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Abstract: We assessed total mercury (THg) concentrations and greenhouse gas (GHG) emissions
in pristine and managed hemiboreal peatlands in Latvia, aiming to identify environmental factors
that potentially affect their variation. The THg concentrations in soil ranged from <1 µg kg−1 to
194.4 µg kg−1. No significant differences between THg concentrations in disturbed and undisturbed
peatlands were found, however, the upper soil layer in the disturbed sites had significantly higher
THg concentration. During May–August, the mean CO2 emissions (autotrophic and heterotrophic
respiration) from the soil ranged from 20.1 ± 5.0 to 104.6 ± 22.7 mg CO2-C m−2 h−1, N2O emissions
ranged from −0.97 to 13.4 ± 11.6 µg N2O-N m−2 h−1, but the highest spatial variation was found
for mean CH4 emissions—ranging from 30.8 ± 0.7 to 3448.9 ± 1087.8 µg CH4-C m−2 h−1. No
significant differences in CO2 and N2O emissions between disturbed and undisturbed peatlands
were observed, but CH4 emissions from undisturbed peatlands were significantly higher. Complex
impacts of environmental factors on the variation of THg concentrations and GHG emissions were
identified, important for peatland management to minimize the adverse effects of changes in the
biogeochemical cycle of the biophilic elements of soil organic matter and contaminants, such as Hg.

Keywords: mercury; GHG emissions; peatland; peatland management; hemiboreal zone

1. Introduction

Organic soils, formed where the intensity of decomposition is lower than the produc-
tion of organic matter, comprise approximately 2% of the ice-free land surface globally,
and their majority is wetlands. Relatively pristine organic soils still occur in peatlands
in northern European countries, mostly in Norway, Sweden and Finland [1]. Peatlands,
which cover 4.23 million km2 worldwide, are terrestrial ecosystems (a type of wetlands)
with or without vegetation that have naturally accumulated at least a 30-cm-thick layer of
peat, formed from carbon-rich dead and decaying plant material under permanent water
saturation and low oxygen (O2) conditions. In Europe, more than half of the soil organic
carbon (C) stocks are present in peatlands [2]. Historically, a substantial area of peatlands
has been drained for production purposes such as agriculture, forestry, grazing and peat
extraction [3–5]. In Latvia, drained organic soils comprise 628.6 kha in total, including
425.1 kha of forest land, 39.7 kha of wetlands (peat extraction fields), 76.0 kha of grassland,
78.6 kha of cropland and 9.3 kha of settlements [6].

Peatlands provide many important ecosystem services, including water supply regula-
tion and flood risk mitigation, global biodiversity preservation, climate change mitigation
and material for energy production and recreation [4]. Peatlands play an important role
in the control of atmospheric greenhouse gases (GHGs) such as carbon dioxide (CO2),
methane (CH4) and nitrous oxide (N2O) and thus affect global climate change [7–9]. The
dynamics of C balance and GHG flux in peatlands depend greatly on peatland hydrol-
ogy [3]. Peatlands usually act as long-term C and GHG sinks [3,9–11]. In the anaerobic
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zones of submerged soils, CH4 is produced by methanogens and substantial quantities of C
are emitted as CH4 in the terminal step of anaerobic organic matter mineralization [3,5,12].
Drainage immediately decreases the ground water (GW) level [13], which increases the
availability of O2 and stops anaerobic decomposition and the associated emission of CH4
by decreasing CH4 production and increasing the oxidation of CH4 into CO2 by methan-
otrophs [3,12,14–16]. At the same time, aeration results in the aerobic decomposition of
peat, releasing CO2 and N2O into the atmosphere [17]. Unmanaged peatlands generally
emit negligible N2O [3], but after drainage, N2O emissions increase, especially in fertile
sites such as nitrogen-rich minerotrophic peatlands [3,18,19] due to nitrification, a process
that produces nitrate and N2O as by-products in oxic conditions [16].

The soil becomes a source of net GHG emissions when C and nitrogen (N) loss through
organic matter decomposition is not balanced by input via biomass mortality. Soil respi-
ration, especially heterotrophic respiration, is a major cause of soil C loss [20–22], while
the main soil C input source is aboveground litter and fine root turnover [23]. Soil res-
piration and C input are mainly affected by the soil temperature, moisture regime and
fertility [14,18,24–26], indicated by the share of organic matter [27] and the C/N ratio [28].
Heterotrophic CO2 emissions correlate with soil bulk density [18] and chemical composition,
which determine the rate of organic matter decomposition [29]. Furthermore, a low C/N ra-
tio increases soil N2O emissions [30,31], while the soil moisture regime, which is affected by
GW level, influences the balance between CH4 emissions and removal via methanogenesis
and methanotrophy [32].

