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A B S T R A C T

Multi-proxy approaches in palaeoecological studies have gained prominence due to their ability to provide 
comprehensive insights into palaeoenvironmental changes. This method enhances the complexity and richness of 
environmental reconstructions by integrating various proxies, such as testate amoebae, pollen, plant macrofos
sils, charcoal, and stable isotopes. While synthesising these records can be challenging, due both to their 
complexity and varying journal guidelines for publication, it remains essential for a more precise understanding 
of past ecosystems. Multi-proxy studies are invaluable for cross-referencing local to extra-local data with proxies 
from nearby areas, thus validating palaeoclimatic records and minimising speculative conclusions. The approach 
reveals significant human impacts on ecosystems, particularly peatlands, serving as natural archives for historical 
environmental and anthropogenic activities. Integrating diverse methodologies from ecology, palaeoecology, 
archaeology, and history with high-resolution palaeoecological data offers profound insights into settlement 
patterns, economic development, and historical demography. Despite the challenges of handling extensive 
datasets, advanced statistical methods enable meaningful interpretations while maintaining the integrity of the 
data. Historical records enrich the understanding of human and climatic impacts upon a range of peatland 
ecosystems. By reconstructing long-term changes in food webs through peat records, researchers can gain a 
deeper understanding of past ecosystem structures and functions, thereby paving the way for future ecological 
advances. Though underutilised in archaeological and historical contexts, this interdisciplinary approach has 
significant potential across various academic fields, emphasising the importance of integrating comprehensive 
datasets to approach complex ecological questions and inform ecological restoration. This review presents the 
potential of high-resolution, multi-proxy studies of peatlands, shows examples of such studies and summarises 
best practices and key considerations for conducting such research.
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1. Introduction

Terrestrial ecosystems are diverse and complex (Bardgett and van 
der Putten, 2014; Wardle, 2002). Understanding their changing dy
namics in space and time is a challenge for scientists seeking to better 
understand how past global and local changes have influenced 
ecosystem functioning over long periods (Bellard et al., 2012; Kissling 
et al., 2012; Legendre and Legendre, 1998; Oliver et al., 2015). This 
complexity increases across the ecosystem-to-biome scales. Therefore, 
research of environmental processes at the global scale can be excep
tionally challenging (Ellis, 2015; Gonzalez et al., 2020; Migliavacca 
et al., 2021). This challenge is intensified by combining various datasets 
and methodologies from several sub-disciplines. For example, ecosystem 
modelling at microbial and landscape scales is complex, computation
ally demanding and requires a sophisticated methodology (Basquill and 
Leroux, 2023; Halpern et al., 2023; Sutherland et al., 2013; Sytiuk et al., 
2022). Global changes may be identified by synthesising and extrapo
lating local studies; however, much of the ecological detail may be lost 
in the process (Zhang et al., 2022). Despite many of these global-focused 
syntheses being widely recognised, the details contained within these 
original studies are still highly relevant, adding important context and 
detail in identifying patterns over long (decadal to millennial) temporal 
scales - a focus of palaeoecology (Birks and Birks, 1980).

Most contemporary ecological studies are relatively short, typically 
measuring process changes for < 5 years in line with research grant 
resources (Hernandez-Almeida et al., 2017; Jassey et al., 2018; Mieczan 
and Tarkowska-Kukuryk, 2017). This limits our observations to changes 
that occur within these timescales. Observational studies exceeding 
decades may better understand ecological processes over extended pe
riods (Birks, 2019; Brussel and Brewer, 2021; Seddon et al., 2014; Willis 
et al., 2010) but long-term (>10 years) experimental peatland studies 
are rare (Andrews et al., 2021; Kolka et al., 2024; Lamentowicz et al., 
2016) and maintaining these sites requires a significant, continuous 
investment of time and money. Project managers often must develop 
new justifications for continuing experiments and observations every 
few years to secure funding. Even with long-term experiments operating 
at the sub-decadal scale, it is essential to understand past site-specific 
land-use changes occurring over centennial to millennial timescales, 
enabling the examination of the origins and histories of these ecosys
tems, which may affect their status at the present. Despite the shared 
objective of exploring complex ecological networks across space and 
time, studies comparing ecosystem functioning between modern data 
and palaeoecological reconstructions are scarce (Andrews et al., 2021).

There are considerable differences between ecological and palae
oecological approaches in understanding modern and past communities 
(Birks and Birks, 1980). Contemporary studies can examine all possible 
environmental variables and living organisms in the soil, but palae
oecological approaches rely on the remains of taxa preserved after death 
(named biotic proxies) (Warner, 1990a, 1990b). Taphonomic issues, 
such as differential effects of peat accumulation and decomposition, can 

result in the degradation of many ecologically sensitive organisms in the 
fossil record (Berglund, 1986). Hence, a contrast between modern and 
fossil taxa communities makes comparing these assemblages chal
lenging (Birks and Birks, 1980). Despite this, palaeoecological ap
proaches provide scientists with the unique capacity to quantitatively 
reconstruct past long-term ecosystem changes on centennial to millen
nial timescales, far exceeding the duration of even the longest ecological 
studies (Nogue et al., 2017; Rull, 2014; Rull, 2010; Woodward et al., 
2014).

Among the different archives available to palaeoecologists, peat
lands are exceptional ecosystems. Peatlands store organic matter as they 
accumulate vertically over time, as the accumulation rate of plant ma
terial exceeds that of decay in their waterlogged soils (Chambers and 
Charman, 2004; Succow and Joosten, 2001). As they grow, they pre
serve a record of their botanical, geochemical and physical conditions at 
the time of deposition, tracing a record of past changes that can be used 
to describe past environments (Charman, 2002; Rydin and Jeglum, 
2013). Furthermore, peat offers optimal conditions for preserving biotic 
material, including testate amoebae, plant macroremains, pollen, non- 
pollen palynomorphs, and other environmentally sensitive organisms 
and their remains (Barber, 1993; Tobolski, 2000). Cultural remnants, 
such as archaeological artefacts, are also preserved (Gearey and Fyfe, 
2016). Some of these remains (referred to as ‘proxies’) are deposited in 
situ and serve as indicators of local conditions (autochthonous) 
(Chambers et al., 2012). In contrast, other proxies are transported from 
the surrounding area, providing a record of change over a broader scale 
(allochthonous) (Williams et al., 2011). Abiotic proxies related to 
geochemistry or physical analysis of the peat can be used to calculate 
input rates of atmospheric dust or pollution, or carbon accumulation 
rates through time (Fiałkiewicz-Kozieł et al., 2020; Li et al., 2023a). 
Together, these biotic and abiotic proxies can be used in unison to 
construct a detailed record of local and extra-local changes for a site 
through time (Warner, 1990a, 1990b). In recent years, the number of 
proxies used in peatland palaeoecological studies has increased, 
providing a more comprehensive understanding of past ecosystem 
changes and enabling the reconstruction of complex ecological struc
tures (Hilfinger and Paulsson, 2011). Earlier, much of the palae
oecological research conducted on peatlands was based upon a single 
proxy;; those studies focused on one group of organisms to reconstruct 
environmental changes over time (Godwin, 1945). However, contem
porary studies show that using a single proxy is insufficient for recon
structing past ecosystems and understanding the drivers of these 
changes, as peatland development is a complex process (Connor et al., 
2018). The value of the multi-proxy approaches was also mentioned in 
the context of various scientific questions considering lakes (Birks and 
Birks, 2006; Birks, 2019) or related to the broader scale of climate 
change (Lotter, 2003; Mann, 2002). To date, a review describing the 
potential of the multi-proxy approach in palaeoecological studies of 
peatlands is still lacking.

Peat is composed of > 40% organic material, primarily formed 
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within waterlogged environments (peatlands - bogs or fens) (Kulczyński, 
1949; Sjörs, 1948; Succow and Joosten, 2001). Peat grows under wet, 
anaerobic conditions that slow decomposition and allow organic matter 
to build up over time (Clymo et al., 1998; Rydin and Jeglum, 2013; 
Succow and Jeschke, 1990). While peatlands have a worldwide distri
bution, most are concentrated in the Northern Hemisphere (Stiftung, 
2023). Despite being widespread, peatlands represent only around 3 % 
of global land cover (Xu et al., 2018), however they store a dispropor
tionately large reservoir of soil carbon, estimated at around 500 billion 
tonnes (Gorham, 1991; Yu et al., 2011; Yu, 2012). Unfortunately, 
peatlands are threatened by human disturbances, including drainage, 
burning, and anthropogenic climate change (Harenda et al., 2018; 
Tanneberger et al., 2021; Turetsky et al., 2015). Over time, this has 
resulted in the degradation or loss of peatlands (Rawlins and Morris, 
2010), and a weakening or reversal of their carbon sink function 
(Joosten, 2024).

The future response of peatlands to the combined pressures of cli
matic, environmental and anthropogenic change remains highly un
certain (Loisel et al., 2021). Palaeoecological studies, which offer 
insights into long-term ecosystem dynamics and past environmental 
change (Seddon et al., 2014), are a valuable method to better under
stand how peatlands will respond to the future earlier-mentioned envi
ronmental change in the long term (Gallego-Sala et al., 2018). Unlike 
experimental studies, which provide detailed but relatively short-term 
(typically 2-5 years) perspectives on peatland responses to simulated 
changes such as climate warming (Buttler et al., 2023; Lamentowicz 
et al., 2016; Mulot et al., 2015), archives from peat cores can reconstruct 
environmental, botanical and sedimentary changes over a few years to 
several millennia (Charman, 2002).

The application of high-resolution, multi-proxy approaches enhances 
palaeoecological research. These involve analysing biotic data (e.g., 
pollen, plant macrofossils) and abiotic (e.g., soil physical properties, 
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geochemistry) at fine temporal scales (Birks and Birks, 2006; Birks, 
2019). This review focuses on high-resolution, multi-proxy studies of 
peatlands, summarising best practices and key considerations when 
conducting such research. In the context of this review, ‘high-resolution’ 
refers to sampling at appropriately dense intervals, enabling precise 
environmental reconstructions, although the term may also refer to the 
temporal resolution achieved (Birks, 2019). ‘Multi-proxy’ studies 
incorporate a combination of different palaeoecological proxies, either 
biotic (e.g., pollen and spores, testate amoebae), abiotic (e.g., isotopes, 
geochemistry), or a combination of both, to create more accurate and 
detailed reconstructions of past environmental conditions than is 
possible using just one proxy (Birks, 1995).

This review addresses the following topics: 

1) The potential of high-resolution multi-proxy peatland palaeoecology 
for reconstructing past environmental changes.

2) The power of high-resolution analyses for syntheses that bridge the 
gap between palaeoecology, history and archaeology.

3) Present and future advances in multi-proxy peatland studies with 
implications for nature conservation and ecological restoration.

2. Multi-proxy studies in the literature

We conducted two literature searches in the Scopus database to 
assess the prevalence of palaeoecological records that incorporate both a 
high-resolution and multi-proxy approach. The first search targeted the 
terms ’peat’ OR ’peatland’ AND ’multi-proxy’ OR ’multi-proxy’ AND 
’palaeoecology’ OR ’paleoecology’, while the second included ’peat’ OR 
’peatland’ AND ’multi-proxy’ OR ’multi-proxy’ AND ’palaeoecology’ 
OR ’paleoecology’ AND ’high-resolution’ OR ’high AND resolution’. 
These terms were searched across titles, abstracts, and keywords of peer- 
reviewed journal articles and the results from both searches were 
compared.

The first search identified 103 studies dated from 1998 to 2024. The 
second search, which specifically included the term "high-resolution," 
identified only 28 studies published between 2010 and 2024 (Figure 1), 
one of which was excluded because it was not a palaeoecological study. 
These findings suggest that only a few (27 % here) of peatland multi- 

proxy palaeoecological studies explicitly identify themselves as being 
"high-resolution". However, we recognise that many more published 
studies likely fall into both categories but were not identified by our 
search due to limitations of the terms used. Nevertheless, our sample 
provides a representative overview of recent research trends in peatland 
multi-proxy palaeoecology over the past 24 years, as shown in 
Figure 1A. However, we acknowledge that a significant number of 
studies may have been overlooked from this search, particularly from 
tropical, subtropical and global south, where no studies were identified 
in our search, despite the existence of many (e.g.: Fitchett, 2015; Fitchett 
et al., 2017; Hapsari et al., 2017; 2018; Björck et al., 2012; Githumbi 
et al., 2018).

The studies identified through our search span various geographical 
locations and periods, shedding light on changes in vegetation dy
namics, climate variability, and human activities over time. Several 
studies focus on human impacts throughout the Holocene, particularly 
changes occurring due to agriculture, peat harvesting and deforestation, 
with notable examples from Ireland (Roland et al., 2015), Estonia 
(Łuców et al., 2022), and Poland (Lamentowicz et al., 2019b). Other 
studies (Feurdean et al., 2021; Schellekens et al., 2014) investigate the 
history of wildfires and their links to climate change and human activity. 
In contrast, studies by Lestienne et al. (2023) and Gałka et al. (2021a)
focus on vegetation changes and forest development in Slovakia and 
Latvia in response to long-term climate dynamics.

The density of studies varies across regions, with most studies 
focused on European sites, particularly in Poland and the UK, as well as 
countries such as Switzerland, Austria, Estonia, Romania, Latvia, and 
Slovakia. Canada has the highest representation outside of Europe, fol
lowed by a few studies from Siberia, Brazil, and Andorra (Figure 1B). 
Despite these, tropical and Southern Hemisphere peatlands are notice
ably underrepresented, partially due to their relatively low extent 
compared with Northern Hemisphere peatlands (van Bellen and 
Larivière, 2020).

The studies vary significantly in their sampling resolution, with in
tervals ranging from 1 cm to 5 cm. However, in some cases, greater 
distances between samples were seen for individual proxies - e.g., biotic 
proxies may be sampled at 1 cm intervals. At the same time, geochemical 
analyses may require more material, requiring thicker peat slices (5 cm 

Fig. 2. Number of proxies analysed in each study from SCOPUS search vs. publication year.
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or more). The highest resolution sampling was typically used by studies 
focusing on specific, relatively short-term climate events such as the 5.2 
ka event (Roland et al., 2015). Some studies (although none detected by 
our Scopus search) use intervals of less than 0.5 cm (Amesbury et al., 
2011; Lamentowicz et al., 2010) although this sampling strategy is very 
rare.

Selecting appropriate proxies for palaeoecological reconstructions is 
a crucial step. These proxies, biological (e.g., pollen, testate amoebae) or 
abiotic (e.g., stable isotopes, geochemistry) - are chosen based on the 
specific research question. Given the resource-intensive nature of 
palaeoecological studies, careful consideration is necessary to ensure 
that the data collected is appropriate and meaningful. On average, the 
studies in our dataset used five different proxies in combination, varying 
from two to ten. There is a slight trend towards increasing proxy 
numbers in more recent publications, suggesting that the value of multi- 
proxy palaeoecology is becoming more recognised or simply reflecting 
changing research trends (Figure 2).

The most commonly used proxy was pollen, which was applied in all 
but three of the studies. Plant macrofossils were the second most 
frequently used proxy (n=20), often used alongside pollen to provide 
local insights that complement regional pollen signals (Birks and Birks, 
2000). The third most common proxy was testate amoebae analysis 
(n=16). Other frequently applied proxies include bulk peat properties 
such as C/N ratios, loss on ignition (LOI), and bulk density. However, 
these were typically combined to reconstruct apparent carbon accu
mulation rates rather than environmental changes. Geochemical ana
lyses (e.g., X-ray Fluorescence - XRF) and colorimetric peat humification 
assessments were less common. At the same time, some studies incor
porated proxies that are rarely used in peatland palaeoecology, such as 
diatoms and molluscs (Gałka et al., 2021a; Łuców et al., 2022). Stable 
isotopes—especially 13C and 15N—are also regularly applied, with other 
isotopic proxies (e.g., 18O, Neodymium) used in select studies, 
depending again upon the research question (Marcisz et al., 2023a).

