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Abstract: Fires in forested raised bogs occur both as a result of natural processes and as a result of
human activity. Although there is a generally accepted opinion that their impact on ecosystems is
significant, there is still a lack of scientifically reliable research on how individual components of
damaged ecosystems change and recover under the influence of fires. The purpose of our study
was to assess whether and how these fires affect the chemical composition of the peat layers. This
study is based on a geochemical analysis of surface peat layers in areas after a controlled fire and in
adjacent areas which were untouched by the fire in a raised bog of Cepkeliai. This study showed
a low concentration of potentially toxic elements in the peat layers. In this respect, it is clear that
there is no risk of environmental contamination in this natural raised bog. Furthermore, the research
revealed other important insights on the combination of potentially toxic elements that can be used
as a tracer for the identification of fire events that occurred in the past. Multiple analyses on various
combinations of potentially toxic elements revealed the optimal combination (Cu-Zr-Pb-Se-Fe) for
distinguishing between the burnt and non-burnt areas. Based on the results of our research, it can be
stated that the low-temperature, controlled burning of the peat layers of raised bog forests can be
successfully carried out to achieve the environmental and ecological goals of forest management.
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1. Introduction

Natural fires (in areas with flammable substances and favourable combustion con-
ditions) have always been caused by natural or human activities, and their impact on
ecosystems has always been significant [1-4]. On the one hand, forest fires are major
ecological and economic disasters, leading to losses in forest production, biodiversity and
ecological services. However, in recent decades, ecologists and environmentalists have
recognized that controlled burning is seen as an environmental measure to preserve eco-
logically valuable habitats [5-8]. In regions prone to wildfires due to weather conditions
and dense vegetation, regularly controlled burnings are used as a standard fire risk reduc-
tion strategy [9-11]. Furthermore, bog fires are more common due to climate change and
droughts, which can cause various consequences or, in other ways, serve as a prerequisite
for evolution and affect the functioning of some ecosystems as well as the maintenance of
biodiversity [12].

In addition to the impact of fires on the biodiversity and habitat stability of burnt areas,
fires also cause chemical and physical changes in the surface peat and deeper peat layers of
these areas [13,14]. Changes in the physical and chemical properties of the peat are recorded
in fire-affected areas and include changes in the structure, porosity, organic matter, pH and
concentrations of chemical elements in the peat layers or topsoil [15-19]. Researchers have
found that both controlled and natural fires can lead to the release and redistribution of
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potentially toxic elements (PTEs) accumulated in vegetation and soil organic matter in the
environment or the formation of hazardous compounds [20-23].

PTEs, such as As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn, are naturally occurring mi-
croelements in soils, sediments and peat [24]. However, under unfavourable environmental
conditions, the stability and forms of these elements cause them to change from stable
compounds to mobile ones, contributing to pollution in the soil and wetland environments,
which is a major concern for and a direct threat to ecosystems and human health [25-30].

Once in the peat of wetlands and forest ecosystems, the PTEs accumulate in the organic
peat layers [31,32], mix with airborne particles and sediments (deeper layers) and form
compounds with organic matter, which can be available to and absorbed by plants, making
them immobile in vegetation [33-35]. Studies have shown that Hg, Cr, Cu and Pb are
strongly bound to organic matter in the forest floor, while Cd, Co, Mn, Ni and Zn are
weakly bound [33,36].

Although it is generally accepted that the peat temperature in a forest area does not
significantly change during a given fire event because it is a relatively rapid process, the
same cannot be said for the loss of peat moisture and the physico-chemical properties of
the soil [37]. The wild or controlled burning of vegetation and peat organic matter causes
changes in their properties that can release elements from the system, allowing them to
become unstable and remobilize. This is mainly due to the ash and smoke [20,38].

An important scientific question that remains to be answered in detail is whether
natural or managed wildland fires can produce ecologically hazardous, anomalous com-
pounds in the peat and its horizons [39,40]. Metals are known to become more mobile
after a fire due to increased peat surface exposure and the mobility associated with ash
scattering. This mobility can increase the bioavailability of metals, which can lead to water
quality problems and contribute to human and environmental health problems. Although
the influence of fire on many properties of peat is well known from laboratory tests or
its industrial properties, the behaviour of metals in wetlands, with respect to fire, has not
been well studied [41]. However, some studies suggest that the main traces of metals are
Cd, Cr, Co, Cu, Hg, Mn, Ni, Pb, Zn and As, which are mobilized after a fire due to their
increased concentrations in the peat and water resources and may pose a risk to human
health and environmental ecosystems [42—44]. Climate change can increase the intensity,
frequency and total area of fires, leading to increased concentrations of these metals and
their potential effects on the ecosystem.