In Latvia, most of the knowledge about the effect of peatland management on GHG
emissions and C sequestration is recent and incomplete, especially concerning the most
appropriate peatland management measures to mitigate climate change. There is evidence
that draining peatlands does not necessarily reduce the soil C sink. Establishing a forest
site of Myrtillosa turf. mel. with moderate nutrient-rich drained organic soil did not
reduce the soil C stock of the former transitional mire, indicating that C stock can increase
after drainage due to an increased above- and below-ground litter production [33]. In
addition, direct GHG emission measurements with the chamber method revealed a neutral
impact of draining nutrient-poor forest organic soils on GHG emissions [34]. In forest sites
with nutrient-rich organic soil in Latvia, drained soil is not necessarily a source of CH4
emissions, while the estimated CH4 emissions from naturally wet soils are highly variable.
Soil becomes a source of CH4 emissions when the GW level decreases below 20 cm, while
the difference in N2O emissions from drained and naturally wet sites is not significant [35].

Another important environmental issue in the research focus on peatlands is the large
store of mercury (Hg) in them that could function as a Hg source for over a century [36]
even if deposition of Hg is significantly reduced [37]. Peatlands are often considered bio-
geochemical hot spots [38,39] of Hg transformation through biotic methylation processes,
and they are significant sources of methylmercury (MeHg) to hydrologically connected
aquatic ecosystems such as streams and lakes (e.g., [36,40–45]). However, a precondition of
higher MeHg concentrations is elevated total Hg (THg) pools in peatlands, mostly resulting
from increased atmospheric Hg deposition over the decades [46,47] and the high affinity
of soil organic matter (SOM) to Hg, as well as abundant reduced sulphur (S) sites on
organic matter molecules that provide strong binding sites for Hg [48]. One of the main
pathways of Hg deposition is the wet and dry deposition of oxidized atmospheric Hg
(Hg2+) by precipitation directly onto soils or indirectly from plant surfaces via through-
fall [49,50]. In terrestrial ecosystems, litterfall has been revealed as the main pathway
for the atmosphere–surface transfer of Hg [51,52]. After its deposition through litterfall,
biogeochemical reactions limited by different environmental factors determine the further
transformation and flow of Hg in ecosystems [52]. Concerns in Latvia have been raised
over Hg concentrations in freshwater biota exceeding the threshold of 0.02 mg kg−1 (wet
weight) set by the national environmental quality standard (Regulations Regarding the
Quality of Surface Waters and Groundwaters) [53].
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This study sought to compare GHG emissions and the THg concentration in the soil
of undisturbed (pristine) and disturbed (managed) peatlands to examine the effect of man-
agement and identify the environmental parameters including soil general chemistry and
vegetation composition affecting these aspects. In the context of this research, disturbed
peatlands are peatlands where anthropogenic influences, such as drainage for agriculture,
forestry or peat extraction, have lowered the originally high GW level and changed the veg-
etation composition. We hypothesize that peatland management is one of the major factors
influencing both studied environmental threats—GHG emissions and THg concentration
in soil.

2. Materials and Methods
2.1. Research Sites

This study was conducted in 2019 in Latvia (in a hemiboreal zone). In Latvia, the
mean annual precipitation in 2019 was 629.2 mm, which is 9% below the annual norm
(692.3 mm). The mean annual air temperature in 2019 was +8.2 ◦C, the minimum mean
monthly temperature was −4.0 ◦C (January 2019) and the maximum mean monthly tem-
perature was 18.6 ◦C (June 2019) [54].

In total, 22 research sites were selected in peatlands located mostly in central and
northern Latvia (Figures 1 and S1–S11). At the research sites, the peat layer thickness
was >50 cm.
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Figure 1. Location of the research sites in Latvia.

In the context of this study, anthropogenic interventions that altered the natural peat-
land ecosystem, e.g., establishing drainage systems and lowering the GW level, extracting
peat, using land for forestry and agricultural purposes and other management practices
were considered disturbances. Undisturbed research sites were located in pristine (natural)
peatland with no documented management history. In disturbed research sites, drainage
systems (ditches) were established, and at most sites, peat had been extracted (Table 1).
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Table 1. Characterization of the research sites in Latvia.

Management-Induced Disturbance Short Description of
Management-Induced Disturbance

Current Land Use/
Type of Vegetation Research Site Latitude,

Longitude Short Description of Research Site

Undisturbed peatland Natural (pristine) peatland—undrained,
peat have not been extracted previously

Transitional mire
Kalnezers Mire 56.68218◦ , 24.73467◦ Transitional mire

Kazu Mire 57.27769◦ , 24.82021◦ Transitional mire

Raised bog Lielsala Mire 57.34391◦ , 22.31912◦ Raised bog
K, emeri Mire 56.87991◦ , 23.53509◦ Raised bog

Disturbed peatland

Drained, peat has not been
extracted previously Forest

Nelaubitis 1 56.68866◦ , 25.81881◦ Middle-aged Norway spruce forest
Nelaubitis 2 56.68880◦ , 25.81911◦ Middle-aged Norway spruce forest

Drained, peat have been
extracted previously

Abandoned peat extraction site
(bare peat)

Cena Mire 56.82469◦ , 23.98031◦ Abandoned peat extraction site not
covered with vegetation (bare peat)

Medemas Mire 56.84537◦ , 24.10886◦ Abandoned peat extraction site not
covered with vegetation (bare peat)

Abandoned peat extraction site with
ground vegetation

Cena Mire 56.82370◦ , 23.97979◦ Abandoned peat extraction site with
ground vegetation