3. Significance of high-resolution sampling and chronology

An essential condition for the multi-proxy inferences is an appro
priate sampling strategy resulting from the objective of performing high- 
resolution analyses or the nature of sediments that necessitate a high- 
resolution testing strategy (Blaauw and Mauquoy, 2012; De Vlee
schouwer et al., 2010; Shotyk and Noernberg, 2020). Thus, high- 
resolution studies in palaeoecology aim to reduce the uncertainty 
linked to missing data by focusing on specific time intervals. These 
studies achieve high precision by analysing samples at the finest possible 
resolution and applying radiocarbon or other dating methods to the 
sediment profile (Goslar et al., 2009; Kamenik et al., 2009; Marcisz et al., 
2015). This approach enables accurate reconstructions of past environ
mental changes and facilitates precise correlations between palae
oecological, archaeological, and historical findings. However, in the past 
most of the high-resolution records were focused upon climatic changes, 
e.g. studies resulting from the Millennium Project (Gagen et al., 2006).

Nevertheless, several studies in Switzerland and the UK have applied 
high-resolution approaches, often achieving annual resolution in their 
subsampling level (Amesbury et al., 2011). In the case of a core from the 
Swiss Alps (Lamentowicz et al., 2010), layers of frozen peat were cut 
from a core using a precision device (named – Damocles) designed by 
Greifswald University (Joosten and De Klerk, 2007). However, despite 
considerable effort, those exciting studies did not meet the methodo
logical limit required to directly comparebetween peatland proxies and 
instrumental meteorological records (Lamentowicz et al., 2010; Ames
bury et al., 2011).

High sampling resolution might result in different temporal resolu
tion throughout a core, depending on downcore variation in peat 
accumulation rates- floating mats might grow 1 cm/year, in contrast to 
thick Holocene peat profiles where 1 mm/year is considered rapid 
accumulation. Hence, in several contributions (Aaby, 1986; Berglund, 

1986; Birks and Birks, 1980), the authors advise to adapt sampling 
strategies to specific scientific questions. However, in most studies, 
continuous 1-cm sampling is considered sufficient for comparisons with 
historical events and dendrochronology (Bąk et al., 2024; Cedro and 
Lamentowicz, 2011; Cedro and Lamentowicz, 2008; Edvardsson et al., 
2012). This resolution also provides sufficient resolution to spot rela
tively short events related to human impact, e.g., drainage, acidification, 
deforestation or afforestation (Karpińska-Kołaczek et al., 2022). How
ever, high sampling resolution does not always imply high temporal 
resolution, depending on the varying peat accumulation rates, which 
vary both between different sites, within a site, and within individual 
cores. It should also be stressed that the peat subsampling should aim to 
be consistent with sampling depths and peat slice thicknesses, as dif
ferences in sampling resolution between proxies makes proxy compar
ison, statistical analyses and age-depth modelling more demanding 
(Lamentowicz et al., 2009; Marcisz et al., 2021).

The quality of the age-depth model also depends upon the peat 
accumulation rate. The number of radiocarbon dates per core/study 
varies significantly between studies, often (but not always) reflecting the 
core depth or the number of cores analysed. For example, Lamentowicz 
et al. (2020a) used 44 radiocarbon samples throughout a 4-meter peat 
sequence, while Roland et al. (2015) used 35 dates across three x 4 m 
cores. In contrast, van der Knaap et al. (2011) dated a 1 m peat core with 
29 samples, providing a comprehensive age resolution for dating and 
age-depth modelling. In the Jaczno peatland Marcisz et al. (2020b) 20 
dates were applied for 4 metres of core, spanning 1500 years, while Bąk 
et al. (2024) dated a 1 m core with 10 dates spanning 300 years. Given 
that an accurate and detailed chronology is fundamental to palae
oecology, it is unlikely that any studies would limit the number of 14C 
dates used for reasons other than funding allocation, with the desired 
age-depth model resolution depending primarily on the scientific 
question being investigated and the depth of time required. Conse
quently, peatlands with rapid peat accumulation usually provide the 
best time scale quality, averaging ~1 metre for 1000 years, which may 
be regarded as the reliable standard for identifying human impact or 
climate-related signals connected to palaeohydrological stability. For 
rapidly growing peatlands, the dating strategy may be different as fewer 
radiocarbon dates might be required to achieve the exact age resolution 
as would be required for compacted and decomposed peat; however, this 
largely depends on the specific research question being addressed.

Some studies examining changes occurring during the last two cen
turies have also used 210Pb dating, occasionally supported by 137Cs to 
assess more recent layers (Aquino-López et al., 2020; Cwanek et al., 
2025). Other dating methods used include tephrochronology, which 
involves the identification of ash layers from volcanic eruptions (Blaauw 
et al., 2007; Davies, 2015; Swindles et al., 2011) and the use of sphe
roidal carbonaceous particles (SCPs) (Charman and Garnett, 2005; 
Swindles et al., 2015b), which are produced by the incomplete com
bustion of fossil fuels and can be used to identify anthropogenic activity 
(Parry et al., 2013; Yang et al., 2001). Using multiple dating methods- 
including tephrochronology- in unison has multiple advantages, 
providing an opportunity for a more precise age-depth modelling 
through the cross calibration and integration of various independent 
dating methods (Cwanek et al., 2025; Watson et al., 2017).

Establishing the absolute chronology of peat is the first and most 
crucial step in palaeoecological research (Blaauw and Christen, 2005; 
Hajdas, 2008). Chronologies based on less than three dates per millen
nium are usually impractical for precise historical data comparisons 
(Blaauw et al., 2018). A much higher quality time scale is created when 
there is one radiocarbon date per 100 years. The more dates, the better, 
provided the profile is complete and does not contain hiatuses (breaks in 
sediment accumulation)). In the case of peat profiles and also non- 
laminated lake sediments, the most common dating method is the 14C 
carbon method, especially the AMS technique, which allows the dating 
of tiny fragments of organic origin with high precision. Hence, we can 
date moss stems, seeds or pieces of the epidermis of plants. In addition, 

M. Lamentowicz et al.                                                                                                                                                                                                                         Earth-Science Reviews 271 (2025) 105278 

5 



the dates from each profile are typically subjected to statistical pro
cessing to produce continuous chronologies for cores with only a few 
dated layers. In most cases in the last decades, Bayesian age-depth 
modelling has been the preferred method (Blaauw et al., 2018). This 
technique enables the statistically accurate estimation of a likely cal
endar age range for sections between two dates, thereby constructing a 
time scale for the episode of interest. Age-depth models can be made 
using various software - the most popular are OxCal (Bronk Ramsey, 
2001), or rbacon (Blaauw and Christen, 2011) which operates in the 
statistical environment R (Team R Core, 2024). Determining the age and 
chronological uncertainty of each sample ‘slice’ in the examined profile 
significantly increases the chronological control of a study. The studies 
have shown that Bayesian modelling using as many dates as possible are 
essential to obtaining high-quality radiocarbon chronologies (Yeloff 
et al., 2006). This also applies to the 210Pb lead isotope dating that may 
improve age modelling based on radiocarbon dates, especially for the 
last 120 years (maximum range of this method). However, 14C post- 
bomb dates can provide more precise results and better agreement 
(Davies et al., 2018; Goslar et al., 2005; Goodsite et al., 2001; Turetsky 
et al., 2004). The quality of the age-depth model usually depends on 
continuous non-disturbed peat accumulation. A recent development has 

been the integration of 210Pb modelling along with 14C and other dating 
methods within the same modelling framework, removing the need for 
the remodelling of 210Pb dates (Aquino-López et al., 2018; Cwanek et al., 
2025).

An example of a semi-reliable model is the profile from Pawski Ług 
(Lamentowicz et al., 2020b), where peat accumulated under unstable 
conditions first and then, after final terrestrialisation, the situation 
changed (Figure 3A). The stable stage is characterised by a high-quality 
Bayesian age-depth model that was finally used for the multi-proxy 
study (Fig. 2 in Lamentowicz et al. (2020b). This core is a prominent 
example of the problematic section (possessing a high number of out
liers). The upper part is reliable and stratigraphically consistent, and it 
provides an age-depth model robust enough to explore the historical 
events related to land use. Another short core (Figure 3B) extracted from 
the peatland margin showed a considerable disturbance and a hiatus, 
revealing weaknesses of the chronology and potential problems with the 
interpretations.

The use of other dating methods (e.g. SCPs and tephrochronology) 
can provide supplemental age horizons based upon comparison with 
events of a known date, such as volcanic eruptions or changes in in
dustrial emissions and are occasionally used to validate 210Pb 

Fig. 3. Age–depth models from Pawski Ług peatland (W Poland). A) Radiocarbon outliers (in red) reflect sediment mixing in an early-stage wetland, likely formed 
under shallow water with a floating mat. This illustrates a case of “good and bad dates” within one profile: the lower, scattered cloud of ages is too inconsistent to 
support a robust timescale, whereas the upper, coherent part provides a high-quality chronology suitable for archaeological and historical comparison and it was used 
in for the multi-proxy study covering the last 1500 years (Lamentowicz et al., 2020). B) Unpublished short core from another part of Pawski Ług peatland, with dense 
radiocarbon dating, highlights a different perspective, revealing a hiatus and abrupt events likely linked to anthropogenic disturbance. Increased radiocarbon dating 
resolution in ombrotrophic peat profiles allows the detection of short-lived disturbances that remain invisible in low-resolution chronologies. By applying dense 14C 
dating, (Kołaczek et al., 2019) revealed hiatuses, sediment mixing, and anthropogenic impacts that interrupt otherwise continuous peat accumulation. This highlights 
the importance of high-resolution chronologies for accurately reconstructing past environmental change.
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chronologies and further refine age-depth models in peatland palae
oecological studies (Claire et al., 2019; Parry et al., 2013). A relevant 
example comes from studies conducted in Polish peatlands, where age- 
depth models built based on 14C and/or 210Pb dating for a multi-proxy 
high-resolution reconstructions by Marcisz et al. (2015) were been 
improved by Watson et al. (2017) following the discovery of tephra 
horizons. However, currently, no age-depth modelling framework can 
account for the imprecise taphonomy of these methods, owing to the 
movement of tephra or SCPs in a peat profile following deposition. A 
study by Kołaczek et al. (2019) demonstrates that increasing the reso
lution of radiocarbon dating in ombrotrophic peat profiles can funda
mentally improve our understanding of peatland chronologies. 
Traditionally, age–depth models based on widely spaced 14C dates 
provided robust long-term trends but often smoothed over short-lived 
phases of instability. By applying a dense series of radiocarbon mea
surements, the authors showed that previously undetected disturbance 
periods—such as sediment mixing, hiatuses, or abrupt anthropogenic 
impacts—can be identified within peat stratigraphy.

4. The value of proxies

Various proxies possess different potentials, but when applied 
separately, they provide only a small portion of the story about the past 
changes on the local or regional scale. Here, we describe the most often 
applied proxies from the peat profiles to show their indicative values and 
connected challenges in various studies.

4.1. Pollen and spores

Pollen analysis is one of the most widely used techniques in palae
oecology. It allows the reconstruction of vegetation changes using the 
proportions of individual pollen taxa and plant spores in the analysed 
layers of the sediment and peat profile (Berglund and Ralska- 
Jasiewiczowa, 1986; Seppä, 2013). The results obtained from this 
analysis in palaeoecological studies are crucial for identifying and esti
mating past human economic activity (such as agricultural development 
and deforestation) in the vicinity of the study site and on a more regional 
scale (Behre and Kucan, 1986; Gaillard, 2013). The most critical in
dicators for detecting past human impacts and related environmental 
changes are the pollen of cultivated plants and species associated with 
human economic activities, such as those from ruderal habitats, pas
tures, or weeds (Gaillard, 2013). Identifying woodland clearings caused 
by increased human activity is also essential; this is typically indicated 
by a decrease in arboreal pollen coinciding with a rise in species indic
ative of ruderal or pastoral farming (Berglund et al., 1991; Gaillard, 
2013; Wacnik et al., 2016).

The taxonomic identification of pollen depends on several factors, as 
summarised by Deza-Araujo et al. (2022). It is crucial to identify indi
vidual pollen grains as accurately as possible, mainly those associated 
with human activities, as this influences the interpretation of the data. 
Low taxonomic resolution can lead to overestimating human impact on 
environmental changes, inaccurately suggesting a more significant 
anthropogenic role than occurred (Deza-Araujo et al., 2022). Other 
problems may be caused by plants’ diverse pollen production (Birks 
et al., 2016). Like any palaeoecological analysis, pollen analysis also has 
other deficiencies that arise from the properties of the natural archive 
and should be considered when interpreting the results. In the case of 
peatlands, some of these relate to pollen transport in its layers, as well as 
potential hiatuses, which can be overlooked in situations where the 
dating resolution is low (Clymo and MacKay, 1987).

The movement of pollen can be both upward and downward, and the 
extent of movement can be substantial over time, potentially blurring 
the original deposition boundaries of pollen grains (Clymo and MacKay, 
1987). However, peat samples for pollen analysis typically contain 
pollen grains of mixed ages, making the value of any analysis dependent 
on the temporal resolution required and the period represented 

(Davidson et al., 1999). Hiatuses result from removing or destroying a 
section of peat from the record, often due to disturbance (e.g., fire, peat 
harvesting) and can be problematic if the period of interest is lost. They 
are frequently difficult to identify from peat stratigraphy in the field 
unless there is a clear boundary in the core, but their recognition is 
usually possible after radiocarbon dating. Pollen (and other organic 
matter) finds ideal conditions for preservation in an acidic and moist 
environment and is therefore well-suited for preservation in peat. 
However, pollen is susceptible to dessication which may affect preser
vation, and in many situations leads to a deterioration of its physical 
properties which can consequently prevent identification of grains 
(Twiddle and Bunting, 2010).

Despite its limitations, pollen analysis remains a fundamental 
method for understanding long-term vegetation changes concerning 
climate change (and for reconstructing past climates solely on pollen) 
(Birks and Berglund, 2018). This method has recently been used to 
reveal short-term environmental changes resulting from human activ
ities, often measured over decades. While this method is relatively 
cheap, sample preparation can be time-consuming and involves harsh 
chemicals (Faegri et al., 2000). Furthermore, all stages of the method, 
from identification through analysis to data interpretation, require a 
great deal of training and expertise. Following the high-resolution 
sampling method, each core is cut into fragments, typically between 1 
and as little as 0.2 cm thick. A sample for palynological analysis is taken 
from each of these slices. Continuous sampling at this resolution is 
essential for understanding short-term vegetation changes (sometimes at 
a sub-decadal resolution) associated with past societal reactions to 
particular historical turmoil caused by, e.g. wars or disease epidemics 
(Czerwiński et al., 2021; Yeloff et al., 2007). On the other hand, it en
ables the identification of short-term economic shifts, which can sub
stantiate archaeological/historical findings, particularly where data are 
limited (Dreibrodt and Wiethold, 2015). For instance, palynology can 
detect rapid economic declines or validate/refute the utilisation of 
natural resources (e.g., selective logging of trees) in a specific region 
(Czerwiński et al., 2021). Notably, high or continuous sampling for the 
pollen analysis reduces the likelihood of a suck-in and smear error 
(Baillie, 1991). This involves, among other things, assuming a connec
tion between concurrent changes (Baillie, 1991; Blaauw et al., 2007; 
Hughes and Dumayne-Peaty, 2002; Lisa et al., 1995). As the distance 
between samples increases, the chances of overlooking short-term nat
ural phenomena preserved in thin sediment and peat layers also rise. 
Combined with chronologies derived from low-resolution dating, this 
can result in the incorrect attribution of vegetation changes (e.g. 
deforestation, agriculture development) to historical events. For 
example, by integrating high-resolution pollen data with archaeological 
and historical evidence, human activity was precisely dated, enabling a 
detailed assessment of its environmental impact in Greater Poland 
during the Medieval Period (Czerwiński et al., 2021; Izdebski et al., 
2025, 2024).

