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• TOC concentrations in waters from
drained and undrained peatlands were
compared.
• TOC concentrations from drained
peatlands were higher than from undrained peatlands.
• Tree stand volume correlated positively
with increasing TOC concentrations.
• Intensifying wood production may enhance water browniﬁcation.
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a b s t r a c t
Total Organic Carbon (TOC) concentrations in stream waters from peat-covered catchments have increased over
the last 15–25 years, resulting in large-scale browniﬁcation of lakes and rivers in high latitudes. While this increase has primarily been attributed to decreased acid deposition and climatic warming in most regions, we studied whether peatland drainage in forested catchments has contributed to the increasing TOC concentrations. We
analysed the spatial variability of average TOC concentrations from a total of 133 peatland dominated catchments
in Sweden and Finland, of which 62 were pristine and 71 were drained during the last century. In addition, we
performed a trend analysis on 37 catchments for which long-term data were available. We found about
14 mg l−1 higher TOC concentrations in streams discharging from drained than undrained sites in southern latitudes, and about 8 mg l−1 higher concentrations from drained sites in northern latitudes. Trend analysis did not
indicate signiﬁcant differences in TOC concentration trends between drained and undrained catchments but indicated that tree stand volume correlated with increasing trends. This supports earlier ﬁndings in that the general
increase in forest cover and biomass that has occurred in high latitudes during the last decades is another factor
that has contributed to browniﬁcation.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
As a transfer of carbon from terrestrial to aquatic ecosystems, total
organic carbon (TOC) forms a signiﬁcant component of the global
⁎ Corresponding author.
E-mail address: mika.nieminen@luke.ﬁ (M. Nieminen).

carbon cycle. The dissolved fraction of TOC (DOC) strongly controls
the functioning of aquatic ecosystems through its inﬂuence on acidity,
trace metal transport, energy supply to aquatic micro biota, as well as
light absorbance and photochemistry. The concentrations of DOC and
TOC have been observed to be increasing in lakes and rivers across
the Northern Hemisphere, resulting in large-scale surface water
browniﬁcation. Several hypotheses have been proposed to explain the
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study the differences in average surface water TOC concentrations between drained and undrained peatland catchments. The basic principle
in compiling data from different sources was to only involve sites,
where information was available on their current and previous forest
operations. We classiﬁed catchments with >90% of their area not affected by artiﬁcial drainage as undrained catchments, while the remaining ones as drained. The number of drained catchments in this analysis
was 71, and that of undrained catchments 62. We used previously published data and data collected within on-going research projects on
drained and undrained peatlands in Finland and Sweden.

increasing organic carbon trends. Browniﬁcation has most often been
attributed to recovery from acid deposition (Monteith et al., 2007;
Erlandsson et al., 2008) or climatic warming (Sarkkola et al., 2009;
Laudon et al., 2012). More recently, land management and resulting
changes in vegetation biomass cover and type have also received increasing attention in explaining increasing organic carbon trends
(Finstad et al., 2016; Škerlep et al., 2019; Fork et al., 2020).
Given the very large-scale drainage of peatlands for forestry, agriculture, and peat mining purposes, peatland drainage has received surprisingly little attention as a possible mechanism behind browniﬁcation.
Drainage activity to improve forest growth on peat soils was the greatest
after the 1950s when mechanized excavating techniques replaced manual ditching, peaked in the 1960s and 1970s, and largely ended in the
1980s, i.e. right before the water quality records showed ﬁrst signs of increased carbon concentrations. Altogether around 15 Mha of peat soils
were drained for forestry in boreal and temperate zones (Paavilainen
and Päivänen, 1995). In Finland, drained peatland forests comprise
around 5 Mha, which is about 20% of the total land area. In Sweden,
there are about 1 Mha of productive forests on drained peat soils, with
about 10% of all standing volume of forests growing on peatlands.
The studies on the impact of initial, ﬁrst-time forestry-drainage on
DOC exports indicated short-term increase (Heikurainen et al., 1978;
Kenttämies, 1981; Joensuu et al., 2001); within about 20 years after
drainage DOC concentrations had returned to pre-drainage levels. However, this short-term impact may be precisely because of the relatively
short drainage history. In northern latitudes, the sites drained 20 years
earlier may still largely resemble pristine sites with respect to the processes controlling carbon exports. Over time since drainage, peat mineralization and litter input into the soil in the drained sites may increase,
potentially increasing C ﬂuxes to water courses. Increase in forest biomass caused by drainage may contribute to increasing C exports by
two mechanisms: directly by increasing litter inputs into the soil
(Straková et al., 2010, 2012), and indirectly by increasing vegetation
evapotranspiration, thus resulting in thicker oxidized peat layers in
old drained areas with mature tree stands than recently drained areas
(Sarkkola et al., 2010).
While drainage succession has received considerable attention with
respect to its contribution to atmospheric C emissions and C balance of
peatlands (Minkkinen and Laine, 1998; Ojanen et al., 2013), its impacts
on C exports to water courses are poorly understood. Asmala et al.
(2019) found, however, that the proportion of ditched area in 30 rivers
in Finland correlated positively with the increase in TOC concentrations.
This suggests that peatland drainage may be one factor contributing to
increasing carbon trends in boreal water courses.
The aim of this paper was to study whether the organic carbon concentrations leaving forestry-drained peatlands are higher and indicate
steeper increasing trends over time than those from undrained
peatlands. As shown in several previous papers (e.g. Freeman et al.,
2001; Worrall and Burt, 2007; Sarkkola et al., 2009), we postulate that
there has been a general increasing trend in C concentrations
discharging from peat soils over the past 15–25 years. However, we hypothesize higher concentrations and steeper increases over past decades from drained than undrained peatlands.