Cepl,a Mire 57.22008◦ , 26.47591◦ Abandoned peat extraction site with
ground vegetation

Active peat extraction site (bare peat)
Kaigu Mire 56.75713◦ , 23.59221◦ Active peat extraction site not

covered with vegetation (bare peat)

Ušuru Mire 57.03207◦ , 26.65576◦ Active peat extraction site not
covered with vegetation (bare peat)

Forest

Viršu Mire 56.84503◦ , 24.10710◦ Broadleaved (Silver birch) forest on
peatland (12 years old)

Cepl,a Mire 57.21663◦ , 26.47955◦ Coniferous (Norway spruce) forest
on peatland, >20 years old

Lielsala Mire 57.35506◦ , 22.32453◦ Broadleaved (Silver birch) forest on
peatland, >20 years old

Kaigu Mire 56.74530◦ , 23.60078◦ Coniferous (Norway spruce) forest
on peatland, >20 years old

Perennial grassland Kašk, u Mire 56.91085◦ , 23.58174◦ Perennial grassland on peatland
Lielsala Mire 57.35663◦ , 22.32327◦ Perennial grassland on peatland

Commercial berry plantation

Kaigu Mire 56.71175◦ , 23.60297◦ Commercial blueberry plantation
on peatland

Kalna Mire 57.45605◦ , 26.45604◦ Commercial cranberry plantation
on peatland

Kalna Mire 57.45563◦ , 26.45783◦ Commercial blueberry plantation
on peatland

Ušuru Mire 57.03258◦ , 26.65852◦ Commercial cranberry plantation
on peatland
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2.2. GHG Sampling and Measurements

During the measurement period (May–August 2019), soil GHG flux monitoring was
conducted with the closed opaque manual chamber method [55]. At each research site, five
chamber collars were evenly distributed with at least 3 m between individual collars. The
collars were installed in approximately 5 cm of soil at least one month before the collection
of the first GHG flux samples. Root damage was avoided as much as possible and ground
vegetation and the litter layer, if present, were left intact during collar installation and field
surveys, therefore, the monitored GHG flux represents the total soil emissions, including
the heterotrophic respiration and autotrophic respiration of above- and below-ground
vegetation enclosed in the soil collar and chamber during GHG sampling. Once per month,
4 soil flux samples were taken from chambers at each of the collar positions within 30 min
of each other (10 min between each sampling) after positioning chambers on the collars.
Due to potential diurnal patterns of soil GHG emissions [55] dynamic schedule of study site
visits were applied to randomise gas sample collection time of the day [56]. The samples
were collected in 100 mL vials at 0.3 mbar underpressure and transported to the laboratory
(University of Tartu) to be tested with gas chromatography [57].

During GHG sampling, several environmental factors were determined: the ground-
water (GW) level was measured manually inside a PVC pipe installed up to 140 cm deep in
the soil at each research site; soil moisture and temperature by measurement probe inserted
5 cm into the soil and the air (ambient) temperature was taken with Comet data logger
with temperature sensor.

2.3. Soil Sampling and Chemical Analysis

To avoid disturbing the soil inside the GHG chamber collars, it was sampled at two
fixed depths (0–10 cm and 50 cm) on the outside opposite sides of each of the five collars at
the research site. To better represent each research site, soil composite samples were made
to represent two depths at the research site level. The 0 cm reference was at the top of the
peat layer (the H horizon). Soil samples were taken using a 50-cm-long stainless-steel soil
sample probe, sterilized instruments and plastic containers. Soil sampling was conducted in
June–August 2019. Soil samples were transported to the LVS EN ISO 17025:2018 accredited
laboratory at the Latvian State Forest Research Institute Silava and were prepared for
analyses according to the LVS ISO 11464:2005 standard.

The THg content in the soil samples was determined with thermal decomposition,
amalgamation and atomic absorption spectrophotometry (Milestone DMA—80 AC-N)
according to the United States Environmental Protection Agency (US EPA 7473). The
soil sample analysis results of THg < 1 µg kg−1 (n = 5) were replaced by half of the
method limit of detection (0.5 µg kg−1). The following parameters of general chemistry
were determined: pH (KCl) according to the LVS EN ISO 10390:2022; organic C (OC, in
g kg−1), total N (TN, in g kg−1) and total sulphur (TS, in mg kg−1) content was determined
with the elementary analysis method per the LVS ISO 10694:2006, LVS ISO 13878:1998
and ISO 15178:2000, respectively; the HNO3-extractable phosphorus, potassium, calcium,
magnesium and iron (respectively, P, K, Ca, Mg and Fe, in g kg−1) content was determined
with the inductively coupled plasma-optical emission spectrometry (ICP-OES) method
and the electrical conductivity (conductivity, in µS cm−1) was determined per the LVS ISO
11265:1994.

