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a b s t r a c t
Browniﬁcation, caused by increasing dissolved organic carbon (DOC) concentrations is a threat to aquatic ecosystems over large areas in Europe. The increasing concentrations of DOC in northern boreal streams and lakes have
attracted considerable attention with proposed important drivers such as climate, deposition and land-use, and
complex interactions between them. Changes in total organic N (TON) concentrations have received less attention, even though carbon and nitrogen losses are highly related to each other. We used long-term (1990–2019)
monitoring records of 12 small data-rich headwater forested catchments in a large gradient of climate and deposition. We found that total organic carbon (TOC) concentrations were signiﬁcantly increasing in almost all study
catchments. The mean air temperature and change in sulphate concentrations had a strong, signiﬁcant correlation to TOC change-%. Both explained, alone, more than 65% of the change in TOC concentrations, and, together,
up to 83% of the variation. Sulphur deposition has already decreased to low levels, our results indicate that its importance as a driver of TOC leaching has decreased but is still clearly detected, while the impact of climate
warming as a driver of TOC leaching will be even more pronounced in the future. A positive correlation was
found between drainage-% and increases in TON, suggesting also importance of land management. TON trends
were tightly connected to changes in TOC, but not directly linked to decreasing S deposition.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

⁎ Corresponding author at: Finnish Environment Institute SYKE, Latokartanonkaari 11,
FI-00790 Helsinki, Finland.
E-mail address: ahti.lepisto@syke.ﬁ (A. Lepistö).

The Water Framework Directive (WFD) aims for a good ecological,
chemical and hydro-morphological status in European waters by the
end of 2027, but it seems that management and restoration actions
will be insufﬁcient in reaching that target. In particular, mitigation
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increases of nitrogen and phosphorus concentrations due to forestry
are well-documented (Ahtiainen and Huttunen, 1999; Löfgren et al.,
2009), but its impact on a wider temporal and spatial scale is less clear
(Sponseller et al., 2016). According to recent studies, N export from
old drained peatlands may be considerably higher than formerly estimated (e.g. Nieminen et al., 2018; Finér et al., 2021). Furthermore, an increase in N concentrations and export from the northern Finnish river
basins to the Baltic Sea has been linked to the drainage of peatlands
(Räike et al., 2020), and it seems to occur simultaneously with the increase in C concentrations in these river basins in the period
1995–2014 (Räike et al., 2016).
Small catchments, representing various land-use characteristics,
provide a relevant framework to monitor long-term changes in diffuse
loading (Vuorenmaa et al., 2002; Palviainen et al., 2013; Tattari et al.,
2017; de Wit et al., 2020; Marttila et al., 2020). Drivers and their interactions affecting C and N ﬂuxes in stream water from small forested
catchments are still poorly understood, including those that are related
to the climate, acid deposition and forest management. Thus, the most
important mechanisms behind the increasing DOC trends still remain
a subject of discussion. Our key questions were: what are the most important drivers explaining trends in TOC and N concentrations in boreal
forest stream water? Based on earlier scientiﬁc ﬁndings, we hypothesized that either climatic factors, a decrease in S deposition, or forest
management were most important drivers, or combination of all
of them.
In order to test these hypothesis, we used unique long-term monitoring records of small data-rich headwater catchments in a large,
about 1000 km north-south gradient of climate and deposition, under
varied combinations of these drivers. The study was conducted in
three steps: Firstly, we selected 12 forestry dominated or unmanaged
catchments and analysed both annual and seasonal trends in total organic carbon (TOC), total N and organic N (TON) concentrations during
the time period from 1990 to 2019. Secondly, we studied the relationships between potential drivers by quantifying trends in precipitation,
runoff, air temperature and stream water sulphate concentration, and
linked those trends to the trends in C and N concentrations. Thirdly,
we estimated the potential impacts of forest management on changes
in stream water N concentrations.

methods to decrease nutrient loads originating from diffuse sources
have been inadequate (Hering et al., 2010; Tattari et al., 2017). Several
factors linked to climate change have counteracted mitigation measures
targeted at reducing nutrient loads (Räike et al., 2020), and studies in
northern Europe imply that water bodies across the entire landscape
are browning (de Wit et al., 2016; Sepp et al., 2018). Browniﬁcation is
closely related to increased leaching of dissolved organic carbon
(DOC) and linked to climate change. It is an increasing threat to aquatic
ecosystems, with profound effects including the absorption of solar radiation, plankton and microbial communities, and ecosystem services
such as recreation, ﬁshing and drinking-water supply. Therefore,
browniﬁcation requires further attention when developing the WFD.
The increasing concentrations of DOC of northern boreal streams
and lakes has attracted considerable attention in scientiﬁc literature
over the last decades, (e.g. Freeman et al., 2001; Evans et al., 2005;
Vuorenmaa et al., 2006; Porcal et al., 2009; de Wit et al., 2016; MeyerJacob et al., 2019; Kritzberg et al., 2020). Changes in nitrogen
(N) concentrations have received less attention, even though in boreal
headwater catchments, carbon and nitrogen losses are highly related
to each other, due to the dominance of organic N compounds in N cycling (Kortelainen et al., 2006). Besides inorganic nutrients, terrestrial
organic matter is increasingly recognized as a strong driver of aquatic
productivity (e.g. Deininger and Frigstad, 2019). Organic N (ON) is an
important constituent of organic matter and may comprise a major
part of N loading in boreal watercourses, but it has been largely ignored.
The export of dissolved organic nitrogen (DON) is typically related to
DOC export within individual catchments or across regions (e.g.
Campbell et al., 2000; Willett et al., 2004). In some cases, however,
there is evidence that organic N concentrations were increasing but organic C were not (Lepistö et al., 2008).
Various hypotheses have been put forward to explain browniﬁcation,
e.g. factors related to climate change i.e. an increase in temperature, enhanced decomposition of organic soils, changes in hydrology and ﬂow
paths, elevated atmospheric CO2 levels and decreased acid deposition,
or land use changes and disturbances. Warming can affect DOC and
DON export in different ways, depending on whether it is accompanied
by increased or decreased precipitation. The variation in DOC and DON
export is related to hydrology, as well as to biological productivity
(Finstad et al., 2016), and how productivity is balanced by decomposition (Tranvik and Jansson, 2002). Changes in climate may intensify the
hydrological system by more extreme ﬂows, accelerating biogeochemical processes (Mellander et al., 2018) and increasing total organic carbon
(TOC) leaching in large river basins dominated by forests and peatlands
(Lepistö et al., 2014). Hydrological conditions and processes, as well as
interannual variability, are undergoing major changes due to climate
warming. Large areas are becoming warmer and wetter (Øygarden
et al., 2014; de Wit et al., 2016) and these trends will most probably continue in the future (Arheimer et al., 2005; Huttunen et al., 2015).
Atmospheric emission control has reduced acid deposition over recent
decades resulting in higher soil pH and changed ionic strength, which has
increased the solubility of soil organic carbon and, hence, its delivery to
aquatic systems (Evans et al., 2006). Water-monitoring data have
shown strong temporal correlations between changes in water chemistry
resulting from reduced acid deposition and increasing DOC concentrations (e.g. Monteith et al., 2007; Hruška et al., 2009). Atmospheric deposition can affect soil organic matter (SOM) solubility through at least two
mechanisms—by changing either the acidity of soils or the ionic strength
of soil solutions, or both (Monteith et al., 2007). Recently, it was argued
(Meyer-Jacob et al., 2019) that acid deposition suppressed naturally
high DOC concentrations during the 20th century, but that a “re-browning” of lakes is now occurring with emission reductions in formerly
high deposition areas. However, in contrast, in low deposition areas climate change is forcing lakes towards new ecological states, as lakewater DOC concentrations begin to exceed pre-industrial levels.
An increased extraction of forest biomass and intensiﬁed forestry are
likely to have an impact on water quality (Laudon et al., 2011). Local