2.1.2. Time series data
The second data set were time series data (>10 years), which we
used to study the effect of drainage on the long-term trends of TOC.
Thirty-seven stream water records where available for this analysis,
of which 15 catchments were undrained and 22 were drained. All
these sites were also used in the analysis of the average TOC
concentration data.
2.2. Data selection
Ditch cleaning and harvesting operations may temporally increase
or decrease organic carbon concentrations discharging drained peatland
forests (Joensuu et al., 2002; Nieminen et al., 2010, 2015; Schelker et al.,
2014). To eliminate the impact of recent forest operations on TOC concentrations and their temporal trends, we only used data, where
>20 years had elapsed since the previous drainage or harvesting operation (see also Sarkkola et al., 2009; Nieminen et al., 2017, 2018). Thus,
most of the sites included in Joensuu et al. (2001), for example, were
rejected due to ditching operations either during monitoring period or
≤20 years before it.
In the larger catchments (>100 ha), we do not have complete records of all forest operations, particularly concerning the upslope mineral soil forests of the catchment areas. However, forest operations
there have shown to have minor effects on carbon concentrations
(Schelker et al., 2014; Palviainen et al., 2015). Bearing this in mind
and given that, to our best knowledge, there have been no extensive forest operations covering large parts of these catchments, any forest operations which are not in our records likely have had minor effects on the
TOC concentration.
A number of studies have shown strong correlation between TOC
concentrations in waters discharging forested catchments and percentage of peatlands in the catchments (e.g. Creed et al., 2008; Sarkkola
et al., 2009). In order to have similarly distributed drained and pristine
data sets with respect to peatland percentage in the comparison of
their average TOC concentrations, we also removed all hydrologically
isolated (by double ditching) drained peatland catchments with 100%
peatland percentage. After removing the hydrologically isolated catchments and the sites inﬂuenced by known current or past (≤20 years
ago) forest operations, the average peatland percentages for undrained
and drained sites in the average TOC concentration data were 36 and
37%, respectively. Background information on the pristine and drained
catchments used in our analyses after data selection are given in the
Supplementary material (Tables S1 and S2). Stand volume in the catchment is only given for the sites used in the time series analysis
(Table S2) as most of the sites used in the average TOC concentration
analysis lack any information on stand characteristics.