In addition, the OC/TN (C/N) ratio and OC/TS (C/S) ratios were calculated as
proxies to characterize the decomposition of soil organic matter (SOM) [58,59]. To compare
the Hg concentrations in soils and Hg storage, the relationships between THg and the
major biophilic elements of the SOM (respectively, the THg/OC (Hg/C) ratio, the THg/TN
(Hg/N) ratio and the THg/TS (Hg/S) ratio) were also calculated to overcome the effects of
organic matter accumulation [51,52,58,60–64].
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2.4. Vegetation Survey

A vegetation survey was conducted at all 22 research sites in summer (Table 1). At each
study site, five circular sample plots were inventoried. The selected plots coincided with
the edges of the installed chamber collars for GHG assessment. All vascular plant species,
bryophytes and lichens were recorded, and the percentage coverages of each species were
determined in the established plots. In total, 110 circular plots were described.

2.5. Statistical Analysis

A Wilcoxon rank-sum test with continuity correction was used to evaluate possible
differences in THg concentrations, the values of the Hg/C, Hg/N and Hg/S ratios and
the mean GHG emissions from the soil according to the pooled research soil in groups
of management-induced disturbance and between soil depths (0–10 and 50 cm), with
p < 0.05 considered significant. Correlations between THg concentrations, GHG emissions,
the selected variables of soil general chemistry, environmental factors and vegetation cover
were tested with Spearman’s ρ, using a significance level of p < 0.05.

Soil chemical variables, environmental factors and vegetation cover variables (X) were
used to explain the variance of THg concentrations and GHG emissions from soil (Y) via
partial least squares (PLS) regressions. PLS regression is a useful multivariate method to
address chemical variables that are linearly related to each other as the method is robust
against intercorrelations among X variables. In PLS, X variables are ranked according to
their relevance to explaining Y, commonly expressed as variables important for projection
(VIP values). VIP values exceeding 1.0 are considered important X variables [65–67].

Statistical analyses (Wilcoxon rank sum test with continuity correction, Spearman’s
ρ and PLS) were performed with R [68]; the R package ‘mdatools’ was used for PLS.
Figures 2 and 3 were prepared with the R package ‘ggplot2’, Figure 4 was prepared
with the R packages ‘corrplot’ and ‘Hmisc’, Figures 5 and 6 were prepared with the R
package ‘ggplot2’.

A canonical correspondence analysis (CCA) was applied to assess the differences in
species composition related to environmental variables. The species abundance (per cent
coverage) data were used in the ordination as the main matrix and the environmental
variables—the research site (abandoned peat extraction site, commercial berry plantation
or active peat extraction site and coniferous forest, grassland, raised bog, broad-leaved
forest or transitional mire), THg, CH4, CO2, N2O, herbaceous cover, Sphagnum species
coverage and total vegetation cover—as the second matrix. The CCA was carried out in
PC-ORD 6 [69].

3. Results
3.1. Management-Induced Disturbance and Environmental Factors’ Impact on the Soil
THg Concentration

The spatial variation in soil THg concentrations at 0–10 cm deep across research
sites was relatively high and ranged from <1 µg kg−1 in undisturbed pristine peatland
(transitional mire) to 194.4 µg kg−1 in a research site disturbed by drainage that currently
supports coniferous forest. At 50 cm deep, soil THg concentrations varied within a narrower
range, from <1 µg kg−1 in both undisturbed and disturbed research sites to 75.8 µg kg−1

in undisturbed pristine peatland (raised bog). At the individual research site level, soil
THg concentrations at 50 cm deep were mostly lower than at 0–10 cm deep, except at
two disturbed research sites (an abandoned peat extraction site with ground vegetation
and a commercial berry plantation) and one research site located in undisturbed pristine
peatland (transitional mire). The difference between the soil THg concentrations at 0–10 cm
and 50 cm deep (the concentration in the upper soil layer minus the concentration in the
deeper soil layer), at each site, varied from −41.2 µg kg−1 in undisturbed pristine peatland
(transitional mire) to 166.3 µg kg−1 in a research site disturbed by drainage and currently
supporting a coniferous forest. When the mean THg concentrations in soil samples at
0–10 cm and 50 cm from all research sites were compared (Figure 2), statistically higher
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mean THg concentrations were found at 0–10 cm in disturbed research sites (67.6 ± 14.2
and 17.7 ± 3.7 µg kg−1, respectively, p = 0.004); the differences in mean THg concentrations
at 0–10 cm and 50 cm deep in undisturbed research sites were not statistically significant.
Neither at a depth of 0–10 cm nor at 50 cm were statistically significant differences in mean
THg concentrations between disturbed and undisturbed research sites found (p = 0.902 and
p = 0.313, respectively).
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Figure 2. THg concentrations and relationships between Hg and the biophilic elements of soil organic
matter (Hg/C, Hg/N and Hg/S ratios) in organic soil at 0–10 cm and 50 cm deep, grouped by
management-induced disturbance. In the box plots, the median is shown by the bold line, the mean
is shown by the dark red square, the box corresponds to the lower and upper quartiles, the whiskers
show the minimal and maximal values (within 150% of the interquartile range from the median)
and the black dots represent outliers of the datasets. Different uppercase letters show statistically
significant differences (p < 0.05) between depths within the same group of management-induced
disturbance; different lowercase letters show statistically significant differences (p < 0.05) between
disturbed and undisturbed research sites within the same depth.

