2–4 approximately correspond to 
clusters of lower significance. 

The dominant species in Zone 1 are such lower TS indicators as B. (E.) coregoni and 
B. (E.) longispina, and an indicator of both low TS and low pH, Daphnia spp.. This is the
only zone where the acidity indicator species H. gibberum is present. In Zones 2, 3, and
4, the eutrophy indicator B. longirostris becomes the dominant species. At the beginning
of Zone 2, almost simultaneously appear such EC > 100 µS/cm indicative species as
Leptodora kindtii, Pleuroxus trigonellus, Disparalona rostrata, M. dispar, and L. leydigi.

Figure 13 Lake Velnezers stratigraphic diagram. Species are displayed based on their relative 
abundances. Only species identified as indicators in Article I (Figures 8, 9) are included. The names of 
species indicative of pH < 6 are colored brown, and the names of species indicative of EC > 100 µS/cm 
are colored purple. The relative abundance curves of species indicative of low TS (oligotrophic, 
mesotrophic) are displayed in green, while species curves or species indicative of higher TS (eutrophic, 
hypereutrophic) are shown in orange. Names of species not indicative of pH or EC are displayed in 
black, and curves of species not indicative of oligotrophic/mesotrophic/eutrophic/hypereutrophic 
conditions are also shown in black. The only exception is C. rectirostris, which is indicative of  
non-hypereutrophic conditions. Species are grouped according to their habitat preference. 
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Functional groups and species diversity have similar patterns across the defined 
Zones. Zone 1 is characterized by a decrease in Littoral species, Large-sized and 
Medium-sized species proportion, and a small decrease in all species diversity descriptive 
parameters (richness, evenness, and Shannon’s diversity index) (Figure 14). Zone 2 is 
relatively stable across all functional groups and species diversity descriptive parameters. 
In Zone 3, the proportion of Pelagic and Small-sized species gradually decreases in the 
sample, and an increase in all diversity descriptive parameters was observed. Zone 4 
starts with a steep increase in Small-sized Cladocera and a sudden decrease in species 
richness, evenness, and diversity. 

The dissimilarity analysis between Velnezers’ samples and training set samples shows 
similar results across all of the tested datasets. The smallest dissimilarities were observed 
for the 4 topmost sediment layers, as the topmost sample was part of the surface 
sediment training set. Otherwise, the dissimilarity value between the closest training set 
sample and the sample of Lake Velnezers fluctuates between 0.2 and 0.3.  In Zones 1 and 
2, the lowest dissimilarity values are slightly lower between datasets “all” and “pH > 6” 
than those of datasets “Eubosmina” and “Eubosmina (pH > 6)” (Figure 14). 

Figure 14 Diagram of functional group relative abundances, diversity descriptive parameters, and 
10 lowest Bray dissimilarity values between each sample of Lake Velnezers and datasets “all,”  
“pH > 6”, “Eubosmina”, “Eubosmina (pH > 6)”. 

All of the pH models agree that there has been an increase in the pH from pH < 6 to 
approximately pH = 8, but the rate of change differs between the models. BRT models 
predict a faster increase in pH, while WA-PLS models predict a gradual increase (Figure 
15). In Zones 2–4, all of the models predict pH values in the range between 7 and 8.5. 
However, the predictions of BRT models seem to be closer to the Velnezers’ pH values 
known from the literature. WA-PLS predicts EC from the bottom of the core to the top of 
the core, increasing from close to 0 µS/cm to 100 µS/cm, while BRT predicts similar values 
at the bottom of the core, and values as high as 200 µS/cm at the topmost samples. 
All of these EC model predictions are lower than values known from the literature. All of 
the developed models predict the lake Depth of Lake Velnezers to be higher than the 
present values during Zone 1. WA-PLS results show a gradual decrease from 13 to 7 m in 
Zones 2–4, with an increase of lake Depth to > 10 m from 2010 to 2018. The LOESS 
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smoothing curve shows more stable results for lake Depth in Zones 2–4, which is also 
closely aligned with the known lake Depth values from the literature. However, when 
observing the individual points of BRT, it can be seen that they are dispersed more widely 
around the smoothing line than those of the WA-PLS models. Model reconstructions 
evaluate the TS of Lake Velnezers between mesotrophic and hypereutrophic (Figure 15). 
Almost all of the models identify a peak of TSI, Chl-a, and TP in Zone 4. The only models 
that do not register any significant changes in TSI are WA-PLS models based on “all” and 
“Eubosmina” datasets. WA-PLS consistently evaluates all of the TS-related parameters as 
lower than those evaluated by BRT models. BRT model values are closer to the values 
reported in the literature. 

Figure 15 Lake Velnezers pH, Electrical conductivity (EC), Depth, and trophic state descriptive 
parameters (Trophic State Index (TSI), Chlorophyll-a, Total Phosphorus (TP)) reconstructions. If 
parameter is reconstructions are only made with “pH > 6” and “Eubosmina(pH > 6)” datasets, then 
the Zone 1 area, which is suspected to have a pH < 6, is colored gray. Known values from literature 
are marked by differently shaped figures. 
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3.3.2 Lake Sekšu 
The results of the broken stick model based on subfossil Cladocera do not separate any 
of the clusters as significantly different from the others. For the purpose of result 
description, the zoning from Article III will be used, where different zones were 
distinguished based on Loss on Ignition (LOI) results.  

Zone 1 describes the lower part of the core at the sediment depth 46 to 41 cm (year 
1935–1947 CE). 

In Zone 2, results from sediment depth 41 to 0 cm (year 1947–2018 CE) are described. 
The most abundant species throughout the core are B. (E.) coregoni, B. (E.) longispina, 

B. longirostris, and C. sphaericus (Figure 16). There is a decrease in B. (E.) coregoni from
the beginning of Zone 1 towards the end of Zone 2. Throughout the core B. (E.) coregoni
varies between 6% and 22% relative abundance. The relative abundance of C. sphaericus
varies between 6% and 26%. In Zone 1, C. sphaericus relative abundance values are
consistently lower than in Zone 2 (Zone 1 max = 11.8%, min = 5.8%, median = 8.9%;
Zone 2 max = 25.9%, min = 9.0%, median = 16.1%).

Figure 16 Lake Sekšu stratigraphic diagram. Species are displayed based on their relative 
abundances. Only species identified as indicators in Article I (Figures 8, 9) are included. The names of 
species indicative of pH < 6 are colored brown, and the names of species indicative of EC > 100 µS/cm 
are colored purple. The relative abundance curves of species indicative of low TS (oligotrophic, 
mesotrophic) are displayed in green, while species curves or species indicative of higher TS 
(eutrophic, hypereutrophic) are shown in orange. Names of species not indicative of pH or EC are 
displayed in black, and curves of species not indicative of oligotrophic/mesotrophic/eutrophic/ 
hypereutrophic conditions are also shown in black. The only exception is C. rectirostris, which is 
indicative of non-hypereutrophic conditions. Species are grouped according to their habitat 
preference. 
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The species functional group composition for Lake Sekšu could be described as 
relatively stable. Sediment-associated species relative abundance is slightly higher in 
Zone 1 (Zone 1 max = 19.2%, median = 12.8%, Zone 2 max = 12.0%, median = 8.1%) 
(Figure 17). Small-sized species average relative abundance increases in the second half 
of Zone 2 (from 26th cm to 0 cm, year 1978–2018 CE), and can also be described as 
oscillating (before 26th cm max = 53.8%, min = 36.9%, median = 46.9%; after 26th cm 
max = 70.2%, min = 43%, median = 53%). 

Figure 17 Diagram of functional group relative abundances, diversity descriptive parameters, and 
10 lowest Bray dissimilarity values between each sample of Lake Sekšu and datasets “all,” “pH > 6”, 
“Eubosmina”, “Eubosmina (pH > 6)”. 

All of the Lake Sekšu pH reconstructions evaluate the lake as neutral to slightly 
alkaline. WA-PLS models gave almost identical reconstruction results for models built 
based on datasets “all” and “Eubosmina” (Figure 18). WA-PLS evaluated the pH values to 
be slightly lower than those predicted by BRT. The closest pH values to those of the 
known literature are for the “Eubosmina” dataset based BRT model. Based on the model 
reconstruction, EC for Lake Sekšu varies between 25 and 350 µS/cm. WA-PLS again 
predicts almost identically based on both datasets, and its predictions are closer to the 
known EC value from the year 2013. The BRT model displays a large variation in the 
reconstructed values.  

Lakes Sekšu Depth is evaluated to be between 2.5 and 24 m. All of the models show 
higher values in Zone 1. On average, BRT models produce lower values, which are closer 
to the Depth 7 m, as is known from the literature. However, the dispersal of the 
reconstructed values is also high. TS model reconstruction of Zone 1 returned values, 
which would classify Lake Sekšu as oligotrophic to eutrophic based on TSI, and as 
mesotrophic to eutrophic based on Chl-a and TP. The average values for all of the models 
in Zone 2 vary little. 
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Figure 18 Lake Sekšu pH, Electrical conductivity (EC), Depth, and trophic state descriptive 
parameters (Trophic State Index (TSI), Chlorophyll-a, Total Phosphorus (TP)) reconstructions. 
Known values from literature are marked by differently shaped figures. Outliers that fall beyond 
the displayed x-axis limits are shown in red, with their exact values given in brackets beside them. 

3.3.3 Lake Nakri 
Four zones can be distinguished in the Lake Nakri sediment core, based on Subfossil 
Cladocera composition: 
Zone 1 (sediment depth 1028–940 cm, calibrated year from 12,100 to 11,100 BP). 
Zone 2 (940–620 cm, 11,100–7900 cal. years BP). 
Zone 3 (620–349 cm, 7900–5330 cal. years BP). 
Zone 4 (349–0 cm, from 5330  to –68 cal. years BP) (Figure 19). 

For Lake Nakri, “BP” instead of the “BCE/CE” age scale is used. The record covers the 
whole Holocene and geological time periods, such as late glacial, Early Holocene, Middle 
Holocene, and Late Holocene, are usually described in BP time scale, thus simplifying the 
comparison with the literature. 
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The main dominant species throughout the core is B. (E.) longispina. In Zones 1 and 2, 
B. longirostris can be observed in relative abundances up to 20%, but becomes the
dominant species in Zone 3 and onwards.  In the period where Zone 1 transitions to Zone 
2, Daphnia spp. and B. (E.) coregoni peaks occur. A similar peak of Daphnia spp. can be
observed in the transition between Zones 3 and 4. Indicator species that appear in Zone 2
for the first time are L. kindtii, O. gracilis, O. tenuicaudis, A. excisa, Pleuroxus uncinatus,
P. aduncus, P. trigonellus, and P. pigra. The appearance of P. pigra after the first
observation could be described as sporadic. There were no indicator species that would
be descriptive of Zones 1 and 2, but could not be found in Zones 3 and 4. On the other
hand, such species as D. rostrata and P. pediculus are only found in Zones 3 and 4. Species
that appear rarely in Zones 1 and 2, but appear regularly in Zones 3 and 4, are L. kindtii,
A. rustica, P. uncinatus, M. dispar, and P. aduncus. B. (E.) coregoni and L. leydigi can be
primarily found in Zones 1 and 4, while missing in the middle part. A. elongata is a species
that can be observed in almost every sample during Zone 1, but afterwards appears rarely.

Figure 19 Lake Nakri stratigraphic diagram. Species are displayed based on their relative 
abundances. Only species identified as indicators in Article I (Figures 8, 9) are included. The names of 
species indicative of pH < 6 are colored brown, and the names of species indicative of EC > 100 µS/cm 
are colored purple. The relative abundance curves of species indicative of low TS (oligotrophic, 
mesotrophic) are displayed in green, while species curves or species indicative of higher TS 
(eutrophic, hypereutrophic) are shown in orange. Names of species not indicative of pH or EC are 
displayed in black, and curves of species not indicative of oligotrophic/mesotrophic/eutrophic/ 
hypereutrophic conditions are also shown in black. The only exception is C. rectirostris, which is 
indicative of non-hypereutrophic conditions. Species are grouped according to their habitat 
preference. 

Pelagic species proportion reduces gradually throughout the sediment record of Lake 
Nakri (Figure 20), while species diversity increases. In Zone 1, there are almost no 
macrophyte-associated species, and the species richness is low. Macrophyte-associated 
species relative abundance remains rather constant throughout Zones 2 and 3 and 
increases in Zone 4. Sediment-associated species relative abundance is low in Zones 2 
and 3. Samples’ dissimilarity values reduce from the beginning of Zone 1 towards the end 
of Zone 2. In Zones 3 and 4, dissimilarity values are rather constant.  
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Figure 20 Diagram of Functional group relative abundances, diversity descriptive parameters, and 
10 lowest Bray dissimilarity values between each sample of Lake Nakri and datasets “all,” “pH > 6”, 
“Eubosmina”, “Eubosmina (pH > 6)”. 

Lake Nakri pH is predicted to be between 7 and 9 pH units (Figure 21). WA-PLS models 
on average predict that pH has not changed much throughout the Holocene. In 
comparison, BRT models evaluate that there has been a decrease in pH values by 
approximately 1 point between the beginning of Zone 1 and the beginning of Zone 2. 
During Zone 2, BRT predicted pH values stabilize between 8 and 8.5 units. Predicted pH 
values at the topmost sediment sample are close to the measured pH value for all tested 
models. On average, both WA-PLS and BRT models evaluated EC values between 100 and 
400 µS/cm, occasionally decreasing below the 100 µS/cm threshold. BRT model 
predictions for the topmost sediment sample are the closest to the measured EC value. 
However, the BRT model also displays a considerable variation in the EC values, 
sometimes predicting Lake Nakri EC as high as 1200 µS/cm.  

Lake Depth reconstructions predict values between 2.5 and 20 m. WA-PLS models 
evaluated Lake Depth as more or less constant in Zones 2–4. Based on the BRT model 
reconstructions, there was a noticeable increase in water Depth during the transition 
between Zones 3 and 4, with an average lake depth of 13 m. Nowadays, the approximate 
lake Depth is three meters. BRT model estimates are slightly closer to this value; 
however, on average, all the models seem to overestimate the water depth. The estimated 
values of TSI, Chl-a, and TP would correspond to those of a mesotrophic to 
hypereutrophic lake (Figure 21). In Zone 1, WA-PLS models evaluated TSI, Chl-a, and TP 
values as lower than those of the present day, while BRT model predictions would 
estimate these values to be higher than the contemporary ones. BRT “pH > 6” model 
consistently presents higher Chl-a values in comparison to other models. 
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Figure 21 Lake Nakri pH, Electrical conductivity (EC), Depth, and trophic state descriptive 
parameters (Trophic State Index (TSI), Chlorophyll-a, Total Phosphorus (TP)) reconstructions. 
Known values from literature are marked by differently shaped figures. 
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4 Discussion 
This study aimed to identify the main drivers of subfossil Cladocera species assemblages 
in lakes of the Baltic States, develop and apply various methods for reconstructing 
past lake environments, and assess each method’s suitability for environmental 
reconstruction of each studied parameter. Based on the developed training set, several 
abiotic factors influence subfossil Cladocera assemblages, such as water pH, electrical 
conductivity (EC), trophic state (TS), maximum lake depth (Depth), and lake surface area 
(Area). However,  it must be noted that other factors might have influenced cladocerans 
but were either not analysed due to incomplete observations and insufficient gradient 
(Article I), or were not assessed at all. Among such unexplored factors are some that have 
been reported to have a significant influence on subfossil Cladocera assemblages, such 
as planktivorous fish and macrophyte abundance (Davidson et al., 2010; Jeppesen et al., 
2001). Assessing such parameters would have required labor-intensive extensive 
fieldwork and expertise beyond the scope and capacity of this thesis, as existing 
observations on fish and macrophytes for most of the studied lakes were not available. 

The surface sediment training set methodology involves collecting surface sediment 
samples (typically the uppermost 1–2 cm), obtaining relevant environmental 
measurements, and analyzing the species assemblages preserved in the sediments. 
It is generally assumed that surface sediment samples represent environmental 
conditions over the past 1 to 20 years (Birks et al., 2012). In this study, the decision was 
made to collect the top 2 cm of sediments, as this amount should be representative of 
the current day situation (Article III; Heinsalu & Alliksaar, 2009; Liiv et al., 2018; 
Mikalauskienė et al., 2015; Punning et al., 2007; Stivrins et al., 2018; Stivrins, 2023; Veski 
et al., 2005). The choice to sample 2 cm, rather than just 1 cm, was intended to reduce 
the influence of seasonal variability and single-year extreme events, which might not 
have been fully captured by the environmental parameter measurements (Köster & 
Pienitz, 2006; Table 2). Environmental measurements used in the training set were 
selected from a time frame of up to five years before sediment sampling, assuming that 
these conditions reflect the period during which the Cladocera assemblages were 
deposited and preserved. Nonetheless, since the surface sediments in this study were 
not dated, it is possible that in lakes with higher or lower sedimentation rates than 
anticipated, the sedimentary Cladocera assemblages may not correspond well with the 
time period of the available environmental data, potentially creating a temporal 
mismatch between the environmental and subfossil Cladocera data. 

Additional uncertainties regarding the alignment between environmental parameters 
and subfossil Cladocera assemblages in surface sediments arise due to variations in the 
sampling intensity of the environmental data. Some lakes in the dataset had up to 30 
environmental measurements within the selected five-year period, while others were 
represented by only a single measurement (Table 2). Although it is not uncommon in 
surface sediment training sets to rely on a single environmental observation (Amsinck 
et al., 2005; Stivrins et al., 2022), such variability in sampling effort introduces the 
potential for mismatches between the recorded environmental conditions and the 
biological assemblages preserved in sediments. 
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4.1 Environmental factors and their interactions 
Researchers have repeatedly reported a relation between subfossil Cladocera assemblages 
and pH, EC, Depth, TS, temperature, as well as fish and macrophyte abundance (Amsinck 
et al., 2005; Bjerring et al., 2009; Dong et al., 2020; Krause-Dellin & Steinberg, 1986; 
Lotter et al., 1997; Nevalainen et al., 2011). Our results align well with several of these 
findings, as it was found that pH, EC, TS descriptive parameters (TSI, Chl-a, TP), lake 
Depth, and Area had the highest explanatory power on subfossil Cladocera species 
assemblages. (Figure 3). Lake Area is not usually reconstructed using subfossil Cladocera; 
however, some researchers have found that this variable has some explanatory power 
(Pawlikiewicz & Jurasz, 2017). Although it is known that macrophyte and fish abundance 
can have significant explanatory power on zooplankton communities (Davidson et al., 
2010), it was not studied within the scope of this work due to a lack of available data. 
This could contribute to the unexplained variability of lakes in this dataset and should be 
addressed in further research. We did not find a significant relationship between 
subfossil Cladocera and climate (regarding Tann). This result is likely caused by the 
insufficient climatic gradient, as the Tann difference between the warmest and coldest 
site was only 2.5 °C. Therefore, an extension of the gradient would be necessary to 
properly evaluate the influence of temperature on subfossil Cladocera. 

