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Abstract: Forest management activities in boreal and hemiboreal environments have been found
to increase the concentration of carbon, nutrients, and methylmercury (MeHg) in runoff water,
thus contributing to environmental quality issues. We evaluated carbon, nutrient, and MeHg
concentrations in water at eight small, forested catchments on organic soils in Latvia, subject to
ditch cleaning and beaver dam removal. These management-induced disturbances were classified
into a major, minor, or no disturbance classes. The concentrations of dissolved organic carbon
and total nitrogen were elevated in disturbed catchments (both major and minor) compared to the
catchments with no disturbance. The concentrations of MeHg in the water displayed a clear seasonal
variation with higher concentrations in spring and summer, but there were no significant differences
in MeHg concentrations between catchments with major, minor, and no disturbances. However,
the higher concentrations of SO4

2− in the disturbed catchments compared to those undisturbed
may promote MeHg formation if the conditions become more reduced further downstream. While
most former studies of forest management effects on water quality have focused on forest harvest,
our research contributes to the currently rather scarce pool of data on the impact of less-studied
management operations, such as ditch cleaning and beaver dam removal, on carbon, nutrient, and
MeHg concentrations in runoff water.
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1. Introduction

The transformation towards a more circular, bio-based economy relying on renewable
resources will increase the demand for bioenergy and likely cause alterations in land-use
practices, including the intensification of forestry [1]. The forest area in Nordic and Baltic
countries accounts for more than one third of the whole EU28 forest area, and Sweden,
Finland, Estonia, and Latvia especially have major forest-based economic activities [2]. The
importance of the forest sector, combined with the EU Green Deal and related environmen-
tal goals, one of them being water resource protection, calls for even stronger emphasis
on environmental quality issues, including the identification and filling of the remaining
knowledge gaps.

The main concerns connected to the impact of land management practices including
forestry on water quality are related to the increase in concentrations and runoff of carbon
(e.g., [3,4]), nutrients (e.g., [5–10]), and mercury (Hg) (e.g., [11–15]). Dissolved organic
carbon (DOC) plays a key role in the biogeochemistry and ecology of surface waters, and
its transport from terrestrial to aquatic ecosystems is primarily related to runoff and DOC
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mobilization from the upper layers of riparian soils [4,16]. Organic carbon (OC) concen-
trations and water colour have been reported to increase in surface waters in the boreal
and nemoral zones of Europe and North America. This so-called “brownification” of water
bodies can affect aquatic food web structures [17,18], have implications for drinking water
treatment [19,20], and mobilize pollutants and metals attached to organic molecules [21,22].
Land use activities, such as forest harvest and peatland drainage, have been found to
increase the concentrations and loads of DOC in surface waters (e.g., [4,23–25]). There
is, therefore, a risk that land-use activities will further enhance brownification and its
ecological and chemical consequences.

Nitrogen (N) and phosphorus (P) are the most important limiting nutrients in both
terrestrial and aquatic environments, but their natural cycles are considerably altered by
anthropogenic impacts, e.g., fertilizer application, fossil fuel emissions and land man-
agement (e.g., [7,26]). In contrast to the 1970s, when eutrophication was mainly caused
by point-source pollution, currently the main drivers of this process are diffuse N and
P losses (e.g., [27]). Forest management is known to contribute to nutrient loads in re-
ceiving waterbodies [23,28,29] due to decreased water and nutrient uptake and increased
runoff [23,30,31], accelerated nitrification and mineralization of organic matter [32,33], and
release of nutrients from logging residues [34]. The environmental quality problems in the
region, specifically human-induced eutrophication, are highlighted by the poor ecological
status of the Baltic Sea [35].

Hg is a global priority pollutant with significant implications for environmental
quality, including human and wildlife health [36–38]. The concerns in the Baltic Sea
region are highlighted by Hg concentrations exceeding the threshold level in fish muscle
tissue in almost all monitored open Baltic Sea sub-basins, indicating not good status [39],
and also in freshwater [40]. In Latvia, Hg concentrations exceeded the threshold level
set by the national surface water environmental quality standard of 0.07 µg L−1 [41]
in 32 of 132 freshwater monitoring stations [42]. From a water quality perspective, most
concerns regard the more bioavailable organic form of Hg, methylmercury (MeHg), a highly
potent neurotoxin [36,43] formed in suboxic or anoxic conditions by sulphate-reducing
bacteria [44,45], iron-reducing bacteria [46], methanogenic archaea [47,48], and syntrophic
and acetogenic bacteria [49], among others. Forest land is viewed as one of the main
suppliers of MeHg and total Hg (THg) to the surrounding freshwater environment [21],
and the legacy Hg from historical emissions can be mobilized from the forest soils [50]. The
disturbance of forest soils from forest management activities can promote Hg methylation
and mobilization [14]. An assessment of the effects of forest management on Hg in high-
latitude landscapes revealed that 10%–25% of Hg in freshwater fish could be attributed to
forest harvesting. Less transpiration when trees are removed causes the area to become
wetter with a higher risk for Hg methylation in reduced environments. More superficial
flow paths can also mobilize Hg from the upper soil horizons [12,13]. However, forest
harvesting studies reveal a great variation in the effect on MeHg and THg in runoff water
between sites [51,52].