At a depth of 0–10 cm, the mean value of the Hg/C ratio at all research sites was
0.16 ± 0.03 µg Hg g−1 C (up to 0.41 µg Hg g−1 C). At 50 cm, the Hg/C values occupied
a narrower range (up to 0.15 µg Hg g−1 C), and the mean value at all research sites was
0.05 ± 0.01 µg Hg g−1 C. The mean value of the Hg/N ratio at all research sites was
5.42 ± 0.91 µg Hg g−1 N (from 0.08–15.42 µg Hg g−1 N) at a depth of 0–10 cm and
1.86 ± 0.39 µg Hg g−1 N (0.05–5.36 µg Hg g−1 N) at 50 cm. The mean value of the Hg/S
ratio was 0.023 ± 0.004 µg Hg mg−1 S (up to 0.057 µg Hg mg−1 S) at 0–10 cm deep and
0.010 ± 0.002 µg Hg mg−1 S (up to 0.028 µg Hg mg−1 S) at 50 cm.
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At both analysed depths, the management-induced disturbance was not identified as a
factor that introduced significant variation in the Hg/C, Hg/N and Hg/S ratios. However,
as was found for THg concentrations, comparing the mean values of the Hg/C, Hg/N and
Hg/S ratios at 0–10 cm and 50 cm deep (Figure 2) revealed statistically higher mean ratio
values at 0–10 cm in disturbed research sites (p = 0.002, p < 0.001, and p = 0.002, respectively).
The differences in the mean values of the Hg/C, Hg/N and Hg/S ratios between 0–10 cm
and 50 cm deep in undisturbed research sites were not statistically significant.

The relationships of the Hg/C ratio to the C/N and C/S ratios in the soil at 0–10 cm
reflect a logarithmic increase of the Hg/C ratio with the decay of SOM (Figure 3). The
Hg/C and the C/N and C/S ratios displayed negative significant correlations at 0–10 cm
(Figure 3) and 50 cm deep.
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The general soil chemistry and GHG fluxes from the soil and vegetation cover of
the peatlands were screened for relationships with the soil THg concentration (Figure 4).
The soil THg concentration at 0–10 cm was positively correlated with TP (ρ = 0.66), TN
(ρ = 0.65), TS (ρ = 0.65) and Ca concentrations (ρ = 0.43), but negatively correlated with the
soil C/S ratio (ρ = −0.59), soil temperature during the measurement period (May–August)
(ρ = −0.55) and the soil C/N ratio (ρ = −0.49) (Figure 4). Additionally, a PLS model
revealed that the variation in the soil THg concentration at 0–10 cm between research sites
was explained by soil chemistry parameters such as the TP, TN and TS concentrations
and the soil C/S ratio (1.35 > VIP > 1.0), the soil temperature during the measurement
period (VIP = 0.98) and the soil C/N ratio and Ca and Fe concentrations at 0–10 cm deep
(VIP = 0.88, VIP = 0.77 and VIP = 0.65, respectively). The PLS model including these
parameters had a goodness of fit (R2) of 0.66 and a goodness of prediction (Q2) of 0.57,
indicating a moderate model. The variables that were negatively related to the THg
concentration were the soil temperature during the measurement period and the C/S and
C/N ratios.

The soil THg concentration at 50 cm deep was positively correlated with CH4 emissions
from the soil (ρ = 0.71) and the soil TS concentration at 50 cm (ρ = 0.59) but negatively
correlated with the soil C/S ratio (ρ = −0.67) and the soil C/N ratio (ρ = −0.54).
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Figure 4. Spearman’s correlations between the THg concentrations in soil at 0–10 cm deep, the mean
GHG emissions from the soil during the measurement period (May–August 2019), the soil’s general
physico-chemical parameters at 0–10 cm and different environmental factors and vegetation cover.
Positive correlations are displayed in blue and negative correlations in red. Colour intensity and the
size of the circle are proportional to the correlation coefficients. In the right side of the correlogram,
the legend colour shows the correlation coefficients and the corresponding colours. Correlations with
p > 0.05 are considered as insignificant (crosses are added).

3.2. Management-Induced Disturbance and Environmental Factors’ Impact on GHG Emissions
from the Soil

The mean CO2 emissions (sum of autotrophic and heterotrophic respiration) from
research site soil during the measurement period (May–August) ranged from 20.1 ± 5.0 mg
CO2-C m−2 h−1 (abandoned peat extraction site, bare peat) to 104.6 ± 22.7 mg CO2-C m−2 h−1

(research site disturbed by drainage and peat extraction, currently managed as grassland). The mean
N2O emissions from research site soil ranged from −0.97µg N2O-N m−2 h−1 (research site disturbed
by drainage, currently coniferous forest) to 13.4 ± 11.6µg N2O-N m−2 h−1 (research site disturbed by
drainage and peat extraction, currently managed as a commercial blueberry plantation). The highest
spatial variation across research sites was found for mean CH4 emissions—ranging from 30.8± 0.7µg
CH4-C m−2 h−1 (research site disturbed by drainage and peat extraction, currently coniferous forest)
to 3448.9 ± 1087.8µg CH4-C m−2 h−1 (undisturbed site, transitional mire).