4.2. Non-pollen palynomorphs

A significant role in identifying human presence is the analysis of 
non-pollen palynomorphs (NPPs) usually performed in parallel with 
pollen analysis. For now, more than 1800 NPP types represent different 
environments and, thus, comprise a heterogeneous group of microfos
sils, including algae, cyanobacteria, protists, fungi, plants, and in
vertebrates (Marret et al., 2021; Miola, 2012; Shumilovskikh et al., 
2021; van Geel, 1978). Unlike pollen, typically sourced from the broader 
landscape, NPPs usually represent taxa that lived and died in situ. This 
means they can provide indicators of environmental conditions near the 
coring site, complementing pollen analyses. Different NPP types can 
reflect various environmental factors and may be a significant proxy for 
different ecological or archaeological aspects and interactions in the 
past. They can inform about local terrestrialisation, erosion processes, 
hydrological conditions, presence of hosts (in the case of parasites), 
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animal diets, grazing activities and fire activity (Basumatary and 
McDonald, 2017; Brinkkemper and van Haaster, 2012; Karpinska- 
Kolaczek et al., 2013; Kołaczek et al., 2020a; Latałowa et al., 2013; 
Marret et al., 2021; Shumilovskikh et al., 2021; van Geel et al., 2011; van 
Geel and Aptroot, 2006).

However, their most common use is to provide direct/indirect evi
dence of human environmental impacts. For example, coprophilous 
fungi (found on faeces) provide rare insights into the changing charac
teristics of pastoral practices or the presence of herbivores over time for 
a given location. Increased exploitation of catchments of lakes and 
peatlands, as well as peatlands for pastoral purposes, may be reflected by 
increased counts of coprophilous fungi. In addition to livestock, para
sites such as roundworm (Ascaris sp.) or whipworm (Trichuris sp.) can 
indicate the presence of human settlement in the catchment (van Geel 
et al., 1983). NPPs can also help identify hydrological changes (draining 
peatlands for crop/grazing sites) or more intensive human management 
affecting the environment. Eutrophication of lakes or woodland clearing 
by fire can be visible in the record of cyanobacteria and pyrophilous 
fungi, respectively (Latałowa et al., 2019; van Geel et al., 1994). 
Generally, with increasing research using NPPs, their potential and 
indicative value will grow in research regarding human activity and 
other fields of palaeoecological studies.

Identification of NPPs is based on images published in the available 
literature and database (Miola, 2012; Shumilovskikh et al., 2021); 
however, some groups still need better descriptions, and the ecological 
preferences of many NPPs need better understanding to ease the inter
pretation. The most significant drawbacks of NPP analysis are preser
vation issues and the lack of known indicative values for many NPPs. 
The first relates to the delicate structures of some NPPs (e.g. thin walls) 
that do not preserve well, limiting available information (van Geel and 
Aptroot, 2006). The second is primarily due to problems with the 
taxonomic affinity, although some unidentified NPPs work well as 
ecological indicators. Unfortunately, the earlier disregard for NPPs and 
sometimes lack of systematic recording, together with their selective 
identification (e.g. interest in coprophilous fungi only), does not help to 
solve the latter problem. However, despite this, NPPs are a multi- 
faceted, valuable tool for palaeoenvironmental reconstruction, even 
though their identification and interpretation of results require addi
tional time and expertise.

4.3. Plant macrofossils

Plant macrofossils (henceforth ‘plant macros’) are widely used in 
archaeobotanical research and palaeoecology (Birks, 2007; Grosse- 
Brauckmann, 1986). In the former, they can be used to answer questions 
about past vegetation, development of agriculture and plant compo
nents in the human diet over time, and much more (Birks, 2017; Kennett 
et al., 2010). In studies of peat cores, they can be used to identify 
changes in the botanical composition of the peat, ‘bog surface wetness’ 
and even trophic status (Blundell et al., 2008; Czerwiński et al., 2021; 
Galka et al., 2017; Gałka et al., 2022b; Gałka and Apolinarska, 2014; 
Mauquoy and van Geel, 2007; Ronkainen et al., 2014; Sillasoo et al., 
2011; Väliranta et al., 2007, 2015). Because peat is composed almost 
entirely of botanical remains, plant macrofossil analysis is analogous to 
recording the stratigraphy of geological profiles, with plant succession 
events often reflecting key stages in peatland development (Hájková 
et al., 2012; Loisel and Bunsen, 2020). Such phases are usually associ
ated with changes in the character of the vegetation growing on the peat 
surface at the time of deposition (e.g., peat initiation, ombrophication, 
eutrophication) (Barber, 1993). In addition, the analysis of plant mac
roremains can provide information on the presence of individual plant 
species near the coring site (Chambers et al., 2012). Still, we also receive 
information about environmental transformations reflected in the 
change in the botanical composition of individual samples. Plant mac
roremains can also be a quantitative proxy of various variables (Barber 
and Charman, 2003; Birks, 2017). They have been used to build training 

sets, allowing the relationship between contemporary plant commu
nities and an environmental gradient to be applied to fossil remains, 
resulting in a quantitative reconstruction of the environmental variable 
in question (Šímová et al., 2025; Väliranta et al., 2012). However, 
despite their sensitivity to hydrologic changes, they are not as 
commonly used as other proxies for quantitative palaeoecological re
constructions from peatlands. Plant macrofossil analysis is, similarly to 
others proxies, often complex and time-consuming. Plant identification 
is usually conducted using a microscope, with identifications typically 
made based upon comparisons between fossil material and modern 
reference collections. In addition, taxonomic keys and detailed guides 
for identifying plants are necessary, although many are out of print or 
difficult to aquire (Berger, 1970; Berggren, 1968; Dickson, 1986; Grosse- 
Brauckmann, 1986; Katz et al., 1977; Katz et al., 1965; Lévesque et al., 
1988; Mauquoy and Hughes, 2010; Mauquoy and van Geel, 2007). 
While this method allows for a higher taxonomic resolution than many 
other proxies, including pollen, identifying remains to a genus or species 
level can be difficult, owing to the differential preservation of diagnostic 
tissues and remains. For example, graminoids can be particularly diffi
cult to identify, especially if only roots are preserved. Mosses may be 
more straightforward in identification provided diagnostic features are 
preserved. Unfortunately, the number of scientists using plant macro
fossils has decreased in recent years despite the high demand for high- 
resolution research from peatlands and the need for more studies that 
exploit the quantitative potential of plant macrofossils.

4.4. Testate amoebae

Another method used in high-resolution palaeoecological studies is 
the analysis of subfossil testate amoebae. Testate amoebae are a poly
phyletic group of unicellular protists that produce a shell (Beyens and 
Meisterfeld, 2001; Meisterfeld, 2001a, 2001b). They occur in most 
terrestrial environments but are particularly common in various types of 
soil and wetlands, including mosses and lakes (Bonnet, 1974; Tolonen, 
1986; Tolonen et al., 1992). Significant advances have been made over 
the last twenty years in studying the genetic variation of this group, 
including the identification of many new taxa (Duckert et al., 2018; Lara 
et al., 2015; Reczuga et al., 2015; Singer et al., 2015; Taylor et al., 2025) 
and significant reshuffling of these taxa on the tree of life has taken place 
in recent years (Adl et al., 2019; Adl et al., 2012; Kosakyan et al., 2025; 
Kosakyan et al., 2016). Testate amoebae possess species-specific, decay- 
resistant shells that can be preserved in sediments and, later on, 
extracted and identified (Charman et al., 2000; Mitchell et al., 2007; 
Warner and Charman, 1994). As individual species often possess well- 
defined hydrological and trophic preferences, transfer functions can be 
applied as a proxy of past hydrological (depth-to-water table) and tro
phy (pH) changes in peatlands. Palaeoecological transfer function is a 
quantitative model that relates modern biological assemblages (species 
composition, usually microfossils like pollen, diatoms, chironomids, or 
testate amoebae) to measured environmental variables, and which can 
then be applied to fossil assemblages to infer past values of those envi
ronmental variables (Birks, 1998; Birks, 1995). Hence, thanks to modern 
calibration data sets developed for many regions of the world, e.g. 
Poland, Europe, the USA and Asia (Amesbury et al., 2018; Amesbury 
et al., 2016; Halaś et al., 2023; Lamentowicz et al., 2010; Qin et al., 
2021; Qin et al., 2013), it is possible to reconstruct past hydrological 
changes in peatlands quantitatively. This is of great importance for 
interpreting the impact of climate change on human activity in the past. 
For. For example, it allows us to determine the so-called “dry” or 
“humid” climate phases, which can be related to contemporary envi
ronmental, climatic, anthropogenic and/or economic impacts in the 
studied areas. Hydrological reconstructions based on testate amoebae 
are robust because microorganisms react much faster to the environ
mental changes than plants (Beyens and Meisterfeld, 2001; Foissner, 
1997; Warner, 1990a, 1990b). Therefore, it is possible to gain fairly 
accurate quantitative measures of past water table depths using testate 
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amoebae.
Most testate amoeba-inferred hydrological reconstructions have 

focused on studying climate impacts or local hydrological changes. 
These studies gained interesting results by comparing testate amoeba- 
derived data with other proxies studied from peatlands. Most in
vestigations regarded (1) climatic controls over the development of 
peatlands (Blundell and Barber, 2005; Charman et al., 1999; Swindles 
et al., 2007), (2) reconstruction of past hydrological changes to define 
peatlands’ reaction to local and/or extra-local disturbance (Caseldine 
and Gearey, 2005; Lamentowicz and Obremska, 2010; Marcisz et al., 
2019; Payne, 2010), (3) recognition of the responses of peatland eco
systems to anthropogenic pressure (Fiałkiewicz-Kozieł et al., 2023; 
Fiałkiewicz-Kozieł et al., 2015), (4) identification of the relationships 
between testate amoeba communities and other components of peatland 
ecosystems, e.g., vegetation change (Gałka et al., 2022b) or carbon 
storage capacities (Karpińska-Kołaczek et al., 2024), (5) reconstruction 
of rates of acidification processes (Bąk et al., 2024; Karpińska-Kołaczek 
et al., 2022), or (6) catastrophic events (Payne, 2011). However, testate 
amoebae have also been used in archaeological and historical research 
providing data on the past relationships between peatland hydrology 
and trophy in relation land-use changes, for example, (1) first land-use 
change signal by local populations (Kajukało et al., 2016; Lamento
wicz et al., 2019b), (2) modifications introduced by local policymakers 
(Bąk et al., 2024; Lamentowicz et al., 2020b), (3) establishment of 
drainage (Marcisz et al., 2015; Wochal et al., 2025), and (4) other severe 
peatland degradation (Kołaczek et al., 2018).

Over the last decade, the functional approach has been used to 
testate amoebae and obtain more information on species’ responses to 
environmental changes. The first papers published in 2015 opened a 
new avenue for multi-proxy environmental reconstructions using testate 
amoebae (Fournier et al., 2015; Lamentowicz et al., 2015). Since then, 
functional traits have been used for testate amoebae in many peatland 
studies, and their usefulness has been recognised and well established 
(Brown et al., 2023; Marcisz et al., 2021; Marcisz et al., 2020a; Zhang 
et al., 2020). Functional traits provide all sorts of additional information 
about environmental changes, including (1) information on shading and 
openness of the site, presence of mixotrophic species; (Lamentowicz 
et al., 2020a; Marcisz et al., 2020b; Marcisz et al., 2019); (2) identifi
cation of drying and water table disturbance (Lamentowicz et al., 2015; 
Marcisz et al., 2016), (3) increased mineral inputs into the peatland 
(Marcisz et al., 2021) or (4) changes in food web structure (Lamentowicz 
et al., 2015). Moreover, the trait approach has been used to prepare a 
functional traits-based transfer function, where functional information 
has been used to obtain depth-to-water table reconstructions (van Bellen 
et al., 2017).

4.5. Charcoal

Fire is another crucial element that highly influences various eco
systems worldwide (He et al., 2019). Regardless of its natural or 
anthropogenic origin, fire significantly changes the functioning of eco
systems (including peatlands), triggering vegetation change, modifying 
hydrological regimes, surface runoff and soil chemical properties 
(Whitlock and Tinner, 2010). Fires in the landscape scale can have 
various characteristics depending on the ecosystem type, vegetation 
structure, climate, management strategies and environmental history. 
Fires are often described by several parameters regarding their behav
iour, such as fire severity, intensity, area, and pattern (Keeley, 2009; 
Keeley and Pausas, 2019) and can be characterised by various fire 
behaviour and impact, e.g., crown vs ground fires or local vs extra-local 
fires. In palaeoecology, analysis of charcoal accumulated in peat and 
other sediments (e.g., lake sediments and soil) helps to reconstruct past 
fire activity (Conedera et al., 2009; Tinner and Hu, 2003; Whitlock and 
Larsen, 2001). There are several approaches one can use to reconstruct 
long-term fire regime changes, however, it is often impossible to gain 
direct and realistic metrics of specific fire parameters, such as intensity 

or severity; moreover, it is essential to take into account taphonomic 
processes and preservation biases that may have an influence on 
palaeofire interpretations from palaeoecological archives (Vachula 
et al., 2022).

The most commonly used methods for reconstructing fire activity are 
simple charcoal sums from sediment samples, presented as charcoal 
concentrations (particles/cm3) and charcoal accumulation rates (parti
cles/cm2/year). Such data are often used for performing statistical re
constructions of fire regime changes, which include fire return interval 
and calculations of the number of significant fire events with statistical 
tools such as CharAnalysis (Higuera et al., 2010), statistical models 
(Adolf et al., 2018) or dedicated R packages (Blarquez et al., 2014; 
Finsinger and Bonnici, 2022). Additional information can be gained by 
identification of the type of fuel burnt in the past through the analysis of 
the morphology of individual charcoal pieces (leaf, graminoids, wood) 
or their dimensions/area (area or length-width ratio) (Colombaroli 
et al., 2014; Feurdean et al., 2023; Marcisz et al., 2019; Umbanhowar 
and Mcgrath, 1998). Size classes of charcoal can be used to identify local 
vs extra-local fires; however, available charcoal dispersal patterns have 
been studied using lakes as model environments, not peatlands (Adolf 
et al., 2018; Vachula and Rehn, 2022; Vachula, 2018).

It is essential to mention that several new methods were developed 
over the last decades to improve past fire interpretations. These focus on 
various approaches to reconstruct fire intensity using 1) charcoal 
reflectance (Hudspith et al., 2015; McParland et al., 2009), 2) Raman 
spectroscopy developed specifically for peat sediments based upon a 
peatland vegetation reference data set (Marcisz et al., 2025; Mauquoy 
et al., 2020; Theurer et al., 2024; Theurer et al., 2022; Theurer et al., 
2021), or 3) Fourier Transform Infrared spectroscopy (FT-IR) 
(Constantine and Mooney, 2022; Costa et al., 2018; Gosling et al., 2019). 
These new approaches to palaeofire reconstructions will broaden future 
interpretations of wildfire impact on the environment. 

4.6 Geochemistry, dust and carbon accumulation rates

To fully understand how peatland dynamics are impacted under 
anthropogenic or climatic pressures, it is essential to examine how 
changes in the physical properties of the peat (e.g., bulk density, carbon 
accumulation and degree of decomposition) occur alongside changes in 
biotic proxies and environmental conditions. This allows for a clearer 
picture of how shifts in reconstructed variables (e.g., water table levels 
from testate amoebae or botanical succession) may affect measured 
variables (e.g., carbon content, accumulation, or humification), 
providing a comprehensive view of peatland responses to environmental 
changes (Loisel and Garneau, 2010; Payne et al., 2016).

A commonly used method to assess decomposition in a peat core is to 
determine the degree of humification. Peat humification provides 
insight into the decomposition processes of peat during its time in the 
acrotelm (the oxic layer above the water table), where decay is faster, 
before it is incorporated into the catotelm (the anaerobic layer below the 
water table), where decomposition rates are nearly negligible (Clymo, 
1984). Humification is often evaluated visually or by examining peat 
colour and texture, for example, some studies adopt scales such as the 
von Post scale (Grover and Baldock, 2013), which classifies peat from 
light, undecomposed material to dark, highly decomposed peat; how
ever the majority of studies use semi-quantitative colorimetric methods 
involving the chemical extraction of humic acids, followed by optical 
absorption techniques (colorimetry) (Aaby and Tauber, 1975; de Jong 
et al., 2010). This method has the advantage of being a relatively simple, 
fast and non-resource intensive method for determining peat humifica
tion. However, the influence of changes in the botanical composition of 
the peat upon alkali-extracted compounds may override any climatic 
signal that might exist (Overbeck, 1947; Yeloff and Mauquoy, 2006), as 
may other factors such as wildfire and anthropogenic disturbance 
(Payne and Blackford, 2005; Zaccone et al., 2014).