2. Material and methods
2.1. Catchment characteristics
The study was based on long-term monitoring data collected during
1990–2019 from the outlet streams of 12 forested headwater catchments in Finland (Fig. 1, Table 1). The data were derived from the national databases maintained by the Finnish Environment Institute, n.d.
(SYKE) (https://www.syke.ﬁ/en-US/Open_information/Open_web_
services/Environmental_data_API).
Most of these forest catchments have been managed: 7 of the 12
catchments have been drained for forestry (Table 1). On average,
18% of the area of the catchments have been drained (variation
3–51%) (Table 1), which is comparable to the average of 23% in
Finland. In most cases, other forest management operations have
also been carried out, with the period-speciﬁc practices including
wood harvesting, forest regeneration, soil scariﬁcation and fertilization. Peatlands covered, on average, 39% of the catchment area
(Table 1), which agreed well with the average peatland percentage
of 33% on forestry land in Finland (Vaahtera et al., 2018). There
were very few lakes (average 0.5%) or agricultural ﬁelds (0.3%) in
the catchments.
2.2. Chemical analyses, runoff, export estimates, and meteorological data
Water was predominantly sampled by grab sampling with an
average of about 12 samples/year, and samples were taken at the
2
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periods plus additional regular interval sampling throughout the
year (Rekolainen et al., 1991). All chemical analyses were performed from unﬁltered samples with accredited methods. Nitrogen
determination was initiated by digestion with peroxodisulphate,
followed by a reduction of NO3 with a Cd amalgam and a determination of NO2 through the azo colour method. Nitrate was reduced
to nitrite by a copper‑cadmium reductor column. Nitrite that is
originally present in the sample together with nitrite formed with
the reduction of nitrate are determined by diazotizing with sulfanilamide and coupling with N-(1-naphthyl)-ethylenediamine to
form a reddish-purple azo dye that is measured at 550 nm. The
sum of nitrate (NO3-N) and nitrite (NO2-N) nitrogen was measured
following the reduction in a Cu\\Cd column and colorimetric determination. NH4-N was analysed by the indophenol blue method. Organic N fraction (TON) was calculated by the difference: TON =
total N − (NO 3-N + NH4 -N). The TOC samples were sparged after
acidiﬁcation in order to remove the inorganic carbon. TOC was
then oxidised to carbon dioxide through combustion and determined by infrared spectrometry with Shimadzu TOC-VCPH analyzer. TOC in microequivalents (μeq l −1 ) was estimated from
measured TOC concentrations (mg l −1 ) by multiplying them by a
factor 5.0 (Kortelainen, 1993). The differences between TOC and
DOC are very small in Finnish forest waters: on an average, 94% of
TOC was in dissolved form (DOC) and only 6% in the particulate
form (POC) (Mattsson et al., 2005), so the TOC values presented
in this study can also directly be regarded to represent DOC. Sitespeciﬁc S deposition estimates were not available for most of the
catchments for the whole study period, so we used measured concentrations of SO2−
in stream water as deposition surrogates. Sul4
phate was analysed through ion chromatography (Kortelainen
et al., 2006; Mattsson et al., 2017).
Runoff was measured continuously from all 12 catchments by
using overﬂow measuring weirs with a stage-height relationship
(Seuna, 1983). The annual export of TOC was calculated for the monitored catchments with the periodic method, in which the temporally nearest concentration observation is multiplied by the runoff
of each day (e.g. Rekolainen et al., 1991; Kauppila and Koskiaho,
2003) and daily exports were summed up annually. Meteorological
data, daily precipitation and air temperature, were obtained from
the nearby weather stations run by the Finnish Meteorological
Institute, n.d (https://ilmasto-opas.ﬁ/en/datat).

Fig. 1. Map of the study catchments and meteorological stations in Finland. The land cover
information is based on CORINE land cover information (https://land.copernicus.eu/paneuropean/corine-land-cover/clc2018) and peatland data.