Most authors who have attempted to reconstruct TS through transfer function have 
focused on TP as the main parameter (Amsinick et al., 2005; Brodersen et al., 1998; Chen 
et al., 2010). It is considered that more successful environmental reconstructions can be 
accomplished if the studied parameter is directly ecologically limiting to the study 
organism (Juggins, 2013). Because Cladocera are zooplankton that do not utilize 
phosphorus as a direct food source, there is no physiological basis for them to respond 
directly to TP. Nevertheless the TP can have a strong indirect effect on the Cladocerans, 
as TP concentrations influence algal and macrophyte growth and composition (Naderian 
et al., 2025; Nürnberg & Shaw, 1998; Rattray et al., 1991) and many Cladocera species 
feed on algae or prefer macrophyte habitats (Błędzki & Rybak, 2016; Smirnov, 2017) 
However, above mentioned lake’s primary producers can be influenced by other factors 
as well, such as alkalintiy and ion content (Lewis et al., 2025; Šolcová et al., 2024), N 
concentration (Naderian et al., 2025), light limitation and temperature (Jeppesen et al., 
2010; Rose, 2024). Our results showed that TSI had higher explanatory power than TP. 
As TSI includes several parameters (Carlson, 2007), it may be better at capturing the 
complex lake TS-related conditions necessary for Cladocera than TP. 

Secondary gradients can affect the reliability of environmental reconstructions, and in 
an ideal scenario, all environmental variables should be independent from one another 
(Juggins, 2013). Data analysis revealed a strong relation between TS and Depth (Figure 4). 
Such a result has been reported by other authors as well (Zhou et al., 2022). While it has 
been argued that this effect is due to the geographical distribution of deep and shallow 
lakes, with deep oligotrophic lakes mostly being located in mountains, and shallow 
eutrophic lakes in lowlands (Zhou et al., 2022), this is not necessarily the case for the 
relatively flat Baltic states. It could be argued that many of the deeper oligotrophic lakes 
are located in forested areas and therefore have a lower human impact, but this 
argument would require a more thorough landscape analysis. Holocene sediment cores 
from some Baltic lakes can be up to 20 m thick (Rõuk, 1992). Accumulating that much 
sediment would lower the water column by about 20 m, turning a once-deep lake into a 
shallow one. Therefore, the inverse argument can also be made – some shallow lakes 
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may be shallow due to human-induced eutrophication, which accelerates sediment 
accumulation and reduces water depth (Kornijów, 2023; Tammeorg et al., 2018). 

Lake Depth is not only correlated with TS, but can also directly shape nutrient cycling 
processes and nutrient limitation regimes, thus playing a role in determining lake 
productivity. Nutrient limitation dynamics – specifically the relative availability of N and 
P – can influence both lake productivity and the ecological response of organisms such 
as Cladocera. Studies have shown that shallow, hypereutrophic lakes tend to be 
N-limited, eutrophic lakes are often co-limited, and deep oligotrophic systems remain
primarily P-limited (Naderian et al., 2025). These dynamics may influence not only
productivity metrics like the TSI but also the C:N:P stoichiometry of phytoplankton, which 
affects Cladocera food quality and growth rates (Sterner et al., 1992).

In both shallow and deep lakes, anoxia can alter nutrient availability through internal 
P loading from sediments and denitrification. Under anoxic conditions, P becomes more 
bioavailable, while denitrification converts nitrate and nitrite into nitrogen gases, 
effectively removing biologically available N from the system (Hakanson & Jansson, 1983; 
Qin et al., 2020). In deep lakes, stratification often restricts P availability to surface waters 
except during seasonal mixing events. In contrast, shallow lakes, which mix more 
frequently, may have continuous access to sediment-released P, leading to higher 
productivity. As a result, P availability is less likely to be a limiting factor in shallow lakes, 
and primary production can continue to increase until N, driven by a combination of 
denitrification and nutrient uptake by primary producers, becomes the limiting nutrient 
(Kornijów, 2023; Qin et al., 2020). The relationship between TS and Depth weakens in 
lakes deeper than ~15 m, because wind-driven mixing rarely extends deeper than this in 
most lakes (Qin et al., 2020). Similar results can be found in this work, as lakes in groups 
Depth 15–20 m and > 20 m did not differ in their TSI values (Figure 4). These considerations 
highlight the complexity of interpreting TS and Depth reconstructions, particularly since 
N data in this study are lacking (Table 2). Regardless of whether the relationship between 
TS and Depth is correlative or causal, the reconstructions of these parameters are likely 
to be influenced by one another. 

Some relationship was found between pH and EC, as all of the acidic lakes (pH < 6) had 
EC < 100 µS/cm. This finding arises from the natural variability of acidic lakes in the Baltic 
States, as highly conductive acidic lakes do not occur in this region. A more thorough 
discussion on the relationships between pH, EC, and TSI can be found in Article I. Lake 
Area distribution seems to be independent of other parameters when looking at the 
group distribution along the environmental gradients (Figure 4).  However, lake Area was 
not recognised as statistically significant for datasets “pH > 6” and “Eubosmina (pH > 6)”. 
Acidic lakes were on average smaller than lakes with pH > 6, which might have influenced 
this result. 

4.2 Patterns of subfossil Cladocera assemblages 

4.2.1 Relationship between environment and Cladocera species diversity 
Species diversity is a community descriptive parameter that has interested ecologists for 
more than a hundred years (Gleason, 1922). It is suggested that information on species 
diversity can provide insights into ecosystem complexity and stability (Loreau & De 
Mazancourt, 2013; St. Pierre & Kovalenko, 2014). In this work, species diversity was 
assessed using Shannon’s diversity index. This index is one of the most commonly 
used and contains information on two key diversity components – species evenness 
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(the distribution of individuals among the species) and species richness (Birks et al., 
2012). Shannon’s index and its two components were evaluated in relation to pH, EC, TSI, 
Depth, and Area. 

One of the most commonly reported results is a decrease in species diversity with the 
increase of TS (Jeppesen et al., 2000; Whiteside & Hamsworth, 1967). This effect is 
attributed to (1) a decrease in species richness due to reduction of available niches, and 
(2) a decline in evenness caused by fewer species being able to use the abundant food
resources effectively, and adverse effects of such stressors as oxygen depletion
(Alexander et al., 2017; Barnett & Beisner, 2007). The decrease of species richness,
evenness, and diversity with an increase of TSI was also found in this study (Figure 5).
It must be noted that some authors have reported an increase in diversity and species
richness with an increase in TS (Hessen et al., 2006). This difference is most likely caused
by differences in regionally available environmental gradients. In this work, oligotrophic
lakes exhibited higher species richness compared to all other lake types. However,
the lowest TSI value of this training set was 34, whereas the minimum possible TSI value
for oligotrophic lakes is one (Carlson, 2007), meaning that this study covered only a
fraction of all the globally possible conditions for oligotrophic lakes.

In contemporary limnology, it is sometimes suggested that dystrophic lakes have 
lower species diversity and richness due to lower lake productivity, Ca deficiency, and 
acidity stress (Karpowicz & Ejsmont-Karabin, 2021; Smirnov, 2017). However, the results 
of this and other paleolimnological studies of dystrophic lakes (Zawisza et al., 2016) 
somewhat contradict these findings, as on average, the species diversity was higher in 
acidic (pH < 6) sites (Figure 5). The species richness in acidic (pH < 6) lakes was similar to 
that of non-acidic (pH > 6) lakes, and evenness was generally higher than that of  
non-acidic lakes. Contemporary zooplankton research tends to be biased towards pelagic 
species, and sweep net samples typically report lower species richness estimates when 
compared to surface sediment samples (Çakıroğlu et al, 2014; García-Gíron et al., 2018; 
Nevalainen, 2010). On the other hand, the dominant pelagic species in acidic/dystrophic 
lakes were Daphnia spp., Holopedium gibberum, and Bosmina (Eubosmina) coregoni 
(Article I). As Daphnia spp. and H. gibberum remains tend to preserve poorly (Szeroczyńska 
& Sarmaja-Korjonen, 2007), it is also possible that this has led to higher evenness 
estimates in this work due to pelagic dominant species comprising a smaller portion in 
the surface sediment samples than in the actual species community. 

4.2.2 Relationship between environment and subfossil Cladocera functional 
groups 
Sometimes, environmental studies prefer to analyse ecosystem changes in terms of 
functional groups/traits instead of species assemblages. Functional traits can be defined 
as morphological, biochemical, structural, behavioral, etc., characteristics of organisms 
that influence their fitness and performance in certain conditions (Nock et al., 2016). 
The functional traits approach makes datasets easier to compare and analyse due to the 
reduction of functional redundancies, and it is thought to provide a better insight into 
the mechanisms of ecosystem functioning (Laureto et al., 2015). This work tested the 
relationship between species-specific size and habitat preference against pH, EC, TSI, 
Depth, and Area. These functional traits (size and habitat preference) have relatively 
good literature coverage and are commonly used by other authors (Branco et al., 2023; 
Gomes et al., 2019). However, some uncertainties regarding the functional group 
approach of this work must be noted. Large-sized cladocera proportion might be 
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overestimated, as Daphnia spp. in this work is in fact a combination of two groups – 
Ceriodaphnia spp. and Daphnia spp. While Daphnia spp. are usually large-sized, 
Ceriodaphnia spp. vary in their average size group from species to species (Błędzki & 
Rybak, 2016). Regarding the habitat preference, literature sources sometimes contradict 
each other (Błędzki & Rybak, 2016; Flössner, 2000 ). Depending on the tolerance, species 
can be driven into suboptimal niches (McGill et al., 2006). Therefore, given the 
differences in knowledge regarding optimal, realised, and fundamental niches of various 
species, it is likely that some of the species are misclassified. 

Size is one of the most commonly used functional traits in zooplankton research, 
which is linked to such functions as growth, reproduction, survival, and feeding (Gomes 
et al., 2019; Nock et al., 2016; Sysoev et al., 2025). There are different proposed 
mechanisms for the change of the community size structure, such as the shift of species 
hypothesis, the population body size shift hypothesis, the population age-structure shift 
hypothesis, etc. (Daufresne et al., 2009). In contemporary zooplankton research, individual 
size can be measured with relative ease (Gomes et al., 2019), enabling the testing of 
various theories about the drivers behind changes in community size structure. However, 
this is not always the case for subfossil Cladocera. As full individuals are rarely found, 
some researchers have used the species-specific size from literature (Nevalainen & 
Luoto, 2017), while others have been measuring the remaining sizes of the dominant 
species (Korosi et al., 2013; Korponai et al., 2020). The direct measuring approach gives 
more precise information on the selected species than the size grouping based on the 
literature. However, there are several issues in the application of these results. 
The statistical analysis requires a certain amount of measured remains, and the decision 
to measure or not measure a remain could depend on taxonomical determination 
(Korponai et al., 2020). This means that a species would only be measured if the 
conditions are suitable enough to establish a sufficiently large population. The survival 
and reproduction of individuals belonging to particular species and their physical 
development can be influenced by unfavourable conditions (Gomes et al., 2019). 
However, if the number of remains is below the required minimum, the species’ 
response to unfavourable conditions would not be recorded. In paleolimnological 
research, this could have the highest influence in core segments where species 
composition changes occur. A possible solution would be to measure all the remains of 
the sample. However,  taking into consideration the issues with remains preservation 
and the differences in which skeletal elements are preserved for each species 
(Szeroczyńska & Sarmaja-Korjonen, 2007), this might be a very labor-intensive process 
that may still fail to provide the desired information about the actual community size 
structure. Therefore, for paleolimnological research, using literature-based information 
on the average size of a taxon might be considered an appropriate approach, despite the 
preference for direct size measurements in contemporary ecology literature (Brown 
et al., 2023). Nevertheless, it must be noted that this approach only accounts for the 
shift-of-species hypothesis and will not capture the whole complexity of the possible 
changes in Cladocera community size structure. 

Subfossil Cladocera size groups had the strongest correlation to TSI (Medium r = –0.63, 
Small r = 0.62), with the exception of large-sized Cladocera, which had the strongest 
correlation to pH (r = –0.65) (Figure 6). Other researchers have found similar results 
regarding Cladocera size structure and lake TS (Beaver et al., 2020; Nevalainen & Luoto, 
2017). Size limitation in nutrient-enriched (eutrophic and hypereutrophic) conditions can 
be influenced by multiple factors, such as oxygen and food availability, or fish predation 



57 

pressure. Oxygen stress impacts negatively large-bodied zooplankton species due to 
their higher oxygen demand and reduced feeding efficiency under hypoxic conditions 
(Karpowicz et al., 2020; Sysoev et al., 2025). In contrast, small-sized Cladocerans have a 
competitive advantage under low oxygen conditions due to higher oxygen uptake 
efficiency (Seidl et al., 2005). In highly eutrophic and hypereutrophic conditions, an 
increase in bacteria and cyanobacteria biomass can be observed, which may benefit 
small-bodied Cladocerans that can utilize these particles as a food source (Geller & 
Müller, 1981; Gliwicz, 1990; Krztoń & Kosiba, 2020; Tõnno et al., 2016).  

Fish predation pressure and warming can also result in changes of cladocera 
community size structure (Agasild et al., 2025; Albini et al., 2025; Beaver et al., 2020; 
Jeppesen et al., 1998). Due to a lack of data and an insufficient Tann gradient, the effects 
of fish predation and temperature are not addressed in this study. However, they could 
potentially influence the results as confounding variables. The diminished fish pressure 
could explain the increase of large-sized species in dystrophic lakes (Figure 6). Fish in bog 
pools have been shown to feed primarily on benthic animals instead of zooplankton 
(Zagars et al., 2025), and large-sized Cladocera are usually impacted by predation more 
severely (Jeppesen et al., 2001). Even so, this increase in the large-sized cladocera in 
dystrophic lakes is not universal, as some other authors have observed a rise of 
small-sized Cladocera species in dystrophic conditions instead (Karpowicz et al., 2023; 
Locke & Sprules, 2000 ). 

The functional groupings using habitat preferences are often used to assess changes 
in different environmental parameters. The Pelagic to littoral (Macrophyte-associated, 
Sediment-associated, and Littoral generalist species) ratio is commonly used to evaluate 
changes in water level (Nevalainen et al., 2011; Sarmaja-Korjonen, 2001). This work also 
shows that water Depth has the strongest correlation with Macrophyte-associated 
species (r = –0.55) and Pelagic species (r = 0.45) groups (Figure 6). However, no relationship 
was found between water Depth and Sediment-associated species or Littoral 
generalists. The main reasoning behind the Pelagic/Littoral species relation theory is the 
reduction of macrophyte-covered area due to light limitation with an increase in water 
depth (Hofmann, 1998). Therefore, the observed relationship between the Pelagic, 
Macrophyte-associated species and Depth aligns with the theory, even if the available 
data does not allow for further testing of the causes of this relation. 

The Macrophyte-associated species were also correlated to TSI (r = 0.41), again 
highlighting the possible interaction between TS and Depth in lake ecosystems. The PCA 
analysis related the increase of Macrophyte-associated species to hypereutrophic and 
dystrophic lakes (Figure 7). While these two lake types are considered to be rather 
different, there are some similarities they share. Both of these lake types were relatively 
shallow  (Figure 4). Other known similarities include light-limited conditions caused by 
brown-coloured humic substances in dystrophic lakes and light limitation due to algal 
blooms in hypereutrophic lakes (Nürnberg, 1996; Nürnberg & Shaw, 1999). Furthermore, 
bacteria tend to have a more significant influence on the food webs of dystrophic and 
hypereutrophic lakes (Jones, 1992; Karpowicz et al., 2023; Xu et al., 2015), and neither 
are considered to be macrophyte-rich (Gray et al., 2022; Szpakowska et al., 2021). 
Considering this, the connection between dystrophic and hypereutrophic lakes and 
Macrophyte-associated species seems counterintuitive. For the hypereutrophic lakes, 
the explanation might lie in the specific species composition. Macrophyte-associated 
Coronatella rectangula/ Alona guttata was identified as one of the dominant species in 
hypereutrophic lakes (Figure 11). However, it is more likely that these particular taxa are 
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indicative of hypereutrophic conditions, not the macrophyte abundance. Even though 
dystrophic lakes are not considered rich in submerged macrophytes (Gray et al., 2022), 
the sphagnum mosses present in this habitat might be a sufficient replacement for some 
of the Macrophyte-associated species (Henrikson, 1993; Kuczyńska-Kippen, 2008). 
Another possible explanation could be the physical barrier that large-sized macrophytes 
create, hindering the in-lake transportation of subfossil cladocera remains. For other 
paleolimnological proxies, such as pollen, the assumption is that during the bi-annual 
water mixing event of stratified hemiboreal lakes, material that is in the water column 
will be sedimented in the deepest part of the lake (Elias, 2025). This might be true for the 
pelagic Cladocera, but research has shown that the distance of the sampling site to the 
macrophyte zone might bias the results of some littoral Cladocera (Nevalainen, 2011). 
In dystrophic lakes, large submerged macrophytes are typically underdeveloped, 
potentially reducing their physical barrier effect (Gray et al., 2022; Różańska-Boczula & 
Sender, 2025). The observed increase in Macrophyte-associated species may instead 
reflect two factors: (1) the presence of smaller suitable vegetation (e.g., sphagnum 
mosses), and (2) improved conditions for remnant transportation. However, validating 
this hypothesis requires macrophyte survey data. 

The relative abundance of the Littoral generalist species group seems indifferent to 
any of the studied environmental parameters. On the other hand, the Sediment-
associated species have a strong relationship to TSI (r = –0.43). The larger proportion of 
sediment-associated species in nutrient-poor (oligotrophic-mesotrophic) lakes could be 
due to several reasons, such as oxygen levels, food sources, and suitable habitat availability. 
The oligotrophic lakes are characterised by better hypolimnion oxygen conditions 
(Nürnberg, 1996). While it has been found that some sediment-associated species can 
survive under hypoxic and anoxic conditions, other individuals’ fitness-related parameters, 
such as breeding and growth rates, might still be affected. However, the research on this 
topic is limited (Smirnov, 2017). Furthermore, some sediment-associated species prefer 
sand and rock substrate (Błędzki & Rybak, 2016), which might not be available in highly 
eutrophic lakes with high organic matter sedimentation rates. Consequently, with an 
increase in TS, the conditions necessary for Sediment-associated species might become 
unfavourable, as the diverse niches they inhabit disappear. The highest relative abundance 
of the Sediment-associated species functional group does not exceed 25% (Figure 6); 
therefore, it is unlikely that any individual species of this group significantly contributes 
to the zooplankton biomass. This could explain the gaps in the literature on the biology 
of the Sediment-associated species. Even though in hypereutrophic lakes most energy is 
accumulated in pelagial, these lakes are capable of sustaining complex benthic 
communities (Wang et al., 2020). Therefore, one possible explanation for a negative 
correlation between Sediment-associated species and TS involves the data presentation 
methodology: since species data is presented in relative abundances,  the taxon’s relative 
share could decrease solely due to an increase in pelagic species abundance under 
hypereutrophic conditions, while the actual abundance of Sediment-associated species 
might remains unchanged.  