Humification is one of the most frequently used proxies for climate- 
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driven decomposition in peatland studies (de Jong et al., 2010). Peat 
humification reflects the extent of peat decomposition in the acrotelm, 
the oxic layer above the water table, before its incorporation into the 
permanently saturated catotelm, where decay rates are generally much 
slower (Blackford and Chambers, 1995; Chambers et al., 2012; Cham
bers et al., 2011; Clymo, 1984). Humic acids concentrate in peat as by- 
products of organic matter decay and are dark brown. Darkly coloured 
peat is assumed to indicate high degrees of humification, indicating dry 
or warm conditions resulting from faster decomposition or more time 
spent in the acrotelm (de Jong et al., 2010). By chemically extracting 
humic acids from peat, their concentrations can be determined from the 
optical absorption of the resulting solution using colorimetric proced
ures (light spectroscopy) (Aaby, 1976; Blackford and Chambers, 1995).

Other methods are commonly used, including C:N ratios. Peat C:N 
ratios (calculated from total C and N % throughout a core, measured 
using elemental analysers) are influenced by biogeochemical cycling 
processes, where C is preferentially lost following decomposition rela
tive to N, which is largely retained in peat (Leifeld et al., 2020; Malmer 
and Holm, 1984). In healthy peatland ecosystems, where the water table 
is higher, decomposition rates are slower, more C is retained resulting in 
larger C:N ratio values (Kuhry and Vitt, 1996; Leifeld et al., 2020). As 
with colorimetric peat humification measurements, C:N ratios can be 
influenced by the botanical composition of the peat (Biester et al., 2014; 
Hornibrook et al., 2000)

While some studies show strong correlations between humification 
and climate proxies, others have found weak associations. For instance, 
Borgmark and Schoning (2006) observed a discrepancy between color
imetric humification records and reconstructed water levels, with 
decomposition preceding drier conditions, suggesting older peat being 
re-decomposed. Similarly, Payne and Blackford (2005) found little 
coherence between humification and water table reconstructions in 
Alaska. Further research, such as Zaccone et al. (2018), has identified 
spectroscopic methods, such as hydrogen-carbon (H:C) ratios, that may 
provide more robust assessments of humification variability downcore, 
avoiding chemical dissolution artefacts that affect the reliability of the 
colorimetric approach. Careful comparison with multiple proxies may 
offer insights into the drivers’ underlying changes in humification re
cords over time. However, this may also result in an erroneous inter
pretation, especially if the results are directly compared with proxies 
that are not truly independent of humification.

Decomposition proxies are rarely tested experimentally. While some 
studies have found good correlations between proxies and decomposi
tion indices or instrumental climate records (Blackford and Chambers, 
1991; Tfaily et al., 2014), others have not (Blundell and Barber, 2005; 
Mauquoy et al., 2002). (Borgmark and Schoning, 2006) compared hu
mification and C/N records with reconstructed water levels from two 
Swedish peat bogs and correlated these records with meteorological 
data. They found that C/N ratios and humification indices were strongly 
correlated and exhibited similar trends between sites, but that correla
tions between these decomposition proxies and reconstructed water 
table depths were weak. Increased decomposition appeared to precede 
drier climatic conditions, reflecting renewed decomposition of previ
ously deposited, older peat. Payne and Blackford (2009) compared hu
mification records with testate amoebae-inferred water table depth 
reconstructions from multiple cores from southeast Alaska, finding little 
correlation between sites or proxies. Zaccone et al. (2018) tested several 
physical, chemical, and spectroscopic approaches from nine peatlands 
across four continents to identify the most effective methods for deter
mining humification. They found that C/N ratios correlated poorly with 
most other proxies and that the supply of inorganic wind-blown material 
was mainly responsible for variations in loss on ignition. Spectroscopic 
indices (including alkali-extracted humic acids) showed good correla
tions between sites. Zaccone et al. (2018) recommended the ratios of 
hydrogen and carbon (H/C) as the proxy most representative of peat 
humification, whilst being cost-effective and removing the need for 
chemical dissolution that may introduce artefacts. Understanding 

whether these proxies preserve palaeoenvironmental decay signals 
relevant to past climate changes is fundamental to their continued use in 
peatland studies and essential for their use in climate model testing 
(Swindles et al., 2012).

Dry bulk density refers to the mass of dried peat per unit volume in a 
peat sample and is typically expressed in grams per cubic centimetre (g/ 
cm3). In peatland palaeoecological studies, it is typically measured by 
measuring the wet volume of peat slices taken throughout the peat 
column, drying and weighing the samples, and dividing the dry-weight 
by the wet volume to produce a record of changes in bulk density 
downcore, reflective of changes in compaction and pore-space 
(Chambers et al., 2011). Changes in bulk density can reflect shifts in 
vegetation, hydrology, and decomposition and are an essential variable 
for calculating peat accumulation rates, carbon storage, and decompo
sition, alongside organic matter content, C and other elemental content 
determinations, in addition to age-depth model derived changes in peat 
accumulation rates (Beilman et al., 2009; Heinemeyer et al., 2018). A 
decrease in bulk density may signal increased plant productivity and/or 
reduced decomposition due to more waterlogged conditions, resulting in 
less compacted, ‘spongier’ peat with more pore-space for water. In 
comparison, an increase suggests drier conditions causing increased 
rates of decomposition and increased compaction, with reduced hy
drological permeability (Gnatowski et al., 2010; Menberu et al., 2021).

Stable isotope analysis was used to reconstruct abiotic variables, 
including precipitation and temperature. Stable isotopes of 18O and 13C 
extracted from the cellulose of Sphagnum stems and branches were 
tested as climatic proxies (Daley et al., 2010; Jonathan et al., 2009; 
Kaislahti Tillman et al., 2010a; Lamentowicz et al., 2011; van der Knaap 
et al., 2011); however, because of the different fractionation processes in 
the various species, the interpretation becomes challenging (Loader 
et al., 2007). This analysis was also applied to the bulk peat, which 
might be even more difficult to obtain robust palaeoclimatic data 
(Lamentowicz et al., 2015).

Integrating inorganic geochemistry in palaeoecological studies has 
enabled a more profound understanding of past environmental pro
cesses. For instance, studies have used elemental records to reconstruct 
past volcanic activity, ocean storminess, and industrial pollution 
(Kylander et al., 2005; Le Roux et al., 2005). The use of X-ray fluores
cence core scanning (XRF-cs) has revolutionised peatland research, 
providing rapid, non-destructive multi-elemental profiling with high 
resolution, making it a powerful tool in modern palaeoecological studies 
(Longman et al., 2019).

Key components of peat inorganic geochemistry include major ele
ments (e.g., calcium (Ca), magnesium (Mg), potassium (K) and sodium 
(Na) which are typically derived either from the parent plant material, 
precipitation, groundwater, aeolian deposition or pollution (Longman 
et al., 2019; William, 1988). In addition, trace elements such as iron 
(Fe), phosphorus (P), sulphur (S) and aluminium (Al) may reflect 
pedogenic processes in the peat, such as oxidation, nutrient availability, 
and human activity, such as agricultural run-off (Longman et al., 2021). 
Finally, heavy metals (e.g., mercury (Hg), lead (Pb), cadmium (Cd) and 
copper (Cu) are often used to track anthropogenic pollution through 
time (Li et al., 2025, 2023a, 2023b; Mighall et al., 2017). The uses of 
specific elemental concentrations in peat are reviewed in detail by 
(Kaislahti Tillman et al., 2010b; Longman et al., 2019).

Geochemical analyses of the peat were used to infer past environ
mental pollution. Different elements were also used to reconstruct 
plutonium (Pu) fallout related to nuclear tests (Fiałkiewicz-Kozieł et al., 
2025; Fiałkiewicz-Kozieł et al., 2016). Recently, those data were used to 
determine the onset of the Anthropocene (Fiałkiewicz-Kozieł et al., 
2023; Summerhayes et al., 2024; Waters et al., 2023; Williams et al., 
2024; Zalasiewicz et al., 2023). An interesting example of proxy is 
neodymium (Nd), which was used to reconstruct air circulation (Le Roux 
et al., 2023) and local land use changes (Bąk et al., 2025; Marcisz et al., 
2023a, 2023b). Another example of the use of peat geochemistry is work 
on the history of lead pollution (Shotyk et al., 1998; Shotyk et al., 1996; 
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Weiss et al., 1999). Geochemistry has also been applied in the case of 
calcium-rich spring fens, to reconstruct past environmental changes 
(Almendinger and Leete, 1998; Galka et al., 2017; Mazurek et al., 2014; 
Dobrowolski et al., 2019; Dobrowolski et al., 2016; Dobrowolski et al., 
2012). A further interesting example is the analysis of aeolian dust as a 
proxy of air circulation (Ireland et al., 2014; Kylander et al., 2016; Le 
Roux et al., 2023; Pratte et al., 2017; Vanneste et al., 2015; von Scheffer 
et al., 2023) or local land-use changes resulting from deforestation (De 
Vleeschouwer et al., 2009b).

4.6. Biomarkers

The use of organic geochemistry, termed ‘biomarkers’, is a valuable 
approach for the reconstruction of climatic and environmental changes 
in peatlands (Kuder and Kruge, 1998). Biomarkers are the molecular 
remains of materials generated from biological sources or processes and 
are often abundant and well preserved within peatland stratigraphic 
profiles (Naafs et al., 2019). This type of analysis enables the charac
terisation of the organic chemistry of bulk peat samples, whereby con
centrations of specific molecules or groups of compounds can be 
associated with their sources—such as particular plant types, microbial 
activity, or diagenetic transformations of the peat itself (Pancost et al., 
2003).

The range of different biomarkers detected is often interpreted using 
indices or ratios based on an understanding of the processes by which 
they accumulate within peatland environments. A multitude of molec
ular biomarkers have been applied in peatland studies; for a compre
hensive review, see Naafs et al. (2019). Branched glycerol dialkyl 
glycerol tetraethers (brGDGTs) have been applied to reconstruct cli
matic and hydrological changes (Naafs et al., 2019; Weijers et al., 2006); 
stereochemical degradation of hopanes (Inglis et al., 2025; Inglis et al., 
2019; Inglis et al., 2018) and the presence of anaerobic and aerobic 
microbial lipids have been used as proxies for peat humification, linked 
to changing water table depth (Jeelani et al., 2025). Faecal sterols have 
been employed to detect anthropogenic activities and grazing (Davies 
et al., 2022), and polycyclic aromatic hydrocarbons (PAHs), alongside 
levoglucosan, have been used to reconstruct burn histories (Kong et al., 
2021). Biomarkers can also be used to reconstruct mean annual tem
perature via the MBT/CBT indices (Weijers et al., 2006), or peatland 
wetness using the BIT index (Hopmans et al., 2004). The value of bio
markers may also be enhanced when used in conjunction with stable 
isotopes. Compound-specific isotope analysis (CSIA) can provide unique 
insights into changes in ecosystem functioning that would be supple
mented by a multi-proxy framework. For instance, Richard et al. (2011)
in a study covering four bogs across a range of European climate zones, 
quantified past methanogenesis from peat using the presence and δ13C 
signatures of lipids derived from Archaea, which could be compared 
with changing botanical, climatic and environmental changes if this 
method were employed as part of a multi-proxy framework.

Biomarkers can also provide source-specific information that is often 
difficult or impossible to obtain from other palaeoecological proxies. For 
example, the resistant nature of aliphatic hydrocarbons such as n-al
kanes, whose dominant chain lengths differ between Sphagnum and 
non-Sphagnum species, allows for quantitative assessment of plant 
abundance changes under conditions where plant (or other biological 
proxy) remains are not well preserved (Nott et al., 2000). This has made 
their application particularly valuable where peat is often well-humified 
or even lignified, limiting the preservation of biological proxies (Inglis 
et al., 2015; Naafs et al., 2019). Although this restricts their co- 
application with many morphological proxies in these contexts, the 
analysis of multiple biomarker types within a single core allows for the 
application of a ‘multi-biomarker’ framework, with the same benefits as 
for multi-proxy studies (Inglis et al., 2022; Naafs et al., 2019).

As with other proxies, the integration of biomarkers into multi-proxy 
studies can help to corroborate or refine signals of environmental 
change and human impacts. There are several examples of the use of 

biomarkers in multi-proxy palaeoecological peatland studies: Thomas 
et al. (2023) used pollen, plant macrofossils and lipid biomarkers to 
reconstruct Holocene vegetation changes from a site in Beerberg, central 
Germany, enhancing the resolution of local vegetation changes from this 
record. Zheng et al. (2009) compared n-alkane biomarkers with pollen 
from peat samples from southern China, finding that the regional record 
provided by the pollen analysis contrasted with the localised signal of n- 
alkanes, and that n-alkanes were more sensitive to climatic changes than 
pollen. Despite the lack of correspondence between the two methods, 
the two proxies provided complementary data, allowing for the recon
struction of both local and regional patterns of climatic change. Faecal 
sterols have been used to confirm the presence of humans or livestock, 
which previously could only be inferred qualitatively using NPPs, such 
as coprophilous fungi. For example, Davies et al. (2022) examined six 
peat cores from the UK for pollen, fungal spores and faecal lipid bio
markers, comparing these with historical sheep density data from the 
area. They found that faecal sterols offered species-specific confirmation 
of increases in herd pressure, while only high-intensity grazing periods 
were identifiable from the palynological records.

While biomarkers are not necessarily expected to reflect changes in 
pollen, which are typically transported over large distances, n-alkane 
records do not always yield results consistent with plant macrofossil 
records either Pancost et al. (2002), suggesting that environmental or 
diagenetic factors within peatland environments may exert greater in
fluence upon these than is assumed (Naafs et al., 2019). In contrast, 
Nichols et al. (2006) found that n-alkane indices showed strong corre
lations between testate amoeba inferred water table depth and humifi
cation from a single core from a North American peatland, suggesting 
that n-alkanes can provide reliable estimations of hydrological or 
botanical changes complemented by other methods, in some cases.

Despite their many strengths, biomarker analyses have limitations. 
Preservation biases, especially under variable redox conditions, can in
fluence biomarker diagenesis and complicate their interpretation over 
long timescales. However, the preferential degradation of plant macro
molecules such as polysaccharides and lignin can still provide insights 
into water table fluctuations and associated biogeochemical responses 
(Judith and Peter, 2011). Furthermore, while the source specificity of 
some compounds is high, others remain poorly constrained, particularly 
in transitional or heterogeneous environments, or where quantitative 
calibration is limited by the availability of modern datasets and the in
fluence of regional variability. A key challenge in comparing biomarker 
data with other proxies is the limited understanding of the differences in 
temporal relationships among them, particularly the lags between 
environmental changes and biomarker responses, which in some cases 
can be on the order of several decades (Naafs et al., 2019). While such 
lags may offer important insights into ecological responses to distur
bance or climatic change, in other cases, they may introduce un
certainties or signal misalignments that necessitate cautious 
interpretation.

The biological or environmental processes affecting biomarker con
centrations, ratios, and indices in peatlands are complex and not always 
well understood, particularly across peat with different site histories 
(Jeelani et al., 2025). Fractionation, along with the possibility that some 
indicators derive from a wide range of sources, including both above and 
below ground plant material and microbial contributions, may intro
duce ambiguity into the signals (Naafs et al., 2019). Where traditional 
proxies are preserved, comparison with biomarkers may provide in
sights into the drivers of environmental change and the reliability of the 
biomarker signals. For example, the Carbon Preference Index (CPI), 
based on long-chain n-alkanes, has been used to infer past peat humi
fication rates and temperature in peatlands. While CPI values in modern 
samples correlate with mean annual air temperatures (Naafs et al., 
2019), analysis of core samples from a UK peatland alongside plant 
macrofossils, testate amoebae, and humification measures revealed little 
correspondence between the proxies. In that study, a lack of a clear 
downcore trend in CPI indicative of humification led Naafs et al. (2019)
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to conclude that CPI more likely reflects vegetation change and is only 
partly driven by climate.