2.3. Trend analysis
outlet of catchments from overﬂow of the measuring weirs. The
sampling frequency varied from fortnightly to monthly, with the
sampling strategy concentrating on spring and autumn high ﬂow

Trends in concentrations, runoff and meteorological variables were
analysed with the seasonal Kendall tests (Hirsch et al., 1982, 1991). If
the test statistics were greater or lesser than zero on the 95% signiﬁcance level, we detected an ‘upward trend’ or a ‘downward trend’, respectively. The magnitude of the trend was determined by the Theil–
Sen slope estimator (Hirsch et al., 1982). The total change over the entire time series (%) was calculated by multiplying the slope with the
number of years minus one in the time series. In some of the study
catchments, the time series of concentrations, particularly sulphate
and runoff, did not totally cover the whole period of 1990–2019.

Table 1
Major characteristics of the 12 study catchments.
Number

Catchment

Latitude
°N

Longitude
°E

Area
(km2)

Peatland
%

Drainage
%

14
44
51
28
41
39
38
103
120
119
114
121

Teeressuonoja
Huhtisuonoja
Kesselinpuro
Kelopuro
Liuhapuro
Kivipuro
Välipuro
Myllypuro
Kotioja
Ylijoki
Vähä-Askanjoki
Laanioja

60.4
61.4
62.7
63.2
63.8
63.9
63.9
64.7
66.1
66.1
66.6
68.4

24.4
28.7
29.0
30.7
28.5
28.7
28.7
28.6
26.2
26.2
27.7
27.4

0.7
5.0
21.0
1.7
0.7
0.5
0.9
11.0
18.1
56.0
16.0
13.6

12
44
41
48
58
34
56
32
50
56
26
6

0
51
44
0
3
0
0
32
37
39
12
0

2.4. Correlations and multivariate regression analysis
Pearson correlations coefﬁcients and their signiﬁcance were estimated between all measured concentrations of water quality variables
in 1990–2019, together with runoff, and precipitation and temperature
observations in meteorological stations. Forward stepwise regression
analysis was used to relate changes in TOC, total N and TON concentrations with potentially impacting variables: temperature, runoff, precipitation, catchment properties such as peatland% and drainage% and SO4
concentration in stream water.

14 Teeressuonoja and 39 Kivipuro had drainage-% of 0, but, otherwise, they were under
normal forestry use. 28 Kelopuro, 38 Välipuro and 121 Laanioja are in pristine state.
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Table 2
Statistically signiﬁcant (p < 0.05) increasing (brownish) and decreasing (grey) trends of TOC, total N, organic N (TON) and SO4 concentrations in 1990–2019, in the 12 study catchments. Higher intensity of colour describes higher change-%. p values,
slopes, average concentrations and non-signiﬁcant trends (no colour) are given.
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3. Results
3.1. Concentrations levels
Annual TOC concentrations averaged 19.5 mg l−1 and varied between 1.8 and 35 mg l−1. The highest concentrations (30–35 mg l−1)
were found in Eastern Finland (41 Liuhapuro, 39 Kivipuro and 38
Välipuro), while the lowest concentrations were found in Lapland
(121 Laanioja). The average total N concentrations varied from 109 to
1152 μg l−1 (Table 2) with the highest concentrations mostly in the
southern–south-eastern catchments. Humic substances strongly dominated the water quality: TON consisted of up to 71–97% of total N,
with the exception of the mineral soil dominated 14 Teeressuonoja
(43%) in southern Finland.
Correlations between hydro-meteorological variables and concentrations were analysed using data for 12 catchments in 1990–2019 (n
varied between 316 and 346; Appendix 1, supplementary data). TOC
correlated strongly (p < 0.0001) with TON (r = 0.848) but did not
have any correlation with sulphate. Instead, temperature strongly correlated with both TOC (r = 0.284, p < 0.0001) and TON (r = 0.194,
p=0.000). The total N concentration correlated strongly (p < 0.0001)
with TOC (r = 0.510), inorganic N (r = 0.783), TON (r = 0.777) and sulphate (r = 0.693) concentrations, and monthly precipitation (r =
0.224). Runoff had typically negative correlations with water quality
variables such as TOC (r = −0.185), inorganic N (r = −0.319), TON
(r = −0.184) and sulphate (r = −0.380), indicating dilution processes.
3.2. Annual trends for 1990–2019 of water quality and hydrometeorological variables
Statistically signiﬁcant increasing TOC concentrations were found in
almost all (10/12) of the catchments (Table 2). The strongest increases
were found in the most southern catchments (14 Teeressuonoja, change
41%; 44 Huhtisuonoja change 47%). In the 10 catchments with TOC increase, also TON concentrations were increasing (in 7 out of 12 catchments), and total N in 4 catchments. The increase in TOC
concentration varied from 15 to 47% during the observation period
and the annual increase from 0.09 to 0.38 mg l−1 yr−1. At the same
time, TON concentrations increased from 7.4 to 31% and the annual increase was from 1.4 to 5.9 μg l−1 yr−1, respectively (Table 2).
Statistically signiﬁcant decreasing sulphate concentrations were
found in almost all (10/12) of the catchments (Table 2). The strongest
decreases were found in 44 Huhtisuonoja (−75%) and 38 Välipuro
catchments (−95%). In Huhtisuonoja, the TOC increase was also the
strongest.
Air temperature increased statistically signiﬁcantly in almost all 12
catchments, represented by 8 climate stations (Fig. 1). Considerable increases of 1.2–1.6° were detected during the 30-year study period.
There were no statistically signiﬁcant trends for precipitation, and
only few changes for runoff: increases in 2/12 and decreases in 2/12
catchments (Table 3).
Mostly due to the increase in TOC concentrations, TOC export also
increased: an increase from an average of 6110 kg km−2 yr−1
(1990–1999) to 7010 kg km−2 yr−1 during the 2010s (2010–2019),
i.e. about 15%, was detected (Fig. 2). Total N export increased by 13%
during the same periods, respectively. These increases were not statistically signiﬁcant. There was a strong variability between very dry and
wet years.
3.3. Monthly trends of concentrations and hydrometeorological variables
Monthly trend analyses revealed that increases of TOC concentrations concentrated more to spring (April–May increases in 6–7 out of
12 catchments), but increases were also found in November in half of
the catchments (Table 4). Increasing concentrations of total N were
more common in the autumn (in September and November increase
4