Data on several other forest management activities, including those related to soil dis-
turbance, e.g., ditch network maintenance (DNM), are scarce and often contradictory [53,54].
DNM includes the cleaning of existing ditches and digging of supplementary ditches to
maintain forest growth. In Latvia, DNM in forest is a routine practice. It is typically
carried out with an excavator within the boundaries of existing drainage systems, and
repeated each 15–20 years, or even less frequently. While most studies of ditch network
maintenance effects report decreased DOC concentrations [54], the trends in dissolved and
particulate nutrient exports after DNM may vary considerably. While Joensuu et al. [55]
and Nieminen et al. [29] reported minor impacts on total dissolved N, increased dissolved
inorganic N, especially ammonia, has been observed as well [55,56]. The results for P are
contradictory. In different studies, slight decreases [57], increases [29], or no significant
changes [58] have been observed. Effects of ditch cleaning on total Hg (THg) and MeHg
have, to the best of our knowledge, only been studied once before, and that study from
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Sweden revealed short-term increases in THg and MeHg concentrations immediately after
the operations [59]. Those effects were most probably related to erosion that occurred
during ditch cleaning operations [59]. More knowledge is therefore needed on whether
ditch cleaning can cause more long-lasting changes in THg and MeHg concentrations.

Because of incomplete coverage and deviating results of studies performed so far,
the magnitude of possible forest operation effects on Hg and MeHg contamination in
freshwater and their variability among different types of forest landscapes remain un-
clear [12,13]. Most forestry effect studies have focused on forest harvesting, and there is a
need for additional knowledge on how water quality, including the concentration of MeHg,
is influenced by various kinds of forest management activities that aim to increase water
drainage, such as ditch cleaning and beaver dam removal. Moreover, data on Hg and
MeHg in water in the Baltic States are scarce, and a better understanding of the processes
underlying catchment MeHg production is needed. To address some of these concerns,
this study sought to characterize the spatial and temporal (seasonal) distribution of water
chemistry, including MeHg in runoff water from small forest catchments with different
forest management activities in organic soils in Latvia. We hypothesized that watercourses
with major disturbance from drainage system maintenance and beaver dam removal will
have increased concentrations of nutrients, DOC, and MeHg, although these activities
generally lower the groundwater level.

2. Materials and Methods
2.1. Sampling Sites

The study was conducted in the eastern part of Latvia (Figure 1), in experimental
forests of the Kalsnava Forest district. In the area, for the period 2018−2019, the mean
annual precipitation was 636 mm (monthly average rainfall pattern for longer period was
calculated from 2007 to 2019, Figure S1). The mean annual air temperature was 6.6 ◦C, the
minimum mean monthly temperature was −8.7 ◦C (February 2018), and the maximum
mean monthly temperature was 19.2 ◦C (July 2018). Part of the area was drained for
forestry purposes in the 1960s, with additional drainage carried out in the 1980s. There
is a dense drainage ditch network in the area. The bedrock is sand of varying roughness,
covered with peat. The botanic composition of peat is rather uniform, with 75%–80% sedge
peat and 20%–25% woody peat [60]. At 1.5–2.0 m soil depth Phragmites peat was found.
In 2008, mean density of peat in all layers was 0.15 kg L−1 [60]. The peat layer is thicker
than 20 cm over 46.0% of the area of the studied catchments (total area 1601.5 ha). Despite
the peat layer, due to the confined aquifer discharge, water in the area has higher pH
values than might be expected. During the study, no soil flooding due to storm events was
recorded. However, beavers are active in the area and beaver ponds have been found in
the catchments of sites 3 and 8. The dominant tree species are Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies L. Karst.), and birch (Betula sp.) (40.0%, 32.5% and 16.1%
of the area of the studied catchments, respectively). The main forest management system
is uniform regeneration felling. The share of clear-felled compartments currently varies
from 0% to 6.2% of the catchment area. Part of the study area (including sampling site
3) is located in a protected area, a floodplain mire of the river Veseta. Characteristics of
the drainage system catchments corresponding to each sampling site are summarized in
Table A1 in the Appendix A.

In total, eight sampling points were selected in the watercourses, representing various
management alternatives and severities of disturbance (Table 1). In the context of this
study, disturbance was considered an intervention that caused alterations in the streambed
of studied ditches or watercourses, e.g., drainage system maintenance and beaver dam
removal. Sites with no disturbance had no documented management history for at least last
15 years. Sites with major disturbances had undergone either ditch cleaning or complete
beaver dam removal within the last 3–5 years. Ditch cleaning was carried out once in 2016
using an excavator, by completely removing the layer of vegetation within the ditches and
restoring their initial depth. The beaver dam at site 5 was completely removed manually in
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August 2017. In sites with minor disturbances, partial ditch cleaning or partial beaver dam
removal had been carried out to ensure the water flow, but most of the sediment remained
intact during the operation. All management actives in major and minor disturbed sites
aimed to increase the drainage capacity.
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Table 1. Characterization of the sampling sites, including the sampling site coordinates, the type of disturbance, the character
of the ditch/stream (e.g., natural versus drainage ditch) and carbon, nitrogen, sulphur and phosphorus concentrations in
sediments.