For our research, we chose one of the most natural raised bogs with a very low
anthropogenic impact in Lithuania—the Cepkeliai Nature Reserve, Dztikija National Park.
Due to its distance from cities and industrial centres, this study area is classified as a
valuable and protected area of PAN in Europe [45].

Despite the relatively low human impact on the environmental management of this
area, fires occur from time to time that disrupt the succession of ecosystems, but, at the
same time, help to maintain the most valuable local ecosystems [46]. A managed forest fire
has a positive environmental impact on the protection of biodiversity and habitats, but the
question of whether the same fire has a negative impact on the peat layers of the former
bog and the deeper geological strata remains unanswered.

Based on the abundant scientific literature, most studies to date have focused on the
effects of fire on the chemical and physical properties of upland soils, but relatively little is
known about what happens in boreal / temperate Sphagnum bogs [47]. Published scientific
studies mainly emphasize the changes in the physical properties of organic matter and peat
layers [18,48-50], but there is a lack of studies devoted to the changes in the behaviour of
the PTEs in the bog peatlands after a fire event.

The results of the research carried out in this study provide information on whether
fires have an effect on the concentrations of PTEs, how they are redistributed and the
additional scientific significance of their combinations.
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2. Materials and Methods

Study area. The most well-known and largest fires in Cepkeliai in the 20th century
(according to historical sources) broke out during the First World War in 1915—this is
confirmed by dendrochronological studies based on the analysis of the annual growth
of wetland pines. The areas covered by the fires in the whole Cepkeliai wetland then
amounted to several thousand hectares (the entire area of the Cepkeliai wetland was
registered in the Lithuanian peat bog cadastre—5858 ha). The Cepkeliai bog is the most
natural and untouched bog in Lithuania and Europe and can be considered the most natural
wetland ecosystem. This ecosystem is represented in various scientific studies.

Currently, the hundred-year-old pines with fire scars in the stems of the forests and
wetland of the Cepkeliai State Nature Reserve are like chroniclers of fires. Since the
establishment of the Cepkeliai Reserve (1975), the forests in the reserve have not been felled,
and wetland pines growing in the forest, now aged 170-180 years, can be found throughout
the wetland. There are individual trees in the swamp that are over 200 years old.

During the period of operation of the reserve, the largest fire, which spread at the
same time in both the dry forests and wetlands, occurred in 1992, and the fire area reached
48.5 ha. In the western part of the study area, which is currently not overgrown with bog
pine, fires occurred in 1965, 1968, 1975 and 1992 (peat sampling sites No. 37, 38, 39, 40,
41, 42, 43, 44 and 45). At the quarter line, the fire on the eastern edge of the fire site was
stopped (by launching a counterfire), so the open fire did not spread to the east. For this
reason, we state that peat sampling sites No. 46, 47, 48, 49, 50 and 51 (Figure 1) were not
reached by the fire in 1992.
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Figure 1. Study area in Cepkeliai peatland.

Since these events, new plant habitats have been restored in the wetland. However,
there are still a number of tree stems that died during the fire, as well as pines that survived
the fire and continue to grow, with traces of the fire left in the stems. Pine forests germinate
and grow in abundance throughout the fire pit, but they are constantly eaten by moose.
For the animals, this new small pine forest is a very good place to feed, and due to the
abundance and intensive feeding of elk, a new generation of trees has not yet grown here.

Coring and sampling. A total of 15 sampling points were selected and distributed
evenly in the raised bog areas where fires occurred and did not occur. For this purpose,
the “ArcMap 10.8.1” software was used for the precise selection of sampling points. The
thickness of the peat core samples in the Cepkeliai bog was 50 cm. Following the logging
recommendations for environmental investigations [51], we decided to take samples with
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an optimal resolution of 10 cm to determine the stratigraphy and chemical composition of
the sections and detect traces of possible fire events. A total of 75 samples were analysed.