2. Material and methods
2.1. Study data

2.3. Water sampling

2.1.1. Average TOC concentration data
We approached the differences in C concentrations and their longterm trends between undrained and drained peatland areas by using
two data sets. We ﬁrst used the undrained and drained catchments
from Nieminen et al. (2017, 2018) and the drained catchments from
Joensuu et al. (2001), as well as 10 catchments gathered by the Finnish
Environment Institute and the Krycklan Catchment Study hosted by the
Swedish University of Agricultural Sciences (Laudon et al., 2013), to

In most sites, both in the average TOC concentration data set and
time series data set, the water samples were collected by focusing on
the periods with high ﬂows, which in Finland and Sweden are commonly associated with the spring snowmelt period and the autumn
heavy rainfalls, with less frequent sampling during low ﬂow periods.
On average 9 samples were collected per year. Midwinter (January–
2
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although the late April and early May snowmelt data are generally
included.
In the data sets, the TOC concentrations were analysed using a TOCVCPH/N Total Organic Carbon analyzer (Shimadzu Corporation, Kyoto,
Japan) using the NPOC method or by oxidation followed by IR gas measurements. Some of the data analysed with TOC-VCPH/N were ﬁltered
before analysis, i.e. analysed for DOC (e.g., Joensuu et al., 2001), and
some data were analysed only for chemical oxygen demand (CODMn).
Calibration curves between TOC and DOC, and TOC and CODMn were
constructed for the sites where both parameters were available and applied to sites where TOC was not available (Fig. S1).
2.4. Data analysis
2.4.1. Average TOC concentration data
The factors behind the variation in average TOC concentrations between different catchments were analysed by linear mixed model regression. Because of the possible spatial autocorrelation between the
study catchments located close to each other, catchment location was
used as the random factor at the upper hierarchical level of the model.
Explanatory factors were a site fertility dummy, i.e. whether a site was
ombrotrophic or minerotrophic site (0/1), the percentage of peat soils

Fig. 1. Simulated (Eq. (2)) TOC concentrations in the average TOC concentration data.

March) and mid-summer (July–August) periods are often missing because of no or minor runoff. Some sites also lacked the onset of snowmelt data, owing to access difﬁculties during this time of the year,

Fig. 2. TOC concentrations in the average TOC concentration data as grouped into different classes according to temperature sum (Tsum), percentage of total peatland area (Peatland%), and
percentage of drained peatlands (Drained%).
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3. Results
The linear mixed model with the best ﬁt for the average TOC concentration data set was as follows:
TOCmgL ¼ −7:972ð4:094Þ þ 0:205ð0:036ÞPeatland%
þ 0:019ð0:003ÞTsum  ½Drainage% þ 10:1

where TOCmgL is the TOC concentration (mg l−1) in outﬂow from the
133 catchments used in the average TOC concentration analysis,
Peatland% and Drainage% are the percentage of peatlands (%) and
drained peatlands (%), respectively, and Tsum is the temperature sum
(d.d. < 5 °C). The standard error of the parameters are in parenthesis.
The variance components of the random part were: uj = 70.810
(sem = 15.090) and eij = 30.248 (sem = 8.132). The absolute and
relative (%) biases of the model were 0.27 mg l−1 and 18.5%,
respectively.
Simulation of the TOC concentrations with the model indicated that
TOC concentrations were, on average, 20 mg l−1 higher from undrained
peatlands (Peatland% = 100, Drained% = 0) than from mineral soils
(Peatland% = 0, Drained% = 0) (Fig. 1). Simulation similarly indicated
that TOC concentrations were 14 mg l−1 higher from drained
(Peatland = 100%, Drained = 100%) than undrained peatlands
(Peatland = 100%, Drained = 0%) in southern (high temperature
sum) latitudes, and about 8 mg l−1 from drained than undrained
peatlands in northern (low temperature sum) latitudes.
To further illustrate the variation in TOC concentrations in the average TOC concentration data, we grouped the drained and undrained
catchments into different classes with respect to temperature sum, percentage of total peatland area, and percentage of drained peatland area
(Fig. 2). The results showed a clear increase in TOC concentrations with
an increase in the percentage of total peatland area and the area of
drained peatlands both in low and high latitudes, although the withingroup variations were generally large.
The analysis of the time series data showed signiﬁcant increase in
TOC concentrations for 16 of the 37 sites. Regressing the trends (Kendall
tau-correlations) with the median year of monitoring of each catchment
indicated some ﬂattening of the trends (decreasing Kendall correlations) since the mid-2000s. (Fig. 3). Splitting the data into before and
after mid-2000s indicated that, along with the time of monitoring,
tree stand volume appeared to be a factor related to variations in TOC
trends, while the effects of the other factors, such as peatland percentage, drained peatland percentage, and temperature sum were not as
clear (Fig. 4).