4.3 Indicator species analysis 
An effective indicator species should be easy to find and identify, and its response to 
environmental parameters should be adequately predictable (Butler et al., 2012; Dufrêne 
& Legendre, 1997). As discussed in Article I and summarised in Figures 8 and 9, several 
Cladocera species fit this criterion when analysing species response to pH, EC, and TS. 
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In the text below, the indicator species analysis results not presented in Article I are 
discussed, such as indicator species for lakes of different Depth, Area and Eubosmina spp. 
as an indicator. 

Eubosmina spp. group was created by merging B. (E.) coregoni and B. (E.) longispina. 
Both species were identified as indicators of nutrient-poor conditions, with B. (E.) 
coregoni being an indicator of oligotrophic conditions, and B. (E.) longispina – 
mesotrophic conditions (Article I). These results aligned with findings of some other 
paleolimnological investigations (Chen et al., 2010; Gąsiorowski & Hercman, 2005). 
However, in some sources, B. (E.) coregoni is mentioned as typical for nutrient-enriched 
lakes (Kamenik et al., 2007). When evaluating Eubosmina spp. indicator species potential, 
it was identified as an indicator species of oligotrophic conditions by IndVal.g1 analysis 
(Figure 10), with no relation to any of the other parameters. This result is reasonable, 
as there seems to be a direct linear relationship between Eubosmina spp. relative 
abundance and TSI. As the results show, combining B. (E.) coregoni and B. (E.) longispina 
into a single Eubosmina spp. group still provides ecologically meaningful interpretations 
in relation to TS. Therefore, combining Eubosmina species appears to be justified in 
paleolimnological contexts, where taxonomic uncertainty and morphological 
fragmentation often limit species-level resolution. 

Area and Depth are parameters that were tested by IndVal.g analysis but were not 
discussed in Article I. Lake Area has been proven to be an important explanatory variable 
in several other subfossil Cladocera community studies (Pawlikiewicz & Jurasz, 2017; 
Yatigammana & Cumming, 2017). But is the influence of lake size connected to an actual 
species response, or is it just connected to the distance the remains need to be 
transported for the deposition in the deepest part of the lake, could be debated 
(Nevalainen, 2011). Of the established indicator species, Paralona pigra was found to be 
an indicator of Area > 25 ha (Figure 10), and no individuals of P. pigra were found in lakes 
with Area < 10 ha (Figure 11). However, this result has less statistical significance than its 
relation to oligotrophic conditions. Most P. pigra observations were found in lakes 
with an Area between 50 and 100 ha. Latona setifera was found only in lakes with an 
Area < 50 ha, and IndVal.g analysis has identified it as an indicator of lakes with an Area 
of 10–50 ha, due to its seeming specialization. However, there were 16 lakes in this 
group, and in only 4 of them L. setifera was observed. In general literature, this species 
is described as a benthic species preferring deep, oligotrophic lobelia lakes with a wide 
range of pH (Bledzki & Rybak, 2016). The results show that L. setifera was found in various 
pH, EC, and TSI conditions (Figure 11). Therefore, it is most likely that this species is not 
specialized for lake size but was found randomly. 

Some species emerged as potential Depth indicators with statistically significant 
associations, including Leptodora kindtii (10–15 m and > 20 m), P. pigra (> 15 m), and 
C. rectangula/ A. guttata (<5 m) (Figure 10). However, closer examination of these results
leaves doubts on whether these species could truly be used for past water Depth
reconstructions.  For instance, P. pigra was identified as an indicator of both deeper lakes 
and oligotrophic conditions (Figure 10). Therefore, this may simply reflect the trend that
deeper lakes in the dataset are generally more nutrient-poor (Figure 4). Similarly, other
oligotrophy indicators like Alonopsis elongata and Monospilus dispar, associated with
deeper lakes, had a stronger relationship with TS than Depth (Figure 10). These examples 
further illustrate the challenge of separating the effects of lake Depth and TS in sediment 
records.
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Suppose we assume that lake Depth truly is the main driving factor for some of the 
species. In that case, there does not seem to be a reasonable explanation of why some 
species, as an example of L. kindtii, might prefer lakes with Depth 10–15 m and > 20 m, 
but avoid the lakes with Depth 15–20 m. Therefore, it is unlikely that species that have a 
gap in the Depth value groups for IndVal.gall analysis are sensitive to the lake Depth. 
Such results were found for L. kindtii (10–15 m and > 20 m), A. elongata (5–10 m and 
> 15m) and C. rectangula (< 5 m and > 20 m). While there is a well-reported connection
between lake depth and pelagic and littoral species relative abundances, there are few
to no reports of specialised Cladocera species only living in lakes with specific depths
(Hofmann, 1998; Nevalainen et al., 2011; Sarmaja-Korjonen, 2001). And for good reason. 
From the Cladocera viewpoint lake depth is a complex parameter, which includes
the hypolimnion oxygen concentration, water mixing, temperature conditions, light
penetration in water column and macrophytes associated to it, as well as possibilities to
escape predation (Rose, 2024; Sysoev et al., 2025; Vogt et al., 2013). The problem with
depth evaluation is also the fact that it is not actually just one number, as in this analysis
– every lake with a Depth of > 20 m also has zones with depths of < 5 m, 5–10 m, 10–15 m
and 15–20 m. Therefore, it can be concluded that the indicator species approach is not a
valid method that could be used for lake Depth reconstructions, and more insights could
be gained from other approaches, such as the functional group perspective.

4.4 WA-PLS and BRT model results 
In this work, Weighted Averaging Partial Least Squares (WA-PLS) model results were 
compared to Boosted Regression Tree (BRT) results. In the cross-validation (CV) results, 
WA-PLS almost always outperformed BRT models (Figure 12). Some authors have noted, 
that WA-PLS tend to produce more robust estimations compared to some of the more 
complex machine learning algorithms (Sun et al., 2024), while others have found that 
BRT outperforms WA and WA-PLS in paleolimnological reconstructions (Salonen et al., 
2014; Wang et al., 2021). When looking at the separate data points of BRT model 
predictions on the studied lacustrine sediment-core records, the data points seem 
somewhat scattered compared to WA-PLS (Figures 15, 18, 21). Such noisiness of the BRT 
model predictions has been reported by other authors as well (Elith et al., 2008). 
However, when looking at Predicted vs. Observed slope values, BRT often has a score 
closer to 1 than WA-PLS (Figure 12). The slope value of 1 means that with an increase of 
1 unit in the observations, the predicted values also increase by 1 unit. The combination 
of higher Root Mean Square Error of Prediction (RMSEP) values, slightly lower R2 and 
Pearsons correlation of residuals vs. observed values together with the slope value of 
BRT being close to 1 could mean, that BRT captures the general data pattern rather well, 
but its sensitivity to noise results in higher scatter of the predicted values from the 1:1 line. 

The RDA analysis recognised pH as one of the most important factors influencing 
subfossil Cladocera species assemblages (Figure 3). Therefore, it is no surprise that pH 
showed good CV results across models, with maximum bias no more than 1.7 pH units. 
According to the RMSEP value, WA-PLS based on the dataset “Eubosmina” might be the 
best model for the pH prediction. However, when comparing the reconstructed values 
with the literature data on Lake Sekšu and Lake Velnezers pH, the BRT “Eubosmina” 
model seems more precise (Figures 15 and 18), despite its slightly lower CV performance 
(Figure 12). One of the possible explanations for why BRT models perform well in the 
lake environment reconstructions, despite the lower CV performance, could be related 
to the CV process. In this work, k-folds (k = 10) CV was used, meaning that the dataset 
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was divided into 10 approximately equal parts, then, on 9/10 parts, the model was built 
and the remaining 1/10 part was used for testing the model’s predictive performance. 
The procedure was repeated until all of the 10 parts had been used as a test set. After 
the CV process, the final model was built using all samples in the dataset. This means the 
final model is built on more samples than the test models for CV. Several authors have 
successfully built reconstruction models using WA-PLS on smaller training sets than the 
one used in this work (Chen et al., 2010; Enache & Prairie, 2002). Meanwhile, the BRT 
method is more suitable for larger datasets (Elith et al., 2008; Wisz et al., 2008). Since 
the BRT method is more sensitive to the dataset size, it is possible that with the increased 
number of samples in the final model, its performance improved as well. Another 
possible explanation for the success of the BRT “Eubosmina” model can be found when 
looking at the quartile (Q) RMSEP data (Figure 12); it is notable that the BRT “Eubosmina” 
model has especially low values at the Q3. The values from literature that could be 
compared to the reconstructed values of sediment cores were between 7 and 8.5, which 
would place them in the data range best covered by the training set (Appendix 5). When 
looking at the Q RMSEP, it can be seen that in Q1, WA-PLS outperformed BRT (Figure 12). 
This could be due to the left-skewed data distribution of pH values in the training set. 
Only 12 out of 78 samples had pH < 6, and although BRT might be preferable in cases of 
non-Gaussian data distribution, this method is also somewhat sensitive to the number of 
samples (Elith et al., 2018; Birks et al., 2012), which could have led to WA-PLS 
outperforming BRT at the lower end of the pH gradient. However, when looking at the 
reconstructed pH values for Lake Velnezers and Lake Sekšu, the patterns of different 
models within each lake are similar, and the reconstructed values mostly don’t differ by 
more than 1 pH unit (Figures 15 and 18). A water pH change of 1 unit or more is common 
within the same lake over a year, as well as in different microhabitats and lake depths 
(Erlandsson et al., 2008; Maberly, 1996; Martinsen et al., 2022). Therefore, the results of 
all the models could be considered as rather similar and suitable for past pH 
reconstructions. 

EC was found to have a significant explanatory power of subfossil Cladocera species 
assemblages by the RDA analysis. However, the effect seems to have some collinearity 
with the pH (Figure 3). EC showed reasonable results during the model CV. EC WA-PLS 
models had little trend in the Residuals vs. Observed, and R2 values were comparable to 
pH WA-PLS models (Figure 12). However, all the models failed to reconstruct reasonable 
EC values for Lake Velnezers, and all the reconstructed values showed serious 
underestimation compared to the literature observations (Figure 15). EC and pH were 
correlated environmental parameters (Figures 3 and 4), and it is most likely due to the 
pH influence that subfossil Cladocera do not respond to the EC gradient in a way that 
could be captured by any of the models. Therefore, using any of the models developed 
in this work for lake EC reconstructions is not recommended. 

The secondary environmental gradients most likely strongly influenced the Depth, TSI, 
Chl-a and TP models. This can be seen when comparing the “all” and “Eubosmina” 
dataset based models to “pH > 6” and “Eubosmina (pH > 6)” based models. TSI, TP, 
Chl-a and Depth models performed better if dystrophic lakes were excluded, and for 
these parameters, “pH > 6” and “Eubosmina (pH > 6)” based models showed considerably 
better CV results (Figure 12). WA-PLS models outperformed BRT models in CV for 
TS-related parameters; however, when comparing the WA-PLS and BRT model 
performances on the lacustrine sediment core samples, BRT models seem to generally 
reconstruct values closer to the values reported in literature than WA-PLS (Figures 15 
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and 18). It is especially pronounced in the reconstruction results of Lake Velnezers (Figure 
15), where WA-PLS forms a smooth line of constant underpredictions of such parameters 
as TSI, Chl-a and TP. On the other hand, while BRT values are more scattered, their 
LOESS-smoothed curve values were closer to the observations from the literature. Some 
possible explanations exist for why WA-PLS models show good CV results but perform 
comparatively poorly when applied to the lake sediment records (core samples). One of 
the potential explanations could be related to the CV process and the increase in the 
number of samples for the final BRT model, as described above. Another possible 
explanation is connected to the data distribution of the training set. Both BRT and 
WA-PLS tend to perform poorly at the end of the environmental gradients (Salonen 
et al., 2014; Ter Braak et al., 1993; Wang et al., 2021), but it is possible that in some cases 
BRT might perform better at the gradient ends, as in case of Lake Velnezers TSI, Chl-a and 
TP predictions (Figure 15). The known historical values of Lake Velnezers’ TS descriptive 
parameters result in the lake being classified as highly eutrophic to hypereutrophic, 
which would be closer to the 4th quartile values of the training set (Article I). In Velnezers 
Zone 3 and 4, the difference between WA-PLS and BRT TS descriptive parameter 
predictions is largest. However, the differences are smaller in Zones 1 and 2, where lower 
TS could be expected (Article II). If the failure of the WA-PLS model is indeed due to its 
low performance at high TS, then WA-PLS models based on the presented training set 
should not be used for lakes with high anthropogenic disturbance. 

CV results showed that Depth reconstruction models were more successful if acidic 
lakes (pH < 6) were excluded from the training set. The most successful CV results for 
Depth models were for BRT “pH > 6” and BRT “Eubosmina (pH > 6)”, as BRT models 
outperformed WA-PLS in R2, slope, RMSEP values, as well as for the residual distribution 
(Figure 12).  BRT “pH > 6” models also predicted Depth values closer to the values from 
literature for Lake Sekšu and Lake Velnezers (Figures 15 and 18). However, in almost all 
cases, the model predicted a higher value for lake Depth than was reported in the 
literature. This could be due to the considerable variation in other environmental 
parameters and uncertainties connected to the acquisition of lake Depth data. 
Information on lake Depths was acquired using different literature sources (Estonia: 
kalapeedia.ee; Latvia: ezeri.lv; Lithuania: zvejogidas.lt), for which the year or method of 
the measurement was almost never mentioned. Therefore, it is unknown if the Depth 
value indeed corresponds to the period covered by the surface sediments. Lake Depth 
can also vary seasonally and annually (Evtimova & Donohue, 2016; Wrzesiński & Ptak, 
2016; Zohary & Ostrovsky, 2011), which only adds to the validation uncertainty of the 
model reconstruction results. When other authors have attempted to reconstruct lake 
Depth using subfossil Cladocera, the training sets were often characterised by little 
variability in other parameters such as TS and pH (Davidson et al, 2011a; Nevalainen 
et al., 2011). Altogether, while the CV showed somewhat promising results for lake Depth 
modelling using subfossil Cladocera, the models were tested only on sediment records 
from relatively shallow lakes. For these lakes, a slight change in water depth might 
appear ecologically more significant than for deeper lakes (Zohary & Ostrovsky, 2011). 
Furthermore, the uncertainties connected to the training set data and relatively few 
observations reported in the literature must be considered. Therefore, to truly evaluate 
the Depth model performance, it would be necessary to test it on sediment records from 
lakes with better-monitored changes in Depth values and deeper lakes. As the Depth 
gradients correlate with the TS gradient, additional data collection and dataset filtering 
might be necessary to create a fully functional Depth reconstruction model. 
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4.5 Lake environmental reconstructions 

4.5.1 Lake Velnezers 
Lake Velnezers is a small lake located within the city of Riga. The landscape surrounding 
Lake Velnezers has undergone rapid changes within a relatively short time span.  

The area changed from forested (19th century) to agricultural (beginning of 20th 
century) to urban area (1950 onward). The sediment record of Lake Velnezers can be 
divided into 4 zones based on clustering results and historical events. Zone 1 corresponds 
to the landscape of Lake Velnezers transitioning from forested to agricultural land 
(before 1920). Zone 2 is descriptive of the transition between the agricultural and 
urbanised stage of Lake Velnezers (year 1920 to 1970). Zone 3 is descriptive of the 
urbanised stage during the Soviet Union (1970 to 1990), and Zone 4 is representative of 
the urbanised stage after the collapse of the Soviet Union (1990 to 2018). These 
landscape changes have resulted in eutrophication, changes in pH, and heavy metal 
pollution of Lake Velnezers. More information on the lake can be found in Article II. 

Based on subfossil Cladocera composition, the most significant changes in Lake 
Velnezers occurred during Zone 1 (before the year 1920) (Figure 13). While in Article II, 
it was recognised that during Zone 1, lake pH might have been lower than present day, 
indicator species analysis and model estimations (Figure 15) reveal that the change might 
have been more rapid and pronounced than previously anticipated. All of the models 
estimated pH < 6 at the beginning of Zone 1 and an increase to pH 7.5–8.5 by the 
beginning of Zone 2. The composition of the subfossil Cladocera indicator species 
supports these results, as the acidic softwater indicator H. gibberum (Article I) is only 
present in Zone 1. Other species indicative of acidic conditions, such as A. elongata,  
A. rustica, and P. pediculus (Article I), are present in every sample of Zone 1. Species that
can be considered indicators of pH < 6 with increased relative abundance, such as
Daphnia spp. and Acroperus harpae, were also observed in larger proportions during
Zone 1 (Figure 13). Shift to pH > 6 at the beginning of Zone 2 (1920–1970) is supported
by the simultaneous appearance of species with pH > 6 and EC > 100 µS/cm preference,
such as L. kindtii, P. trigonellus, D. rostrata, M. dispar, and L. leydigi (Figures 10 and 13).
However, during Zone 2, pH < 6, EC < 200 µS/cm and oligotrophy-mesotrophy indicator
A. elongata, pH < 6 indicators P. pediculus and A. rustica remain present, but their
appearance is less continuous. Therefore, the author’s estimations of pH would better
align with the BRT “all” estimates (Figure 15), which predict the pH values in Zone 2 to
be between 6.5 and 8, allowing coexisting species with acidic and alkaline pH
preferences. Based on similar reasoning, EC of Lake Velnezers should be < 100 µS/cm in
Zone 1, and between 100 and 250 µS/cm in Zone 2. In the first half of the 20th century
(end of Zone 1, beginning of Zone 2), Lake Velnezers was surrounded by agricultural lands 
(Military topographic map, 1908; NARA, 1940), which might have contributed to soil
erosion. The cause of acidic conditions in the lakes of the Baltic States is most often the
influx of humic substances from surrounding areas, and the most common source of
humic substances is the peat bogs (Eņģele & Sniedze-Kretalova, 2013). Human-driven
changes in the landscape could have reduced the influx of acids into Lake Velnezers due
to the transition from forested/bog to agricultural land. This might have been one of the
main driving factors of the pH increase during Zone 1. At the same time, erosion, nutrient 
and fertiliser input could have contributed to eutrophication and an increase in EC.
As pH was identified to be the main driving factor influencing subfossil Cladocera species
composition (Figure 3), it is difficult to estimate how other conditions, such as Depth or
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TS, changed during Zone 1. However, the large relative abundance of B. longirostris 
confirms that at the beginning of Zone 2, Lake Velnezers was a eutrophic lake. Most of 
the models evaluate Lake Velnezers to be an eutrophic lake during Zone 2, except for 
Chl-a and TP BRT “Eubosmina (pH > 6)” models, which predict the values reaching 
hypereutrophic conditions. 