The X-ray fluorescence spectrometry. The samples were dried at 105 °C to a constant
mass and mashed using porcelain mortars. Then, the particles <125 pm in size were
separated, and the obtained mass was placed in a special capsule, which was used in the
XRF analyser. The concentrations of the PTEs were analysed using an X-ray fluorescence
spectrometer Niton XL2 Analyzer (2009). The overall accuracy for the analysis of the
chemical elements varies from 10% (Cr, Cu, Zn, Zr, Sr, Rb, Mn and Fe) to 20% (As, Pb, Cd
and Hg). As XRF is not a destructive method (e.g., acids are not used to treat samples),
the capsules contain unchanged samples and can be used in several devices so that high-
accuracy measurements can be performed. The concentrations of Hg analysed using the
Niton XL2 Analyzer and SPECTRO XEPOS were below the level of detection, so our further
analysis of the PTEs included only elements that were reliably detected using both devices.

Statistical methods. Data on the concentrations of the PTEs were analysed using
the XLSTAT statistical package. Discriminant Analysis (DA), Agglomerative Hierarchical
Clustering (AHC), and Principal Component Analysis (PCA) were used as the clustering
(or classification) methods to determine dissimilarities between the objects to be grouped
together. DA was used to check if the observed groups were distinct in a two-dimensional
chart. DA may be used in numerous applications, including those in ecology and environ-
mental sciences [52,53]. PCA was used as one of the most frequently used multivariate
data analysis methods. Given a table of quantitative data (continuous or discrete) in which
n observations were described by p variables (measurements, concentrations of PTEs), if p
was quite high, it was impossible to grasp the structure of the data and the nearness of the
observations by merely using univariate statistical analysis methods or even a correlation
matrix [54,55]. AHC was used to highlight the dissimilarities between the concentrations of
PTEs in the burnt and non-burnt areas to be grouped together. The generated dendrogram
showed the progressive grouping of the data. It gave an idea of the suitable number of
classes into which the data could be grouped [55,56]. As a statistical method, a Spearman
correlation model was used, as it is a non-parametric method which does not assume any
specific distribution of the data. In addition, a Spearman correlation is less affected by
outliers and is suitable for ordinal, ranked or non-normally distributed data. It can be used
with ordinal data (data with ordered categories) as well as continuous data, making it a
versatile tool in various fields, including the social sciences, environmental sciences and
economics. Furthermore, it can be used with small sample sizes and is less affected by
sample size compared to some other statistical tests [53,57].

3. Results

After the fires, a whole new generation of wetland pines grew at the Cepkeliai fire
sites. According to the scars on the surviving individual older pines, we found that fires in
the Cepkeliai swamp were much more frequent in the 20th century than in the 19th century.
Major fires took place in the Cepkeliai swamp in 1915, 1940, 1944, 1945, 1963, 1965, 1968,
1975 and 1992. Some of these dates are reminiscent of important historical events in the
twentieth century: the coincidence of the two World Wars and the fires is a reminder that
there were active hostilities in these areas.

The subsequent fire boom in 1963-1975 is indicative of a dry period (climatic data were
already widely recorded in meteorological stations at the time), and during this period,
there was a significant increase in human movement and economic activity in the forests
and swamps. The cause of the fires was often the careless handling of fire or arson. The
most recent fire event was in 1992.

A total of 17 chemical elements were identified in the top (50 cm) layer of the peat in the
Cepkeliai raised bog. Descriptive statistics of the most important PTEs for the separation of
burnt and non-burnt areas are provided in Figure 2. None of the concentrations of PTEs
were high compared with the maximum allowable concentrations based on the hygienic
norms for the soils in Lithuania [58]. These amounts are typical for relatively natural
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ecosystems, such as raised bogs. Slightly higher than average concentrations of all of the
PTEs were observed in the non-burnt area compared to the burnt area, but these differences
are not significant from the perspective of the actual determined values (r = 0.67). These con-
centrations do not exceed any maximum allowed values (Cu—75 mg/kg, Pb—80 mg/kg)
determined for soils or sediments [58]. High concentrations of Fe and Ti are naturally
found in different environments (peat, soil, sediments, etc.). The results did not show
any potential threat of enriched concentrations of PTEs. On the contrary, they create the
conditions for the after-fire growth of vegetation as the surface peat layer is enriched with
macro- and micro-elements.
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Figure 2. Descriptive statistics of concentrations of PTEs in the peat of Cepkeliai bog.

Nevertheless, the results regarding the variability of concentrations of Fe, Ti, Cu, Pb
and Zr in the burnt and non-burnt areas and the forest quarter line (Figure 2) showed the
highest maximum variance in the forest quarter line and non-burnt area. In addition to
the higher variability, the higher mean concentrations of Cu, Se and Zr suggest the other
possible process that takes place during the fire event. Depending on the direction of the
wind and its velocity, these elements can be redistributed. The forested area acts as a wall
or a trap for the ash. Thus, higher concentrations can be found in the non-burnt area. Also,
a natural process such as long-distance transmission (air transfer) is an important source of
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PTEs in a natural ecosystem such as the Cepkeliai bog [59,60]. No point source pollution
has been identified in the area.