Comparing the mean GHG emissions from the soil in undisturbed and disturbed
research sites (Figure 5) revealed a statistically significant difference only for CH4 emissions
(p < 0.001). The higher CH4 emissions of undisturbed research sites are related to soil
moisture conditions. This is confirmed by the negative correlation between average CH4
emissions and GW level (ρ = −0.49) and sequentially positive correlations between average
CH4 emissions and soil moisture (ρ = 0.52), Sphagnum species cover (ρ = 0.81) and total
vegetation cover (ρ = 0.65) (Figure 4). A PLS model revealed that the variation in average
CH4 emissions between the research sites was explained by the average soil moisture,
Sphagnum species cover and total vegetation cover (1.6 > VIP > 1.0). Although the PLS
model including these parameters, as well as those with a 1.0 > VIP > 0.5 PLS model
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(average GW level, average air temperature, herbaceous cover, soil conductivity at 0–10
cm deep and average CO2 emissions from the soil), had a goodness of fit (R2) of 0.61, the
goodness of prediction (Q2) was 0.27, indicating a weak model.
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Figure 5. GHG emissions from organic soils during the measurement period (May–August 2019)
in hemiboreal Latvia. In the boxplots, the median is shown by the bold line, the mean is shown by
the black dot, the box corresponds to the lower and upper quartiles, whiskers show the minimal
and maximal values (within 150% of the interquartile range from the median) and dots outside the
box and whiskers represent outliers of the datasets. Different lowercase letters show statistically
significant differences (p < 0.05) between disturbed and undisturbed research sites.

Soil CO2 emissions were negatively correlated with soil OC content (ρ = −0.47), but
soil N2O emissions were positively correlated with soil electrical conductivity (ρ = 0.46)
(Figure 4).

3.3. Vegetation Survey

In total, 103 species were recorded at the studied sites. The vascular flora was more
diverse than the bryophytes and lichens. Altogether, 71 vascular plant species, 30 bryophyte
species and two lichen species were recorded. Almost half of all determined bryophytes
belonged to the Sphagnum genus (14 species). The undisturbed study sites were mostly
covered by Sphagnum species, while the Sphagnum genus presented very low coverage at
disturbed sites (Figure 6).

CCA ordination showed the relationships between species, research sites and environ-
mental variables. The eigenvalues for axes 1 and 2 were 0.926 and 0.906, respectively. The
variable THg was correlated with axis 1 (the Pearson and Kendall correlations were 0.763).
In turn, the variables CH4, Sphagnum species cover and Hg/C ratio were associated with
axis 2 (the Pearson and Kendall correlations were −0.524, −0.618 and 0.645, respectively)
(Figure 7).
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Two distinct species groups (clusters) were recognized in the CCA ordination. One of
the species clusters was more related to study plots in forest sites (coniferous forest and
broad-leafed forest), indicating higher mean values of THg per studied stand. The other
species group was related to undisturbed sites—transitional mires and raised bogs. The
results showed that undisturbed mires tended to have more CH4 emissions, closer-to-soil-
surface GW levels and greater Sphagnum species cover (Figure 7).
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4. Discussion
4.1. Disturbance and Environmental Factors’ Impact on Soil THg Concentrations

The THg concentrations in hemiboreal organic soils in peatlands ranged from
<1 µg kg−1 to 194.4 µg kg−1 corresponding to concentrations found in uncontaminated
soils [70–72]. Among peatland types, research sites disturbed by drainage and currently
covered by coniferous forest had the highest average THg concentration in organic soil
(103.0 ± 45.3 µg kg−1, average from 0–10 cm and 50 cm deep).

In disturbed research sites, the mean soil THg concentration at 0–10 cm was statistically
higher than at 50 cm, but in undisturbed research sites, no depth-related trends were observed,
as in Giulio et al.’s study of North Carolina peatland [73]. Management-induced disturbance
was found not to be a factor that introduced significant variation in THg concentration or
Hg/C, Hg/N and Hg/S ratios. However, Hg cycling across peatland ecosystems (including
Hg(II) methylation and demethylation processes) and exchange across the peat to surface
water or atmosphere, including the uptake of Hg by vegetation and re-emission of gaseous
elemental Hg, is complex [36,74–79]. From an international perspective, the average THg
concentrations observed at the research sites (81.7 ± 17.8 µg kg−1 at 0–10 cm deep and
28.6 ± 6.9 µg kg−1 at 50 cm deep) in Latvia align with the concentrations reported for many
other peatlands, although the overall variation in THg concentrations across and within
peatlands is relatively large [46,58,80].

The strong relationship between Hg and SOM controls the transport and transfor-
mations of Hg in terrestrial ecosystems [46,81]. In natural systems, Hg binding to SOM
occurs via thiol or other reduced S groups (mostly, Hg2+ predominates by bonding to two
thiol groups or one thiol and either an N- or an O-containing group) [46,48,81]. Positive
correlations between the soil THg and TS and TN concentrations at 0–10 cm depth were
observed. This highlights the S and N functional groups as the key ligands for Hg retention
in organic soils. Furthermore, S can enhance the net formation of MeHg by influencing both
the activity of some types of Hg-methylating bacteria (as SO4

2−) and the availability of Hg
to methylating microorganisms (as S2−), including those that do not use S-reduction in their
metabolism [43,82–88]. In peatlands, where climate effects increase GW level fluctuation,
previously reduced S can be re-oxidized or the opposite, resulting in further S legacy effects
with potential consequences for MeHg production [39,84].