Table 3
Statistically signiﬁcant (p < 0.05) increases (brownish) and decreases (grey) of hydrometeorological variables in 1990–2019. The higher intensity of colour describes a higher change-%. For temperature, the slope equals the change in a year (°C yr−1).
p values, slopes, averages and non-signiﬁcant trends (no colour) are given.
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Fig. 2. Annual TOC and total N export (kg km−2 yr−1) in 1990–2019 as an average of 12 study catchments, together with 3-year moving averages.

(R2 = 0.67, p = 0.001) (Fig. 3c). Higher drainage-% affects higher
TON concentration change-% (R2 = 0.31, p = 0.05) (Fig. 3d).
In the regression analysis with one or two explaining variables, most
of the change in TOC concentrations (μeq l−1 yr−1) was explained by
only one factor: SO4 change (μeq l−1 yr−1) explained alone 70% (R2 =
0.70, p = 0.0007), or the mean air temperature alone 68% (p = 0.001)
of the change. Together these variables explained up to 83% of the
change in TOC concentration (p = 0.0001) (Table 5). TOC change-%
was logically the most important explaining variable for total N
change-% (R2 = 0.54, p = 0.006) since TON strongly dominates N
fractions. Change-% in runoff was the second most explanatory variable
(R2 = 0.28, p = 0.079). Even though the change in runoff was not statistically signiﬁcant, it acted as a supporting variable: together with
TOC change-%, it explained 72% of the variation in N change-% (p =
0.0014). The only factor which signiﬁcantly explained TON change-%
was the TOC change-% (R2 = 0.66, p = 0.0012). Drainage-% together
with average temperature explained equally much of the TON
change-% as the TOC change-% alone (R2 = 0.66, p = 0.003). Somewhat
surprisingly SO4, tightly linked to the TOC change, did not improve the
explanatory power of the TON change.

in 6 out of 12 catchments). In addition, 1–3 increases were found in the
winter-spring period. Upward TON trends occurred in the same months
as total N trends, but there were more of them, particularly in January
and November. For sulphate, downward trends occurred during almost
the entire year, at the highest during the spring season (9–10 of 12 in
April–May) and in October (7 of 12).
For air temperature, upward trends occurred in May and September (8 out of 12), with some also in August and November. Runoff increased during late autumn-winter-early spring (November–
March), in 1–3 catchments out of 12. These trends indicate milder
winters and a shift of the earlier pronounced spring high ﬂow period
towards lower peaks in winter or early spring. Runoff decreased
mostly in early summer (June), in 3 catchments.

3.4. Factors explaining changes in concentrations
Air temperature had a strong, signiﬁcant correlation with TOC concentration change-% (R2 = 0.79, p = 0.0001) (Fig. 3a). The highest
TOC increases occurred in the two southernmost, warmest catchments.
The lowest TOC increases occurred in the northernmost sites. Between
TOC change and sulphate change (μeq l−1 yr−1), a high statistically signiﬁcant negative correlation was also found (R2 = 0.70, p = 0.001)
(Fig. 3b). These two explaining variables, which were not considerably
correlated with each other (R2 = 0.34), were studied further in the multivariate regression analysis.
The leaching of organic matter can be seen in both TON and TOC:
TOC change-% and TON change-% had a strong positive correlation

4. Discussion
4.1. TOC concentrations were increasing — combined impacts of climate
and deposition
Long-term water quality and runoff records from forested catchments, spanning over relatively large environmental and climate

Table 4
Monthly number of signiﬁcant (p < 0.05) brownish upward (↑) and grey downward (↓) monthly trends of TOC, total N, organic N (TON), sulphate and hydrometeorological variables in the
12 study catchments in 1990–2019. The higher intensity of colour describes a higher number of detected trends. At the minimum, data from 10 years during a certain month was needed
for analysis. n is the number of catchments with enough data for a trend test, and empty cells mean a lack of signiﬁcant trends.
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Fig. 3. a) TOC concentration change-% as function of annual mean air temperature, b) TOC concentration change vs. sulphate change (μeq l−1 yr−1), c) correlation between TOC and TON
(organic N) change (%), and d) organic N change-% as a function of drainage (%) (one negative value out of scale).

important drivers of TOC leaching. However, the increase in TOC concentrations was not directly related to upward trends in air temperature, but, instead, related strongly to the average air temperature
which typically correlates to soil temperatures. Thus, it remains unclear
which processes have the most important contribution to increasing
TOC trends: organic matter decomposition and mineralization are
both sensitive to variations in moisture and temperature (e.g. Christ
and David, 1996).
An important driver to the upward TOC trends in our catchments
was a decrease in sulphate deposition reﬂected in stream water concentrations. It has been more pronounced in southern Finland than in the
northern parts of the country (Vuorenmaa et al., 2018). The decrease
in sulphate deposition has levelled off in integrated (ICP IM) sites
throughout Europe, up to 70–90% (Vuorenmaa et al., 2018), therefore
its importance as a driver of TOC leaching has decreased, and in the future the impact of climate warming as a driver of TOC leaching will most

gradients, offered us a unique possibility to evaluate the effects of the
climate, deposition and land use on surface water quality. We used a
30-year time-series from well documented, data-rich forested catchments. Our key question was, which are the most important driving factors explaining changes in TOC concentrations: i) climate, particularly
temperature and precipitation, ii) declining S deposition with sulphate
in stream water used as a surrogate, or iii) drainage indicating forest
management, or all of them?
TOC concentrations were increasing signiﬁcantly in almost all catchments (Table 2), which was also reﬂected in TOC export: during the
2010s, a 15% higher average TOC export was measured compared
with the 1990s (Fig. 2). The most signiﬁcant increasing TOC concentrations were found in the catchments with the warmest climate conditions. Either air temperature or a change in sulphate concentrations
alone explained more than 65% of the change in TOC concentrations,
and together up to 83% of the variation (Table 5), being the most