Despite their limitations, biomarkers remain a beneficial and 
underutilised tool in multi-proxy studies of peatland palaeoecology. 
They can provide a unique source of information on environmental and 
biogenic changes, many of which are difficult or impossible to recon
struct using traditional palaeoecological methods, especially in cases 
where traditional proxies are not well preserved. When used in combi
nation with other proxies, biomarkers may allow for a more nuanced, 
detailed and robust environmental reconstruction. However, care 
should be taken in their interpretation, and their integration within a 
multi-proxy palaeoecological framework may assist with this.

4.7. Environmental DNA (eDNA)

High-throughput DNA metabarcoding methods show promise for 
advancing peatland palaeoecological studies via the analysis of envi
ronmental DNA (eDNA) stored within stratigraphic records. eDNA 
provides objective, scalable, and potentially more taxonomically rich 
insights into past biodiversity than is often achievable using traditional 
proxies such as pollen and plant macrofossils (Epp et al., 2012; Garcés- 
Pastor et al., 2019; Gould et al., 2010).

Despite its promise, few studies have yet to apply eDNA in a multi- 
proxy palaeoecological framework. Still, those that have done so show 
that eDNA can provide a complementary insight in addition to 
expanding the number of identified taxa (Fracasso et al., 2022; Parducci 
et al., 2015). However, comparison between eDNA and proxies of 
changing palaeobotanical diversity, such as plant macrofossils and 
pollen, does not always overlap and provides conflicting lines of evi
dence. For example, Parducci et al. (2015) observed stronger corre
spondence between eDNA and pollen relative to plant macrofossils in 
peat records from Finland and Russia, suggesting that a broad landscape- 
level eDNA dominates in peat records. Each proxy identified unique 
taxa, and there was relatively little overlap between the three proxies, 
indicating both the value of incorporating eDNA as part of a multi-proxy 
framework as well as the potential for misinterpreting the eDNA signal 
without first acknowledging the source of the eDNA within peat strati
graphic records. As with all proxies, eDNA is not without interpretative 
challenges, with DNA potentially deriving from local and distant sour
ces, as well as from both ancient and contemporary sources. eDNA sig
nals from peat may be dominated by abundant taxa such as Sphagnaceae 
or Cyperaceae, which may obscure the presence of less common taxa 
(Fracasso et al., 2022). Understanding the taphonomy of eDNA in peat, 
particularly in tropical systems that have received less attention, re
mains an important area for future research (Dommain et al., 2020). 
This may be better elucidated within a multi-proxy framework.

The improved taxonomic resolution possible by eDNA studies is 
arguably the greatest ‘selling-point’ for its incorporation within a multi- 
proxy framework. However, although eDNA can identify taxa that other 
proxies cannot, gaps in barcoding reference databases and primer biases 
may limit the taxonomic resolution possible by this method (Garcés- 
Pastor et al., 2019). The eDNA methodology is also relatively compli
cated, resource-intensive and remains expensive, and is therefore typi
cally applied at low temporal resolution throughout peatland 
stratigraphic reconstructions relative to other proxies (Garcés-Pastor 
et al., 2019). However, recent advances in sequencing technologies and 
more complete barcoding databases are starting to resolve these limi
tations. Fracasso et al. (2022) demonstrated the potential of higher- 
resolution sampling in a 2500-year alpine peat record in combination 
with a suite of other proxies (although the sampling resolution would be 
considered low compared with other studies). Despite these limitations, 
eDNA revealed shifts in vegetation as well as invertebrate and microbial 
fauna that are not evident from other proxies; however, signal domi
nance by a few species would have limited the usefulness of eDNA had it 
been used alone.

In summary, eDNA is an emerging tool in peatland palaeoecology 

that has the potential to increase taxonomic coverage in future studies 
(Birks and Birks, 2016). However, interpretive issues relating to 
taphonomy should be resolved before the method is routinely adopted. 
These have begun to be addressed by comparative studies incorporating 
eDNA and traditional proxies. There is still undiscovered potential in the 
peat eDNA research where palaeoecology meets archaeology, consid
ering land-use changes, plagues, or past human genomes (Özdoğan 
et al., 2024).

4.8. Apparent Rates of Carbon Accumulation

The Apparent Rate of Carbon Accumulation (aCAR) is a valuable 
measure for understanding changes in the rate of atmospheric carbon 
accumulation by peatlands over time (Abdalla et al., 2016 10; Blodau, 
2002; Clymo et al., 1998; Gorham, 1991). aCAR is calculated based on 
measurements of bulk density, organic matter, and organic carbon 
content, and the amount of carbon content is divided by the age-depth 
model-derived accumulation rate for each peat slice (Beilman et al., 
2009; Frolking et al., 2014; Yu et al., 2009). However, it should be noted 
that aCAR is not a standard variable included in multi-proxy studies 
worldwide, and several limitations can lead to misinterpretation of the 
data (Young et al., 2019). aCAR is calculated based on measurements of 
bulk density, organic matter and organic carbon content, and the 
amount of carbon content is divided by the age-depth model-derived 
accumulation rate for each peat slice. CAR was applied to many local 
and global studies exploring carbon accumulation rates in different 
temporal scales (Fiałkiewicz-Kozieł et al., 2014; Frolking et al., 2010; 
Gallego-Sala et al., 2018; Karpińska-Kołaczek et al., 2024; Loisel and 
Garneau, 2010; Loisel and Yu, 2013a). Such studies help demonstrate 
the significant carbon storage capacity (Loisel et al., 2014; Turetsky 
et al., 2004; van Bellen et al., 2020; Young et al., 2019; Yu, 2006; Yu 
et al., 2014; Yu et al., 2010) in highlighting differences in carbon 
accumulation throughout the Holocene due to regional differences, 
climatic changes or anthropogenic activity (Beaulne et al., 2021; 
Longman et al., 2021). However, it should be noted that aCAR is not a 
standard variable included in multi-proxy studies worldwide, even 
though the laboratory procedures to obtain such data are neither 
complicated nor time-consuming.

4.9. Less commonly used proxies

Several palaeoecological proxies which have seen wide usage in 
limnological studies include chironomids, molluscs, cladocerans, insect 
remains and diatoms, which are infrequently used in peatland studies 
(Cao et al., 2019; Carballeira and Pontevedra-Pombal, 2020; Gałka et al., 
2021a; Leppänen et al., 2018; Płóciennik et al., 2011, 2020; Schafstall 
et al., 2024; Słowiński et al., 2016). This is typically due to the relatively 
low abundance or poor preservation potential for these remains in 
peatlands compared to lake sediments, where their use is more associ
ated. However, these proxies have been applied successfully in a few 
specific peatland studies, mainly alkaline fens and spring fens 
(Apolinarska et al., 2024; Horsak, 2011; Łuców et al., 2022). The 
application of such methods is rare, but they should be applied, when 
possible, to answer particular research question. However, in the case of 
chironomids or cladocerans, which are often well preserved and abun
dant in peat records and have found application as particularly sensitive 
proxies for temperature, their lack of use may reflect the time required to 
learn and analyse these biotic remains compared to the use of other, 
similar proxies, or a limited understanding of their ecosystem dynamics 
within peatlands in comparison with better established proxies (e.g., 
pollen or plant macrofossils).

5. The importance of the multi-proxy palaeoecological data

Multi-proxy palaeoecological studies have become much more 
common in the past two decades, as it was realised that increasing the 
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number of proxies can give a more detailed and richer view of palae
oenvironmental changes over time (Birks, 2019; Lotter, 2003). How
ever, as the number of proxies increases and our understanding deepens, 
synthesising these records has become more complex (Birks and Birks, 
2006). Journal guidelines may also hinder the publication of multi- 
proxy records or seriously reduce the detail that can be communicated 
within the main body of a manuscript. Additionally, the demand for 
simple, easily interpretable figures often conflicts with the palae
oecological practice of providing detailed and complex stratigraphic 
plots, which can be a barrier to non-specialists, usually requiring specific 
taxonomic and ecological expertise to interpret. While studies incorpo
rating multiple proxies remain valuable, focusing on the sampling res
olution necessary to answer a particular research question or hypothesis 
can limit the need to analyse each proxy at high resolution, allowing 
researchers to focus on the essential proxies (Chambers et al., 2012). In 
some cases, addressing palaeoclimatic questions can be challenging with 
the majority of proxies, as the results may instead reflect local changes 
related to human impact (Kołaczek et al., 2020b; Kołaczek et al., 2018).

While one proxy applied to a core (e.g., plant macrofossils) can 
provide an essential environmental reconstruction for a site or study, the 
data become more complex when additional proxies (for example, 
testate amoebae) are added (Bąk et al., 2024; Gałka et al., 2022b; ̌Símová 
et al., 2025). When we apply the another proxy, such as geochemistry (e. 
g. stable isotopes or XRF data), the detailed picture of the past increases 
in new dimensions, although interpretation also becomes progressively 
more complex (De Vleeschouwer et al., 2009b; Fiałkiewicz-Kozieł et al., 
2016; Galka et al., 2017; Słowiński et al., 2022; van der Knaap et al., 
2011).

Moreover, the detail in the local signal may consequently be lost 
when searching for answers to questions of global scope and significance 
(currently favoured by publishers and often more frequently cited) using 
a set of proxies, even though the original local data remain highly 
valuable. However, the peatland palaeoclimatic records can be inde
pendently validated through the multi-proxy-multi-archive approach – 
e.g. simultaneous research on peatland and lake archive records located 
in the close vicinity. Such an example is the study of Pleskot et al. (2020)
where chironomid-based temperature records from a lake were 
compared with testate amoebae-based quantitative water table recon
struction from a nearby Baltic raised bog to test hypotheses relating to 
the wetness-temperature relationships during the last 4000 years 
(Lamentowicz et al., 2015). Their findings indicated that during the 
previous 2500 years, climate cooling periods were associated with 
higher water levels in the bog. Another example comes from the 
Romanian Carpathians, where the peat record was also compared to a 
nearby pond (Diaconu et al., 2017), or another comparison of speleo
thems vs a peat profile in northwest Scotland (Charman et al., 2001).

It should also be noted that multi-proxy contributions often 
look less attractive as they provide a more realistic look at the data 
that calibrate themselves, without allowing a high degree of 
speculation, thus limiting the occurrence of “geo-fantasy”, which is 
the situation where interpretations are not connected with reality 
and limitation of proxies and beyond published data. Such an 
approach might provoke a weakening of the main message with a 
high degree of speculation, triggering the impression that global- 
scale research is finally based on one core.

Figure 4 presents examples of syntheses derived from the pure, visual 
comparisons of quantitative reconstructions based on testate amoebae, 
pollen, plant macrofossils, charcoal, and stable isotopes to structural 
equation models (SEM) that test hypotheses regarding the environ
mental drivers. Determining which ecological variables influence 
change becomes progressively challenging the more variables are 
included, emphasising the need to establish these relationships. This can 
be tested through various numerical approaches, ranging from simple 
linear correlations between proxies to SEM. However, it is possible to 
utilise graphics and statistics to explore the past multidimensional 
peatland environment reliably. Each proxy provides a subsequent 

multivariate package composed of species or abiotic elements that 
accumulate in large datasets that are challenging to explore (Birks, 
1998).

In many peatland palaeoecological contributions, interpretation is 
mainly based on subjective visual examination of the graphical output – 
proxies over time. It is challenging, but several approaches exist for 
presenting data from many proxies. Simple synthesis figures showing 
the chosen species from each proxy, presented in one figure, are stan
dard (Lamentowicz et al., 2013). For instance, testate amoebae and 
plant macrofossils are proxies for local peatland hydrology and potential 
climatic drivers. In this case, we can rely solely on the taxonomic 
composition or quantitative reconstruction using the calibration data set 
to perform the transfer function. Water table depth (WTD) or depth to 
the water table (DWT) measured in cm emerges as the pivotal variable, 
subsequently used to correlate it with potential past climate changes 
(Charman, 2007; Charman et al., 2006; Gauthier et al., 2019; Šímová 
et al., 2025; Väliranta et al., 2012).

Proxies from the peat are complementary, explaining past environ
mental changes. Plant macros provide insights into past local vegetation 
changes, while pollen offers information about local and regional 
vegetation. Furthermore, charcoal is a proxy of the fire regime, and NPPs 
provide information about hydrology and human impact. Microcharcoal 
informs about larger spatial scales, while macrocharcoal is a proxy of the 
local fire activity. Consequently, multi-proxy analysis offers substantial 
potential for various scenarios and opportunities to construct alternative 
hypotheses in the complex multidimensional palaeoecological space. 
Simultaneously, some drivers, such as human activity, often become 
more evident to avoid, for instance, climatic speculations. Ultimately, 
synthesising numerous proxies (preferably at high resolution) emerges 
as a potent source of information regarding the past dynamics of peat
land ecosystems. A reliable example is the research tracking changes in 
permafrost peatlands where plant macrofossil data and testate amoebae 
are prerequisites to understand local vegetation transformation and 
permafrost subsidence (Gałka et al., 2017; Sim et al., 2021). However, 
multi-proxy data for the permafrost are rare and often based on one core 
(Słowiński et al., 2022).

Studies based only on one proxy (e.g., testate amoebae) might pro
vide an illusory palaeoclimatic signal that might eventually be related to 
land use, especially when the last 2000 years are in focus. The autogenic 
land-use change drivers are underestimated and might be challenging to 
separate from the valid palaeoclimatic signal. This is particularly true 
when proxies for anthropogenic activity, such as pollen, are not included 
(Andrews et al., 2021; Blundell and Langdon, 2023). In peatlands, local 
biotic proxies allow a glimpse of the preserved local food web within a 
system (Bysouth and Finkelstein, 2021; Gilbert et al., 1998). As a result, 
it is often striking how intensely the local peatland ecosystem change 
responds to the external landscape transformation by humans (Bunting 
and Warner, 1998; Gałka et al., 2021b). An example is the Głęboczek 
peatland in N Poland, which recorded a clear environmental impact 
associated with archaeological evidence for changes in cultures and past 
societies over the last 6500 years (Lamentowicz et al., 2019b) – multi- 
proxy data provide a consistent story of land-use generated wetland 
transformations. Another example of an unquestionably sharp human 
impact signal can be seen from the following sites: Kazanie (Czerwiński 
et al., 2021), Okoniny (Bąk et al., 2024) in Poland, and the Cambusurich 
Wood forest hollow in Scotland (Everard et al., 2024). Multi-proxy 
perspectives advise that the impact of land-use change on peatlands in 
the last 2000 years has been underestimated, and even extensive 
ombrotrophic peatlands (assumed to be relatively stable) were highly 
sensitive to local deforestation and, in consequence, dust input from the 
opened soils in the medieval period (De Vleeschouwer et al., 2009b).

Multi-proxy studies provide a more profound understanding of eco
systems’ dynamics over long temporal scales. We should not perceive 
modern ecology and palaeoecology as distinct entities but rather view 
palaeoecology as an integral part of the temporal progression in ecology 
and evolution (Rull, 2010). Because of this division, while ecosystem- 
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based approaches to nature conservation are evident, their application 
to long-term scales remains uncertain. This is primarily due to the 
limited understanding of ecosystem dynamics at local scales. The dis
tribution and thickness of peatland records are becoming more well 
known, as are their histories of developmental change and human 
disturbance. Palaeoecological approaches offer a convenient way to 
examine the trajectories of change and the underlying causes of these 
changes over time. By employing these approaches, we can validate 
existing ecological descriptions and gain insights into the timing and 
characteristics of any deviations from normal conditions. Moreover, 
when integrated with contemporary monitoring and modelling tech
niques, palaeoecological insights can provide an early warning signal of 
potential future changes (Finlayson et al., 2015).