Studies show that the main traces of metals are Cd, Cr, Co, Cu, Hg, Mn, Ni, Pb, Zn
and As, which are mobilized after the fire, with increasing concentrations in the soil and
water resources [42,44]. Nevertheless, these studies focused on the fire events in various
ecosystems, such as meadows, pastures, forests, urban territories, etc. Our study focused
only on the peatland (raised bog). Thus, the association matrix of PTEs differs, and these
potentially anthropogenic metals, like Cr, Cd, Co, Hg or Ni, are not relevant in natural
territories like the Cepkeliai peatland. It is even harder to distinguish the whole sample
of metals or their complexes, which would be relevant and could indicate fire events.
Thus, in our study, we focused on the speciation of separate PTEs and their individual
inter-associations.

The multiple PCA statistics approach revealed the most important PTEs for distin-
guishing between the burnt (F) and non-burnt (NF) areas in the Cepkeliai raised bog,
excluding the forest quarter line (Figure 3a—d).
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Figure 3. (a) PCA results of As, Cu, Zn, Zr, Sr, Rb, Pb, Se, Hg, Fe, Cr, V, Ti, Ca, K and S. (b) PCA
results of As, Cu, Zn, Zr, Pb, Se, Fe, Cr, Ti, Ca and K. (¢) PCA results of As, Cu, Zn, Zr, Pb, Se, Fe and
Cr. (d) PCA results of Cu, Zr, Pb, Se and Fe.

The significant interrelations were determined for Cu-Zr-Pb-Se-Fe (Table 1). The
correlation coefficients vary from 0.65 to 0.78 (p < 0.05). The highest coefficients were
determined to be associated with Se, which is a biophilic element and is widely found
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in plants. Thus, during the fire, it becomes concentrated in the ashes and later becomes
available to plants [61].

Table 1. Correlation matrix (Spearman) of concentrations of PTEs in the peat of Cepkeliai bog.

Variables Cu Zr Pb Se Fe
Cu 1 0.6671 —0.3408 0.7827 0.3698
Zr 1 —0.0909 0.7443 0.4126
Pb 1 —0.1940 —0.1189
Se 1 0.6526
Fe 1

Values in bold are different from 0 with a significance level alpha = 0.05.

Other metals like Cu, Zn and Fe are also common as microelements in most natural
environments, as well as in plants. Nevertheless, the accumulation of these metals is in
small amounts. During the fire events, such metals become concentrated, but the difference
is not significant [62]. A biophilic chemical element, such as Se, showed minor differences
between the burnt and non-burnt areas. Zr, a minerogenic element, is always considered
an airborne element, and with a fire event, due to ash redistribution, heavier elements, like
Pb and Fe, are concentrated in trap areas, such as the (FQA) forest quarter line or the (NF)
forested area (Figure 2). Also, the DA analysis showed a minor difference in the chemical
composition of the peat layers between the burnt and non-burnt areas, as the computed
p-value (<0.0001) is lower than the significance level, alpha = 0.05, so the within-class
covariance matrices are different. Only Cu, one of the most important microelements, and
Zn (uneven distribution) are primarily concentrated in the non-burnt area of the Cepkeliai
raised bog.

After the multiple analyses on the various combinations of the PTEs, the optimal
combination (Cu-Zr-Pb-Se-Fe) of the PTEs was determined to distinguish between the
burnt and non-burnt areas. It is clear that F1 and F2 were from 54.9% (Figure 3a) to
78.0% (Figure 3d). This was confirmed by the AHC analysis (Figure 4), which showed
a dissimilarity between the F and NF zones. The exclusion of the PTEs was performed
based on the statistical significance of the whole correlation matrix (Spearman). Our study
revealed that the fire events are not the source of the significant enrichment of PTEs in a
natural environment such as the Cepkeliai raised bog. Additionally, our research revealed
the main elements and their associations, which can be used to determine past fire events
in raised bogs.
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Figure 4. AHC results of Cu, Zr, Pb, Se and Fe for burnt (F) and non-burnt (NF) areas.
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4. Discussion

Various speculative claims are often made on the publicly available information indi-
cating that fires of forests and natural meadows adversely affect the chemical composition of
the soil or peat by increasing the concentrations of hazardous chemical elements, including
PTEs, and pose a significant risk to the environment (soil and groundwater).