In Article II, chemical analysis of sediments revealed lake condition deterioration at 
the end of Zone 3 (1970–1990) and the beginning of Zone 4 (1990–2018). During this 
time, heavy metal contamination and anoxic conditions in the lake were estimated. 
Subfossil Cladocera composition analysis somewhat supported this claim, as there was a 
reduction of species diversity (Figure 14), and B. longirostris relative abundance increased 
even more (Figure 13). However, subjectively, the changes in species composition do not 
seem as distinct as the ones described by sediment chemistry analysis. Despite this, 
the model predictions across all the TS descriptive parameters reconstructed the 
increase in trophic degree at the beginning of Zone 4 (Figure 15) with a very similarly 
shaped curve to that of sediment analysis (Article II). As BRT model evaluations are 
considerably closer to the TSI, Chl-a and TP values obtained from literature, the estimates 
from these models are more likely to be true for Zone 4. Both BRT “pH > 6” and BRT 
“Eubosmina (pH > 6)” have predicted that at the beginning of Zone 4, Lake Velnezers 
reached hypereutrophic conditions, with a later return to eutrophic conditions. 

4.5.2 Lake Sekšu 
Article III examines environmental changes in Lake Sekšu – a small eutrophic lake that 
has been part of Riga’s drinking water supply system since the early 20th century 
(Dziluma, 2003) – using sediment chemistry, chironomid, diatom, pollen, non-pollen 
palynomorphs, and subfossil Cladocera data. To reiterate: nowadays this lake is part of a 
restricted zone, but during the Soviet Union period, an attempt was made to increase 
the groundwater levels of the area by pumping water from the nearby lake Mazais 
Baltezers into Lake Sekšu. The water pumping system for Lake Sekšu was active from 
1953 to 1965 (Krutofala & Levins, 2006). In Article III, the beginning of this period was 
marked as the end of Zone 1 (1935–1947).  Zone 1 in comparison to Zone 2 (1947–2018) 
had noticeably higher sediment organic matter content, C/N ratio, abundance of 
diatom species with oligotrophic – eutrophic environmental preference as well as larger 
proportion of Isoetes lacustris, which is widely considered as species typical for 
oligotrophic softwater lakes (Azzella et al., 2024). 

Additionally, to increased erosion and nutrient input, it is also argued in Article III that 
the pipeline caused considerable water level fluctuations. However, that does not mean 
that the lake was pristine and undisturbed in the period before the construction of the 
pipeline. The core of Lake Sekšu only extends back to the sediments from the year 1935 
and does not cover the period before it was part of the drinking water supply system 
“Baltezers”. A literature source from before the period covered by the sediment record 
reported that the lake had a transparency of 5.6 m, and the presence of an indicator 
species of acidic conditions and EC < 100 µS/cm, H. gibberum (Kuptsch, 1927). The remains 
of this species cannot be found anywhere in the analysed sediment record, which would 
mean that the environmental shift had started before the studied period. 

The pH reconstructions from the sediment core portray the pH conditions in Lake 
Sekšu as relatively constant, varying between 7.25 and 8.75, with slightly lower values in 
Zone 1 (1935–1947) (Figure 18). This result aligns with the findings based on indicator 
species approach, as the whole length of the core species indicative of pH > 6 and 
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EC > 100 µS/cm (such as L. kindtii, P. uncinatus, D. rostrata, M. dispar) are present (Figure 
8). However, some evidence from the current study and literature suggests that during 
Zone 1, and possibly earlier, the lake’s pH and EC may have been lower than present-day 
values. For instance, the already mentioned occurrence of H. gibberum (Kuptsch, 1927) 
is characteristic of acidic, softwater lakes (Article I; Błędzki & Rybak, 2016). Similarly, 
the macrophyte Isoetes lacustris, noted for its preference for softwater conditions 
(Azzella et al., 2024), shows higher relative abundance in the lower layers of the sediment 
core (Article III). Furthermore, Lake Sekšu is situated in a region with sandy soils 
(Nikodemus et al., 2018), and softwater lakes in such conditions are a common 
phenomenon (Murphy, 2002). These findings suggest that Lake Sekšu may have had 
lower EC and pH values earlier in the first half of the 20th century, as reported by the 
model and indicator species results. 

In Zone 2 (1947–2018), P. pediculus, which is an indicator of pH < 6 and EC < 200 µS/cm, 
disappears, and another species (L. leydigi), which is indicative of pH > 6 and 
EC > 100 µS/cm, appears (Figure 16). The increase in pH and EC could be one of the 
possible explanations for these results.  The initial causes for such a change are unclear, 
but a further rise in EC after the pipeline construction is possible. The lake from which 
water was pumped into Lake Sekšu – Mazais Baltezers is indirectly connected to the 
Baltic Sea, and it has been reported that sometimes seawater penetrates it (LVĢMC, 
2015). Based on all of the information given above and the fact that such indicator 
species as A. rustica (pH < 6, EC < 100 µS/cm) and A. elongata (pH < 6, EC < 200 µS/cm) 
remain throughout the core, the author estimates that the EC of Lake Sekšu should be a 
little above 100 µS/cm in Zone 1, and somewhat close to 200 µS/cm in Zone 2.  

The indicator species analysis and clustering results of Lake Sekšu subfossil Cladocera 
composition would point to relatively unchanging environmental conditions throughout 
the core (Figure 16). In the transition between Zones 1 and 2, the oligotrophic indicator 
species O. gracilis disappears (Figures 9 and 16). Still, other species indicative of 
oligotrophic to mesotrophic conditions, such as A. elongata and species indicative of 
hypereutrophic conditions, such as O. tenuicaudis, appear. While in Article III, 
the noticeable increase of C. sphaericus is mentioned as one of the arguments that 
proves the eutrophication of Lake Sekšu, the relative abundance values rarely exceed 
20%. The threshold of 20% for C. sphaericus relative abundance was suggested in Article 
I, as in the training set and other studies this species could be commonly found in 
proportion between < 1% and 20 % in all lake types (de Eyto, 2001), but above 20% only 
in eutrophic and hypereutrophic lakes. However, this does not mean that Lake Sekšu did 
not experience eutrophication. Other evidence, such as the increase of relative 
abundance of small-sized Cladocera species (Figure 17), and results drawn from other 
proxies (Article III) still support this claim. It just might be that the extent of the effect 
was less pronounced.  

The results of TS descriptive parameter reconstructions show, on average, slightly 
lower TSI, Chl-a and TP values in Zone 1 (Figure 18). Generally, all of the models evaluate 
the TS of Lake Sekšu to be on the border between mesotrophic and eutrophic conditions, 
with a few points predicted with values that would classify Lake Sekšu as highly eutrophic 
or hypereutrophic. These results might seem somewhat chaotic, or it could be argued 
that it is proof of poor model performance. However, the literature source Jansons 
(1997) has reported high Chl-a value fluctuations (Figure 18). It is mentioned that, on 
average, the Chl-a value is 12 µg/l (Jansons, 1997), which would classify Lake Sekšu as lightly 
eutrophic and later literature records would also classify Lake Sekšu as mesotrophic to 
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eutrophic (Article I; Zariņa, 2014). At the same time, there are several reported events 
when Chl-a values exceed 100 µg/l, which would classify Lake Sekšu as highly 
hypereutrophic (Figure 18) (Jansons, 1997; Pujate, 2003). It can be seen that some of the 
higher prediction points coincide with the extreme values described in the literature 
(Figure 18). As fluctuations in the small-sized species proportion are observed (Figure 17), 
and every core sample contains approximately a 1–3 year period, model predictions may 
be “picking up” on these episodes.  

On the other hand, the average predictions of TSI, Chl-a and TP are relatively stable, 
which would be more in accordance with the indicator species approach results (Figure 
16). It is also worth noting that while oligotrophic species O. gracilis disappeared, 
hypereutrophic O. tenuicaudis appeared, the small-sized Cladocera proportion and 
fluctuations increased, there were still other oligotrophy-mesotrophy indicative species 
that remained throughout Zone 2. Such species are M. dispar, P. pigra and A. elongata 
(Figure 16). According to Article III, the macrophyte species Isoetes lacustris, which is 
considered typical of oligotrophic softwater lakes (Azella et al., 2024), reduces in proportion 
but does not disappear. Therefore, as such contrasting results are reported from the same 
lake, it is possible that water quality deterioration in Lake Sekšu resulted in instability of 
conditions throughout the year, giving a temporal window within the growing season for 
species with different niches to complete their life cycle, while never truly thriving.  

Diatom-inferred TP model of Lake Sekšu predicted TP values between 25 and 50 µg/l 
in Zone 1 and between 50 and 100 µg/l in Zone 2 (Article III), while Cladocera based 
models predicted the TP value to be between 10 and 35 µg/l in Zone 1 and between 15 
and 55 µg/l in Zone 2 (Figure 18). Both Diatom-inferred TP values and Cladocera-based 
models predicted the lake to be mesotrophic and eutrophic in Zone 1. However, in Zone 2, 
the conclusion would be different – based on the Diatom model, the Lake Sekšu should 
have fully transitioned to highly eutrophic conditions. When comparing the reconstruction 
results to information from literature, there seems to be strength in both models, 
Cladocera and Diatom-based models, with the Diatom-based model producing values 
closer to the extreme events, while the Cladocera-based models present values closer to 
the baseline. 

As Lake Sekšu is part of Riga’s drinking water supply system, it could be expected that 
Lake Sekšu would experience considerable water level fluctuation. There are some 
reports on the changing water surface area of Lake Sekšu – in 1930, the lake’s surface 
area was 13 ha, in 1992, 7.9 ha, but in 2002, it was 11.9 ha (Latvijas Ezeri, 2010), which 
most likely could be caused by an increase and decrease of water level. However, precise 
data on water Depth changes was not available. All of the prediction models overestimated 
lake Depth, with the BRT model values being slightly closer to the actual value (Figure 
18). BRT models estimated a higher water level in Zone 1 than in Zone 2, which seems 
reasonable, considering the reported results of the lake surface area around this time 
(Latvijas ezeri, 2010). However, the absolute values of the model prediction seem 
somewhat unrealistic, with predicted water Depth being as high as 20 m. Considering the 
gentle slopes of the lake basin, and the current lake Depth estimated as 7 m, this result 
seems highly unlikely. Pelagic and Macrophyte-associated species, as discussed in chapter 
4.2.2, might also respond to water level changes, but there does not seem to be much 
fluctuation occurring within these groups (Figure 17). In the case of Lake Sekšu, subfossil 
Cladocera do not seem to respond to water level changes, and while lake Depth in Sekšu 
may have fluctuated over time (Article III), the lack of observations reported in the 
literature prevents confirmation. 
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As indicated by the literature (Jansons, 1997; Pujate, 2003), the ecosystem of Lake 
Sekšu appears to be highly unstable (Figure 18). This instability complicates model 
performance evaluation, as it becomes difficult to define a reliable ‘true value’ against 
which reconstruction results can be compared. Since low ecosystem stability can reflect 
poor ecological health (Parparov & Gal, 2017), and the methods tested in this study do 
not seem to capture such dynamic changes fully, it may be beneficial for future research 
to investigate how seasonal and annual fluctuations in water chemistry are recorded in 
lake sediments. This would help avoid drawing overly pessimistic or optimistic conclusions 
about historical environmental conditions and ensure that reconstructions are not 
prematurely dismissed due to seemingly contradictory or irregular patterns. 

4.5.3 Lake Nakri 
Lake Nakri is a small, shallow and relatively undisturbed eutrophic lake in southern 
Estonia. Based on subfossil Cladocera analysis, there are four distinct zones in the 
studied sediment section of Lake Nakri. The end of Zone 1 is 11,100 cal. years BP 
approximately correspond to the beginning of the Holocene (11,700 cal. years BP), 
Zone 2 (11,000–7,900 cal. years BP) approximately aligns with the Early Holocene period 
(11,700–8,200 cal. years BP), Zone 3 (7,900–5,300 cal. years BP) lies within the Middle 
Holocene period (8,200–4,200 cal. years BP), and Zone 4 (5,300 cal. years BP until 2018 
CE) include the end of Middle Holocene and all of Late Holocene (Walker et al., 2018). 

Six samples were analysed from Zone 1, encompassing a 1000-year period. Therefore, 
it is no wonder that dominant species vary from sample to sample (Figure 19). Dominant 
species in this period are B. (E.) longispina, B. (E.) coregoni and Daphnia spp., all of which 
were identified as indicators of oligotrophic to mesotrophic conditions (Figure 9). During 
this period, eutrophic condition indicators such as B. longirostris and C. sphaericus 
compose approximately 10% each of the species’ composition. Species richness in 
Zone 1 is low (Figure 20), and in the literature, such species composition is sometimes 
described in relation to oligotrophic lakes (Hessen et al., 2006). Another characteristic of 
Zone 1 is the lack of Macrophyte-associated species (Figure 20), which could also be 
connected to higher water levels or nutrient limitation (Figure 6; Hofmann, 1998). 
The TS evaluation based on indicator species approach is contrasted by the predictions 
made by the models (Figure 21). All the models predict the TS of Lake Nakri during Zone 1 
as eutrophic, while Chl-a BRT models predict the lake to be eutrophic to hypereutrophic. 
While it is unlikely that Lake Nakri was hypereutrophic during Zone 1 (Kornijów, 2023), 
there are examples when newly formed lakes can be enriched with nutrients by the 
animals (such as birds and mammals) that they attract (Kornijów, 2023; Luoto et al., 
2015). Other research on lake history during the late glacial period have obtained 
somewhat similar results and hypothesised that a reason for nutrient enrichment in such 
lakes is the underdeveloped terrestrial vegetation, which could lead to nutrients from 
soil being leached into the lake ecosystem (Apolinarska et al., 2012; Tichá et al., 2019; 
Veski et al., 2010). It is considered that if species response down core is associated with 
the reconstructed parameter, the trajectories of the reconstruction curves will be similar, 
even if the absolute values vary (Birks et al., 2012). TSI, Chl-a and TP all showed a 
decrease in values during Zone 1 and an increase in Zone 2 for all tested BRT and WA-PLS 
models (Figure 21), which could mean that the late glacial to Early Holocene transition 
indeed resulted in reduced productivity of the lake ecosystem of Nakri. Among the 
littoral species present during Zone 1 are oligotrophy-mesotrophy indicators A. elongata 
and M. dispar. These species are present in almost every sample of Zone 1, which makes 
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it seem unlikely that Lake Nakri was hypereutrophic during this period, as predicted by 
the BRT models. It is more likely that Lake Nakri could be described as mesotrophic, as 
earlier macrofossil research found Characeae remains in Lake Nakri during the late glacial 
period (Amon et al., 2012). When considering the model results, it must be noted that 
Zone 1 has the least similarity to the training set from all the lake sediment records 
analysed (Figure 20). Therefore, the models’ predictive power in this situation might be 
questionable. The same criticism might also be applied to indicator species results,  
as they, too, are based on modern analogues. While it was identified that B. (E.) longispina 
is indicative of mesotrophic conditions in Article I, in the training set samples, B. (E.) 
longispina relative abundance did not exceed 30%, while in Lake Nakri, relative 
abundance reaches 80%. Therefore, there is no good modern analogue in the developed 
training set for comparison with the conditions in the late glacial/Early Holocene period. 

Zone 2 (11,000–7,900 cal. years BP) approximately aligns with the Early Holocene 
period (11,700–8,200 cal. years BP) (Walker et al., 2018). Cladocera composition during 
this period is dominated by B. (E.) longispina, which slowly decreases in relative 
abundance with the increase of B. longirostris towards Zone 3 (Figure 19). During this 
period, several new Macrophyte-associated species appear, and the summed relative 
abundance of Macrophyte-associated species increases as well (Figures 19 and 20). 
This could signify the development of the macrophyte zone in Lake Nakri. As the 
indicators of oligotrophic conditions are lacking (Figure 19) and the dominant species 
B. (E.) longispina was classified as the indicator of mesotrophic conditions (Figure 9),
it seems that Lake Nakri possibly never was a truly oligotrophic lake. The author would
evaluate Lake Nakri as mesotrophic to slightly eutrophic during Zone 2 due to the
dominance of B. (E.) longispina and the consequential dominance of medium-sized
Cladocera species (Figure 20). In contrast, all of the models evaluated conditions during
Zone 2 as eutrophic, and at some points even hypereutrophic (Figure 21). The dissimilarity
between core and training set samples for Zone 2 is relatively high but reduces toward
Zone 3, which should lead to better environmental estimates.

Zone 3 (7,900–5,330 cal. years BP) lies within the Middle Holocene period 
(8,200–4,200 years BP) (Walker et al., 2018) and somewhat aligns with the period of 
Holocene Thermal Maximum (8,000–5,000 years BP). This period is characterised by a 
temperature approximately 2.5 °C warmer than that of the present day (Renssen et al., 
2012; Seppä & Poska, 2004). The increase of B. longirostris during this period (Figure 19) 
suggests an increase in lake productivity (Adamczuk, 2016; Article I). Our results showed 
that with the increase of TS, an increase of Small-sized species relative abundance can 
be observed (Figure 6), which can also be seen in the case of Lake Nakri (Figure 20). 
However, similar results of reduction of Cladocera body size have been observed in 
relation to warming of the climate (Albini et al., 2025; Beaver et al., 2020), and lake 
productivity can be influenced by both climate and nutrient limitations (Hao et al., 2018; 
Meerhoff et al., 2022). Even more, a warmer climate can increase water stratification, 
which could lead to oxygen depletion in the hypolimnion (Nickus et al., 2010). Under 
anoxic conditions, P release from sediments occurs (Hupfer & Lewandowski, 2008); 
therefore, climate could also directly contribute to the TS increase. This makes it 
challenging to evaluate to what extent the increase of Small-sized Cladocera and 
B. longirostris resulted from climate warming, nutrient enrichment or combined effects
of both. None of the models predicted a significant increase in any of the TS descriptive
parameters during Zone 3 (Figure 21). This result does not come from a lack of available
modern analogues, as the samples of Zone 3 are rather similar to the surface sediment
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samples (Figure 20). As the model trajectories of the reconstructed TS-related parameters 
diverge in Zone 3, it is possible that some other parameter was driving subfossil 
Cladocera assemblages during this period. However, within the current stage of this 
work, it is not possible to determine if the variation in species composition is a result of 
climate impact. To solve this problem, a training set with broader geographical coverage 
would be needed. As the Tann gradient of the training set is only 2.5 °C (Article I), it could 
be considered that the use of the current training set for TS environmental 
reconstructions requires an assumption of relatively constant climate. 