However, we still lack a comprehensive understanding of pre- 
disturbance baselines for protected ecosystems. For instance, it is 
evident that European forests have undergone significant modifications 
and no longer possess a pristine state (Czerwiński et al., 2022; Kaplan 
et al., 2009). Despite our common perception of peatlands as partially 
pristine, it is still unclear whether they underwent significant changes 
during the medieval period, coinciding with deforestation and intensi
fied soil exploitation. Multiple proxies bring us closer to understanding 
the current state of these ecosystems, which can often be surprising. For 
example, in the last millennium, many peatlands originated alongside 
land-use change-induced shallowing lakes (Bąk et al., 2024; Karpińska- 
Kołaczek et al., 2022; Lamentowicz et al., 2020b). Consequently, for 
instance in Europe the current state of most peatlands is a result of 
human interventions that took place over a century ago (Tanneberger 
et al., 2021), which have been forgotten due to ‘generational amnesia’ 
and for which there are often no modern analogues remaining 
(Finlayson et al., 2015). The transient nature of peatlands, in addition to 
their resilience to disturbance and their limits, can often only be un
derstood using detailed palaeoecological studies.

Peatlands’ global importance in the carbon cycle is increasingly 
recognised, yet they are still not adequately protected (Austin et al., 
2025). In this context, palaeoecological multi-proxy studies might 
strengthen conservation approaches (Birks, 2012). Multi-proxy palae
oecological data provide essential awareness for the protection of 
peatlands (Marcisz et al., 2022) and new insights into conservation 
targets (Chambers et al., 2017; McCarroll et al., 2016a, 2016b). Envi
ronmental monitoring and historical data are often fragmentary. In 
contrast, multi-proxy palaeoecological data offer a comprehensive view 
of changing baselines, such as the history of drainage, vegetation 
change, hydrology, hydrochemistry, pollution, deforestation, afforesta
tion, eutrophication, and acidification (Booth et al., 2004; Charman, 
2002; Fiałkiewicz-Kozieł et al., 2016). A study (using testate amoebae 
and plant macrofossils) focused on the last 2000 years revealed that a 
critical hydrological threshold for ecosystem transitions (expressed as 
the water table depth) is approximately 12 cm (Lamentowicz et al., 

2019a). This value is essential for the effective growth of healthy 
ombrotrophic peatlands, as demonstrated by other palaeoecological 
studies (Swindles et al., 2025) and modern greenhouse gas emissions 
(Evans et al., 2021; Jurasinski and Günther, 2016). This highlights the 
synergy between multi-proxy palaeoecological data and contemporary 
ecological and instrumental data in identifying hydrological tipping 
points within peatland ecosystems. Considering the importance of such 
data, each protected peatland should be analysed using multi-proxy 
palaeoecological approaches as a critical reference for any nature pro
tection approaches. Studying the history of the peatland is the best way 
to understand the changing ecosystem and its relative stability over the 
last centuries or millennia, for which there is often little to no written 
record.

Moreover, multi-proxy palaeoecological data provide robust data on 
the effects of peatland restoration. The re-establishment of peat accu
mulation is visible in the peat profiles after restoration practices. Multi- 
proxy palaeoecological data provide a vital perspective before and after 
investment. Some studies that have done this apply only one proxy 
(Swindles et al., 2016a), while not much work has been done on freshly 
rewetted peatlands (Łuców et al., 2022). While several publications 
underline the potential of the palaeoecology for ecological restoration of 
peatlands (Blundell and Holden, 2015; Chambers et al., 2017; McCarroll 
et al., 2016a, b; Ramdzan et al., 2023), few studies have undertaken this 
task. The multi-proxy palaeoecological data raise pertinent questions 
regarding the protection of ecosystems, mainly when long-term data are 
often absent. It poses challenges in distinguishing natural succession 
pathways from anthropogenically induced changes in the past. 
Furthermore, it necessitates the determination of the direction of 
restoration, for example, if palaeoecological evidence suggests that the 
protected ecosystem itself resulted from a large-scale anthropogenic 
degradation (Wochal et al., 2025). Multi-proxy palaeoecological data- 
based long-term look at the past peatland dynamics is a valuable 
reference for the long-term peatland restoration perspective that is often 
predicted to take decades or centuries (Zak and McInnes, 2022).

6. Proxy limitations and synergies

All proxies may offer a comprehensive picture of the past environ
ment and possess synergistic possibilities, contingent upon the scientific 
inquiry at hand. Given resource constraints and the scarcity of experts 
(see section 8 for details), it is exceptionally uncommon for all feasible 
proxies to be synthesised within a single study.

All proxies preserved in peat possess their specific potential. The 
principal emerging feature is the ability to reconstruct environmental 
variables and, ultimately, the structure of past ecosystems (that is, the 
primary aim of palaeoecology). Usually, separated proxies are not 
effective in explaining the broader context of past environmental 
change. In reality, through one proxy one obtains a fragment of the 

Fig. 4. Examples of syntheses in the context of multiple proxies: A) Mauntschas (Switzerland) (Knaap et al., 2011): Summary curves of proxies. Reconstructions of pH 
and depth to the water table (DWT) are shown with their bootstrap error intervals (thin lines). Thin lines flanking δ18O and δ13C measurements indicate 1σ standard 
deviations of two measurements per level. The depth–age model provides peat accumulation rates (cm yr-1) and their inverse (yr cm-1). Charcoal represents 
microscopic charcoal in pollen slides; accumulation rates are expressed as particles mm-2 yr-1. The pollen indicators “grazing” and “irrigation” summarise curves 
shown in Fig. 3; accumulation rates are grains mm-2 yr-1. DCA axes 1 and 2 of macrofossils track changes in peat composition. The pollen-based reconstruction of 
mean April–November temperatures follows Kamenik et al. (2009 #4297); the thin line is corrected for irrigation indicators. The chironomid-based temperature 
reconstruction (far right) is based on a nearby lake (Larocque-Tobler et al., 2010).; B) Structural Equation Models (SEM) for multi-proxy data sets from Linje and 
Puścizna Krauszowska (Poland) (Marcisz et al., 2016): SEMs showing the effect of environmental disturbances on testate amoeba functional diversity (FDQ). Solid 
lines represent significant paths (P < 0.05), dashed lines represent non-significant paths (P > 0.05). Squared multiple correlations (R2) for predicted (dependent) 
variables are shown at the top of each box. TA comp = testate amoebae species composition (PCA axis 1); Macro comp = plant macrofossil composition (PCA axis 1); 
Traits comp = testate amoebae trait composition (PCoA axis 1). These three are synthetic variables (see Methods). Models include macroscopic charcoal influx (proxy 
for local fire) and ruderals (proxy for direct human impact) as disturbance indicators; C) SEM for a multi-proxy data set from Bagno Kusowo (Poland) (Lamentowicz 
et al., 2015): Structural equation model of relationships among macrofossils, moss traits, testate amoeba traits, and water-table depth (χ2 = 5.81, P = 0.33, CFI =
0.99, RMSEA = 0.03, SRMR = 0.03). Solid arrows show significant relationships (pathways) between variables; dotted arrows indicate non-significant relationships. 
Numbers next to arrows are standardised parameter estimates. Circles (e1–e4) indicate error terms; double-headed arrows indicate significant correlations between 
error terms. Squared multiple correlations (R2) for the dependent variables are given within their respective boxes. Abbreviations: recDWT = reconstructed water- 
table depth; TA = testate amoebae; CWM = community-weighted mean; Total moss = total abundance of mosses in plant macrofossils.
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story, and so using multiple proxies offers a more complete picture of 
environmental changes, and allows for the validation of interpretations 
as well as other proxies. Moreover, the value of proxies becomes more 
evident when analysed together from the same horizons of the peat core. 
The fundamentals of each proxy’s potential and value have been 
described in several publications (Berglund, 1986; Birks and Birks, 
1980). We summarised strengths, weaknesses and other important in
formation of most commonly used proxies in peatland palaeoecology in 
Table 1.

Oftentimes, biotic proxies, such as plant macrofossils and pollen, are 
employed together to infer past vegetation alterations associated with 
climate or human influence. Occasionally, stable isotopes or other 
geochemical or molecular proxies have been applied in tandem with 

biotic proxies, although such high-resolution studies are less common 
(Gałka et al., 2022a; Kołaczek et al., 2018). Notably, pollen and testate 
amoebae serve as proxies that can unequivocally indicate human impact 
and palaeohydrological disturbances, through pollen anthropogenic 
indicators and quantitative palaeohydrology measured in centimetres of 
water depth, respectively. However, most proxies are qualitative or 
semi-quantitative at best, and the strength of the inference is enhanced 
when multiple proxies are explored collectively, thereby increasing data 
complexity. It is also worth mentioning tha single-proxy studies are 
often linked to the tradition and limitations of communication among 
experts, who tend to remain within their comfort zones. Despite its 
substantial potential and the great number of studies applying a multi- 
proxy framework, the power of multiple proxies has not been 

Table 1 
Table 1. Overview of commonly used palaeoecological proxies, including their significance, type of data, inference potential, strengths, weaknesses, and possible multi- 
proxy synergies.

N Proxy Significance Type of data used Inference Strenghts Weaknesses Best multi- 
proxy 
synergies

1 pollen high
counts; genus or species level 
identification

local and regional 
vegetation, land-use 
change

detection of human 
impact and climate 
change

mostly qualitative; time- 
consuming analysis

TA, plant 
macros, 
NPPs, 
charcoal

2 plant macrofossils high

counts, proportion data; 
genus or species level 
identification; functional 
traits

local vegetation; peat 
composition

validating the local 
signal in pollen 
analysis mostly qualitative

pollen, TA, 
charcoal

3
testate amoebae 
(TA) high

counts; genus or species level 
identification; functional 
traits hydrology, trophy quantitative

ongoing dynamic changes in 
taxonomic identification of taxa 
and species may disrupt data 
interpretation and comparison 
of odl and new studies; mostly 
used in bogs and poor fens while 
there is a scarcity of data for fens

pollen, 
plant 
macros

4 biomarkers high

Lipid compounds (n-alkanes, 
GDGTs, sterols, PAHs, lignin 
phenols, faecal sterols)

temperatures, vegation 
types quantitative low taxonomic resolution

plant 
macros, 
pollen

5 geochemistry high

Bulk C, N, S; C/N ratio; XRF 
(Si, Ti, Ca, Fe, Mn, Br, Pb, Hg, 
etc.); LOI

decomposition, air 
circulation, local land- 
use change quantitative

focus on physical processes 
limiting the cause of signal - e.g. 
global vs local changes

pollen, 
plant 
macros

6 stable isotopes medium

δ13C, δ15N, δ18O, δD (bulk, 
compound-specific, 
Sphagnum cellulose, 
biomarkers) hydrology

proxy of wetness 
change

mostly qualitative, challenging 
interpretation

plant 
macros

7

non-pollen 
palynomorphs 
(NPPs) low

counts; group, type, genus or 
(rarely) species level 
identification

human impact, 
decomposition, 
hydrology

some of the NPP types 
are proved to be 
sensitive to human 
impact and hydrology

mostly qualitative, challenging 
interpretation and taxonomy; 
most of the NPPs are not 
identified to species level and 
their response to environmental 
factors is not clearly defined

plant 
macros, 
TA, pollen, 
charcoal

8 charcoal medium

counts, accumulation rates, 
concentrations, 
morphological types, size 
classes, new advances to 
reconstruct fire regime 
parameters (e.g., fire 
intensity) past fire activity

identification of local 
and extra-local fire 
events, identification 
of hiatuses

no established methods for 
quantitative measures for fire 
regime changes; various 
approaches used for fire 
reconstructions with no 
consistency/standarization in 
approach to define charcoal size 
classes, source area, 
morphologcal type classification 
etc. across different case studies; 
most methodology defined for 
lake studies

plant 
macros, 
TA, pollen, 
NPPs

9

Loss on ignition 
(LOI), bulk density 
and peat 
accumulation rates high mm/year; %

rates of peat 
accumulation over 
time; water content, 
organic matter 
content, bulk density

gives an overview/ 
estimate of 
accumulation 
processes over time; 
analysis is quick to 
perform

not precise measurements, 
especially in the accrotelm level

plant 
macros, 
TA, pollen, 
charcoal

11
carbon 
accumulation rates high gC/m2/year

rates of carbon 
accumulation over 
time

gives an overview/ 
estimate of carbon 
accumulation over 
time; analysis is quick 
to perform

not precise measurements, 
especially in the accrotelm level

plant 
macros, 
TA, pollen, 
charcoal
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sufficiently exploited to date and there remain many advancements and 
improvements to be made.

Historical pollution or dust investigations predominantly employ 
geochemistry (De Vleeschouwer et al., 2009b; Li et al., 2020; von 
Scheffer et al., 2023), while inquiries into human impact utilize pollen 
and charcoal as primary data sources within the context of archaeo
logical research. There is an excellent potential for geochemistry and 
biotic proxies to be employed in resolving questions about local land-use 
change, deforestations and soil erosion on ecosystems (De Vleeschouwer 
et al., 2009a; De Vleeschouwer et al., 2009b) (Le Roux et al., 2012). 
Peatland development and hydrological research often employs employ 
testate amoebae and plant macrofossils (Booth et al., 2004; Gałka et al., 
2014; Väliranta et al., 2012) (Lamentowicz et al., 2019a). At the same 
time, NPPs can contribute to the enrichment of paleohydrological in
ferences, particularly in terms of water table fluctuations, across diverse 
peatland types (Kołaczek et al., 2025, 2020a). Notably, there is a strong 
potential of geochemical proxies, testate amoebae, and pollen to 
reconstruct the drivers of land-use transformation, industrial pollution 
and peat carbon accumulation rates.

Over the past two decades, pollen and testate amoeba records have 
demonstrated a strong agreement in high-resolution multi-proxy 
context, shedding light on human impacts on forests and, consequently, 
wetlands (Bąk et al., 2024; Booth et al., 2004; Connor et al., 2018; Gałka 
et al., 2014; Gauthier et al., 2019). These studies revealed that the 
pollen-testate amoebae fitness enabled them to avoid climatic traps in 
interpretations connected mainly with the land-use change. Conse
quently, palynological data, supported by NPPs and testate amoebae, 
provide novel insights into water table fluctuations, suggesting that local 
deforestation and other disturbances, rather than climate change, may 
be the primary driver of these fluctuations in peatland palaeoecological 
records, particularly in recent years (Lamentowicz et al., 2020b; Kar
pińska-Kołaczek et al., 2022). This proxy composition safeguards against 
the aforementioned „geo-fantasy” and potential false paleoclimatic in
terpretations related to testate amoebae interpreted in isolation.

Biomarkers hold significant potential for identifying previously un
known phenomena, particularly in scenarios characterised by excep
tionally high rates of peat decomposition (Jeelani et al., 2025), as 
demonstrated in the case of lake sediments (Brown et al., 2021). 
Furthermore, biomarkers can be effectively utilized in conjunction with 
testate amoebae or plant macrofossils to validate testate amoeba-based 
hydrological reconstructions. Such a proxy combination offers a more 
comprehensive understanding of the peatland’s development and the 
role of microbes in peat growth and decomposition within the context of 
past environmental changes.

Notably, eDNA, together with pollen and plant macrofossil data, 
would provide a novel context associated with vegetation change in 
interdisciplinary studies (Schwörer et al., 2022). Human-related eDNA 
may also prove highly beneficial for a deeper understanding of various 
environmental conditions, including human migration patterns or epi
demics, as seen in lakes (Bramanti et al., 2021; Capo et al., 2023; 
Izdebski et al., 2022). Biomarker, eDNA supported by classical proxy 
data are anticipated to undergo rigorous testing in the future, particu
larly in high-resolution studies, within the framework of precisely 
defined scientific questions.

The future challenge should focus on connecting all possible proxies 
to select the strongest and most significant signals of past changes in 
peatlands. From the theory we know about the division between biotic 
and abiotic proxies, however, we need to trigger a new understanding of 
mult-proxy potential using multivariate statistics and artificial intelli
gence to go beyond the experts’ comfort zone.