During SOM decomposition, C is lost from SOM more rapidly than N and S; thus,
the C/N and C/S ratios reflect the process of SOM decomposition [58,63]. An increasing
soil Hg/C ratio with decreasing SOM decomposition proxies (C/N and C/S ratios) was
observed both at 0–10 cm and 50 cm deep (Hg/C and the C/N and C/S ratios correlated
negatively and significantly). Similar trends were observed in forest soils in a recent study
by Navrátil et al. [58] and Méndez-López et al. [52], where the Hg/C ratio trends were
explained by the greater availability of Hg binding sites as organic matter decomposed.
Soil N and S are usually positively correlated with organic matter [63] as they are in our
study. Thus, the Hg/N and Hg/S ratios show similar trends to the Hg/C ratio.

There was a negative correlation between the soil temperature and THg concentration,
a similar trend as the one found in a EU-level study along north-south gradient [72]. This
is explained by enhanced Hg volatilization rate to the atmosphere with the temperature
increase [89], a process that may have negative environmental consequences as global
warming continues. MacSween et al. [90] predict that atmospheric warming by 1–2 ◦C may
increase global Hg emissions by up to 43%.

Hg deposition could be affected by many factors, including differences in vegetation
type and species composition. For instance, different vegetation types could affect the
interception and retention of Hg differently [91,92]. Our results showed that the THg
concentration varied between studied sites with different plant species compositions.
The CCA ordination showed the tendency towards higher THg concentrations in forest-
covered peatlands (broad-leafed and coniferous forests), while more open areas with higher
Sphagnum species cover (undisturbed sites) had lower THg concentrations. In addition, the
CCA ordination also indicated differences between forest types. A higher Hg concentration
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at 0–10 cm was more common in coniferous forests, but the Hg/C ratio was higher in
broad-leafed forests. In addition, our results indirectly point towards the idea that the
forest canopy could effectively collect Hg from the atmosphere through the tree leaves and,
by litterfall and throughfall, mercury could be sequestered within the soil [79,92–95] and
that coniferous trees have a higher capacity for Hg accumulation than deciduous trees [96].

In summary, this research shows the importance of vegetation as an influential factor
for the deposition of Hg in the soil and of further study to better understand different Hg
content in various ecosystems, especially as forested areas are one of the key sinks of Hg
deposition in terrestrial ecosystems [94].

Vegetation tissue is not only important for supplying Hg but also to stimulate microbial
activity, including methylation [75,97]. Non-vascular plants such as Sphagnum mosses
(dominant in nutrient-poor bogs), tend to support acetogenesis and acetate accumulation.
Vascular plants (dominant in richer fens), especially sedges, which can produce easily-
degraded and high-quality C substrates via root exudation, support the accumulation of
acetate, a low molecular weight organic substance used by bacteria as a C source to produce
MeHg, for example, to a lesser degree [98].

4.2. Disturbance and Environmental Factors’ Impact on Soil GHG Emissions

We compared GHG emissions (the sum of autotrophic and heterotrophic respiration,
CH4 and N2O fluxes) from organic soil in undisturbed (pristine) and disturbed (managed)
peatlands to examine the effect of management-induced disturbance and different environ-
mental factors during the warmest season when, theoretically, the highest GHG emissions
were expected as soil temperature is one of the main factors controlling GHG emissions [99].
Several studies have demonstrated that human-impacted peatlands (especially peatland-
to-agriculture-converted sites) show significantly higher GHG emissions (mainly through
N2O and CO2) than their natural counterparts [3,99,100], but our results revealed no signif-
icant differences in CO2 and N2O emissions between disturbed and undisturbed peatlands.
Although slightly higher average CO2 emissions were observed in undisturbed peatlands,
a higher total variation in CO2 emissions was observed in disturbed peatlands and, among
peatland types, perennial grasslands showed the highest average CO2-C (95.1 ± 9.5 mg
CO2-C m−2 h−1) flux. High variation in CO2 emissions monitored over a 2-yr period
was observed among disturbed peatlands in Latvia also by previous study, furthermore,
pristine peatlands tended to have even higher CO2 emissions than some types of disturbed
peatlands [34]. Similarly, a study in Scotland [101] revealed that CO2 effluxes in lowland
raised peat bog increased in the following order: undrained afforested < drained and
afforested < pristine area of bog. Thus, our current results on CO2 emissions are in line
with previous findings in Latvia and elsewhere demonstrating that management effects are
not always consistent in this regard.