Sampling Site

Sampling Point
Coordinates

(Latitude;
Longitude)

Management-
Induced

Disturbance

Type of
Disturbance

Organic Carbon
Concentration

(g kg−1)

Total Nitrogen
Concentration

(g kg−1)

Total Sulphur
Concentration

(g kg−1)

Total
Phosphorus

Concentration
(g kg−1)

Site 1 56.689◦ N;
25.815◦ E None Natural stream,

no disturbance >400 >15 >5 >0.5

Site 2 56.693◦ N;
25.810◦ E None Natural stream,

no disturbance >400 >15 >5 >0.5

Site 3 56.699◦ N;
25.816◦ E None Natural stream,

no disturbance >400 >15 >5 >0.5

Site 4 56.664◦ N;
25.863◦ E Minor

Drainage ditches
>10 years since
ditch cleaning

<100 <10 <2 <0.5

Site 5 56.693◦ N;
25.862◦ E Major

Drainage ditch
with beaver dam
removal in 2017

<100 <10 <2 <0.5

Site 6 56.696◦ N;
25.861◦ E Major

Drainage ditch,
ditch cleaning in

2016
<100 <10 <2 <0.5

Site 7 56.682◦ N;
25.838◦ E Minor

Drainage ditch,
>10 years since
ditch cleaning

<100 <10 <2 <0.5

Site 8 56.731◦ N;
25.839◦ E Minor

Natural stream
with careful
beaver dam

removal in recent
years (2016)

<100 <10 <2 <0.5

2.2. Water Sampling and Chemical Analyses

Water samples for analysis of general chemistry were taken once a month during the
period from November 2018 to December 2019. Water for MeHg analysis was sampled
four times in four different seasons: on 21 November 2018 (autumn, AU), on 14 February
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2019 (winter, WI), on 21 May 2019 (spring, SP), and on 1 August 2019 (summer, SU). Water
samples for general chemistry analyses were collected in polyethylene bottles, samples
for MeHg analyses were collected in acid-washed Teflon fluorinated ethylene propylene
bottles. Each bottle was rinsed with deionized water and stream water before sample
collection. Grab-samples were taken from the ditches by carefully sinking the bottle below
the water level. Single-use plastic gloves were worn during sampling. Water samples
were placed in a cold box on ice to be transported to the laboratory. Before sampling,
the water temperature, optical dissolved oxygen (ODO) content, and oxidation-reduction
potential (ORP) were measured in the ditches using a YSI ProDSS multiparameter water
quality meter.

All water chemistry analyses, except for MeHg, were performed in the Forest Envi-
ronment Laboratory at the Latvian State Forest Research Institute “Silava”. The pH was
determined according to Latvian Standard (LVS) ISO 10523:2012. Electrical conductivity
(EC) was determined according to LVS EN 27888:1993. The concentration of total nitrogen
(TN), nitrate nitrogen (NO3

−-N), and dissolved organic carbon (DOC) in water samples
were determined using a FORMACSHT TOC/TN Analyser (ND25 nitrogen detector) ac-
cording to LVS EN 12260:2004 and LVS EN 1484:2000, and ammonium nitrogen (NH4

+-N)
was determined using the spectrometric method according to LVS ISO 7150-1:1984. To-
tal phosphorus (TP) and phosphate-phosphorus (PO4

3−-P) were determined using an
ammonium molybdate spectrometric method according to LVS EN ISO 6878:2005. The
contents of sulphate-sulphur (SO4

2−-S) and chloride ions (Cl−) were determined using
the liquid chromatography method according to LVS EN ISO 10304-1:2009. The content
of total suspended solids (TSS) was determined according to LVS EN 872:2007. Prior to
the chemical analyses (excluding determination of pH and TSS), the water samples were
filtered using borosilicate glass fibre filters without a binder. Water samples were stored
and handled according to ISO 5667-3:2012.

The MeHg content in water samples was determined at the Institute of Food Safety, An-
imal Health and Environment “BIOR”, Latvia. The MeHg concentration in unfiltered water
was measured using gas chromatography (GC, Thermo Scientific Trace 1300, Waltham, MA,
USA) by the inductively coupled plasma-mass-spectrometry (ICP-MS) method (Thermo
Scientific iCAP RQ, Waltham, MA, USA) according to BIOR-T-012-199-2019/1. The stan-
dard reference material used was methylmercury(II) chloride (PESTANAL®, analytical
standard, Sigma 33368, Darmstadt, Germany), and the typical recovery for spiked samples
was 85%–110%. The limit of detection (LOD) was 0.1 ng L−1. Water samples below the
LOD were replaced by half of the LOD (0.05 ng L−1).

In addition to the water concentration of MeHg, the MeHg/DOC ratio (in ng MeHg/mg
DOC) was evaluated. As DOC is well known to be the dominant ligand for aqueous MeHg,
the DOC-normalized measure of MeHg could be considered a proxy for elevated net MeHg
formation and a more robust measure than MeHg concentrations alone [15].