Zone 4 (5,330 cal. years BP onward) includes the end of the Middle Holocene and all 
of the Late Holocene. During this period, B. (E.) longispina and B. longirostris reach 
equilibrium, and very little change can be observed until the uppermost sediment layers 
(Figure 19). Zone 4 mainly differs from other zones in that it has an increased relative 
abundance of Sediment-associated species (Figure 20) and the appearance of B. (E.) 
coregoni, both characteristic of low TS. These findings somewhat align with the model 
predictions, as all of the tested TS-related models predict Lake Nakri to be slightly less 
eutrophic, if compared to the results of Zone 3 (Figure 21). 

 As the Lake Nakri core covers a comparatively long time period, similar trajectories in 
environmental parameter reconstructions can be observed across models during certain 
intervals, but not in others. For instance, the WA-PLS and BRT models generally diverge 
in their reconstructions of water Depth (Figure 21). However, all models consistently 
indicate an increase in water Depth during two key periods: the transition from Zone 3 
to Zone 4 (around 5,300 cal. years BP) and the Little Ice Age (LIA, 1,500–1,850 CE) 
(Matthews & Briffa, 2005; Meier et al., 2022; Seppä et al., 2009). The transition between 
Zones 3 and 4 roughly coincides with the end of the Holocene Thermal Maximum, and 
this period is also associated with increased precipitation during the Middle Holocene 
(Mauri et al., 2015; Meier et al., 2022). Similarly, the LIA is characterised by colder winter 
and summer temperatures alongside heightened precipitation (Wanner et al., 2022). 
These climatic shifts likely contributed to increased water Depth in Lake Nakri during 
both periods. Other researchers have also reported an increase in water Depth during 
LIA (Nevalainen et al., 2013). However, the same time periods are also marked with a 
decrease of TS, according to most reconstruction models (Figure 21), once again making 
it difficult to distinguish which parameter has primarily contributed to the changes in 
subfossil Cladocera assemblages.  

Information on water Depth can also be evaluated based on the changes in the relative 
abundance of Pelagic and Macrophyte-associated species (Figure 6; Hofmann, 1998; 
Sarmaja-Korjonen, 2001). The steady decrease of Pelagic species and increase in 
Macrophyte-associated species relative abundances from the bottom of the core 
towards the top contrasts with the fluctuating patterns of Depth reconstructions by 
WA-PLS and BRT models (Figures 20 and 21). A decrease in water Depth over time is 
plausible, as it could result from gradual sediment accumulation filling the lake basin 
(Kornijów, 2023). 
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4.6 Evaluation of reconstruction approaches for key environmental 
parameters 
This work aimed to evaluate which subfossil Cladocera assemblage analysis methods 
(functional groups, indicator species, WA-PLS and BRT models) would be most suitable 
for reconstructing pH, EC, TS, lake Depth and Area. It was found that subfossil Cladocera 
species composition in the lakes of Baltic states is primarily driven by pH. Therefore, it is 
no surprise that all of the developed methods can identify pH-driven changes in subfossil 
Cladocera assemblages. The author considers quantitative pH reconstructions using BRT 
and WA-PLS models preferable. The functional groups that displayed some correlation 
to pH were Macrophyte-associated species and Large-sized Cladocera (Figures 6 and 7). 
Perhaps combining this knowledge with information on species diversity (Figure 5) might 
aid in recognising dystrophic and acidic conditions in the past. However, based on the 
literature, a similar signal of an increase in the relative abundance of Large-sized 
Cladocera could also be related to lower fish predation pressure, cooler climate or 
oligotrophic conditions (Beaver et al., 2020; Jeppesen et al., 2001). Furthermore, an 
increase in Macrophyte-associated species could be related to changes in water Depth 
(Figure 6; Hofmann, 1998). Indicator species analysis seems to show better results 
compared to the functional group approach. However, the resolution for distinguishing 
the change is relatively coarse, as it is only possible to differentiate between lakes with 
pH < 6 and pH > 6 (Article I). In contrast, WA-PLS and BRT models can assess lake pH 
changes to high resolution, as shown by the comparisons between the values reported 
in the literature and reconstructed values (Figures 15 and 18). All of the models within 
each investigated lake predicted similar pH values (Figures 15, 18, 21), which again could 
be considered as an argument for why all of the pH models could be regarded as equal. 

The only lake with truly significant pH changes within the studied period was Lake 
Velnezers (Figure 15). The conclusion that the pH was lower in this lake during Zone 1 
(before 1920) is supported by the evaluation based on indicator species analysis, 
functional group analysis, and all of the model reconstructions. However, based on the 
indicator species analysis, the author would evaluate the pH of Lake Velnezers during 
Zone 1 to be < 6, but according to the model reconstructions, these values increase from 
5.5 to 8 pH units. Partially, the differences in conclusions between these two methods 
could be connected to pH value distribution within the training set, as there are no lakes 
with a pH between 6 and 7. In the indicator species analysis the tested groups were 
pH < 6, pH 6–8 and pH > 8 for gradient continuity, however since the gradient part of lake 
between 6 and 7 pH points are missing, it is also possible that all the pH < 6 species are 
capable of living at conditions with pH < 7. 

EC was found to be an important explanatory variable for the composition of the 
subfossil Cladocera species, and it is also somewhat correlated with pH. EC showed 
reasonable results during the model CV (Figure 12). However, when looking at the lake 
EC reconstructions, all of the models failed to reconstruct reasonable EC values for Lake 
Velnezers and Lake Nakri. In Zone 1 of Lake Velnezers, it could be expected that EC values 
were < 100 µS/cm, as argued from the perspective of indicator species analysis and 
reported by the models (Figure 15). This result is contrasted by significant underestimation 
of Velnezers EC by the models in Zones 2-4, when compared to the results of indicator 
species analysis and observations reported in the literature. For Lake Nakri, only the BRT 
model (Figure 21) was able to reproduce values similar to the measured EC value 
(Article I). Nevertheless, the same model predicted an EC value of 1200 µS/cm just one 
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sample below, while WA-PLS models constantly underestimated EC within the core. 
Therefore, the author does not advise using any of the developed models for the EC 
reconstructions. This does not mean that EC is not an important parameter influencing 
Cladocera. As shown by indicator species analysis, species such as H. gibberum (Article I) 
seem more restricted by EC than pH. Several authors have proven that there is a 
significant connection between lake EC and Cladocera composition (Amsinck et al., 2005; 
Bjerring et al., 2009; Çakıroğlu et al., 2014). However, some of these studies had better 
EC gradient coverage, especially for the higher EC values (Bjerring et al., 2009). A potential 
reason for the failure of EC reconstruction models could be the overlapping influence of 
pH and EC (Figure 4). Perhaps better EC model results could be achieved if the EC models 
were developed using the datasets “pH > 6” and “Eubosmina (pH > 6)”, and either by 
adding more highly conductive lakes to the dataset or by excluding the lakes with the 
highest EC values. Based on the current results, the indicator species approach appears 
to be the most suitable method for evaluating EC within the available dataset. 
This approach allows for the differentiation of lakes into categories such as EC < 100 µS/cm, 
EC < 200 µS/cm, and EC > 100 µS/cm. EC did not show a correlation to any of the functional 
groups. 

Eutrophication, anthropogenic disturbances, and their effects on freshwater 
ecosystems have been a focus of limnoecological research for at least the past 50 years 
(Kornijów, 2024). This research found that lake TS is a highly significant explanatory 
variable. TS descriptive parameters were effectively reconstructed using functional 
groups, indicator species, and modelling approaches. Lake Velnezers, which has recently 
undergone rapid eutrophication, displayed similar trajectories of all TS-related parameters 
in Zone 4 (Figure 15), suggesting that nutrient enrichment was the main driving force of 
Cladocera assemblages during this period – in the case of Lake Velnezers, the BRT model 
reconstructions proved to be the most effective method, as the predicted values closely 
matched the observations reported in literature(Figure 15), and mirroring trends in 
sediment chemistry described in Article II. In contrast, while indicator species approach 
captured the shift of TS towards hypereutrophic conditions, it failed to identify the 
changing trends of TP, Chl-a and TSI values (Figures 13 and 15). 

In contemporary limnology, TS is supposed to be descriptive of lake productivity 
(Kornijów, 2024). However, there is an issue in this concept that complicates the result 
interpretation over more extended time periods, as the effects of nutrient availability 
and climate on productivity are intertwined (Jeppesen et al., 2010; Moss et al., 2011; 
Visconti et al., 2008). Despite this knowledge, the concept of eutrophication is primarily 
used as a synonym for nutrient enrichment (Kornijów, 2024; Pannard et al., 2024). 
Nutrient availability is the main factor influencing lake productivity in the developed 
training set. However, this might not be the case for Nakri Zone 1 (late glacial 
period/beginning of the Holocene), as lake productivity might have been limited by 
temperature. As discussed earlier, in the subfossil Cladocera training set of Baltic 
countries, TS descriptive parameters such as TSI, Chl-a and TP were identified as 
significant, while Tann was excluded from the explanatory parameter list as not significant. 
As a result, the developed reconstruction methods do not provide information necessary 
to distinguish between the nutrient enrichment and climate influence on the subfossil 
Cladocera assemblages. This might impair the reconstruction results in such cases as Lake 
Nakri Zone 1, as the underlying assumption of constant climate is not met (Manuscript I). 
Another question that needs to be considered in TS environmental reconstructions is 
whether subfossil Cladocera truly respond to TS-related parameters or do they respond 
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to a more complex “productivity” parameter, which includes temperature. If the limiting 
parameter for lake “productivity” was climate, it should not accurately represent TSI, 
Chl-a or TP. As Cladocera feed primarily on algae and bacteria (Ebert, 2005; Smirnov, 
2017), their relationship to TP should be indirect, and Chl-a might be a more ecologically 
relevant parameter to reconstruct. The reconstruction of TS may also be influenced by 
additional confounding factors, such as lake Depth (Figure 4; Juggins et al., 2013). 
Nevertheless, in the modern-day situation, all these parameters are so closely related 
that it seems like an impossible task to draw solid conclusions about modern-day 
no-analogue situations. This issue could potentially be addressed by expanding the 
training set to include areas with climatic conditions similar to those inferred from other 
proxies for the Holocene and late glacial history of the Baltic States. 

Subfossil Cladocera are commonly used for lake depth reconstructions (Korhola et al., 
2005; Siitonen et al., 2011). In this work, too, Depth was found to have a significant 
influence on subfossil Cladocera assemblages. However, lake Depth was negatively 
correlated with lake TS, complicating the distinction between these two parameters and 
their influences on cladocerans. Cladocera species showed a stronger response to TS, 
suggesting that lake Depth cannot be reliably reconstructed using BRT or WA-PLS models 
under the current training set design. Furthermore, evaluating model reliability is 
challenging due to the lack of observational data from the literature. However, 
the functional groups Pelagic and Macrophyte-associated Cladocera showed a response 
to lake Depth, which might help to evaluate periods when water level has increased or 
decreased, as done by many other authors (Nevalainen et al., 2011; Rudna et al., 2023; 
Sarmaja-Korjonen, 2001). 

Although lake Area was identified as significant explanatory variable, it did not show 
a clear response to any of the Cladocera species or functional groups. The theoretical 
basis for lake Area as an explanatory variable includes differences in remaining 
transportation (Nevalainen, 2011), extinction and colonization dynamics (Arnott et al., 
2006), and possibly a number of available niches, which could influence species diversity. 
However, in this work, no correlation between lake Area and any of the species diversity 
parameters was found (Figure 5). This aligns with findings from some other studies, 
which suggest that the species-area relationship in aquatic ecosystems is not always as 
pronounced as in terrestrial systems (Browne, 1981; Hessen et al., 2006). 

4.7 Assumptions and improvements for subfossil Cladocera-based 
transfer functions 

4.7.1 The assumptions linking surface sediments to past environmental 
conditions 
Similarly to many statistical analyses, having assumptions on data structure to function 
correctly, palaeoecological reconstructions that rely on modern analogues also have 
some basic fundamental assumptions. The assumptions (based on Lyman, 2017) that 
would be relevant for this work are listed below: 

1. Species ecological tolerance has not changed over time.
2. Each species has a defined ecological niche limited by sensitivity to particular

parameters.
3. Species presence suggests that the local environment at that time supported

its survival.
4. Changes in species composition reflect changes in environmental conditions.
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5. Faunal remains have been identified correctly, and the influence of cryptic
species is negligible.

6. Sample size and preservation has not influenced the results.
7. The temporal resolution is sufficient to evaluate the magnitude and the rate of 

change.
It may be appropriate to add an additional assumption to the list: 

8. The surface sediment training set includes a sufficient range of relevant
environmental conditions to encompass the ecological optima and tolerances
of the species present (Birks et al., 2012; Juggins, 2013).

The use of the Bosmina/Eubosmina complex to reconstruct past environmental 
conditions could lead to violations of assumptions 1 and 5. This is due to the complex 
taxonomy and relatively short evolutionary history of Eubosmina spp. (Faustová et al., 
2011; Kotov et al., 2009). It is considered that finer taxonomical resolution could lead to 
more accurate model outputs, while coarse taxonomical resolution leads to fewer 
incorrectly identified individuals (Heiri & Lotter, 2010). Nevertheless, no consistent 
differences could be observed between the CV performance of models built based on 
datasets “Eubosmina” and “all” or “Eubosmina (pH > 6)” and “pH > 6” (Figure 12). 
Eubosmina spp. taxonomy is famously tangled and confusing already in the literature of 
contemporary ecology (Kotov et al., 2009; Lieder, 1996), increasing the probability of 
misidentification. It is even more likely to happen in paleolimnological studies, due to the 
fragmentation of the individuals. Genetic evidence suggests that radiation of Eubosmina 
species has occurred during the Holocene (Faustová et al., 2011), meaning that 
transitional forms of these species could be encountered in cores covering the whole 
Holocene. Only a few researchers have attempted to distinguish Eubosmina species and 
subspecies to high taxonomical resolution in subfossil Cladocera samples (Błędzki & 
Szeroczyńska, 2015; Zawiska et al., 2025). Most researchers have either combined them 
under Eubosmina spp. or grouped the individuals under species B. (E.) coregoni and B. 
(E.) longispina. However, it should be noted that in the most commonly used subfossil 
Cladocera identification key by Szeroczyńska & Sarmaja-Korjonen (2007), the 
classification of B. (E.) coregoni includes wider variability of characteristics than would 
be descriptive of this species in contemporary limnology (Błędzki & Rybak, 2016). 
Therefore, as there are inconsistencies in defining the species B. (E.) coregoni and 
B. (E.) longispina between paleolimnology and contemporary limnology, the transfer of
knowledge between these fields regarding Eubosmina spp. should be approached with
caution. Importantly, this issue might not be limited to Eubosmina; indicator species and
transfer functions broadly rely on modern ecological relationships, and similar
uncertainties could potentially affect other taxa, though this has not been systematically
investigated.

Assumption 6 also presents challenges. It is well known that not all taxa preserve 
equally well in lake sediments. For example, Daphnia species are often poorly preserved 
in sediments, but the specific conditions under which preservation quality improves or 
deteriorates are not well understood (Leppänen & Weckström, 2016; Sarmaja-Korjonen, 
2007). The sample preservation in general could have significant implications for both 
the training set and the sediment records. For example, the training set sample from 
Lake Vööla meri exhibited relatively poor preservation, potentially leading to 
non-representative species assemblages. Similarly, in the sediment cores, poor 
preservation was observed in Zone 1 (late glacial period) of Lake Nakri, which could also 
result in biased or incomplete faunal records. Such preservation biases may ultimately 
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limit the reliability of ecological interpretations, particularly in cases where key taxa are 
underrepresented or entirely absent from the sediment record. 

Assumption 7, “the temporal resolution is sufficient to evaluate the magnitude and 
the rate of change,” is particularly relevant for the record of Lake Sekšu and Zone 1 of 
Lake Nakri. Lake Nakri Zone 1 contains information from 6 sediment samples that cover 
approximately 1000-year period. As dominant species differ from sample to sample, the 
full magnitude, direction, and timing of changes are not possible to evaluate (Figure 19). 
Therefore, a more dense sampling of subfossil Cladocera during Nakri Zone 1 would be 
necessary. The ecosystem of Lake Sekšu appears to be highly unstable, as reported by 
the literature on TS-related parameters (Figure 18), and the methods applied in this study 
do not seem to fully capture such dynamic changes. However, it would not be fair to say 
that the sampling effort for Lake Sekšu was insufficient, as the sediment core was 
sampled in 1 cm intervals, and every sub-sample was analysed.  

4.7.2 Future directions for improvement of subfossil Cladocera based 
environmental reconstructions in Baltic states 
The models developed in this study produced good results for reconstructing pH and 
TS-related parameters. However, the surface sediment training set for the Baltic States 
could be improved by enhancing data distribution, expanding gradient coverage, 
including additional environmental parameters, and applying better validation methods 
to better understand Cladocera sensitivity and responses to environmental change. 
The proposed improvements include: 

1. Increasing the number of observations for lakes with pH < 6.
2. Extending the training set coverage to areas that are representative of the full

range of Holocene climatic conditions in the Baltic states.
3. Using datasets “Eubosmina (pH > 6)” or “pH > 6”, and either by excluding the

extreme EC values from the existing training set or by additional sampling of
high EC lakes, could potentially improve the EC model.

4. Developing subsets of data filtered for constant Depth or TS conditions could
improve Depth and TS reconstructions by reducing the interference between
these variables. For instance, separate TS models could be created for deep
and shallow lakes. However, applying such models would require independent
estimates of past Depth or TS values from other proxies.

5. Obtaining more precise lake environment measurements, especially for lake
Depth.

6. Including observations of fish, macrophytes, catchment, land cover, and land
use in the analysis.

7. Increasing the total number of observations for improved BRT model
performance.

8. Surface sediment dating to better account for variability in sedimentation rate
and consequential differences in temporal coverage.

9. Testing the reconstruction models on well-dated sediment records from lakes
with long-term monitoring data.

Implementing these improvements could lead to more reliable paleoenvironmental 
reconstructions and a deeper understanding of past ecological changes in lake ecosystems 
across different temporal scales. 
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5 Conclusions 
The thesis focuses on subfossil Cladocera assemblages as a potential tool for 
environmental reconstructions of the past conditions in lakes of the Baltic states. 
Functional group, indicator species, WA-PLS, and BRT reconstruction methods were 
developed based on the 78-lake surface sediment training set of Estonia, Latvia, and 
Lithuania. It was found that the subfossil Cladocera assemblages could be used to 
reconstruct pH, EC, TS, and lake Depth. However, the precision of the reconstruction 
varies from parameter to parameter and between methods. 

• pH is the main driving factor in the subfossil Cladocera species assemblages, and
can be successfully quantitatively reconstructed using WA-PLS and BRT models.
It is also possible to approximately evaluate pH using indicator species approach;
however, quantitative reconstruction models are preferable as they are capable
of assessing pH values more accurately.

• TS can be reconstructed using the indicator species approach, and changes in
TS can be approximated using the functional group approach. Quantitative
reconstructions of TSI, TP, and Chl-a are possible. However, certain assumptions
must be met. That is, pH in the analyzed period must have been neutral or alkaline, 
and other driving factors, such as climate, do not have a significant impact during
the studied time period.