Several studies have concluded that soil temperature, OC content in the soil, soil C/N
ratio, soil bulk density and water table depth are the main environmental and soil chemistry
factors explaining the amount and quality of respiring tissue and decomposing material,
thus controlling CO2 emissions within and between peatlands with different management
history [18,99]. Our results show that variation in CO2 emissions negatively correlates with
OC content in organic soil. Thus, in peatlands where intensive peat mineralization occurs
and OC content in soil is lower, higher CO2 emissions are observed. No significant impact
of GW level on CO2 emissions was observed, likely because the GW level at research sites
fluctuated widely both in disturbed and undisturbed research sites (from 13 to >130 cm
from the soil surface with average 60 ± 3 cm and from 4 to 32 cm from the soil surface
with average 16 ± 2 cm, respectively), during the study period. Thus, not only in disturbed
but also in pristine peatlands GW level decreased below 10-cm layer where a major part
of the new organic matter (including fine root litter) with the highest potential rate of
decomposition is located, and, with reduction of water saturation and increase in aeration,
the decomposition rate of this new organic matter increased [18]. In the region, in pristine
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peatlands, natural lowering of GW level below 20 cm from soil surface is usual especially
in summer months and at the beginning of the autumn (e.g., [34]).

No significant impact of soil C/N ratio and only a weak impact of soil temperature
measured at 0–5 cm deep on CO2 emissions was observed during the study period. Weak
correlation between soil temperature and CO2 emissions may be explained by the limited
temperature range in our study (covering only warm season), in combination with high
variety of management practices with potentially different impact on emissions covered
in research site group of disturbed peatlands. This results in highly variable vegetation
composition and vegetation cover and subsequently in high variety of quality and quantity
of vegetation litter which have significant impact on GHG emissions from soil [102].

Similar to CO2 emissions, N2O emissions do not show significant differences between
disturbed and undisturbed peatlands, although slightly higher average N2O emissions
were observed in disturbed peatlands and, among peatland types, commercial berry
plantations showed the highest average N2O emissions (5.1 ± 3.0 µg N2O-N m−2 h−1).
Several studies have concluded that N content, C/N ratio and soil temperature are the
main factors controlling N2O emissions [30,99]. No clear trends emerged. This could
be explained by data obtained from peatlands with different current management and
land-use history, potentially including fertilization and ploughing. The combination of
these management methods may challenge the development of models to estimate N2O
emissions [18]. Our results show that variation in N2O emissions positively correlates with
soil conductivity, which is a good indicator of soluble salt concentrations in soil affecting
the activity of soil microorganisms, which in turn influence such key soil processes as GHG
emissions [103].

In contrast with CO2 and N2O emissions, CH4 emissions from undisturbed peatlands
were significantly higher than those from disturbed sites. Pristine transitional mire was the
largest emitter of CH4-C (2.1 ± 1.3 mg C m−2 h−1) during the study period. The higher
CH4 emissions at undisturbed research sites are related to soil moisture conditions. Despite
large fluctuations both at disturbed and undisturbed research sites, the mean GW level
at undisturbed sites was still considerably higher. A lower water table directly reduces
the production and increases the oxidation of CH4 in the soil [18]. Our results indicate
that GW level has a more significant impact on CH4 emissions than on CO2 emissions.
Furthermore, a positive correlation between average CH4 emissions and Sphagnum species
cover was observed, although, in general, non-vascular plants such as Sphagnum mosses
tend to inhibit terminal processes such as methanogenesis, while vascular plants, especially
sedges, support increased methanogenesis by importing substrate to methanogenic mi-
crobes in anoxic soil layers and exporting CH4 to the atmosphere past the methanotrophic
microbes [98,104]. Conversely, bryophytes have been proven to predict CH4 flux better than
vascular plants, except for sedges. This is related to bryophytes’ ability to better indicate
the GW level long-term, thus reflecting zones of CH4 production year-round [105].

Apart from contributing to the rather scarce data on GHG emissions from soils and
THg concentrations in hemiboreal peatlands, our study also provides insight into differ-
ences between disturbed and undisturbed sites. In general, our results show that peatland
management causes considerable changes in ecosystem processes, resulting in a high varia-
tion in environmental factors potentially affecting (directly and indirectly) GHG emissions
from soil and THg concentration in peatland soils. Targeted ecosystem management to
restore and enhance natural ecosystem functions is crucial to sustainable delivery of peat-
land ecosystem services. At the same time, the restoration efforts may simultaneously
have contrasting effects on the cycling of biophilic elements of SOM (including C and N
cycling) and contaminants, and the effects may differ in different biogeoclimatic regions.
Not only current management decisions made on a local or regional scale, but also any
broader policy aimed at promoting the restoration of a particular set of ecosystem functions
should carefully consider all implications of the proposed measures. Complex, highly
instrumented studies of ecosystem processes on a wider set of research sites where various
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parameters are assessed simultaneously and over a longer period of time will provide the
much-needed basis for practical recommendations in peatland management.

5. Conclusions

Results revealed complex impacts of management-induced disturbance and envi-
ronmental factors on the variation in THg concentrations and GHG emissions. The
management-induced disturbance impact was mostly indirect, driving changes in environ-
mental factors and vegetation cover. The most apparent impact of peatland disturbance
was observed on CH4 emissions, which were significantly higher in pristine peatlands.

Our results highlight the need for complex studies in managed peatlands, including
a wider set of research sites and vegetation surveys, to clearly identify factors that may
enhance Hg accumulation and increase GHG emissions as these sites harbour a high diver-
sity of environmental variables and vegetation. As both Hg cycling and GHG emissions
are largely microorganism-driven processes, microbial analysis should be included in
further studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11091414/s1, Figures S1–S11: Visualizations of research sites.
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