7. Challenges of Southern Hemisphere peatland studies

Southern Hemisphere peatlands possess a great potential for recon
structing past climate changes. They also hold an intriguing signal of the 
human impact related to the indigenous people, as well as the arrival of 

Europeans and the subsequent land transformation. Considering central 
and southern America there is several studies from Patagonia which 
focus on the palaeohydrological change (Daley et al., 2012), air circu
lation (Vanneste et al., 2015) or precipitation (Daley et al., 2012), 
vegetation succession, carbon accumulation rates (Loisel and Bunsen, 
2020; Loisel and Yu, 2013b). Among them, there are several multi-proxy 
studies (Borromei et al., 2010; Pendall et al., 2001) using NPPs, plant 
macros and stable isotopes to reconstruct past climate changes or 
geochemistry, aiming to answer how the westerlies have varied over 
time in the Atlantic sector of the Southern Ocean) (Björck et al., 2012; 
Loisel et al., 2023). Several studies have applied single proxies in 
Amazonia (Swindles et al., 2016b; Winton et al., 2025). A strong 
example of a multi-proxy study in this hemisphere is the study of 
Swindles et al. (2018) that reconstructed long-term ecohydrological 
controls on carbon accumulation in an Amazonian peat dome using 
plant macrofossils and a testate amoebae calibration data set (Swindles 
et al., 2014). A recent review synthesises palaeoecological studies from 
south-western and north-eastern Amazonia (Wang and Behling, 2025), 
highlighting that distinct regional drivers, including river dynamics, sea- 
level fluctuations, geomorphological settings, and human activity shape 
peat formation and carbon accumulation. The study underscores the 
importance of multi-proxy approaches for unravelling the complex and 
regionally diverse mechanisms underlying tropical peatland develop
ment, with significant implications for climate modelling and conser
vation planning.

Another location that needs attention is the Southern Ocean islands. 
The studies are primarily focused on the past climate and fires to explore 
human impact. Most published studies use a single proxy and are 
focused on the invasive plants on Galapagos Island (van Leeuwen et al., 
2008), carbon accumulation on the Falklands (Payne et al., 2019). The 
Falkland Islands also possess a significant multi-proxy study focused on 
past fire activity (Mauquoy et al., 2020). Another reliable examples 
come from Crozet Islands (Van der Putten et al., 2008), Kergulen Islands 
(Van der Putten et al., 2015) and South Georgia (Van der Putten et al., 
2004); all mentioned studies used plant macros, pollen and geochem
istry to infer climate change in the Holocene.

Africa has an evident gap in terms of multi-proxy peatland studies, 
despite having excellent potential for palaeoecological inferences. On 
the African continent, extensive peatlands are a feature of the central 
Congo River basin, where they cover a considerable land area estimated 
at 146,000 km2 (Page, 2024). Recent studies have shown great potential 
in Congo peatlands as a source of data on past environmental changes 
(Dargie et al., 2017), example is research of Garcin et al. (2022) that 
used pollen, biomarkers, charcoal, Menges et al. (2025) using 
geochemistry and stable istotopes, Dargie et al. (2017), and Hawthorne 
et al. (2023) that analysed pollen, biomarkers, radiocarbon dating, and 
charcoal to explore peat initiation. Another example from Africa comes 
from the south of the continent, e.g. Miller et al. (2019) explored Mfa
beni peatland, KwaZulu-Natal, analysing δ13C/δD of n-alkanes showing 
vegetation (C₃/C₄ balance) in an attempt to reconstruct climate change 
over the last 32 cal ka BP. Another study from Vankervelsvlei peatland 
(Strobel et al., 2024) is a multi-proxy study using oxygen isotopes from 
hemicellulose-derived sugars and hydrogen isotopes from leaf wax- 
derived n-alkanes to reconstruct hydroclimatic variability through time.

Several peatland palaeoecological records from South-East Asia 
include multiple proxies; however, the existing gap is evident in this 
region, especially in the context of the high-resolution data. The ex
amples from the area come from Sumatra (Biagioni et al., 2015) with 
testate amoebae and palynological data to reconstruct ecosystem- 
climate interactions. The subsequent two studies, a review on the 
application of palaeoecological and geochemical proxies in the context 
of tropical peatland degradation and restoration by (Ramdzan et al., 
2022) and an original study from Borneo (Ramdzan et al., 2023) applied 
geochemistry, pollen, charcoal and testate amoebae, aiming to recon
struct peatland development with implications for ecosystem restora
tion. Furthermore, it should be noted that there are several multi-proxy 
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studies from New Zealand focused on climate change and climate 
(Fewster et al., 2025; McGlone and Wilmshurst, 1999; Wilmshurst et al., 
2003) utilising pollen, testate amoebae, humification and NPPs, aiming 
to reconstruct vegetation change, peatlands development, palae
ohydrology and climate change.

Despite advancements in Holocene peatland paleoecology in the 
Southern Hemisphere, significant gaps persist in both spatial and 
methodological coverage. Multi-proxy studies are disproportionately 
concentrated in select regions such as southern Patagonia, while vast 
areas, particularly in southern Africa, the tropical Andes, and maritime 
Southeast Asia, remain underrepresented or unexplored. Many existing 
studies heavily rely on pollen and charcoal, with fewer incorporating 
hydrological indicators such as testate amoebae, biomarkers, or 
geochemistry. Temporal resolution is often low, hindering the ability to 
identify rapid environmental events or anthropogenic disturbances. 
Furthermore, integrating palaeoecological data with archaeological or 
historical records remains rare, constraining our understanding of 
coupled human-environment interactions. Addressing these gaps ne
cessitates more geographically diverse fieldwork, broader proxy inte
gration, and interdisciplinary collaboration with local researchers to 
fully comprehend the complexity of Southern Hemisphere peatland 
histories.

8. The constraints of high-resolution multi-proxy peatland 
studies

Even though a high-resolution multi-proxy approach brings 
numerous advantages in palaeoecological peatland research, signifi
cantly broadening our understanding of past ecosystem dynamics, lim
itations still exist in performing such studies. This is evident through our 
literature search – the number of high-resolution multi-proxy studies 
increases, but there is no uniform standard for the method to be applied. 
Several reasons are responsible for this: High-resolution multi-proxy 
studies require a considerable investment in many areas –study mate
rials, resources, costs, time, and expert personnel involved. The large 
amount of study material (peat core or monolith) is crucial, as a large 
sub-sample from each peat layer is required for multi-proxy analyses, 
which are often destructive and require 1-5cm3 of peat material at a 
time. It may be challenging to obtain enough material, especially from 
deeper peat layers.

High costs are mainly associated with to the use of expensive re
sources (such as specialised machinery, e.g.: mXRF core scanners) and 
costly fundamental analyses such as 14C and 210Pb dating that provide 
the basis for reconstructions and interpretations (e.g., the lack of a 
radiocarbon facility in Southern America increases the costs of radio
carbon dating for researchers from this region). A higher number of 
samples extends the analysis time, delays the publication of results, and 
often increases costs for the personnel involved. The specialised 
personnel may also be hard to find, due to a shortage of specialists in a 
specific area (e.g., plant macrofossil analysts) or the need for extended 
analysis time (which is often scarce for researchers, especially those 
employed on short-term contracts). Each of these obstacles must be 
overcome to perform high-resolution multi-proxy palaeoecology; how
ever, the many benefits highlighted in this review indicate that addi
tional time and effort may be worthwhile. The geographical coverage of 
peat deposits, which have been investigated using a multi-proxy 
approach, is currently limited. This constraint is related to the limited 
access to regions and the lack of scientific teams in particular parts of the 
world (Fig. 1B).

9. Future perspectives

9.1. Synthesising multiple proxies with historical and archaeological 
studies

Peatland palaeoecological research holds significant potential for 

advancing socio-ecological breakthroughs, settlement patterns, eco
nomic development, and historical demography (Czerwiński et al., 
2021; Degroot et al., 2021; Izdebski et al., 2025). While much research 
in high-resolution palaeoecology has been conducted independently of 
historical studies, collecting information and linking it to previously 
established reference studies is still feasible. Simultaneously, it is crucial 
to establish new research sites to maximise the possibilities of interdis
ciplinary syntheses. These sources, such as inventories of goods typical 
of large landowners (e.g., the king or ecclesiastical institutions), were 
prevalent in the sixteenth century and recorded sources of income 
related to livestock farming, primarily the land area in the hands of 
peasants. The development of farms and the establishment of latifundial 
bureaucracy enabled the study of dominant crop types on manor farms, 
harvest yields, and animal numbers (Haldon et al., 2018). Tax sources, 
particularly those from the sixteenth century, provided valuable data on 
land size in hereditary use by peasants or proto-industrial devices that 
required forest resource exploitation ((e.g., forges, breweries)). In sub
sequent centuries, tax sources recorded smoke (houses), indirectly 
indicating population density (Czerwiński et al., 2019; Izdebski et al., 
2022; Słowiński et al., 2021).

Peatlands are diverse, influenced by the specificity of the accumu
lation environment, which may impact the continuity of event re
cordings in a specific site. Furthermore, various peatlands, theoretically 
similar, may either better or worse reflect, for instance, climate signals 
(e.g., the Jaczno peatland; (Marcisz et al., 2020b) or anthropogenic 
signals, e.g., the Głęboczek peatland; (Lamentowicz et al., 2019b). 
Consequently, a complementary data set enhances the probability of 
acquiring crucial information regarding the human impact on nature 
and the impact of climate on human populations. The more critical is
sues concerning the integration of palaeoecology and historical geog
raphy, environmental history, and economic history are related to the 
impact of settlement and agriculture on nature over the past thousands 
of years, as well as the impact of climate on economic activity, consid
ering demographic growth (Czerwiński et al., 2021; Kołaczek et al., 
2025; Niebieszczański et al., 2021). Human impact on the environment 
is also a fundamental area of research, but several questions arise 
regarding the intensity/scale of human activity in the past (Albert et al., 
2021; Sjögren and Lamentowicz, 2008). For example, it is essential to 
address questions such as how land-use changes in historical times have 
affected forest areas (Jaroszewicz et al., 2019; Latałowa et al., 2015), 
how the gradual opening of the landscape may, in turn, have affected 
peatland ecosystems (Ireland and Booth, 2012), and how past environ
mental changes have influenced current land-use patterns, social pat
terns, and natural ecosystems. Furthermore, big questions related to the 
delimitation of the Anthropocene (Fiałkiewicz-Kozieł et al., 2023) and 
catastrophic industrial pollution events (Fiałkiewicz-Kozieł et al., 2015) 
can be explored using multiple proxies from the peat.

The presence and economic activity of humans in the last millennium 
have left evident traces in peatlands (Gallego-Sala et al., 2018). We can 
utilise these natural archives to advance our understanding of economic 
development by integrating multiple proxies with historical geography. 
This approach often directly relates to environmental changes (Barber, 
1993). One definition of palaeoecology states that this discipline ex
plores past ecosystem changes (Birks and Birks, 1980). The multi-proxy 
approach (utilising biotic and abiotic proxies) in peatland research 
aligns with the simultaneously complex objective of handling multi
variate data. We must construct a new framework for multi-proxy re
constructions that reveal past change trends to obtain high-quality data 
related to archaeological, historical, and instrumental data. Applying 
multiple proxies may be a prerequisite for future palaeoecological 
research. It will undoubtedly enhance the inference quality and preci
sion of detecting short events, such as historical data like ecological 
crises, violent conflicts, wars or short-term climatic fluctuations 
(Czerwiński et al., 2021; Izdebski et al., 2025). Still, the prerequisite is 
the high-resolution approach (Figure 5). We can only achieve satisfying 
timescales by increasing the subsampling and dating resolution. This 
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approach allows for the reconstruction of short-term archaeological and 
historical processes, as well as the identification of abrupt events such as 
tornadoes, megafires, or permafrost collapse in the peat record (Büntgen 
and Esper, 2024; Łuców et al., 2021; Swindles et al., 2015a; van Geel 
et al., 2014). It is particularly valuable in contexts where the subsidence 
and hydrology of permafrost peatlands are challenging to interpret 
(Halaś et al., 2025).

Considering the uncertainties revealed through palaeoecological 
studies, it is imperative to exercise meticulous care in interpreting each 
proxy and its implications (Jackson, 2012). While single biotic or abiotic 
proxies may seem appealing for providing a universal explanation of 
past environmental changes, ranging from climate (e.g., air circulation) 
to well-established anthropogenic impacts, it is crucial to acknowledge 
alternative hypotheses, including local and autogenic changes. Through 
cautious and in-depth discussions, we can arrive at more reliable con
clusions that avoid the misrepresentation of the spectacular 
environment-peatland inferences - ‘geo-fantasies’. Comprehensive ex
aminations of challenging and complex multi-proxy data enable us to 
scrutinise the potential human or climate impacts. Two decades ago, 
palaeoclimate was the primary focus of palaeoecological investigations, 
primarily aimed at tracking and verifying past references for ongoing 
global warming (PAGES, 2019). Emerging research areas now connect 

peatland palaeoecology with history and archaeology (Izdebski et al., 
2022). Numerous newly developed research approaches, such as con
silience (Izdebski et al., 2016) or archaeoecology (Crabtree and Dunne, 
2022), underscore the necessity of studying past human impacts on the 
environment holistically. This entails integrating diverse research 
methods through collaborative efforts involving experts from various 
disciplines, including ecology, palaeoecology, archaeology, and history. 
Consequently, in recent times, palaeoecological data have garnered 
widespread interest from archaeologists, who have a longstanding 
tradition of collaboration with palaeoenvironmental scientists (Bryant 
and Holloway, 1983) and historians (Haldon et al., 2018; Izdebski et al., 
2024, 2022).

The work of (Izdebski et al., 2025) is an example of a multi-archive 
lake study based on pollen data and historical sources goes much beyond 
a standard palaeoenvironmental reconstruction, revealing complex 
social-ecological intensification relating to various cultural, economic, 
religious, and social networks supporting political expansion. This 
research shows the strength of interdisciplinary cooperation. However, 
there is still much potential in integrating other proxies to obtain the 
peatland ecosystem changes triggered by the economic and political 
processes (Bąk et al., 2024).

Fig. 5. Conceptual framework illustrating the progression from low-resolution, single-proxy approaches to high-resolution, multi-proxy studies. Low-resolution, 
single-proxy data typically allow only the reconstruction of broad, long-term trends, while high-resolution, multi-proxy datasets enable the detection of both gen
eral patterns and short-lived, abrupt events. The transition from single to multiple constraints, combined with finer temporal resolution, increases the analytical 
power of palaeoenvironmental reconstructions but also raises the complexity of inference. Improved dating resolution, together with multi-proxy integration, 
strengthens the reliability of timescales and enhances the capacity to disentangle climatic, ecological, and anthropogenic signals.

M. Lamentowicz et al.                                                                                                                                                                                                                         Earth-Science Reviews 271 (2025) 105278 

19 



9.2. Integrating modern techniques in multi-proxy peatland studies

Reconstructing past environments in space and time needs novel 
numerical techniques for exploring multidimensional data. Building 
global data to gain a better understanding of big data helps to exploit the 
complexity of studies focused on multiple proxies. Incorporating 
ecological and process-based models significantly enhances the inter
pretation of peatland palaeo-records; such studies are the next step in 
the better understanding of peatlands’ development under different 
levels of disturbance. An interesting case is the study of Frolking et al. 
(2010) that explored the simulation model with the peat core against the 
ant macrofossil composition in time in the context of climate change and 
nutrients and acidity. Further avenue is related to the application of the 
multi-proxy data in the Earth system models. Considering the meaning 
of the peat carbon for the climate change, this gap should be urgently 
considered in future modelling benchmark global carbon cycle models 
against Holocene peat-carbon dynamics (Loisel et al., 2021). This type of 
modelling can improve predictions of the climate impacts on peatland 
ecosystems and carbon fluxes. However, there are still challenges 
remaining as the models simplify reality, while including many proxies 
might be limited by the data availability and dating uncertainties. The 
growing databases like Neotoma (Booth, 2025; Williams et al., 2018) 
might help in the future to achieve better modelling results.