• EC can be approximated using the indicator species approach. Other methods do
not seem to be able to consistently reconstruct EC. This is due to the high
correlation between EC and pH.

• Changes in lake Depth can be assessed using the functional group approach.
Depth and TS are closely linked parameters, and for further development of the
Depth and TS models, a more targeted training set development for these
parameters would be necessary.

• Considering the development of the training set data subsets, exclusion of the
sites with pH < 6 significantly improved the BRT and WA-PLS model performances 
for TSI, TP, Chl-a, and Depth reconstructions. Separating species Bosmina
(Eubosmina) coregoni and B. (E.) longispina or combining them under Eubosmina
spp. did not have a consistent impact on the model cross-validation results or
the conclusions drawn from the WA-PLS, BRT, or indicator species-based
environmental reconstructions for cores of Lake Velnezers, Lake Sekšu, and Lake
Nakri.

• The functional group approach is helpful in observing changes in pH, TS, and
Depth, but it does not provide numerical approximations of past environmental
conditions. The indicator species approach allows for simple approximations of
pH, TS, and EC. BRT models provide reasonable absolute value estimates for pH,
TSI, TP, and Chl-a if results are averaged between samples with LOESS smoothing. 
However, the sample-to-sample value estimations are relatively unstable.
WA-PLS estimations provided reasonable pH absolute value estimations and
might be useful to capture overall trends in the changes of the conditions of TSI,
TP, and Chl-a, but sometimes underestimate the absolute values. It might be
useful to apply these models together, as they showed similar trends in cases
where nutrient enrichment could be considered the main driving factor of the
lake ecosystem. Using these methods together might provide insights into
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whether nutrient input was the main driving force of the changes in the 
ecosystem, or could it be a more complex combination of environmental factors. 

• Lake Velnezers has undergone changes in pH and TS over the last 200 years.
In the earlier periods characterized by the transition from forested to agricultural
lands, there was an increase in pH, which changed the composition of Cladocera
species. In the time period from 1950 onwards, Lake Velnezers was primarily
influenced by eutrophication and reached its peak nutrient levels between the
years 1990 and 2010, when it became highly eutrophic to hypereutrophic.

• Lake Sekšu has become more eutrophic during the last 100 years. The baseline
conditions have changed little, as Lake Sekšu has transitioned from a mesotrophic
to a slightly eutrophic TS. However, the lake ecosystem might have undergone
periods of high seasonal nutrient-level fluctuations that occasionally might have
reached hypereutrophic conditions.

• Lake Nakri, in the last 12,000 years, has changed from a mesotrophic lake to an
eutrophic lake, becoming shallower but has not undergone significant changes in
pH or EC. Most of the past changes in Lake Nakri have been climate-driven;
therefore, precise estimations of the TSI, TP, and Chl-a values throughout the
Holocene are impossible.
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Abstract 

Model-Based Reconstructions of Lake Environments in the 
Baltic States Using Subfossil Cladocera
Paleolimnology offers a valuable tool for evaluating historical lake conditions. This includes 
periods before human disturbance, varying climate conditions, and the impacts of 
specific human activities on lake ecosystems, some of which may not have been 
thoroughly studied or documented at the time due to differing societal priorities or the 
early stage of ecological science during those periods. Knowledge of lake history is a basis 
for more effective restoration strategies and goals, and supports predictions about lake 
development under future climate change and ongoing anthropogenic impact. 
Nevertheless, reconstructing historical lake environments becomes increasingly 
challenging, as multiple stressors can influence lake ecosystems simultaneously. 

One of the key proxies for evaluating historical changes in lakes is subfossil Cladocera. 
Cladocera are microscopic crustaceans that spend their entire life cycle within the lake 
and are widely used to reconstruct environmental parameters such as trophic state, pH, 
electrical conductivity, and water depth. However, species’ responses to environmental 
factors can vary between regions, and until now, such an evaluation for subfossil 
Cladocera in the Baltic States has been lacking. Furthermore, although various qualitative 
and quantitative approaches are used globally to reconstruct past environmental 
conditions using subfossil Cladocera, comparisons between these methods and their 
relative suitability are rare. 

A surface sediment training set comprising 78 lakes across the Baltic States was 
developed to address this research gap. The lakes were selected to represent a wide 
gradient of environmental parameters known to affect the Cladocera assemblages, such 
as pH, electrical conductivity, trophic state, depth, and surface area – all of which were 
found to significantly influence subfossil Cladocera species assemblages as revealed by 
redundancy analysis (RDA). The connection between environment and subfossil Cladocera 
species assemblages was further analyzed using functional groups and indicator species 
approaches. Weighted averaging partial least squares (WA-PLS) and boosted regression 
tree (BRT) models were developed for the quantitative reconstruction of past lake 
environments. WA-PLS was selected as it is one of the most robust and widely used 
methods for transfer function development in paleolimnology, while BRT represents a 
more recent machine-learning-based approach capable of handling complex, nonlinear 
relationships between species assemblages and environmental variables. Although BRT 
has been applied in other ecological contexts, its use in subfossil Cladocera studies 
remains rare, and to date, no direct comparison between WA-PLS and BRT has been 
conducted in this context. Observations of water pH, electrical conductivity, trophic state 
descriptive parameters (total phosphorus, total nitrogen, chlorophyll-a, transparency), 
and water depth, where available, were compared to the reconstructed values and used 
as a part of the reconstruction method and model evaluations. Although this study 
focuses on subfossil Cladocera, the results were also compared with conclusions drawn 
from other proxies, as reported in the articles that are a part of this work.  

The analysis revealed that pH is the most significant factor influencing subfossil 
Cladocera assemblages and can be reliably reconstructed using both WA-PLS and BRT 
modeling approaches. In contrast, electrical conductivity could not be quantitatively 
reconstructed; however, it could be qualitatively approximated using the indicator 
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species approach. Trophic state can be reconstructed using BRT models, particularly 
when changes are primarily driven by nutrient enrichment. However, this approach 
becomes unreliable when other major drivers, such as pH shifts or climate variability, are 
present. Trophic state can also be assessed using functional group composition and 
indicator species analysis.  Quantitative reconstructions of lake depth produced less 
reliable results. Based on the current data, shifts in the proportions of pelagic versus 
macrophyte-associated Cladocera species are recommended as a more robust proxy for 
evaluating depth-related changes. Although the lake surface area was found to 
significantly influence Cladocera assemblages, it could not be reliably reconstructed. 

All above-mentioned reconstruction methods were applied to sediment cores from 
three small eutrophic lakes, each representing a different time period and level of human 
disturbance. The core from Lake Velnezers spans from before 1850 to 2018 CE and was 
the site most severely impacted by human activity. Its catchment has undergone a 
transition from forested to agrarian land and, most recently, to an urbanized area. 
Reconstructions from Lake Velnezers indicate a rise in pH associated with agricultural 
development in its catchment, followed by severe eutrophication driven by urbanization. 
The sediment core from Lake Sekšu covers the period from 1935 to 2018 CE. This lake is 
located in a forested area and forms part of the drinking water supply system for the city 
of Riga. In Lake Sekšu, model results, along with functional group and indicator species 
analysis, suggest a slight increase in pH and moderate eutrophication. Lake Nakri is 
located in a forested area and has experienced minimal human impact. The sediment 
record of Lake Nakri covers a long-term period, extending from the Late Glacial (12,100 
calibrated years BP) to 2017 CE. Lake Nakri experienced some eutrophication between 
7900 and 5600 calibrated years BP, but has remained relatively stable since. However, 
changes during the Late Glacial and Early Holocene periods remain difficult to interpret 
due to the absence of modern analogues and climatic conditions that differ from those 
represented in the training set.  

These findings highlight the value of subfossil Cladocera for reconstructing historical 
lake conditions such as pH, electrical conductivity, trophic state, and water depth. They 
also demonstrate the potential of combining or selectively applying functional group 
analysis, indicator species, and quantitative modeling approaches, depending on the 
most suitable method for each parameter. The findings contribute to the development 
of regionally appropriate approaches for assessing lake history and informing potential 
lake management strategies. 
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Lühikokkuvõte 

Subfossiilsete vesikirbuliste põhised järvekeskkonna 
mudelrekonstruktsioonid Läänemeremaades 
Paleolimnoloogia meetod järvede mineviku keskkonnatingimuste hindamiseks 
võimaldab uurida perioode enne inimtegevuse mõju, selgitada erinevaid kliimatingimusi 
ning eelajaloolise inimeste tegevuste mõju järvede ökosüsteemidele, Järvesetetes 
kajastunud teadmised järvede minevikust on aluseks tõhusamate järvede 
taastamisstrateegiate ja -eesmärkide kujundamisel ning toetavad järvede 
arenguprognoose tulevaste kliimamuutuste ja jätkuva inimtegevuse tingimustes. Siiski 
on järvede mineviku keskkonnatingimuste rekonstrueerimine keeruline, kuna järvede 
ökosüsteeme mõjutavad sageli mitmed tegurid samaaegselt. 

Üheks oluliseks indikaatoriks mineviku keskkonnamuutuste hindamisel järvedes on 
subfossiilsed vesikirbulised (Cladocera). Vesikirbulised on mikroskoopilised 
koorikloomad, kes veedavad kogu oma elutsükli järves ning leiavad laialdast kasutust 
veekeskkonna parameetrite nagu troofiline seisund, pH, elektrijuhtivus ja veesügavus, 
rekonstrueerimisel. Siiski võivad liikide reageeringud keskkonnateguritele piirkonniti 
erineda ning seni pole Balti riikides subfossiilseid vesikirbulisi sellisteks uuringuteks 
kasutatud. Lisaks kasutatakse maailmas erinevaid kvalitatiivseid ja kvantitatiivseid 
lähenemisviise mineviku keskkonnatingimuste rekonstrueerimiseks, kuid nende meetodite 
võrdlusi ja sobivuse hindamisi on vähe. 

Selle uurimislünga täitmiseks koguti Balti riikide 78 järve pinnasesette andmebaas. 
Valitud järved esindavad laia vesikirbuliste kooslusi mõjutavate keskkonnaparameetrite 
vahemikku, nagu pH, elektrijuhtivus, troofiline seisund, sügavus ja pindala. Kõik need 
osutusid redundantsusanalüüsiga (redundancy analysis – RDA) olulisteks teguriteks 
subfossiilsete vesikirbuliste koosluste kujunemisel. Keskkonna ja vesikirbuliste koosluste 
seoseid analüüsiti funktsionaalsete rühmade ja indikaatorliikide abil. Kvantitatiivseks 
rekonstruktsioonideks töötati välja kaalutud keskmiste osaliste vähimruutude meetodil 
(weighted averaging partial least squares - WA-PLS) ja võimendatud regressioonipuudel 
(boosted regression tree - BRT) põhinevad mudelid. WA-PLS valiti, kuna see on üks kõige 
usaldusväärsemaid ja laialdasemalt kasutatavaid ülekandefunktsiooni meetodeid 
paleolimnoloogias, samas kui BRT esindab uuema põlvkonna masinõppepõhist 
lähenemist, mis suudab käsitleda keerukaid, mittelineaarseid seoseid organismide 
koosluste ja keskkonnamuutujate vahel. Kuigi BRT-d on rakendatud muudes ökoloogilistes 
uuringutes, on selle kasutamine subfossiilsete vesikirbuliste uurimisel harv ning seni pole 
WA-PLS-i ja BRT otsest võrdlust tehtud. Vaatlustel mõõdetud järve vee pH, 
elektrijuhtivuse, troofilise seisundi (kogufosfor, kogulämmastik, klorofüll-a, läbipaistvus) 
ja veekogu sügavuse andmeid võrreldi modelleeritud väärtustega ning kasutati mudelite 
usaldusväärsuse hindamisel. Kuigi uuring keskendub subfossiilsetele vesikirbulistele, 
võrreldi tulemusi ka teiste andmete põhjal tehtud järeldustega mida on kirjeldatud töö 
osaks olevates artiklites. 

Tulemused näitavad, et pH on kõige olulisem tegur, mis mõjutab subfossiilsete 
vesikirbuliste kooslusi, ning seda saab usaldusväärselt rekonstrueerida nii WA-PLS kui ka 
BRT mudelite abil. Elektrijuhtivust ei olnud võimalik kvantitatiivselt rekonstrueerida, kuid 
seda saab kvalitatiivselt hinnata indikaatorliikide abil. Troofilist seisundit saab 
rekonstrueerida BRT mudelite abil, juhul kui muutuste peamiseks põhjuseks veekeskkonna 
toitainetega rikastumine. Kui aga kaasnevad teised olulised mõjutajad, näiteks pH- või 
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kliimamuutused, on see lähenemine ebausaldusväärne. Troofilist seisundit saab hinnata 
ka funktsionaalsete rühmade ja indikaatorliikide analüüsi abil. Järve sügavuse kvantitatiivne 
rekonstrueerimine oli vähem usaldusväärne. Käesolevate andmete põhjal oleks 
soovituslik veesügavuse muutuste hindamiseks kasutada pelagiaalse ja makrofüütidega 
seotud vesikirbuliste liikide osakaalu muutusi. Kuigi järve pindala mõjutas vesikirbuliste 
kooslusi oluliselt, ei olnud seda võimalik usaldusväärselt rekonstrueerida. 

Kõiki eespool mainitud rekonstrueerimismeetodeid rakendati kolme väikese 
eutrofeerunud järve setteläbilõigetele, millest igaüks esindab erinevat ajaperioodi ja 
inimtegevuse taset. Velnezersi järve setteläbilõige hõlmab ajavahemikku 1850–2018 
ning see oli kõige tugevama inimtegevuse mõjuga järv. Selle järve valgala on esialgsest 
metsasest piirkonnast muutunud põllumajanduslikuks ja hiljem linnastunud alaks. 
Velnezersi rekonstruktsioonid näitavad pH tõusu seoses põllumajanduse arenguga ning 
sellele järgnenud tugevat eutrofeerumist linnastumise tõttu. Sekšu järve setteläbilõige 
hõlmab ajavahemikku 1935–2018. See järv asub ka metsases piirkonnas ja kuulub Riia 
linna joogivee varustussüsteemi. Sekšu järve modelleerimistulemused ja funktsionaalsete 
rühmade ning indikaatorliikide analüüs viitavad kergelt suurenenud pH-le ja mõõdukale 
eutrofeerumisele. Nakri järv asub vähese inimtegevuse mõjuga metsases piirkonnas. 
Selle setteläbilõige hõlmab pikaajalist perioodi, ulatudes hilisjääajast (12000 kalibreeritud 
aastat tagasi) kuni tänapäevani. Nakri järves esines suurenenud eutrofeerumist 
ajavahemikus 7900–5600 kalibreeritud aastat tagasi, kuid sellest ajast alates on järve 
seisund püsinud suhteliselt stabiilsena. Samas, hilisjääajal ja varaholotseenis toimunud 
muutusi on raske tõlgendada, kuna puuduvad tänapäevased kliima- ja 
keskkonnatingimuste analoogid. 

Antud töö tulemused rõhutavad subfossiilsete vesikirbuliste väärtust mineviku 
järvede keskkonnatingimuste, nagu pH, elektrijuhtivus, troofiline seisund ja veesügavus, 
rekonstrueerimisel. Samuti näitavad need, kui oluline on kombineerida või valida 
sobivaim meetod (funktsionaalsete rühmade analüüs, indikaatorliigid või kvantitatiivne 
modelleerimine) sõltuvalt hinnatavast parameetrist. Tulemused aitavad arendada 
piirkonnale sobivaid lähenemisviise järvede mineviku keskkonnatingimuste hindamiseks 
ja järvede võimalike haldusstrateegiate kujundamiseks. 
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Appendix 1 