Table 5
Combined results of linear and multiple linear regression analysis with TOC change (μeq l−1yr−1), total N, and organic N change-% as dependent variables. The ﬁrst two equations 1–2 are
based on one explaining variable, and the third equation 3 gives combined impacts of both variables.
Mode

Model diagnostics
n

Intercept

Parameter estimates
p

VIF

Adj. R2

Slope SO4
(μeq l−1 yr−1)
−0.79

Air temp
°C

TOC
(% change)

TOC 1 (slope μeq l−1yr−1)
TOC 2 (slope μeq l−1 yr−1)
TOC 3 (slope μeq l−1 yr −1)

11
11
11

0.15
0.27
0.04

0.0007
0.0010
0.0001

1.00
1.00
1.56

0.70
0.68
0.83

Total N 1 (% change)
Total N 2 (% change)
Total N 3 (% change)

11
11
11

−11.9
11.6
−9.34

0.0062
0.0791
0.0014

1.00
1.00
1.01

0.54
0.28
0.72

0.88

Organic N (% change)

11

−8.57

0.0012

1.00

0.66

0.86

7

−0.50

Runoff
(% change)

0.32
0.20
0.92
−17.8
−16.0
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et al., 2000; Willett et al., 2004). In boreal headwater catchments, TOC
and N losses are highly related (R2 = 0.95) to each other, due to the
dominance of organic compounds in N cycling (Kortelainen et al.,
2006), and most of the organic N and C occurs as dissolved organic fractions (Mattsson et al., 2005).
Since TON concentrations increased simultaneously with TOC concentrations, a proportional (%) increase in TOC concentrations was the
best explanatory variable of the increase in organic N (r2 = 0.66). The
addition of other explanatory variables (e.g. sulphate) did not improve
the coefﬁcient of determination, demonstrating that changes in the
TOC concentration, temperature and drainage-% were controlling
changes in the TON concentration. An increase in TON has also been observed in large scales, in response to multi-stressors. The concentrations
of TON have been observed to increase in the northern Simojoki river
catchment (Lepistö et al., 2008), mostly related to climate factors. Moreover, Deininger et al. (2020) reported recently of large N load increases
over the past decades in Norwegian rivers, with, in particular, an increase in the organic nitrogen fraction.

probably increase further. Many authors have reported either a decline
in acid deposition or climate related factors dominating an increase in
TOC. Decreasing mineral acid deposition may increase organic acidity,
resulting in increased DOC concentrations (e.g. Evans et al., 2005;
Vuorenmaa et al., 2006; Oni et al., 2013). Sarkkola et al. (2009) found
that hydro-meteorological factors were more important than declining
acid deposition in predicting TOC concentration trends in boreal headwater streams located in eastern Finland in a low sulphate
deposition area.
Hydrological conditions and processes are undergoing major
changes due to climate warming. Changes in temperature may directly
impact DOC exports from wetlands by altering DOC production via increased organic matter decomposition and mineralization, which are
both sensitive to variations in moisture and temperature (e.g. Dalva
and Moore, 1991; Christ and David, 1996). Increased air temperature
may result in increased depth to the water table in organic soils as a result of higher evaporation rates. If the water table is lowered below the
surface, the carbon sink–source relationship is likely to be disturbed because a greater percentage of the peat is available for oxidation in biochemical reactions (Freeman et al., 2001).
In laboratory experiments, Clark et al. (2009) found a signiﬁcant interaction (p < 0.001) between temperature, water table draw-down
and net DOC production across the whole soil core. The implications
of their results are that increased water table draw-down due to decreased summer rainfall and increased evapotranspiration not only increases the net production of DOC but also the temperature sensitivity
of production, thereby enhancing the release of C from the peatland C
store that would be caused by a temperature increase alone (Clark
et al., 2009).
In the catchment scale, Worrall et al. (2004) estimated a 12% increase in the production rate of DOC in peat catchments in the UK,
where the temperature increased by 0.78 °C during the observation period of 1970–2000. Evans et al. (2006) suggested that in catchments in
Scotland, a 0.66 °C temperature increase could have generated a DOC increase of around 10–20%, depending on the degree of soil aeration. This
contribution could be higher if there has been a net shift towards increased soil aeration, particularly in peat soils. These results suggest
that temperature is a signiﬁcant driver of long-term DOC trends but is
unlikely to explain the full magnitude of observed DOC increases
(Evans et al., 2006). In our catchments, however, the temperature has
increased in 1990–2019 by over double of that, at an average of 1.4 °C,
and might potentially contribute correspondingly to the increase of
TOC by several tens of percent. We detected an average TOC increase
of 25% (range 8–47%). Further, due to drainage works in most catchments, there has also been a shift towards increased soil aeration.
Wen et al. (2020) emphasized the role of temperature controlling
DOC production, and hydrology controlling export or DOC at the catchment scale, in an organic-rich catchment in the US. The DOC production
rate depended more on temperature than on water storage or soil moisture. This ﬁnding was expected, as DOC production is biologically mediated and, thus, inﬂuenced by temperature and the metabolic
dependence on temperature (Gillooly et al., 2001). Future warming
and increasing hydrological extremes could accentuate temporal asynchrony, with DOC production occurring primarily during dry periods
and the export of DOC dominating in major storm events (Wen et al.,
2020).