Fig. 3. Scatter diagram showing the relationship between median year (year) of
monitoring of each catchment in the time series data and their temporal TOC trends
(Kendall tau-correlation coefﬁcients).

within the catchment (%), the percentage of drained peat soils within
the catchment (%), and the temperature sum as a parameter for site altitudinal and latitudinal location (degree days (d.d.) >5 °C). Temperature sum in our study catchments varied from about 800 d.d. in the
northernmost to about 1450 d.d. in the southernmost sites (Tables S1
and S2).
The mixed model had the following structure:
yij ¼ ɑ þ β1 x1ij þ β2 x2ij . . . βn xnij þ μ j þ eij

ð2Þ

ð1Þ

where yij is the TOC concentration in outﬂow from the catchment i in
area j, a is the intercept, β1…βn are the parameters, x1ij…xnij are the explanatory variables, uj is the random effect of catchment/peatland basin
j; and eij is the residual error. The ﬁxed and random parameters of the
model (Eq. (1)) were estimated simultaneously with the RIGLS-method
recommended for small data using the MLwiN software (Rasbash et al.,
2015). The Akaike information criterion (AIC), which has been widely
used for qualitative selection of mixed linear regression models (Müller
et al., 2013), was used to compare the goodness of ﬁt of the models.
The systematic error (Bias) and the relative systematic error (Bias%)
were calculated to evaluate the reliability and accuracy of the models.

4. Discussion

2.4.2. Time series data
Linear trends in annual average TOC concentrations (mg l−1) in each
of the 37 catchments in the time series data were calculated using the
non-parametric Mann-Kendall test (Gilbert, 1996), which has been
widely used in trend analyses. The Kendall test is suitable because it is
robust to outliers, missing data, and non-normality of the time series.
The Kendall tau-correlation coefﬁcients were calculated to describe
the overall power of the trend. To decrease the effect of differing monitoring periods on the results of time series analysis, we removed from
the Kendall test the data monitored before 1988 (applies to 8/37 sites,
Table S2). The trend was considered statistically signiﬁcant using a
risk level of 5%. Simple regression analysis was used to identify the factors behind variation in trends (i.e., Kendall tau-correlations). The tests
were performed in R (R Core Team, 2019) using the Kendall and trend
packages (McLeod, 2011).

Higher TOC concentrations from drained than undrained peatlands
(Eq. (2), Fig. 1) supports our hypothesis that peatland drainage done
to enhance forest growth may be one factor that has contributed to
browniﬁcation in northern latitudes waters. Our study is among the
ﬁrst which indicated that peatland drainage may have a long-term legacy effect on TOC concentrations. Previous studies have shown longterm effect of drainage for nitrogen and phosphorus exports
(Nieminen et al., 2017, 2018), but our study and other recent work
(Marttila et al., 2018; Asmala et al., 2019) demonstrate that forest drainage may also have enhanced the processes contributing to long-term
TOC concentration trends. Even though recovery from acid deposition
and climatic warming may be the main factors behind widespread increase in TOC in most high latitude regions, our results indicate that

Fig. 4. Scatter diagrams showing the relationship between volume of the tree stand (a–b), peatland percentage (c–d), drained peatland percentage (e–f), and temperature sum (g–h) and
temporal TOC trends (Kendall tau-correlations) in the catchments of the time series data. Left panel is for the catchments monitored before 2005 (median year of monitoring ≤2005), right
panel for the catchments monitored after 2005 (median year of monitoring >2005).
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carbon emissions from forestry-drained peat soils in Finland have been
estimated to about 7 Tg year−1 (Statistics Finland, 2019), the higher exports of TOC from drained than undrained sites are more clearly a water
quality than a carbon balance issue. Nevertheless, greenhouse gas inventories in intensively drained areas should update their carbon export
estimates to water courses by considering the results of our study, as
well as those that analysed carbon exports from forestry-drained
peatlands after harvesting (Nieminen et al., 2015) and ditch cleaning
(Joensuu et al., 2002; Nieminen et al., 2010).
In summary, our ﬁndings indicate that past drainage of peatlands for
forestry is one factor that has increased TOC concentrations and contributed to increasing TOC concentration trends in high latitude water
courses. The results also supported earlier ﬁndings in that the increase
in forest cover and biomass (“greening effect”) that has occurred in
northern areas during the last decades may have contributed to increasing TOC trends (Finstad et al., 2016). Future research should assess
whether the effects of drainage and increased tree cover on TOC exports
are mostly historic, or if the generally accepted policy to increase tree
biomass by intensifying drainage and other forestry measures still increases TOC concentrations and browniﬁcation of water.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145150.