2.3. Statistical Analysis

To account for the correlation between repeated measurements, linear mixed models
were used to evaluate the impact of the treatments (groups of management-induced
disturbance) on water chemistry. By including ‘sampling site’ as a random categorical factor,
it accounted for the dependence of the data within a catchment. Sampling occasions were
used as the repeated structure (AR(1)) with catchment as the subject. Correlations between
selected water chemistry variables were tested with Spearman’s ρ using a significance level
of p < 0.05.

Multivariate methods were used to find major correlates for the MeHg concentrations.
Principal component analysis (PCA) was conducted for water chemical variables to iden-
tify groups of variables contributing the most to the variance between different level of
management-induced disturbances.

Chemical variables (water and sediments) and catchment information variables (X)
were used to explain the variance of annual mean MeHg concentration (Y) in partial least
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squares (PLS) regressions. PLS regression is a useful multivariate method for dealing with
chemical variables which are linearly related to each other, as this method is robust against
intercorrelations among X-variables. In PLS, X variables are ranked according to their
relevance in explaining Y, commonly expressed as variables important for projection (VIP
values). X variables with VIP values exceeding 0.5 were used in PLS regression, and VIP
values exceeding 1.0 are considered as important X variables [61–63].

All statistical analyses were carried out using R [64]. Figures 2 and 5 were prepared
using R package ‘ggplot2’, Figure 3 was prepared using package ‘factoextra’, but Figure 4
was prepared using package ‘corrplot’ and ‘Hmisc’.

3. Results
3.1. Temporal Variation in Water Chemistry

The temporal variation in water chemistry revealed seasonal variation for most water
physicochemical parameters. However, the seasonal variation in DOC concentrations were
quite low for most of the sites, and the difference between the highest and lowest concen-
trations over the seasons, within each of the sites, varied between 2.8 and 25.1 mg L−1.
As the sampling sites are located in forests with organic soils, DOC concentrations were
considerably high across most of the eight sites. The spatial variation of DOC across the
eight sites was higher than the seasonal variation and ranged between 11.4 and 47.4 mg L−1

(Table A2, Figure 2).
The difference between the highest and lowest NO3

−-N concentration over the sea-
sons, within each of the sites, varied between 0.3 and 6.1 mg L−1. The highest mean
NO3

−-N concentrations were found in winter (1.1 ± 0.2 mg L−1), but the spatial variation
of NO3

−-N concentration across the sites varied up to 6.4 mg L−1. The highest mean SO4
2−-

S concentrations were found in spring (3.3 ± 0.2 mg L−1), and the difference between the
highest and lowest concentrations over the seasons, within each of the sites, varied between
2.0 and 4.6 mg L−1. The spatial variation of SO4

2−-S across the sites was higher than the
seasonal variation and ranged between 0.6 and 6.3 mg L−1 (Table A2, Figure 2). The mean
water pH was 7.74 ± 0.03, and a slightly lower mean pH was observed in the winter season
(7.59 ± 0.03).

High MeHg concentrations, up to 4.05 ± 0.81 ng L−1, were detected during the
summer season (Site 6), but the annual mean MeHg concentration in water samples ranged
up to 1.36 ± 0.91 ng L−1 (Site 6, Figure 3). If the MeHg concentration in water samples
in different seasons was compared, the highest mean MeHg concentrations were found
in spring (0.76 ± 0.10 ng L−1) and summer (0.68 ± 0.50 ng L−1). Furthermore, the MeHg
concentration in water samples in spring and summer was statistically significantly higher
than those in autumn and winter (p = 0.018) in all sampling sites. A positive correlation
between the MeHg concentration and water temperature (ρ = 0.42, p = 0.015) confirmed the
importance of temperature for the net methylation of Hg. However, the spatial variation of
MeHg concentrations across the eight sites was slightly higher than the seasonal variation.

The MeHg/DOC ratio ranged from 0.001 ng mg−1 to 0.146 ng mg−1. The highest
mean MeHg/DOC ratio was found in spring (0.037 ± 0.005 ng mg−1), and the lowest mean
MeHg/DOC ratio was found in winter (0.006 ± 0.002 ng mg−1), but significant differences
in the MeHg/DOC ratios between seasons were not found (p = 0.23).
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Figure 2. Variation of water general chemistry (pH and concentrations of DOC (dissolved organic carbon), TSS (total
suspended solids), TN (total nitrogen), NO3

−-N, SO4
2−-S, TP (total phosphorus) and PO4

3−-P) and MeHg concentration in
small watercourses of drainage systems in forest land with organic soils by groups of management-induced disturbance. 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. Coloured dots represent different seasons:
AU—autumn, WI—winter, SP—spring, SU—summer.
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systems under different levels of management-induced disturbance. Arrows represent variable loadings. AU—autumn,
WI—winter, SP—spring, SU—summer, DOC—dissolved organic carbon, EC—electrical conductivity, ODO—optical dis-
solved oxygen, ORP—oxidation-reduction potential, Sal.—salinity, TN—total nitrogen, TP—total phosphorus, TSS—total
phosphorus.