4.3. Role of forest drainage
Land-use changes and disturbances may be expected to result in an
increased decomposition of soil organic matter and release of DOC (e.g.
Neal et al., 1998; Pärn and Mander, 2012). We studied the relationship
between the change in TOC and TON concentrations and forest drainage, and found a positive correlation between drainage-% and an increase in organic N concentrations (Fig. 3d). However, forest
management may signiﬁcantly contribute to organic matter and associated C and N ﬂuxes. Forest drainage, which was one of the dominant forest management practices in 1950–1990 in Finland, increases the
decomposition of surface peat and mineralization of elements, as well
as soil erosion, and, therefore, also the export of elements both in dissolved and particulate forms (Ahtiainen and Huttunen, 1999). Due to
relatively high groundwater levels in peatlands throughout the year,
surface runoff is dominant, which may facilitate erosion and C leaching
processes, while lower water levels in drained peatlands may facilitate
decomposition and CO2 emissions (e.g. Ojanen and Minkkinen, 2019).
Mitchell and McDonald (1995) found that areas with the greatest peat
drainage density were the most important sources of DOC.
It has been recently suggested that forestry drainage contributes to
the increasing C and N ﬂuxes in large river basins (Asmala et al., 2019;
Räike et al., 2020). The same phenomenon was also evident in small
headwater catchments in Finland: Both N and TOC concentrations and
exports increased with the proportion of drainage area within a catchment area (Finér et al., 2021).The discrepancy between those results
and our results may be explained by the high number of catchments
(n = 89) in the study of Finér et al. (2021), allowing for a more accurate
examination of the impacts of drainage than the 12 highly varying
catchments of our study. The impacts of drainage on the total N concentrations have been suggested to last or even increase over several decades after drainage (Nieminen et al., 2018).
4.4. Seasonal changes in organic matter leaching
Most upward trends for TOC were found in April–May and in
November. Most decreases in SO4 and increases in temperature also occurred during the spring and autumn periods, suggesting that these parameters are linked to each other. TON behaved differently, however,
practically no trends were detected during the spring high ﬂow. Instead,
increasing trends were detected in the autumn and all through the winter season, particularly in January when most of the upward trends also
concerned runoffs (Table 4). During the winter, cold-season processes
are known to contribute substantially to annual organic budgets and cycling (e.g. Kielland et al., 2006).
Mattsson et al. (2015) found that, annually, the concentrations of
TON increased during the spring high ﬂow, peaked in April and

4.2. TON increase together with TOC
In our study catchments, TOC and TON trends were strongly related
(Fig. 3c) as signiﬁcant trends for both TOC and TON were found in 7 out
of 12 catchments. The total N mainly consisted of TON, but upward
trends were found in only 4 catchments. This indicated that inorganic
fractions, mostly NO3-N, disturb the relationship between N and TOC.
The export of DON has often been reported to be related to that of
DOC within individual watersheds or across regions (e.g. Campbell
8

A. Lepistö, A. Räike, T. Sallantaus et al.

Science of the Total Environment 780 (2021) 146627

all, summer droughts; the most notable changes occurred following a
sequence of dry summers (Jennings et al., 2010).

remained high throughout the summer and autumn, while the TOC pattern was different with the highest concentrations in November–
December. Most of the TOC and TON were transported during the
high ﬂow periods following the spring snowmelt and rainfalls in the
autumn.
The concentrations of TON have been observed to increase with increasing runoff (Lepistö and Kortelainen, 2011). However, the relationship between DON and runoff may not be as strong as for DOC and
runoff (Campbell et al., 2000), and there is evidence that the variability
of DON concentrations may be more affected by other factors, such as
productivity and the litter returns of plants (Chapman et al., 2001).
The delivery of terrestrial TON and TOC to aquatic systems depends on
the production/decomposition rates and on hydrological transport. Results from a northern, peatland dominated Simojoki river basin have
suggested that the production of both TON and TOC had increased
over the long term, making higher leaching losses possible in ﬂow situations of the same volume. However, a difference was detected between
the leaching of TON and TOC. While TOC concentrations remained quite
stable, TON concentrations had statistically signiﬁcant upward trends,
which may indicate more effective leaching of N-rich organic compounds compared to C-rich compounds (Lepistö et al., 2008).

5. Conclusions
Long-term monitoring records of small headwaters under varied
combinations of land use, climate and land cover are valuable and necessary for assessing combined effects of stressors on water quality and
nutrient cycling and retention at the landscape level. From these small
research catchments, which are not disturbed by multiple land uses
which exist in large river basins, we will get more detailed estimates
of interactions between water quality, forestry and climate.
TOC concentrations were signiﬁcantly increasing in almost all study
catchments. The mean air temperature and change in sulphate concentrations both had a strong, signiﬁcant correlation to TOC change. S deposition has already decreased to low levels, our results indicate that its
importance as a driver of TOC leaching has decreased but is still clearly
detected, while the impact of climate warming as a driver of TOC
leaching will be even more pronounced in the future. A positive correlation was also found between drainage-% and increases in TON, suggesting importance of land management. The existence of long-term
impacts detected in 12 catchments was in line with the detected observations in the large scale, which show upward trends of nitrogen and
carbon concentrations and export from the northern Finnish river basins to the Baltic Sea. Most of the increasing trends occur in the hot
spot area of the rivers discharging into the Bothnian Bay, where major
drainage works have been conducted. This implies that the loads originating from diffuse sources remain a huge and possibly increasing challenge, both accelerating eutrophication and contributing to the
browniﬁcation of surface waters. Better knowledge of the climatedriven impacts in drained peatland forest ecosystems affecting the surface water quality is needed, together with innovations in developing
water protection measures.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.146627.