drainage of peat soils for forestry may be one signiﬁcant factor in intensively drained areas of Finland and Sweden.
Our study indicated that TOC concentrations from drained catchments were, on average, 8–14 mg l−1 higher than from undrained
catchments (Fig. 1). This corresponds well with the results by Marttila
et al. (2018) from drained and undrained peatlands in forested catchments in central Finland. However, our results differ somewhat from
those by Finér et al. (2020), who reported signiﬁcant drainage effect
on TOC concentrations only in southern latitudes in Finland.
Positive correlation between increasing TOC concentrations and volume of the tree stand in the catchment areas (Fig. 4) supports earlier
ﬁndings that the general increase in forest cover and biomass in northern latitudes during the past decades (“greening effect”) may be one
factor behind browniﬁcation (Finstad et al., 2016; Škerlep et al., 2019).
It should be noted here that, while multiple factors may contribute to
the greening effect, such as nitrogen deposition, climatic warming, intensive silviculture in upland forests, and reduced grazing etc., drainage
of peatlands for forestry is the factor that has had the greatest impact on
forest cover and biomass in peatland areas covering much of northern
latitudes (Paavilainen and Päivänen, 1995; Päivänen and Hånell,
2012). Thus, although TOC trends did not show a clear correlation
with the proportion of peatland drainage (Fig. 4e, f), higher average
TOC concentrations from drained peatlands (Fig. 1) and positive correlation between tree stand volume and increasing TOC trends (Fig. 4a,
b) indicate that peatland drainage has contributed to browniﬁcation of
water. This may have occurred through the processes that directly increase TOC exports from drained peat, or indirectly through the processes by which increased tree cover and biomass contribute to TOC
leaching. These biomass-related processes have so far not been
assessed, but may for example involve increased tree litter input into
the soil (Straková et al., 2010, 2012), as well as increased evapotranspiration of vegetation (Sarkkola et al., 2010), resulting in lower water
levels and thicker oxidized peat layers in drained and forested
peatlands.
One potential mechanism by which tree cover may have a positive
effect on the TOC concentrations is the effect of tree canopy on dry deposition capture of sulphate (Lindberg and Garten, 1988). Thus, TOC
concentrations may have decreased more in tree covered than open
areas in the past due to acidic deposition, resulting in greater contemporary acidiﬁcation recovery. Future research should thus assess whether
the effect of tree cover on TOC exports is mainly historic, i.e. due to
greater acidiﬁcation recovery, or if increasing forest biomass continues
to increase TOC concentrations and hence will increase “browniﬁcation”
further due to some alternative mechanism. The latter would mean that
the generally accepted policy to replace fossil fuels and increase carbon
sinks by increasing forest cover and biomass might have a negative side
effect of enhancing browniﬁcation of inland waters.
For most of the study sites runoff data were not available. Thus, we
could only estimate differences in TOC concentrations between drained
and undrained sites, and not differences in TOC loads (kg ha−1 year−1).
We could also not ﬂow-weigh the TOC concentrations, instead we used
simple arithmetic means for comparison. Carbon concentrations in waters from peat soils in northern latitudes generally show clear seasonal
variation with low concentrations during frozen soil period and spring
snowmelt and gradually increasing concentrations towards the end of
growing season and autumn heavy rainfall periods (Joensuu et al.,
2001; Mattsson et al., 2015). Future studies should therefore also account for the ﬂow conditions in quantifying the differences in TOC exports between pristine and drained sites.
Multiplying the differences in TOC concentrations between drained
and undrained sites by the average runoff in forested areas of Finland
and Sweden (300 mm year−1) roughly gives 25–45 kg ha−1 year−1
higher TOC exports from drained than undrained sites. Estimating
peatland drainage effect for Finland, where drained peatland forests
cover a particularly large area (5 Mha), the total TOC ﬂux caused by forest drainage would amount to 125,000–225,000 Mg year−1. Given that
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