3.2. Effects of Management-Induced Disturbances on Water Chemistry

The concentrations of DOC, TN, NO3
−-N, TP and SO4

2−-S were higher in disturbed
sites (Sites 4–8) than in undisturbed sites (Sites 1–3) (Figure 2). By contrast, the ORP values
were higher in undisturbed sites than in disturbed ones. The pH value and concentrations
of NH4

+-N, PO4
3−-P, Cl−, ODO, and TSS neither differed significantly between manage-

ment groups when the disturbed (Sites 4–8) versus the undisturbed (Sites 1–3) sites were
compared nor when the sites were divided into three management groups: major (Sites 5
and 6), minor (Sites 4, 7 and 8), and no (Sites 1–3) disturbance.

Although the highest MeHg concentrations (both individual values and annual mean
values) were observed in Site 6 (major disturbance), there were neither statistically sig-
nificant differences in MeHg concentration in water between disturbed and undisturbed
sites nor between the three management groups (p = 0.46 and p = 0.26, respectively)
(Figure 2). Similarly, the MeHg/DOC ratios neither differed statistically significantly be-
tween disturbed and undisturbed sites (p = 0.85) nor between the three management groups
(p = 0.47).

Water in watercourses under different levels of management-induced disturbance
exhibited different physico-chemical parameters leading to a clear distinction between
them in the PCA analysis (Figure 3). Two principal components (i.e., PC1 and PC2)
explained a total of 46.9% of the variability. PC1 accounted for 27.6% and PC2 for 19.3%
of the explained variability. Sites with major and minor disturbances were characterised
by higher concentrations of most measured elements, except for ORP, compared with
undisturbed sites.
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3.3. Correlations between Water Physico-Chemical Parameters

DOC concentrations in water were positively correlated with TP (ρ = 0.60), PO4
3−-P

(ρ = 0.55) and TN concentration (ρ = 0.47) and negatively with water ORP (ρ = −0.48)
(Figure 4). NO3

−-N concentrations were positively correlated with TN concentrations
(ρ = 0.86) and negatively correlated with water temperature (ρ = −0.55). PO4

3−-P con-
centrations were positively correlated with TP (ρ = 0.73), DOC (ρ = 0.55), TN (ρ = 0.47),
TSS (ρ = 0.38) and NH4

+-N (ρ = 0.37) concentrations. MeHg concentrations in water were
positively correlated with pH (ρ = 0.60) and SO4

2−-S (ρ = 0.57) concentrations and water
temperature (ρ = 0.42). There was no significant correlation between MeHg and DOC
concentrations in water (ρ = 0.14).
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Figure 4. Spearman’s correlations between water physico-chemical parameters. 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). DOC—dissolved organic carbon, EC—electrical
conductivity, ODO—optical dissolved oxygen, ORP—oxidation-reduction potential, Sal.—salinity,
TN—total nitrogen, TP—total phosphorus, TSS—total phosphorus.

A PLS model revealed that the variation in annual mean water MeHg concentration
between the sites was explained by several sediment chemistry parameters (inorganic
carbon content and pH (VIP > 1.2)) and water chemistry parameters (ODO, SO4

2−-S
concentrations and water pH (1.0 < VIP > 1.2)) (Figure 5). The PLS model including these
parameters as well as those with a VIP > 0.5 (MeHg/THg in sediments, EC in water, the
share of spruce forest in the catchment, the salinity in water and the density of ditches)
had a goodness of fit (R2) of 0.87 and a goodness of prediction (Q2) of 0.75, indicating a
strong model. The only variable with a negative relation to the MeHg concentration was
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the MeHg/THg ratio in sediments, but the VIP of this variable was below 1.0, and thus it
was not that influential in the model (Figure 5).
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Figure 5. The PLS regression coefficients (±S.E.) showing the most influential descriptor variables
(predictors) on the mean annual MeHg concentration in small watercourses of drainage systems
(the spatial dataset). EC—electrical conductivity, IC—inorganic carbon, OC—organic carbon, ODO—
optical dissolved oxygen.

4. Discussion

This paper presents, to the best of our knowledge, the first study where forest man-
agement effects on MeHg concentrations in runoff water have been evaluated in the Baltic
countries. Earlier forest management studies from a global perspective have mainly been
conducted on upland soils (mainly podsols) (e.g., [65–69]) or rather acidic peatland soils
(e.g., [70]). This study was instead conducted on soils dominated by peat but with a water
pH that was slightly alkaline, mainly due to Ca- and Mg-rich confined aquifer discharge
characteristic for the area [71,72]. The water pH varied within a relatively narrow range
from 7.6 to 8.0, showing a seasonal pattern with the highest pH values in the period from
May to July. A similar seasonal pattern has been observed in Finnish peatland forests [73].
In contrast to studies which revealed increases in water acidity after DNM (e.g., [74]), in
our sites, water pH did not differ significantly between management groups.