4.5. Seasonal changes in hydrology
Most increases in runoff were detected in the middle of the winter in
January. On the contrary, downward trends were detected in 1–3 catchments, almost entirely through the year, but mostly in June. These detected changes indicate that wetter winters and summers with more
frequent periods of droughts are becoming more common. Wen et al.
(2020) also emphasized the role of temperature controlling the DOC
production, and hydrology controlling export or DOC at the catchment
scale. This temporal asynchrony suggests the sensitivity of these forest
ecosystems to climate change impacts with increasing extremes. Piao
et al. (2008) discussed the need to acquire a greater understanding of
responses of terrestrial ecosystems to climate trends at the edges of
the growing season (i.e. autumn and spring). Possible drivers include
changes in hydrological regimes, including increasing ﬂow volumes
and consequent changes in ﬂow paths (Tranvik and Jansson, 2002;
Hejzlar et al., 2003; Erlandsson et al., 2008) and the frequency of severe
droughts (Worrall et al., 2004).
It has been found that DOC concentrations may be highest in surface
soil layers and decline sharply in lower soil horizons, because of
adsorption/co-precipitation in mineral soils with iron and aluminium
(e.g. McDowell and Wood, 1984) and microbial decay. DOC concentrations in streams draining organo-mineral soils typically increase following rainfall or snowmelt, as the dominant ﬂow path shifts from the
lower mineral horizons which adsorb DOC, to the closer-to-thesurface organic horizons that produce DOC (McDowell and Likens,
1988). These ﬂow path shifts support increased concentrations during
periods of high ﬂow (e.g. Tranvik and Jansson, 2002).
There is numerous indirect evidence to support the conclusion that
droughts may be drivers of TOC release (Worrall and Burt, 2007). In
the Simojoki river basin with a high number of drained peatlands,
there is some indication of stepwise changes in the TOC ﬂux after
droughts have been detected, particularly when comparing periods of
several wet and dry years (Lepistö et al., 2014). Droughts could augment
DOC production. Changes in the relationship between runoff and DOC
were observed after a severe drought that persisted even through
more minor droughts (Worrall and Burt, 2004). It may not be changes
in the amount of runoff, but rather its source, i.e. as ﬂow paths shift
and richer sources of DOC are accessed (Worrall and Burt, 2007). In
Poland, a drought in autumn 2000 was one of the most severe in
many years, resulting in a decrease of about 30% in TOC concentrations.
The average TOC and water colour were two times higher in the wet autumn than in the dry period (Zielinski et al., 2009). In a Swedish catchment, stepwise increases in DOC concentration did follow some, but not

CRediT authorship contribution statement
Ahti Lepistö: Conceptualization, Investigation, Data curation,
Funding acquisition, Methodology, Project administration, Writing –
original draft, Writing – review & editing. Antti Räike: Conceptualization, Data curation, Methodology, Formal analysis, Writing – review &
editing. Tapani Sallantaus: Conceptualization, Data curation, Writing
– review & editing. Leena Finér: Conceptualization, Funding acquisition,
Project administration, Investigation, Writing – review & editing.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgments
This study was funded by the Finnish Government's analysis, assessment and research activities (MetsäVesi project VNK/53/48/2019), and
by the BIOWATER Nordic Centre of Excellence funded by Nordforsk
(project number 82263), and supported by FRESHABIT LIFE IP project
(LIFE14/IPE/FI/023).
References
Ahtiainen, M., Huttunen, P., 1999. Long-term effects of forestry managements on water
quality and loading in brooks. Boreal Environ. Res. 4, 101–114.
Arheimer, B., Andréasson, J., Fogelberg, S., Johnsson, H., Pers, C.B., Persson, K., 2005. Climate change impact on water quality: model results from Southern Sweden.
Ambio 34, 559–566.
9