Traditional interpretation (visually comparing proxy curves or 
applying basic statistical correlations) can be subjective. It may overlook 
complex, multivariate patterns in the complex multivariate data (Barel 
et al., 2023; Jassey et al., 2022). Using advanced numerical methods, 
such as machine learning, may advance our understanding of the multi- 
proxy data. An interesting example is the study from Kyrgyzstan where 
an innovative approach was used that combines the novel dimension 
reduction technique Uniform Manifold Approximation and Projection 
(UMAP) and time series analysis to identify and characterise Holocene 
environmental phases and phase boundaries in a sediment core 
(Schroeter et al., 2020). As a result, subtle changes were identified in the 
record that could not be identified by traditional methods and particu
larly not by qualitative means. This kind of computational tools en
hances the sensitivity of the interpretation process. Another step is 
applying network analysis to study past ecological communities and 
their interactions, using palaeoecological data (Jeraj et al., 2006). There 
are several examples from palaeontology that addressed mass extinc
tions (Muscente et al., 2018) or de-extinction candidate species (Wood 
et al., 2017). Such an approach, which is common in modern ecological 
studies (Kurtz et al., 2015; Sole and Montoya, 2001), enables the indirect 
identification of relationships between ecological communities to 
explore ecosystem structure and its response to different disturbances 
like human impact and climate change. As a result, it might be possible 
to infer past food webs (Gilbert et al., 1998) and their long-term changes 
(Adl et al., 2011). There are perspectives for the future that the new 
generation multi-proxy studies will reveal a novel look at the past of 
peatland ecosystems, while the eDNA might provide a broader picture of 
the microbial communities, for example, in the context of carbon bal
ance (Wyatt et al., 2021).

There is a growing body of studies on peatlands using remote sensing 
techniques, including high-resolution LiDAR (Light Detection and 
Ranging), multispectral/hyperspectral imaging, and satellite observa
tions (Crichton et al., 2025; Harris et al., 2005; Lees et al., 2018). LIDAR 
and vegetation mapping techniques help with understanding modern 
vegetation as well as hydrology, providing essential information for the 
multi-proxy coring context. Furthermore, there is still unexplored po
tential related to global processes, such as the spread of fires and 
droughts, and integrating with multiple proxies sampled at high reso
lution. Although the challenge remains in the availability of such ma
terial. One of the examples is the work of Bąk et al. (2024) using remote 
sensing analysis in conjunction with hyperspectral, lidar and thermal 
airborne data, which provided information about the current condition 
of the peatland vegetation. With the application of spectral indices and 

the analysis of land surface temperature, spatial variations in peatland 
drying trends have been identified. The data were synthesised in the 
context of the pine monocultures introduced 200 years ago that affected 
peatland development in Northern Poland. By integrating such spatial 
datasets with palaeoecological data, researchers can upscale site-specific 
paleo findings to the landscape or region. An emergent need is for the 
continuous monitoring of peatland ecosystems considering vegetation 
succession and wetness changes (Giese et al., 2025). The palae
oecological and remote sensing data still await being well-integrated, 
especially in the context of global climate change impact on pristine 
peatlands or peatlands restoration planning and monitoring. Multi- 
proxy data (especially plant macrofossils, testate amoebae and NPPs) 
integrated with the remote sensing would effectively show peatland 
rewetting effects through the synthesis of various spatial and temporal 
perspectives (Lamentowicz et al., 2025). This would trigger collabora
tion between palaeoecologists and remote sensing specialists, and it 
moves peatland research toward a more holistic understanding, con
necting past dynamics to present landscape ecology and aiding conser
vation management with knowledge of long-term trajectories. 
Furthermore, using the techniques mentioned above, palaeoecological 
multi-proxy data in nature conservation and restoration provide 
compelling evidence that offers perspectives on past ecosystem dy
namics in allogenic and autogenic contexts (Finsinger et al., 2024). A 
further advancement lies in integrating multi-proxy long-term data with 
experimental approaches to manipulate environmental variables that 
are quantitatively reconstructed by proxies (Lamentowicz et al., 2016; 
Andrews et al., 2021). The next level of understanding is to reconstruct 
long-term food web changes using peat records with methods applied to 
the modern ecosystems (Gilbert et al., 1998; Jassey et al., 2013; Wyatt 
et al., 2021). Progress in understanding past ecosystem structures and 
their functioning in relation to climate and human interventions might 
be a solid objective in the following decades. This becomes realistic 
considering a growing understanding of the identification of proxies, 
taxonomy, and ecology of peatland-dwelling taxa. Furthermore, a 
stronger international interdisciplinary cooperation of scientists build
ing extensive databases makes this new perspective feasible. Moreover, 
combining AI with the palaeoecological studies might be extremely 
helpful in the decision-making process in nature conservation (Berger- 
Tal et al., 2024).

10. Conclusions

The multi-proxy approach offers a detailed and enriched view of 
palaeoenvironmental changes over time, aiding in the synthesis of 
various proxies like testate amoebae, pollen, plant macrofossils, char
coal, and stable isotopes to reconstruct past environments. Despite the 
complexity of synthesising multiple proxy records and potential chal
lenges posed by journal guidelines, such an approach validates peatland 
palaeoclimatic records by comparing local data with proxies from 
nearby locations. This helps us to avoid speculative climatic in
terpretations and emphasises the significant impacts of human activities 
on ecosystems, particularly peatlands. Peatlands serve as natural ar
chives, preserving evidence of past environmental and human activities 
that enable researchers to reconstruct historical ecosystems and human 
impacts. Integrating diverse research methods, including an interdisci
plinary approach across ecology, palaeoecology, archaeology, and his
tory, and linking high-resolution palaeoecological research with 
historical data provide insights into settlement patterns, economic 
development, and historical demography. Challenges in analysing large 
datasets are addressed by employing advanced statistical methods to 
derive meaningful interpretations, while careful proxy selection and 
interpretation simplify analyses without compromising the richness of 
data. For example, historical records provide valuable information on 
land ownership, resource exploitation, and population density, 
enhancing the understanding of the human impact on nature and the 
influence of climate on human populations. By reconstructing long-term 
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changes in food webs using peat records, one aims to understand past 
ecosystem structures and their functioning, thus paving the way for 
future ecological breakthroughs. The comprehensive integration of 
multi-proxy data enhances understanding of the interactions between 
climate, human populations, and the environment, offering substantial 
potential for constructing alternative hypotheses in the complex multi
dimensional palaeoecological space. While the focus has usually been on 
multi-proxy palaeoclimatic inferences in the last decades, the archaeo
logical and historical context has still been poorly studied. This 
approach’s potential lies on the frontiers of various disciplines like ge
ography, history, and archaeology, as well as in integrating peat records 
with other archives such as lake sediments, tree rings, speleothems, and 
marine sediments. We can only get closer to the truth by extending our 
comfort zone to approach the complex multivariate data.
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Rabassa, J., Candel, M.S., 2010. Multi-proxy record of Holocene paleoenvironmental 
change, Tierra del Fuego, Argentina. Palaeogeogr. Palaeoclimatol. Palaeoecol. 286, 
1–16. https://doi.org/10.1016/j.palaeo.2009.11.033.

Bramanti, B., Wu, Y., Yang, R., Cui, Y., Stenseth, N.C., 2021. Assessing the origins of the 
European Plagues following the Black Death: A synthesis of genomic, historical, and 
ecological information. Proc. Natl. Acad. Sci. USA 118, e2101940118. https://doi. 
org/10.1073/pnas.2101940118.

Brinkkemper, O., van Haaster, H., 2012. Eggs of intestinal parasites whipworm 
(Trichuris) and mawworm (Ascaris): Non-pollen palynomorphs in archaeological 
samples. Rev. Palaeobot. Palynol. 186, 16–21. https://doi.org/10.1016/j. 
revpalbo.2012.07.003.

Bronk Ramsey, C., 2001. Development of the Radiocarbon Program OxCal. Radiocarbon 
43, 355–363.

Brown, A.G., Van Hardenbroek, M., Fonville, T., Davies, K., Mackay, H., Murray, E., 
Head, K., Barratt, P., McCormick, F., Ficetola, G.F., Gielly, L., Henderson, A.C.G., 
Crone, A., Cavers, G., Langdon, P.G., Whitehouse, N.J., Pirrie, D., Alsos, I.G., 2021. 
Ancient DNA, lipid biomarkers and palaeoecological evidence reveals construction 
and life on early medieval lake settlements. Sci. Rep. 11, 11807. https://doi.org/ 
10.1038/s41598-021-91057-x.

Brown, K.A., Bunting, M.J., Carvalho, F., de Bello, F., Mander, L., Marcisz, K., Mottl, O., 
Reitalu, T., Svenning, J., 2023. Trait-based approaches as ecological time machines: 
Developing tools for reconstructing long-term variation in ecosystems. Funct. Ecol. 
37, 2552–2569. https://doi.org/10.1111/1365-2435.14415.

Brussel, T., Brewer, S.C., 2021. Functional Paleoecology and the Pollen-Plant Functional 
Trait Linkage. Front. Ecol. Evol. 8. https://doi.org/10.3389/fevo.2020.564609.

Bryant, V.M., Holloway, R.G., 1983. The role of palynology in archaeology. In: Advances 
in Archaeological Method and Theory. Elsevier, pp. 191–224. https://doi.org/ 
10.1016/b978-0-12-003106-1.50010-9.

Büntgen, U., Esper, J., 2024. The need for high-resolution paleoclimate research. 
Dialogues Climate Change 0. https://doi.org/10.1177/29768659241305959.

Bunting, M.J., Warner, B.G., 1998. Hydroseral development in southern Ontario: 
Patterns and controls. J. Biogeogr. 25, 3–18.
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Poniat, R., Łokas, E., Diaconu, A.-C., Schwarzer, J., Miecznik, M., Kołaczek, P., 2021. 
Environmental implications of past socioeconomic events in Greater Poland during 
the last 1200 years. Synthesis of paleoecological and historical data. Quat. Sci. Rev. 
259, 106902. https://doi.org/10.1016/j.quascirev.2021.106902.
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Gusarov, V.I., Edwards, M.E., Johnsen, A., Stenøien, H.K., Hassel, K., Kauserud, H., 
Yoccoz, N.G., Bråthen, K.A., Willerslev, E., Taberlet, P., Coissac, E., Brochmann, C., 
2012. New environmental metabarcodes for analysing soil DNA: potential for 
studying past and present ecosystems. Mol. Ecol. 21, 1821–1833. https://doi.org/ 
10.1111/j.1365-294X.2012.05537.x.

Evans, C.D., Peacock, M., Baird, A.J., Artz, R.R.E., Burden, A., Callaghan, N., 
Chapman, P.J., Cooper, H.M., Coyle, M., Craig, E., Cumming, A., Dixon, S., Gauci, V., 
Grayson, R.P., Helfter, C., Heppell, C.M., Holden, J., Jones, D.L., Kaduk, J., Levy, P., 
Matthews, R., McNamara, N.P., Misselbrook, T., Oakley, S., Page, S.E., Rayment, M., 
Ridley, L.M., Stanley, K.M., Williamson, J.L., Worrall, F., Morrison, R., 2021. 
Overriding water table control on managed peatland greenhouse gas emissions. 
Nature 593, 548–552. https://doi.org/10.1038/s41586-021-03523-1.

Everard, A., Schofield, J.E., Mighall, T., Timpany, S., Plunkett, G., 2024. The missing 
woodland story: Implications of 1700years of stand-scale change on ‘naturalness’ 
and managing remnant broadleaved woodlands. People Nature 0. https://doi.org/ 
10.1002/pan3.10752.

Faegri, K., Iversen, J., Kaland, P.E., Krzywinski, K., 2000. Textbook of Pollen Analysis. 
Blackburn Press.

Feurdean, A., Diaconu, A.-C., Pfeiffer, M., Gałka, M., Hutchinson, S.M., Butiseaca, G., 
Gorina, N., Tonkov, S., Niamir, A., Tantau, I., Kirpotin, S., 2021. Holocene wildfire 
regimes in forested peatlands in western Siberia: interaction between peatland 
moisture conditions and the composition of plant functional types. https://doi.org/ 
10.5194/cp-2021-125.

Feurdean, A., Vachula, R.S., Hanganu, D., Stobbe, A., Gumnior, M., 2023. Charcoal 
morphologies and morphometrics of a Eurasian grass-dominated system for robust 
interpretation of past fuel and fire type. Biogeosciences 20, 5069–5085. https://doi. 
org/10.5194/bg-20-5069-2023.

Fewster, R.E., Swindles, G.T., Carrivick, J.L., Gałka, M., Roland, T.P., McKeown, M., 
Sutherland, J.L., Tweed, F., Mullan, D., Graham, C., 2025. Climate warming and 
deglaciation drive new peat formation in the Southern Alps. Geophysical Research 
Letters, Aotearoa/New Zealand. https://doi.org/10.1029/2024GL113786. 

Fiałkiewicz-Kozieł, B., Smieja-Król, B., Piotrowska, N., Sikorski, J., Gałka, M., 2014. 
Carbon accumulation rates in two poor fens with different water regimes: Influence 
of anthropogenic impact and environmental change. The Holocene 24, 1539–1549. 
https://doi.org/10.1177/0959683614544062.

Fiałkiewicz-Kozieł, B., Smieja-Król, B., Ostrovnaya, T.M., Frontasyeva, M., Siemińska, A., 
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Karpińska-Kołaczek, M., Kołtonik, K., Mróz, T., Roberts, S., Rose, N., Krzykawski, T., 
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López-Sáez, J.A., Luelmo-Lautenschlaeger, R., Marcisz, K., Mazier, F., Mensing, S., 
Mercuri, A.M., Milecka, K., Miras, Y., Noryśkiewicz, A.M., Novenko, E., 
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Kołaczek, P., Karpińska-Kołaczek, M., Gałka, M., Miotk-Szpiganowicz, G., Obremska, M., 
Lamentowicz, M., 2020a. Do the relationships between testate amoebae and fungi 
reflect the variability of past water table fluctuations in the ombrotrophic peatlands 
of Central Europe. The Holocene 30, 1186–1195. https://doi.org/10.1177/ 
0959683620913927.

Kołaczek, P., Margielewski, W., Gałka, M., Karpińska-Kołaczek, M., Buczek, K., 
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Kozieł, B., Łokas, E., Lamentowicz, M., 2015. Long-term hydrological dynamics and 
fire history over the last 2000 years in CE Europe reconstructed from a high- 
resolution peat archive. Quat. Sci. Rev. 112, 138–152. https://doi.org/10.1016/j. 
quascirev.2015.01.019.

Marcisz, K., Colombaroli, D., Jassey, V.E., Tinner, W., Kołaczek, P., Gałka, M., Karpińska- 
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Goliáš, V., Pech, P., Nývlt, D., Hubený, P., Kuosmanen, N., Carter, V.A., Florescu, G., 
2024. The absence of disturbances promoted Late Holocene expansion of silver fir 
(Abies alba) in the Bohemian Forest. Palaeogeogr. Palaeoclimatol. Palaeoecol. 635, 
111950. https://doi.org/10.1016/j.palaeo.2023.111950.

Schellekens, J., Horák-Terra, I., Buurman, P., Silva, A.C., Vidal-Torrado, P., 2014. 
Holocene vegetation and fire dynamics in central-eastern Brazil: Molecular records 
from the Pau de Fruta peatland. Org. Geochem. 77, 32–42. https://doi.org/10.1016/ 
j.orggeochem.2014.08.011.

Schroeter, N., Toney, J.L., Lauterbach, S., Kalanke, J., Schwarz, A., Schouten, S., 
Gleixner, G., 2020. How to Deal With Multi-Proxy Data for Paleoenvironmental 
Reconstructions: Applications to a Holocene Lake Sediment Record From the Tian 
Shan, Central Asia. Front. Earth Sci. 8, 11. https://doi.org/10.3389/ 
feart.2020.00353.
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Amesbury, M., Babeshko, K.V., Bao, K., Bobrov, A., Chernyshov, V., Davies, M.A., 
Diaconu, A.C., Feurdean, A., Finkelstein, S.A., Garneau, M., Guo, Z., Jones, M.C., 
Kay, M., Klein, E.S., Lamentowicz, M., Magnan, G., Marcisz, K., Mazei, N., Mazei, Y., 
Payne, R., Pelletier, N., Piilo, S.R., Pratte, S., Roland, T., Saldaev, D., Shotyk, W., 
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