In our study, an analysis of the concentrations of Cd, Cr, Co, Cu, Hg, Mn, Ni, Pb, Zn
and As was carried out in an area of the raised bog where forest fires took place and in
an adjacent control area where such fire events did not take place. No severe anomalies
were observed in the burnt and non-burnt areas. Other studies in different ecosystems
(meadows, forests, etc.) also showed that in such a natural environment, the vegetation
accumulates only minor amounts of microelements, including PTEs [63,64]. Differences in
the concentrations of PTEs were observed only for some PTEs (Cu, Zr, Pb, Se, Fe), which
were identified using multiple PCAs and AHC and DA analyses. These differences are
statistically significant even though the concentrations are not high and can be used as a
tracer for the identification of past fire events [21].

Our study showed that the main traces of metals are Cu, Pb, Fe, Ti and Se, which are
mobilized after the fire, with increasing concentrations in the soil and water resources [42,44].
However, whereas other studies focus on fire events in various ecosystems, such as mead-
ows, pastures, forests, urban territories, etc., our study focused only on peatland. Thus, the
association matrix of the PTEs differs, and potentially anthropogenic metals, like Cr, Cd,
Co, Hg or Ni, are not relevant in natural territories.

Regular fires in wetland biomass help to maintain the dynamic state of local ecosystems
by preventing a transition to a climatic state, which would affect the inevitable change in
biodiversity from currently open habitats to the loss or extinction of valuable plant and
animal species [65]. Many plant species found in medium-latitude coniferous forests have
evolutionary adaptations that allow them to survive fires or reproduce after fires, as long
as the concentrations of chemical elements in the soil are typical. As such ecosystems are
characterized by unique chemical compositions, forest communities can cope with fires if
the frequency, magnitude and intensity of the fires match the conditions these forests have
been subjected to throughout their evolutionary history [5,66]. Finally, regular fire events
reduce the risk of dangerous, large-scale and high-temperature forest fires, as lower levels
of accumulated dry biomass prevent large-scale forest fires [67].

The maintenance of wetland ecosystems and the removal of excessive biomass can be
done using mechanical measures, such as the thinning and regular removal of potentially
combustible biomass. However, it can lead to the destruction of peat top-layer and cause
damage to tree stems and roots [68,69]. Based on the results of our research and the ideas
expressed in this discussion, it can be argued that controlled, low-temperature subsurface
fires in wetlands can be successful in achieving the environmental and ecological goals
of forest management. Fire bogs are reported in other studies of northeastern Europe.
Unfortunately, most of these studies are based on climate change and changes to the
hydrological regime [5].

Nevertheless, our research results revealed the possibility of using the assemblages of
PTEs as tracers to detect recent and past fire events in raised bog ecosystems. In addition,
higher concentrations of some PTEs in non-burnt areas showed that the transportation of
ash to adjacent areas is an important factor for the redistribution of concentrations of PTEs.
Also, further analysis of the core samples from the peat layers of undisturbed ecosystems,
such as the Cepkeliai raised bog, should be carried out in order to determine the natural
processes of fires in relation to anthropogenic activity and natural climate change.

5. Conclusions

This detailed analysis of the concentrations of PTEs in an exclusive environment,
specifically the Cepkeliai raised bog, revealed several specific insights into the manner
of fire events. The concentrations of PTEs in the peat layers that were determined in our
study were below any maximum allowable concentrations. Our results showed that an
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influence of fire events on the potential environmental risk, pollution or concentration of
hazardous substances is impossible in a natural environment where the anthropogenic load
is very low. On the contrary, recurring fire events in raised bogs slow down the processes
of the succession of the wetland ecosystem and provide specific habitats for protected
species. Furthermore, multiple statistical analyses showed significant interrelations for
Cu-Zr-Pb-Se-Fe. This specific association of PTEs is a valuable finding for detecting and
determining not only current fire events but also past fire events. Further investigations
should be carried out in these raised bogs, including the creation of deep cores to not only
reconstruct the paleoenvironmental conditions, but also to identify charcoal remains and
analyse its chemical composition.

The exclusion of PTEs was performed based on the statistical significance of the
whole correlation matrix. Our study revealed that fire events are not the source of the
significant enrichment of natural environments such as the Cepkeliai raised bog with PTEs.
Additionally, our research revealed the main elements and their associations, which can be
used to determine past fire events in raised bogs.
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