The most commonly reported and pronounced effects of DNM are changes in DOC,
either decreases (e.g., [29,55,59,75–77]) or non-significant impacts (e.g., [74,78]), as well as
elevated concentrations of TSS (e.g., [29,55,74,75,79]). DOC concentrations in our undis-
turbed reference catchments (mean 18.3 mg L−1) were at the same level as the values
measured in peatland forests in Fenno-Scandinavia. For example, Nieminen et al. [29]
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present mean DOC values ranging from 11.2 to 27.1 mg L−1 in control catchments of their
study, while Joensuu et al. [73] report a slightly higher mean DOC concentration in old
ditch networks, 27.1 mg L−1. The concentrations of DOC were, on average, 13.6 mg L−1 (or
43%) higher in catchments with major disturbances compared with those in undisturbed
sites. By contrast, most DNM studies indicate significantly decreased runoff DOC con-
centrations in DNM-treated areas [54], even up to 30% during the first two years after
DNM [59]. One of the dominant processes that may explain the lower DOC concentrations
after DNM in many of the former studies could be the lowering of the water table followed
by decreased water flow in close contact with surface soil layers rich in easily released
organic matter [75]. Water flow paths through deeper mineral layers could instead trap
organic matter on the positively charged mineral soil particles. If the ground water level
has not been so much affected by the DNM, the DOC concentrations may not drop. DNM
has been found to lower the ground water levels more in soils with shallow peat compared
to sites with thicker peat layers [80]. Furthermore, if the ground water levels were low
already before the DNM, or in the reference catchments, that could explain the lack of
any reducing effect on DOC concentrations in watercourses after the DNM [54]. Neither
of these explanations seems to fit in our catchments as the peat was not that thick and
the flow paths in the disturbed catchments were flowing also through mineral layers, at
least during periods and in parts of the catchments. However, the special feature of all the
catchments included in this study is the confined aquifer discharge resulting in vertical
flow paths, causing water in both the disturbed and reference sites to pass through the
mineral soils. This may be one reason why we have not detected lower DOC levels in the
DNM sites compared to the reference sites. A lower water table and improved aeration can
also accelerate the oxidation of organic matter and result in increased loss of carbon as CO2
into the atmosphere and as DOC into waterbodies (e.g., [81]). Furthermore, the physical
disturbance caused by DNM could increase DOC by erosion and soil compaction. In our
systems, increased decomposition and/or erosion after DNM may have been the dominant
processes, as the DOC concentrations were higher in ditch-cleaned catchments than in
reference catchments. In general, this is likely caused by site-specific factors that cause
some sites to be more sensitive to forestry operations than others, as well as a variation in
the performance of forestry operations and mitigation measures between sites.

The impacts of DNM on different forms (total, organic, inorganic) and species (dissolved,
particulate) of N and P have been found to vary, from no or minor increases in concentration
(e.g., [29,55,76]) to clearly increasing concentrations of N and P (e.g., [55,74,76,77]). In this
study the concentration of NO3

−-N and TP in water were higher in disturbed catchments
compared to undisturbed, even though sediments of the undisturbed sites contained higher
concentrations of organic carbon and nutrients. This indicates that sediment chemistry
is not necessarily dominant in influencing water chemistry, unless physical disturbance
and mobilization of TSS and dissolved elements takes place. Elevated nutrient concentra-
tions after forest management can contribute to eutrophication (e.g., [23,29]). However,
concentrations in our catchments were relatively low, and the elevated leaching of nutri-
ents from disturbed catchments are unlikely to cause eutrophication of recipient water
bodies. Furthermore, the major component of TP is biologically unavailable. In our sites,
concentrations of NH4

+-N and PO4
3−-P, which are more available for biological uptake,

did not differ significantly between management groups. In addition, water flow paths
and possible dilution along them could have an effect on element concentrations in water.
However, flow measurements were not done in this study.

The annual mean concentrations of MeHg in undisturbed reference catchments in this
study (0.27 ± 0.10 ng L−1) were in a similar range to those in other studies from Northern
Europe, slightly above those from south-middle Norway (0.09–0.18 ng L−1) [52] and south-
ern Finland (0.15 ng L−1) [11], similar to those from north-east of Sweden (0.24 ng L−1) [65],
and much below those reported in studies from southern Sweden (up to 3.8 ng L−1) [67]
and on drained peatland in Finland (up to 1.8 ng L−1) [70]. Several previous studies found
that Hg and MeHg concentrations in water and biota correlate positively with several
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landscape (catchment) characteristics, such as the percentage of wetlands in the catchment
and percentage of forest cover in the catchment [82,83], and short-term hydrologic changes
are important in controlling the delivery of Hg to waterbodies [84–86]. In our study, site 8
had the smallest share of forest cover and drained peatland. However, these differences
were not clearly reflected in water chemistry, including MeHg concentrations (Figure 3).
Similarly, on a European scale, Bravo et al. (2018) highlighted the large, non-systematic
spatial variability in MeHg concentrations in stream systems (0.0078–0.159 ng L−1) [87].
The rate of Hg methylation is linked to factors controlling the abundance and activity of
sulphate-reducing bacteria and other microorganisms capable of methylating Hg, such as a
suboxic microenvironments, the availability of sulphate (electron acceptor), high-quality
organic matter (electron donor), inorganic Hg and temperature [88]. Similar to our findings,
several studies indicated significant seasonal patterns with the concentration of MeHg
peaking during summer [65,67], suggesting the importance of temperature for the net
methylation of Hg. The intensification of Hg methylation processes during the warmest
periods (spring and summer) is also marked by a higher MeHg/DOC ratio in this study.
At the same time, the precipitation amount was rather high during the summer period
(Supplementary Material, Figure S1), which could cause a dilution of MeHg.