Article I 
Lanka, A., Poska, A., Bakumenko, V., Dimante-Deimantovica, I., Liiv, M., Stivrins, N., 
Zagars, M. and Veski, S., (2024). Subfossil Cladocera as indicators of pH, trophic state and 
conductivity: Separate and combined effects in hemi boreal freshwater lakes. Ecological 
Indicators, 167, p.112592. https://doi.org/10.1016/j.ecolind.2024.112592  
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Article II 
Lanka, A., Dimante-Deimantovica, I., Saarni, S., Stivrins, N., Tylmann, W., Zawiska, I. and 
Veski, S., (2024). Urbanization-driven Cladocera community shifts in the lake- 
a case study from Baltic region, Europe. Anthropocene, p.100439. 
https://doi.org/10.1016/j.ancene.2024.100439 
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,-./012/314056-17809:;/64<8-/9<4==>013?9@A1B3@91093A89;/C8959/9</@89@3>6?9B-4=9D/;31<9-8E140F9G>-4H89I00/9J/0C//FKF9L03/9M1=/0385M81=/03471</.F<F9N/1O/9N//-016F8F9P4-=>06@9N317-10@/F.FBFEF9Q4O<18<A9R?;=/00AF9L2/.8;/9S/T1@C/1F9N11=9U8@C1/9/VWXYZ[\W][9̂_9̀Ŵâbcd9eYaaf]]9g]fhWZif[c9̂_9eWjk]̂âbcd9lkf[YmY[W9[WW9nd9eYaaf]]opqrsd9li[̂]fY9.tYuW9Y]v9wWY[aY]v9xWiWYZjk9yW][ZWd9wzfuzaWd9{âmYd9tY[hfY9<tY[hfY]9|]i[f[z[W9̂_9{}zY[fj9lĵâbcd9~̂aWZz9�d9xfbY9t~�oqq�d9tY[hfY96�Yjza[c9̂_9�f̂âbfjYa9Y]v9l]hfẐ]\W][Ya9�jfW]jWid9{}zY[fj9�f̂bŴjkW\fi[Zc9xWiWYZjk9g]f[d9lĵici[W\i9Y]v9l]hfẐ]\W][9xWiWYZjk9wẐbZY\d9g]fhWZif[c9̂_9�Waif]ufd9w���9�̂�9snd9�Waif]uf9�|�qqqo�d9�f]aY]v98VWXYZ[\W][9̂_9̀ŴbZYXkc9Y]v9̀Ŵâbcd9g]fhWZif[c9̂_9ezZuzd9ezZuz9�qqo�d9�f]aY]v9BVWXYZ[\W][9̂_9̀ŴbZYXkcd9g]fhWZif[c9̂_9tY[hfYd9�WabYhYi9od9xfbY9t~�oqq�d9tY[hfY9E|]i[f[z[W9̂_9�fi[̂Zc9̂_9tY[hfYd9g]fhWZif[c9̂_9tY[hfYd9tY[hfY9A�Yjza[c9̂_9�jWY]̂bZYXkc9Y]v9̀ŴbZYXkcd9g]fhWZif[c9̂_9̀vY�]iud9�Y��c�]iufWb̂9�d9̀vY�]iu9wt�rq�qpd9ŵaY]v91|]i[f[z[W9̂_9̀ŴbZYXkc9Y]v9�XY[fYa9�ZbY]fiY[f̂]d9ŵafik9{jYvW\c9̂_9�jfW]jWid9e�YZvY9no�nnd9�YZiY�9wt�9qqrord9ŵaY]v999I�RL:JG9LP��99�Wc�̂Zvi�9,-./012/31409G>3-4HA1</31409:;/64<8-/9J/C89N>.B4@@1;@9 IDNR�I:R99�>-9-8@8/-<A9/1=86934987/;>/38F9A4T9>-./012/31409/BB8<3@9;/C898<4@?@38=@9/069:;/64<8-/9109H/-31<>;/-�9�4-93A1@9H>-H4@8F9T89<A4@89/9@=/;;9>-./09;/C89T13A9/9T8;;564<>=803869A1@34-?�9J/C89U8;0828-@9�;4</3869109�1E/F9J/371/�91@9<>--803;?9@>--4>06869.?9/H/-3=8039.>1;610E9<4=H;8�8@�9:40@3-><31409T4-C@9/-4>0693A1@9;/C89@3/-38691093A89����@9/069<40310>869>H9>031;93A89����@�9R491078@31E/389A4T93A893-/0@131409B-4=9B4-8@3869349/E-1<>;3>-/;9/069B>-3A8-9>-./012869;/069/BB8<38693A89;/C898<4@?@38=9T89344C9/9@861=8039<4-893A/39<478-@93A8931=89H8-1469B-4=9.8B4-89� ��¡¢�� �9Q8987/;>/38698<4;4E1</;9<A/0E8@91093A89;/C89./@869409<A8=1</;9/069:;/64<8-/9@H8<18@9<4=H4@131409109@861=8039-8<4-6@9/069;10C8693A8@89<A/0E8@93493A89A1@34-1</;910B4-=/31409/.4>39/;38-/3140@91093A89;/06@</H89/-4>069U8;0828-@�9�>-9-8@>;3@9@A4T9;/C893-/0@13140869B-4=94;1E43-4HA1<93498>3-4HA1<9<40613140@9/;-8/6?9.8B4-89>-./012/3140�9RA89J/C898<4@?@38=9-8/<3869349>-./012/31409E-/6>/;;?F9@A4T10E9@=/;;9<A/0E8@91093A89.8E10010E�9£4T878-F91093A89�� �@9;/C898�H8-180<869-/H1696838-14-/31409109T/38-9¤>/;13?9¡9@861=8039-8<4-6@9@A4T9/0910<-8/@89109A8/7?9=83/;9H4;;>3140F9/04�1/F9/0690>3-1803910H>3�9RA8@89@3-8@@4-@9-8@>;3869109:;/64<8-/9B>0<3140/;9E-4>H9@3-><3>-89<A/0E8@9/069;4@@94B9:;/64<8-/9@H8<18@9-1<A08@@9/0696178-@13?�9L=H-478=803@91090/3>-89H-438<31409¡9@><A9/@9T/@38T/38-9=/0/E8=8039A/789-86><869A8/7?9=83/;9/0690>3-1803910H>3910349J/C89U8;0828-@934T/-6@93A89H-8@803�9£4T878-F9H-8714>@96838-14-/3140F91�8�9;4@@94B9@H8<18@96178-@13?9/069HA4@HA4-4>@9;8E/<?98BB8<396490439/;;4T90/3>-/;9;/C89-8<478-?9>068-9<>--8039<40613140@�999¥¦§̈©ª«¬®©̄«̈9I03A-4H4E801<9/<3171318@91093A89@8<4069A/;B94B93A89¢�3A9<803>-?9A/789;869349<>=>;/31789H-8@@>-89409B-8@AT/38-98<4@?@38=@9�°/33A8T@F9¢��±²9³-12283319839/;�F9¢�����9°>;31H;89@3-8@@4-@910<;>68F9/=40E943A8-@F9<;1=/389<A/0E8F9H4;;>31409.?934�1<9@>.@3/0<8@F9/0910<-8/@891090>3-18039;4/610E96>89349/E-1<>;3>-89/069>-./096878;4H=803F9A?6-4;4E1</;9/;38-/3140@9�S/T1@C/9839/;�F9¢�¢��F9/069107/@1789@H8<18@9103-46><31409�́/0@89839/;�F9¢�����9:40@8¤>803;?F9B-8@AT/38-98<4@?@38=@98�H8-180<896838-14-/3140968=40@3-/310E93A8968<;10894B98<4@?@38=9@8-71<8@9H-4716869@><A9/@9
-86><869;4</;9.146178-@13?F9;4@@94B9B-8@AT/38-9/-8/@F9/069H44-9T/38-9¤>/;13?9�IA=869839/;�F9¢�¢¢��9,-./012/314091@90439/=40E93A89@3-8@@4-@9B4-8@8809349T13AA4;69/069=4@39;1C8;?9139T1;;910<-8/@891093A89B>3>-8�9I;-8/6?9109¢�� F93A89E;4./;9>-./09H4H>;/314098�<8868693A89->-/;9H4H>;/3140�9L391@98�H8<38693A/393T4593A1-6@94B93A89T4-;69H4H>;/31409T1;;9;1789109>-./09/-8/@9.?9¢���9�,013869P/3140@F90�6��9/0693A89T4-;6µ@91<85B-889>-./012869;/069T1;;910<-8/@89B-4=9¢��±9¶9109¢���¡·���9¶9.?9¢�·�9�U/09U;1839839/;�F9¢�����9RA8-8B4-8F9>-./096878;4H=8039A/@9.880910<;>68691093A89,013869P/3140@9M878;4H5=8039³4/;@F91�8�9349=/C89<1318@9/069A>=/09@833;8=803@910<;>@178F9@/B8F9K:4--8@H40610E9/>3A4-�9l�\Yfa9YvvZWii�9/00/�;/0C/̧ 3/;38<A�889�I�9J/0C/��99

:403803@9;1@3@9/7/1;/.;89/39N<180<8M1-8<39I03A-4H4<8089¹º»¼½¾¿9ÀºÁÂÃ¾ÄÂÅ9ÆÆÆÇÂ¿ÈÂÉÊÂ¼ÇËºÁÌ¿ºË¾ÍÂÌ¾½ËÂ½Â9

A33H@ÎÏÏ641�4-EÏ������±ÏO�/0<808�¢�¢·����·Ð�9�8<817869� 9°/-<A9¢�¢·²9�8<817869109-871@869B4-=9¢·9°/?9¢�¢·²9I<<8H3869Ð�9°/?9¢�¢·999



���������	�	
���
����
��

�

����������������������� ���!"#$���%%�&��'�'('�)*������+���,-�+��$.��� ����/-����$������$��$��0����������$��*�������.$�,���$��$.��������������'�1���2��3+����-����$.���4��� ��������5�$���������.$�,����2��+�������������'�6��+��� �����2����,����.���*4������+$�0���,���$������*�$-$2���+�������$�������-��+��2��*��$�*���������5.$�,��2��*�������+�-������+*��2��2��*���,-�+���2�7���� ����!8�+9���������'��:;:;<�#=�����-������'��:;:;('�>�����������2�������+��$��� ��4����*���$��+��������+�-�������������������9���+$�$20���7��$-,�������+��+����.$�����2�������9��,���2�,���'�?$���*�������$����*�������@���$��$.���9������,������+$�������$.�2�����*��-����+���*��+*�,�+����-*0��+�������� �$5�$2�+�����2������++�,������������9������,�����������$� ������� �����+*�7���.$��-����+*��2��'�A$��$7�����*��*�,��5��7��$�,����������+��$����.�����*��2������++�������$��!���$���.�������$����1��*�$-$+���(���'�'�*�,���������,����������2������������������..�+�������������3����,$�2�B;�-��5$���0�������+*�C�����$������-���$�+$�$20�!D���$�������'��:;%E('�F���*�������0��4����7����2����+�,�����7������$.����+��+����2��..�+���$.�*�,��5����+���+*��2���4��*���������$�����*����9�'�)*������0���9��!G����@���(�����$+���������*��+�-�����$.�H��7����I�2���J$��*��������K��$-��!?�2'�%('�)*��3������ ���������*�,����,-�+�������H�9��G����@����4�����+$�������$����LK�%M;;�4*���,��$����N�+����������$�0�$.��*����9��4���+�������.�$,��*������$�����2�-����.$�����.$���2��+��������-��-$����!O�N�����:;%B<�P������������'��:;%Q('�)*�������4���+$,-�����0������.$�,������$��2��5+�������������� 0��*�� �2�����2�$.��*��:;�*�+�����0'�)*����-��+�,����$.��2��+�������������4��*��� ��������������������*��%QB;��4��*��*����7��5$-,����$.�-��7����*$�����!O�,-�����%QBQ<�#������� �����%QMR(��������+*�������+������������� 0��*�� �2�����2�$.��*��ST;��4��*��*��+$�5����+��$��$.�,����5��$�0�������������*$���������$�����2��*����9��!?�2'�:('�J$4���0���*����9������$+��������$���$.��*�����2������ �� ���������$.�I�2��+��0�5�U�2��'�?�$,���-$-�����$��$.��--�$/'�R;;;���*� ����������%QRM��*��������*������+*�����-$-�����$��$.�,$����*���:M;;;�-�$-������-�������!�-9��,�����'�'('�F���*�������0��4��4�������$��/-�$���*$4��*����9�����-$�����$���..�����������.$�,���$���V�.�$,��*���2��+��������-��������$����������7��0����$�+*�����9���$���.���0��� ���@�����7��$�,���'�)$���7�����*��+*��2������-����4�����C�����0�4��������*��+*�,�+���+$,-$����$��$.�����,����������� .$�����L���$+������,��������$���-�$/0'�L���$+��������4����0�������$����+9����������-����*�,��5��7��$�,����������+��$����*�$�2*���,����'2'�+��,�������9��4�������7���+*��2����+����0������$-*�+���$��������������-�+�����,-�+��!8��2�������'��:;%W('�F������7���2��+����������9�$4���$� ��

�*��+�����$.�����$-*�+���$�������/+��������,�����$����!X$�$*�������#��+���A$���$���:;;Q<�J�7������������H�$�$��:;%T<�)�,���$2$$������'��:;::(��4*������ ���@���$��+�����+�������*����7���7��-$��������$.��������-�+��������������������$�7�����0�$.�-*0��+���!��,-����������+����������2�$,$�-*$�$2�+���+*��2��(�����+*�,�+���!��������������-$�����������5+�����(��,-�+���!#�$������'��:;::<�D�������A��C���������'��:;:;('�6��+�� $�*��2��+�������!�'�'���+��������������������7���(������� ���@���$��+���+*��2���*�������� ���$��-�������$.���9�����*� ����2�@$$-���9�$����+�����2�L���$+�����-�+������7�����0�����.��+��$����2�$�-S������+�����!Y��9�������'��:;:%<�I�+*����1� ���������'��:;%;<�D*��������'��:;:%('�F��.�+���D+*�+*�������'�!:;::(�.$�����*����2��+������������� ���@���$���/-������*��2��������-�$-$���$��$.�7������$�����4�����C�����0��4*������+�������*�,����+��7��0�+����7���-���$,�������*���,-�+��$.�+��,����+*��2��!U�����������'��:;:;('�D��������������$���*��+��+����2��..�+����,-�+��$��L���+$+���������+��+�'�)*���.$�����*�������0�+$���� ������$��*����,�����9�$4���2��$���*���-�+�3+��,-�+���$.�*�,��5����+���+*��2���$����9���+$�0���,�'�)*���9�$4���2�����+��+����.$��������������2��*����5����+��$��� ��4����*�,����+��7���������������������.���*4������+$�0�5��,������-�$7�����7���� �������2*���.$���������� �����9������-��+��+�����'��'���� �������2�������9��,���2�,����������2���'�L$��������2��*��-��7�$���������+*������*��.�+���*����� ���@���$����$����G����@����$++������C�������-���0��4��*0-$�*���@���*����� ���5@���$��4����*�7����,$���-�$,�������,-�+��$���*����9�S���+$�0���,�+$,-������$��������������� ��+��'�Y������� ���*���-��,��0�������+*�C�����$�����*$4��$���9��+$�����$���7��0� ��4������..���������2���$.���������$�����2������+�-����7��$-,����V��� ���@���$����2��+������������������7��0��������� ��������+�-�Z�)*��,$����-�+�3+�C�����$���4���[�*$4��$�L���$+�����-�+��������.��+��$����2�$�-�����+��������-$����$��� ���������$��Z�\]^_̀abc_d�_ef�gàhifj�klmlnopqr�stou�qusvwtxotyz�H�9��G����@����!BM'QTMRWB�{J��:E':ET;MM�{K�E'M,��'�'�'(�����$+���������*����������-����$.��*��+�-�����+��0�$.�H��7���V�I�2��!?�2'�%('�F��������,����!R'B*�(���9��4��*���,������-�*�$.�R'B,�������,�/�,�,���-�*�$.�T'E,�!X��|+9���:;%E('�#�$�$2�+���0���9��G����@����*���2��+�$9�����$��2������������4��*����*��8����+�F+��H�9��2��+�$��,��+�����,�����!+��0������������('�)*���$����}��������0�����,�����*�+9���������*����������+*���RB,'�D����
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����������j:@!�c1�W�1��̀�<�>�����<=����<��==����J���8?��A�<8�8�7���1����18�1:�:<�K����=����������K�������<��=��<�18��1�W�1�<�T��1��bB��!�!�g50mH%P%4*�i()PH(B�f.5,4%Q,&�<==!B�g5EP(/(*�*3*)HD%3543%(P5&n�g2�.5EP(/(B�fD45*mH*.%)*�04%Ho(B�h%)%&0(.,&�P(&0*4B�C(&0*4*.%)*�4%&H4*H*���� !�"#!�p=����<�8?�8���18�1:�:<�K��==�����1�W�1��XàB�;:8��J8��6���<��==���������K�����N.%)%0&(&�5.%)/*H*B�N.%)*�()H54'5P(*B�*)P�N3*)HD%.5-54(&�3,4q(4%&H4(&!�r:��1 �W�1��T�8?�����<��1��1����<���J���88�����<=����<��1��>��:��<e�=��M=��8��1��̀ [̀���7=�����8��Xd[��1�W�1��̀#��>�1�8?�: ?�=��� ���$%&m'()*�U$2V�.%)/(4%&H4(&�<8�����<�8?����7�1�18�<=����<��1�W�1��T��"b[#���� <!�"B�\#!�W�1��b��<��?����8���Y���;K���J:�8?����1����<���J�$%&'()*�U$2V�.%)/m(4%&H4(&�=��=��8��1��\̀ [#��1���1��1����<���J�8�8�������������j:@B�6?��?�����?�<��8<�=��s��8�8?��b8?��7!�R1�8?����18���KB�+,-%&'()*�<=!�=��=��8��1�������<�<�J��7�X\[��1��>��� ��8?��: ?�:8�W�1��XaTab[��1�W�1��b!�c1�8?�<�Y�1��<�>�����<=����<�?�>����<�==������������<�==����8�6���<�:==���<���7�18���K��<#�J��7�8?��<���7�18�������<���7=��8��K�a�<:�?��<�N.%)*�()H54'5P(*B�N2�4,&H(3*B�N2�3%&H*H*B�f2�H4,)3*H,&B�N3*)HD%.5-54(&�3,4q(4%&H4(&B�g*H%)*�&5H(t54*B��1��G.E34E0H,&�<==!���� <!�"B�\#!�L?��>��K���<8�J�6��7��T�7��1���;�>�#��J�W�1��b�<�7�?�6���JJ��<�J��7�8?����<8��J�W�1��b�a�<=����<���>��<�8K�<�� ?8�K��1����<�<B�=��� ���<7����<=����<���8���<8�K<�8?��<�7���<�8�8�������������j:@�������<�<B�$2�U$2V�.%)/(4%&H4(&�������<�<��1���1���18���K�+,-%&'()*�<==!��1����<�<���� <!�"B�\#!�_<�6��7�>��8�6���<�8?��:==�����K��<��J�8?������B�8?�����<���8�1��1�K��J������1�1 �<=����<���>��<�8K��7�1 ����������B�����7=�1����;K���������<���1�8?����8����J���88����B���� ��=��� ��B��1��7���:7M<�Y���=��� ���<=����<���7=�����8��8?���1����<�1 ��;:1��1����J�<7����=��� ���<=����<���� !�\#!�uvwxyz{yyx|}�L?��?�<8�������7�=<��J�~�s�����1�Y��<���>����8��1<J��7�8��1<��1��8<�<:���:1��1 ���1�<��=�B�8��1<�8��1�1 �J��7���J���<8����1>���17�18�8���1�� ���:�8:�����1���1���>�18:���K�;���7�1 �:�;�1�Y��!�R>���8�7�B�8?����s��?�<�6�81�<<�����8���8��1<��1�<:;J�<<��������������1��<���7�18��?�7�������7=�<�8��1!�L?�<���?�1 �<��1��:�����<?�J8��1���7�1�18�=��� ���<=����<B������:�8��1��1�<=����<���>��<�8KB��������@8�1�8��1��J����8��1�<=����<B��1��8?���7�� �1����J�1�6��1�<!�p� 1�A��18�j:�8:�8��1<��1�<���7�18�

�x�v��v���������1��<<�7;�� �<�;�<����1�?�;�8�8�=��J���1���8?��: ?�:8�8?��<���7�18�������J�~�s�����1�Y��<!�L?����� ��7�<?�6<�8?������8�>���;:1��1����J�8?��8�@�!��

N2�g*)i*�5H�*.2����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



���������	�	
���
����
��

�

����������������� �!�"��!�#$ �!%�����&� � ���������!�&�'�&�'�$��()*��'!��!�����'!�������!%�+�'������#����,-./���'0�� ��'�������!���� �1��!��"����0�##�����������'!���!�'�������2'���#���!��3�4��&����'$���!����#���&'�������+'�$��!%�'!�������&����'+���&� �$�15�!�6���'!�'!�7�8��9�#!�6���:���'������"�'$������������! �������������$5���!���#����!%���0�����#��� ��$! ��0���5�+'���$�5�!�6���'!�'��$��� 3�;'������'$����&'������"�0����#���� �6'!���5��� �'!�����'����#����!����$�����������'!���$���'!�'+��!��&�����!���'�&#�<��! ������'##�&���'+�����='�����>!�'!3�?$��@! �!%���<��! ���'���'+�A��!��#$��! �B#�8�����(C//-*"��! �D'%�������#3�(C/C/*������#�!%���������+����!�7�8��9�#!�6������'������������#�%!�!%�0���������! �'+�����='��������3�;����� ���!���'���'+�7�8��9�#!�6�����<��! ��5��8��'���&���' �5�+'���,.EF3�=� ���!���+�'�����������,.F/�����%�!���##���'!�� ��� ���&��1��!�������'+���+���!����'! ���'!��+'����!��#�8����!�G$�'&��(H�����5��"�,---I�H�����5�������#3�C/,,*3�;��������J��+���!����'! ���'!�K� �����5�������!��$��#�������'+���#�8�"�$!�'$��� �5���$��!��!L$�!��"������!%������5���#�!��+'��$! �����! �!%���'#'%���#����!%���'���������(H�!!�'!�����#3"�C/,,*3�MNOP�Q�RSTUVTWOX�YUTP�ZO[ON\O�TN�Q]̂_̀��<��5������!'�����5#�����!%���!�a#� '������'�&'����'!��'0�� �����������,-C/�(b�%3�c*"������#�!%������'$���'��� '���!'���<��! � ��&��!'$%���!�'��� ���!����'�+$##����&�$�������������'+�����#�8��5�+'����'!�� ���5#���$��!���&���3�)$2����(C/,F*��!��������������'!�7�8��9�#!�6����� �!��@� ����� ���!��#�����'+���+���!����'! ���'!��5�#'0�cF����'��� �&��3�;���� �&���0������8� �5������&� ��!��������!���!��'%�!����������&�'&'���'!��!�����#�8���� ���!����! �����&����!���'+�����'+'���#���! �����!%�#�! ���&��'&�!1�!%3�;��������!%�������#�8�#�������$#��'+�&�����#�+'������#����!%�+'��

�%���$#�$��#�&$�&'����(=��!8����������#3�C/,FI�d�#!�!������#3"�C/,-*3�4��&��������+���������'$����$ ����������!%����#������+���!����'! ���'!��6'!�"�������'5��'$��������������5�%�!!�!%�'+�e'!��,�#�8��9�#!�6��������!��!�'#�%'��'&���������"��! �������'��������'! ���'!��%�� $�##�� �����'�����5�������! �'+�e'!��,3�;���#'0����&����'+�e'!��,�(5�+'���,.EF*��������1������6� �5����#�����#����%���&������ ��������"� '��!�!���'+�#��%���! ��� �$�1��6� �&�#�%���a#� '�����(b�%3�E*"����0�##����&����!���'+�������#��&������������! ������'#�%'��'&�����'! ���'!�"��$������fghgijklmn�olppjqrmn"�shgtgiulu�jhgtovwv"�xvwgtv�ujwlyjrv�(b�%3�c*�(H#� 68���! �z�5�8"�C/,c*3�;���������&�����������'�������������5$�� ��'���� ��"��'+�0�����#�8���(d��$��14�##�!��! �=���!5��%"�,-.cI�H�' ����!�����#3"�,--.*3�;��'$%�'$��e'!��,�������#����!%���'��$��������! �������!��!��������!���'&���� �%���3�=$������!%����!�#$ ��#��%���! ��� �$�1��6� �&#�!81�'!���a#� '�����(�$������{vi|tlv��&&3"�}mpgunltv��&&3*���&#�����!��5�����##1��6� �&#�!8�'!���~gunltv��~gunltv��hgtolrguwrlu"�0�����������'�1�'!��$��'&������'!1�! $�� ��&�������$������'!�(H'$����#���! �e�##�%�,-.�I�a��!�����#3"�C/,/I�B ���6$8"�C/,cI�D���#��!�!��! �7$'�'"�C/,E*3�;��������!%����������'�&�!�� �5�� ���&&����!���'���� $���'!��!���#�������5$! �!���+'���&�������! ��������'+�%'' �0������$�#���3�b'���!���!��"�'!��'+������'�����%!�@��!���! �����'!��+'��#�8����!��������!���'&���������$�����'$%��e'!��,�������� ���&&����!���'+�f��olppjrmn"�0�����'!#��#������!�!$����!�1&''���'+��0�����#�8���(>����!�"�,--.I�b#�'��!��"�C///I�H'���! �a$���!%"�C//�I��a�����!�"�C//EI���!��!�����#3"�C/,�*3�B��'� �!%��'�H���6�!�����! �H����#��'!�(,-.-*"�������&��������<��$���5$! �!������$! ���C/�%�#�'+��'��#�&�'�&�'�'$�3�B!'������<��&#�����shgtv�ltwjrnjklv�0����'&���$������/�%�#��'��#�&�'�&�'�'$��

�WX����=$������'+�&���������� �����5�!%��$5+'���#�a#� '������'��$!���������'$%�'$�������� ���!���'���'+�7�8��9�#!�6���3�;����'#'�+$#� ��%���� �&���� �������#�������5$! �!���'+�7��%��&�#�%���(H#��8*"��� �$��&�#�%���(H#$�*"�=��##�&�#�%���(H�'0!*"��! �7���'��#�(����!*��&�����3�;'��#�a#� '�����L$<���'0��������#�$#��� �!$�5���'+�a#� '������! ��� $�#�� �&'���� ��!������� ���!���&�������3�

s��xvt�v�jw�vh�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������



���������	�	
���
����
��

�

���������������� !�"##$%!�&'()'�(��)�**���(��+����"�,-���(��..������/���&��� �0��(*����)'�*(���1�������'�&����2���-���(�)������(��)��)������(�����/�3�!�4!�����0���&������'�������/�+����"��3(2 �5%!�&'()'������*�1��-22������2���-����-���.'()��(�� �6-*��7(��-)����8�������(�.-���/�4�)��������������()'*�����/�4�(���-�/�)�����(*������9���1�����:1�(�!�;<""=�6-./�������>�&����&�?(!�;<<$% �@'��(�)����(�2�)��)������(�����/�4��(�)���'���������'��/��/��'��"#�'�)���-�1������(?��1�������������8)�����-��(��������(�2�/��*��'��)-��(A���������������2��)'�*()���/�)-�(�2��/�4!�B�!�����3��(���'�����.����.�����/��'��,��(���C(�,��������� !�;<;<=�C(�,��������0��*.!�;<"D=�0)'���1�(?������ !�;<;;% �@'�����(*�����&(�'(��EFGH�I�JKLIMNKLOMP���)�����'���'(/��/��*��2�()-��-���������������-�,�����A(���*���������>�?��Q����R�����3(2 �;% �>�?��Q����R�������)'�������&����,���������������-�,(���-���.'()���?� �@'��-2'�-���'(��.��(���9����)�����.�)(���)�*.��(�(�����*�(�������7�(A��1����,��!���.�)(���1�&'���)�*.��������+����" �S��+����"!�&���,���A����'���(*-������-�����-)�(���(���(��������.�)(��������(A���,-����)���3(2 �T%������.�)(���(��()��(A���/���(2���.'1��3(2 �U% �V��.(����'(�!��(2'����&��(��������.�)(�����(8����(*���7����)(����������&��A�2����(��7����)(���������%��*��2�������'��,�2(��(�2��/�+����; �@'���/���!�&��)����������(,-����'�����-)�(����/��(��������.�)(��W������(A���,-����)�����-�/�A���,���)���(�(����/����(��������.�)(��!�,-�����'�������'��.���(/����(����/�XY�Z[\]̂_[̀a_̂̀!�&'()'�(��(��()��(A���/��-���.'()��(����9'�������� !�;<"<=�b��*)R-?!�;<"U% �S�)�������/��-���.'()��(���(��-�-���1���2��(A��1�)����������&(�'��(��������.�)(����(A���(�1������()'���� �@'(��.'���*�����(��)�**���1�����)(�����&(�'��'��������/��-,*��2���*�)��.'1���������'���/����c��A�(��,���*()��'�,(������V�)���)?������ !�;<""=�Q��2'������� !�;<";=�9���&()R7d�e�1������f-)R1g��?�7f(..��!�;<"T% �S��Q����R���!�&���,���A������(�)������(���(��������.�)(����()'������/����(�(�(����-���.'(7)��(���(��+����"��3(2 �U% �@'���.�)(����-))���(���,��&����R�����"�����;��-22������'����'��)'��2���(�����.'1�&�����))�*.��(���,1����(�)������(��.6�����)���-)�(A(�1 �h'(���iY�]̂jjk_lmn����.�)(����'���'��������(2����7.'()!���/�&����������)(��.'(�()�.��/����)����o��R(�pq����������(������"#$#=��o��R(�pq����������(�����!�"##<%!��(��..�����,1��'�������/�+����"!�r̂ s̀tu_uZ[\u�_[̀a_uau!����.�)(���?��&�����'�A�������?��(���.��/����)���f��-��7V���(������0��(�,��2!�"#$U%!��*��2�������'��,�2(��(�2��/�+����; �6�&�A��!�&����������'(�?��'�����?��.6����)'�����?��(���)���(�(�����-�(�2��'(���(*�!��(�)���-)'��)(��.'(�()��.�)(������vY�kZ[\]uau!�vY�_l̀âwu!�����xY�tkŷwlZl̀�J����R?(�����:1,�?!�;<"UP�.���(���(���'����?�!��-22���(�2��'�������(�(���/��*���(2'��1��)(�()������-�����)���(�(��������'��,�2(��(�2��/�+����; �S��(��(*.����������������'���(��>��A(���'��)�-����/���&�.6�(����?���(���'�����()'*����&(�'�'-*()��-,����)����V�-A(��(������� !�"##$=�zR��(�pq������� �;<;"% �@'���/���!�(��(���������,���������-*���'���>�?��Q����R�����(�7.��1����'��.��.���(����/���'-*()!���&�.6���?���-�(�2�+����" �V1����.'()���?����/�����8'(,(����&��.�)(����(A���(�1��+�&(�R������� !�;<"U% �@'���..�����)���/���A�������&��.�)(���*(2'��,���'�����-����/����(�)������(��.6��-������-���.'()��(�������'��,�2(��(�2��/�R����; �+����;��8'(,(���'(2'���)��)������(�����/�3�!�4!�����0 �6�&�A��!��'����(������(2�({)����A��(��(���(���'��)��)������(�����/��'�������*������3(2 �5% �@'(���-..������'��(�����/�����&�,����)��(���'����?���)��1���*!�����-22������,1�9��7��)�����.�)(�� �b���'��,�2(��(�2��/��'��.��(������)�(,���,1�+����;��2�()-��-���(���'��*�����(2�({)���!�,-�������'�����1�'-*����)�(A(�1�(�|-��)(�2�>�?��Q��7��R��� �@'(����?����������A����-)'�.-�.��������'������&(**(�2�������-���1!�����(�2�����(����(�/�)�(���&(�'��'��&�����}-��(�1��*��2���)������(�����������'����&'��-����(��/�����)����(����>�~�!�"#�"=�4-*.-��!�"#5#% �b2�()-��-�����)�(A(�1�(���'��A()(�(�1��/�>�?��Q����R����)���(�-���-��(������������'��1����"#�<��3(2 �;% �f�(����)�**���)�*.�������/�/����.�������)��1�*(�����������(����))-����)��(���'�����(*�����.�(�������)��)'*��������(��������))-*-7���(����/�����(����*����(����V���!�;<<;=�0'���'�������� !�;<<$% �9�!�����'����'���'���!�)���,�����(A����(�'���/��*�,(�2��()����(���2��()���-�)����V���!�;<<;=�0'���'�������� !�;<<$=�+��(��)'?������� !�;<"5% �@'���(*-������-���'���7�(A���(�)������(��f�����9��,��&����"#�<�����"#U<�
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Article III 
Zawiska, I., Dimante-Deimantovica, I., Luoto, T.P., Rzodkiewicz, M., Saarni, S., Stivrins, N., 
Tylmann, W., Lanka, A., Robeznieks, M. and Jilbert, T., (2020). Long-term consequences 
of water pumping on the ecosystem functioning of Lake Sekšu, Latvia. Water, 12(5), 
p.1459. https://doi.org/10.3390/w12051459 
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1���b2�77��� @̀99��$���E��IH,/	)�)�I���lĤ�)PL�zl�,m��/qH��,cq���-�I�;=��"#$�>�Z��&��$���X=��"#$�>�@A��<����Za��33���B� �u���"u���$�#�a�;�#�%#�#ga��������a�J�+�I,TSl-T,IIH+�+�̂,K���T�,c��/���+�/̂ �,��L��/zl�,m�;8���� $��Y����p�$�@>#��"����X�����"���|�>#� ��33b;AA��2����b� a@����̀�;a���$��̀�[�;̀�u���$�����;�%�>�̀�|�?$�#\>�$���9��>�#\>�%���%@%"�@��$�u�$���"># �"��#�$@\��$$�>$$#%A>� ���%>#��$� �%���$��)*�+�,+Hc/,+)��M�����B372B���4���$$5��6��� @̀99��$����
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Manuscript I 
Bakumenko, V., Lanka, A., Belle, S., Poska, A., Vassiljev, J., Alliksaar, T., Heiri, O., Veski, S. 
A 14 500 - year multi-proxy reconstruction of climate and environment change in Eastern 
Baltics: case study from Southern Estonia.  
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��
��2-��-���23<��- -/�



������������	
���������������������������������
���������������
����������
����� ���������!"#�����������������������$��$�������%�����
����&��������������!�$�'�"$����� �����
�����������������()���*�+�,����-�.//!������/������)/0�����������(*������������1�������2���3�����������4�����'����$�����--������5������*����6��������������789:;<=�>?@AB<=C�<@�DA8EFG�>FF:�CHIJAD:<@F�KALF�MAEE<98F�N89B�OPQRC�79�SRRST�A�;<E;�8FC9DH7<9@�=9B:A8A7<UF�:ADAF9J@F9D<B@9D9E<=AD�C7H>?V�W8FC;XA7F8�Y<9D9E?�ZSG�SSZ[+��)\���-�.//!������/�������/6��])("�̂�*����*���,�*�_��������'��������
�����2�̀���2������������������������$���2��%�����������,��������������!�����������!����!�������������������������#����������-���
�����̀�
���((̂��\�+\)���-�.//!������/�����],/��
���(̂)̂�MA?FXCL<G�aVbVG�c9;D<@EG�dVdVG�eH87�f7AEF8G�gVG�hA8Di@G�jVG�MAAC=;G�hVbVG�MFFLF8G�KVkVG�����������5�4���	������l���m���n�����!������#���������n���$��"1���-���������0�����	������'��l�����
o%�����������������!����������������5��������̂��#��������������������o�������
��������)����̂]+�((���-�.//!������/������)/6��0�������̂��*��������������p���4�!�������3����� �������3�m���������5��!����������_������_-������4����������������!��������o�
-������������$����q���4���������4!���)����o�̂]�����-�.//!������/������)/����!���o�̂]���M<89CrAX"s8AI9XCLAG�gVG�tAX<CuAG�dVG�gACLvrLAG�bVG�wI8FBCLAG�MVG�SROZV�xA7H8AD��������������������������-������'��ỳ5������!z�!
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Appendix 5 
Data distribution of the surface sediment training set environmental gradients for 
datasets “all” and “pH>6”. 
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Appendix 6 
The lake list of each fold used for the WA-PLS and BRT k-10 cross-validation procedure. 
The numbers of lakes correspond to the ones presented in Table 2. 

Folds for datasets “all” and “Eubosmina” 

folds <-list( 
  fold1 = c(7,76,15,2,22,45,68,37),    # Site numbers for fold 1 
  fold2 = c(23,19,4,25,46,71,9,6),   # Site numbers for fold 2 
  fold3 = c(26,28,21,5,27,50,74,31), # And so on 
  fold4 = c(32,52,38,11,29,51,10,34), 
  fold5 = c(42,56,49,12,30,53,13,72), 
  fold6 = c(44,57,60,14,35,54,24,62), 
  fold7 = c(48,58,61,16,36,55,33,78), 
  fold8 = c(63,59,67,17,39,64,47), 
  fold9 = c(69,3,70,18,40,65,77), 
  fold10 = c(73,8,43,75,20,41,66,1)) 

Folds for datasets “pH>6” and “Eubosmina (pH>6)” 
folds_alk <-list( 
  fold1 = c(1,14,16,17,32,47,9),     
  fold2 = c(6,18,15,19,35,54,12),    
  fold4 = c(44,33,11,23,37,56,40), 
  fold5 = c(48,34,10,24,38,57,65), 
  fold6 = c(49,41,8,26,39,59), 
  fold7 = c(50,52,5,27,42,61), 
  fold8 = c(51,53,4,28,43,62), 
  fold9 = c(3,58,2,30,45,63), 
  fold10 = c(7,60,64,31,46,66)) 

As Lake Sekšu and Velnezers did not have EC values that would fit the criteria in the 
methodology, EC “all” and “Eubosmina” had their separate folds 

folds_EC <-list( 
  fold1 = c(7,74,15,2,22,45,67,37),     
  fold2 = c(23,19,4,25,46,9,6),   
  fold3 = c(26,28,21,5,27,50,72,31),  
  fold4 = c(32,52,38,11,29,51,10,34), 
  fold5 = c(42,55,49,12,30,53,13,70), 
  fold6 = c(44,56,59,14,35,54,24,61), 
  fold7 = c(48,57,60,16,36,33,76), 
  fold8 = c(62,58,66,17,39,63,47), 
  fold9 = c(68,3,69,18,40,65,75), 
  fold10 = c(71,8,43,73,20,41,64,1))    
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Appendix 7 
Hyperparameters used for BRT model building. Hyperparameters were selected during 
the hyperparameter tuning procedure. 

Model shrinkage Bag 
fraction 

Interaction 
depth 

Minimum 
terminal 
node 
sample 
size  

Average best 
number of 
trees 

Distribution 

pH „all“ 0,1 0,6 3 2 442 Laplace 

pH „Eubosmina“ 0,1 0,6 2 5 1008 Laplace 

EC „all“ 0,05 0,6 1 2 794 Tdist 

EC „Eubosmina“ 0,1 0,6 1 10 658 Gaussian 

TP „all“ 0,1 0,75 1 10 326 Tdist 

TP „Eubosmina“ 0,1 0,75 1 10 202 Gaussian 

TP „pH>6“ 0,05 0,6 1 3 392 Gaussian 

TP 
„Eubosmina(pH>6“ 

0,1 0,65 3 3 216 Tdist 

Chl „all“ 0,1 0,65 1 2 430 Tdist 

Chl „Eubosmina“ 0,1 0,6 1 5 302 Tdist 

Chl „pH>6“ 0,05 0,75 1 2 518 Tdist 

Chl „Eubosmina 
(pH>6)“ 

0,05 0,7 1 3 332 Tdist 

TSI „all“ 0,1 0,7 1 5 824 Tdist 

TSI „Eubosmina“ 0,05 0,75 1 5 904 Tdist 

TSI „pH>6“ 0,1 0,6 1 3 296 Tdist 

TSI „Eubosmina 
(pH>6)“ 

0,05 0,6 2 2 470 Tdist 

Depth „all“ 0,1 0,65 1 10 116 Gaussian 

Depth 
„Eubosmina“ 

0,1 0,6 1 10 252 Gaussian 

Depth „pH>6“ 0,05 0,65 1 3 660 Gaussian 

Depth „Eubosmina 
(pH>6)“ 

0,1 0,65 1 5 556 Gaussian 
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