During forest management, there are many processes and activities that can affect the
cycling of Hg. The operation of forest machinery driving can cause erosion and compaction
(e.g., [11,14,89–91]), and tree removal can raise the ground water table and enhance water
saturation of soils, which stimulates MeHg formation by Hg-methylating microbes [92–94].
As a result of these processes, elevated MeHg concentrations [15,65,67,69,91] or MeHg/TOC
(total organic carbon) ratios [66] have been detected in Fennoscandia after forest harvesting
activities. Reservoir creation by wetland restoration and beaver dams could also increase
MeHg formation [50,95–97]. Our study focused on the impact of less-studied management
operations, such as ditch cleaning and beaver dam removal. Although these activities
can cause soil erosion and driving damage that has been found to increase Hg and MeHg
in runoff water, these activities aim to drain the soils and thereby decrease soil water
saturation. This could be a reason for the lack of forest management effects on MeHg in
the present study.

The concentrations of MeHg in water were positively correlated with the SO4
2−-S

concentration, indicated by both correlation and PLS analyses. This is consistent with
findings by Bergman et al. (2012) and Braaten et al. (2020), who concluded that MeHg
concentrations in surface waters are related to S dynamics, and the SO4

2− concentration
is an important control of MeHg formation [98,99]. However, while the concentrations
of SO4

2− were higher in disturbed catchments, those of MeHg were not. With elevated
SO4

2− concentrations, there is a risk that MeHg formation may be promoted downstream
if the water conditions become more reduced, such as in a beaver dam or other type of
impoundment.

5. Conclusions

Initial insights into MeHg variation in water at eight small, forested catchments with
organic soils in Latvia (hemiboreal conditions) characterized by different management-
induced disturbances to the watercourse revealed elevated carbon and nitrogen concentra-
tions in the disturbed compared with undisturbed catchments. There was no significant
difference in the concentrations of MeHg or the MeHg/DOC ratio between disturbed and
undisturbed catchments, but SO4

2− concentrations were elevated in disturbed catchments.
Due to the relation between MeHg formation and SO4

2−, as indicated from both this
study and former studies, there is a risk that elevated SO4

2− concentrations in disturbed
catchments could promote MeHg formation if the water turned into a more reduced envi-
ronment downstream. Forest management disturbance, ditch cleaning, and beaver dam
removal activities aim to drain soils and lower ground water levels. These results are
thereby a valuable contribution to the quite sparse literature on the effects of ditch cleaning
on water quality.
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Appendix A

Table A1. Characteristics of drainage system catchments corresponding to each sampling site.

Parameter, Unit
Sampling Site

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

Catchment area, ha 27.8 54.6 11.0 70.6 758.5 256.4 314.1 665.2
Elevation (min), m 95.8 95.8 99.1 93.1 93.4 92.9 96.4 114.3
Elevation (max), m 98.7 101.7 99.6 106.8 132.3 99.9 132.3 169.1

Total ditch length, km 0.05 0.58 0.00 3.03 63.65 18.69 24.60 12.34
Ditch density, m ha−1 1.9 10.7 0.0 42.9 83.9 72.9 78.3 18.6

Forest area, ha 25.10 51.37 9.42 65.93 717.51 242.37 304.87 452.60
Share of forest area of total

catchment area, % 90.1 94.0 85.5 93.3 94.6 94.5 97.1 68.0

Share of spruce-dominated forest
from the total forest area, % 27.7 25.8 0.0 13.1 41.2 44.6 31.8 21.0

Share of pine-dominated forest
from the total forest area, % 63.5 69.0 74.1 54.8 39.4 38.9 45.8 41.0

Share of broadleaves-dominated
forest from the total forest area, % 8.8 5.2 25.9 32.2 16.7 16.5 16.2 30.8

Share of clearfellings from the total
forest area, % 0.0 0.0 0.0 0.0 2.6 0.0 6.2 3.2

Share of drained peatlands from the
total forest area, % 12.0 9.6 0.0 19.1 35.8 21.7 39.8 2.4

Share of peatland forests from the
total forest area, % 40.2 29.6 51.8 0.0 1.1 0.0 2.5 5.0

Share of wetlands from the total
forest area, % 0.0 0.0 16.0 0.0 0.5 0.0 0.7 1.0

https://www.mdpi.com/article/10.3390/f12091278/s1
https://www.mdpi.com/article/10.3390/f12091278/s1
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Table A2. General water chemistry in small watercourses of drainage systems on forest land with organic soils by sampling site. Annual mean ± S.E., minimum and maximum values are
shown in the table.

Parameter, Unit Value
Sampling Site

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

pH
mean ± S.E. 7.79 ± 0.07 7.84 ± 0.04 7.59 ± 0.05 7.71 ± 0.07 7.61 ± 0.11 7.95 ± 0.11 7.58 ± 0.06 7.75 ± 0.05

min 7.46 7.60 7.41 7.20 6.88 7.43 7.33 7.53
max 8.17 8.08 7.86 8.04 8.11 8.35 7.89 8.01

EC, µS cm−1
mean ± S.E. 255 ± 5 262 ± 10 276 ± 9 335 ± 8 304 ± 16 326 ± 10 308 ± 9 282 ± 8

min 237 237 216 288 237 283 272 224
max 283 354 315 376 438 374 377 309

TN, mg L−1
mean ± S.E. 0.34 ± 0.03 0.35 ± 0.04 0.63 ± 0.10 2.63 ± 0.44 1.55 ± 0.22 0.87 ± 0.09 1.86 ± 0.25 0.65 ± 0.13

min 0.22 0.20 0.33 0.84 0.63 0.45 0.89 0.17
max 0.49 0.59 1.18 5.04 3.28 1.40 3.46 1.58

NO3
−-N, mg L−1

mean ± S.E. 0.07 ± 0.03 0.10 ± 0.03 0.17 ± 0.09 2.52 ± 0.51 0.52 ± 0.21 0.27 ± 0.08 0.68 ± 0.30 0.54 ± 0.15
min <0.01 <0.01 <0.01 0.26 <0.01 <0.01 <0.01 <0.01
max 0.29 0.32 1.05 6.38 2.07 0.74 3.31 1.49

NH4
+-N, mg L−1

mean ± S.E. 0.05 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 0.04 ± 0.01 0.28 ± 0.21 0.04 ± 0.01
min 0.02 0.01 0.01 0.02 0.03 0.01 0.03 0.01
max 0.08 0.07 0.07 0.13 0.16 0.09 2.33 0.07

TP, mg L−1
mean ± S.E. 0.019 ± 0.002 0.021 ± 0.002 0.025 ± 0.004 0.042 ± 0.004 0.036 ± 0.004 0.025 ± 0.006 0.057 ± 0.018 0.017 ± 0.003

min 0.009 0.008 0.007 0.020 0.020 0.007 0.019 <LOD
max 0.030 0.033 0.050 0.068 0.055 0.074 0.205 0.036

PO4
3−-P, mg L−1

mean ± S.E. 0.005 ± 0.002 0.010 ± 0.003 0.010 ± 0.004 0.015 ± 0.005 0.014 ± 0.006 0.008 ± 0.003 0.042 ± 0.016 0.006 ± 0.002
min <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
max 0.016 0.048 0.040 0.054 0.065 0.029 0.163 0.018

SO4
2−-S, mg L−1

mean ± S.E. 1.76 ± 0.25 1.82 ± 0.27 1.86 ± 0.26 3.91 ± 0.50 2.64 ± 0.37 4.07 ± 0.51 2.70 ± 0.43 2.83 ± 0.37
min 0.63 0.63 1.03 1.69 1.80 2.23 1.21 1.54
max 2.62 2.77 3.27 6.31 4.56 5.57 4.13 3.65

Cl− , mg L−1
mean ± S.E. 1.62 ± 0.04 1.60 ± 0.04 1.97 ± 0.29 2.20 ± 0.09 1.69 ± 0.13 1.60 ± 0.13 1.54 ± 0.06 1.80 ± 0.08

min 1.46 1.50 1.20 1.76 1.13 1.19 1.30 1.60
max 1.74 1.77 3.15 2.44 1.98 2.07 1.69 2.11

DOC *, mg L−1
mean ± S.E. 13.0 21.9 ± 8.3 16.5 ± 0.9 29.5 ± 4.2 34.6 ± 3.5 29.2 ± 0.9 40.9 ± 3.3 13.7 ± 1.7

min 13.0 13.5 15.5 25.3 27.8 27.7 37.1 11.4
max 13.0 38.6 18.2 33.7 39.5 30.7 47.4 16.9

TSS, mg L−1
mean ± S.E. 2.2 ± 0.4 14.0 ± 5.2 4.5 ± 0.7 33.6 ± 19.4 27.3 ± 12.8 10.6 ± 6.6 20.0 ± 11.5 6.3 ± 3.2

min <0.1 <0.1 1.6 1.2 0.6 <0.1 <0.1 <0.1
max 5.3 57.0 7.6 242.4 136.8 76.5 130.7 36.8

ODO, mg L−1
mean ± S.E. 8.9 ± 0.6 9.9 ± 0.6 8.1 ± 1.0 9.1 ± 0.6 9.0 ± 1.1 12.1 ± 0.5 6.7 ± 1.0 9.5 ± 0.8

min 3.5 7.5 4.5 6.5 0.7 9.2 1.1 6.2
max 10.9 13.4 12.1 12.0 12.6 14.4 11.2 13.3

ORP, mV
mean ± S.E. 287 ± 12 272 ± 11 267 ± 6 286 ± 9 195 ± 33 229 ± 8 258 ± 8 257 ± 12

min 242 240 243 238 -84 198 226 211
max 346 349 300 310 270 282 294 337

* Information on DOC concentration in water during autumn season is not available.
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