A. Lepistö, A. Räike, T. Sallantaus et al.

Science of the Total Environment 780 (2021) 146627
ecosystem services, underlying drivers, and potential mitigation measures. Ambio
49, 375–390. https://doi.org/10.1007/s13280-019-01227-5.
Laudon, H., Sponseller, R.A., Lucas, R.W., Futter, M.N., Egnell, G., Bishop, K., Ågren, A., Ring,
E., Högberg, P., 2011. Consequences of more intensive forestry for the sustainable
management of forest soils and waters. Forests 2 (1), 243–260. https://doi.org/
10.3390/f2010243.
Lepistö, A., Kortelainen, P., 2011. Increasing organic C and N ﬂuxes from a northern boreal
river basin to the sea. In: Peters, N., Krysanova, V., Lepistö, A., Prasad, R., Thoms, M.,
Wilby, R., Zandaryaa, S. (Eds.), Water Quality: Current Trends and Expected Climate
Change Impacts. International Association of Hydrological Sciences, Wallingford.
IAHS Publication 348, pp. 83–88.
Lepistö, A., Kortelainen, P., Mattsson, T., 2008. Increased organic C and N leaching in a
northern boreal river basin in Finland. Glob. Biogeochem. Cycles 22, GB3029.
Lepistö, A., Futter, N.M., Kortelainen, P., 2014. Almost 50 years of monitoring shows that
climate, not forestry, controls long-term organic carbon ﬂuxes in a large boreal watershed. Glob. Chang. Biol. 20, 1225–1237. https://doi.org/10.1111/gcb.12491.
Löfgren, S., Ring, E., von Bromssen, C., Sorensen, R., Hogbom, L., 2009. Short-term effects of
clear-cutting on the water chemistry of two boreal streams in northern Sweden: a
paired catchment study. Ambio 38 (7), 347–356.
Marttila, H., Lepistö, A., Bechmann, M., Tolvanen, A., Kyllmar, K., Rankinen, K., Hellsten, S.,
Kortelainen, P., Wenng, H., Rakovic, J., Futter, M., Klöve, B., deWit, H., 2020. Nordic
bioeconomy and surface water quality, how do they interact? Ambio 49,
1722–1735. https://doi.org/10.1007/s13280-020-01355-3.
Mattsson, T., Kortelainen, P., Räike, A., 2005. Export of DOM from boreal catchments: impacts of land use cover and climate. Biogeochemistry 76, 373–394.
Mattsson, T., Kortelainen, P., Räike, A., Lepistö, A., Thomas, D.N., 2015. Spatial and temporal variability of organic C and N concentrations and export from 30 boreal rivers induced by land use and climate. Sci. Total Environ. 508, 145–154.
Mattsson, T., Lehtoranta, J., Ekholm, P., Palviainen, M., Kortelainen, P., 2017. Runoff
changes have a land cover speciﬁc effect on the seasonal ﬂuxes of terminal electron
acceptors in the boreal catchments. Sci. Total Environ. 601–602, 946–958. https://
doi.org/10.1016/j.scitotenv.2017.05.237.
McDowell, W.H., Likens, G.E., 1988. Origin, composition, and ﬂux of dissolved organic carbon in the Hubbard Brook valley. Ecol. Monogr. 58, 177–195. https://doi.org/10.2307/
2937024.
McDowell, W.H., Wood, T., 1984. Podsolization: soil processes control dissolved organic
carbon concentrations in stream water. Soil Sci. 137, 23–32. https://doi.org/
10.1097/00010694-198401000-00004.
Mellander, P.E., Jordan, P., Bechmann, M., Fovet, O., Shore, M.M., McDonald, N.T., Gascuel
Odoux, C., 2018. Integrated climate-chemical indicators of diffuse pollution from land
to water. Sci. Rep. 8, 944.
Meyer-Jacob, C., Michelutti, N., Paterson, A., Cumming, B., Keller, B., Smol, J., 2019. The
browning and re-browning of lakes: divergent lake-water organic carbon trends
linked to acid deposition and climate change. Sci. Rep. 9. https://doi.org/10.1038/
s41598-019-52912-0.
Mitchell, G., McDonald, A.T., 1995. Catchment characterisation as a tool for upland water
management. J. Environ. Manag. 44 (1), 83–95.
Monteith, D.T., Stoddard, J.L., Evans, C.D., de Wit, H.A., Forsius, M., Høgåsen, T., Wilandert,
A., Skjelkvåle, B.L., Jeffries, D.S., Vuorenmaa, J., Keller, B., Kopácek, J., Vesely, J., 2007.
Dissolved organic carbon trends resulting from changes in atmospheric deposition
chemistry. Nature 450, 537–541.
Neal, C., Reynolds, B., Wilkinson, J., Hill, T., Neal, M., Hill, S., Harrow, M., 1998. The impacts
of conifer harvesting on runoff water quality: a regional survey for Wales. Hydrol.
Earth Syst. Sci. 2, 323–344.
Nieminen, M., Sarkkola, S., Hellsten, S., Marttila, H., Piirainen, S., Sallantaus, T., Lepistö, A.,
2018. Increasing and decreasing nitrogen and phosphorus trends in runoff from
drained peatland forests—is there a legacy effect of drainage or not? Water Air Soil
Pollut. 229, 286. https://doi.org/10.1007/s11270-018-3945-4.
Ojanen, P., Minkkinen, K., 2019. The dependence of net soil CO2 emissions on water table
depth in boreal peatlands drained for forestry. Mires Peat 24 (27), 1–8. http://www.
mires-and-peat.net/.
Oni, S.K., Futter, M.N., Bishop, K., Köhler, S.J., Ottosson-Löfvenius, M., Laudon, H., 2013.
Long-term patterns in dissolved organic carbon, major elements and trace metals
in boreal headwater catchments: trends, mechanisms and heterogeneity. Biogeosciences 10, 2315–2330.
Øygarden, L., Deelstra, J., Lagzdins, A., Bechmann, M., Greipsland, I., Kyllmar, K., Povilaitis,
A., Iital, A., 2014. Climate change and the potential effects on runoff and nitrogen
losses in the Nordic-Baltic region. Agric. Ecosyst. Environ. 198, 114–125.
Palviainen, M., Finer, L., Lauren, A., Launiainen, S., Piirainen, S., Mattsson, T., Starr, M.,
2013. Nitrogen, phosphorus, carbon, and suspended solids loads from forest clearcutting and site preparation: long-term paired catchment studies from eastern
Finland. Ambio 43 (2), 218–233.
Pärn, J., Mander, U., 2012. Increased organic carbon concentrations in Estonian rivers in
the period 1992–2007 as affected by deepening droughts. Biogeochemistry 108,
351–358.
Piao, S., Ciais, P., Friedlingstein, P., Peylin, P., Reichstein, M., Luyssaert, S., Margolis, H.,
Fang, J., Barr, A., Chen, A., Grelle, A., Hollinger, D.Y., Laurila, T., Lindroth, A.,
Richardson, A.D., Vesala, T., 2008. Net carbon dioxide losses of northern ecosystems
in response to autumn warming. Nature 451, 49–53.
Porcal, P., Koprivnjak, J.F., Molot, L.A., Dillon, P.J., 2009. Humic substances—part 7: the biogeochemistry of dissolved organic carbon and its interactions with climate change.
Environ. Sci. Pollut. Res. 16 (6), 714–726.
Räike, A., Kortelainen, P., Mattsson, T., Thomas, D.N., 2016. Long-term trends (1975–2014)
in the concentrations and export of carbon from Finnish rivers to the Baltic Sea: organic and inorganic components compared. Aquat. Sci. 78, 505–523. https://doi.org/
10.1007/s00027-015-0451-2.

Asmala, E., Carstensen, J., Räike, A., 2019. Multiple anthropogenic drivers behind upward
trends in organic carbon concentrations in boreal rivers. Environ. Res. Lett. 14,
124018. https://doi.org/10.1088/1748-9326/ab4fa9.
Campbell, D.H., Baron, J.S., Tonnessen, K.A., Brooks, P.D., Schuster, P.F., 2000. Controls on
nitrogen ﬂux in alpine/subalpine watersheds of Colorado. Water Resour. Res. 36,
37–47.
Chapman, P.J., Williams, B.L., Hawkins, A., 2001. Inﬂuence of temperature and vegetation
cover on soluble inorganic and organic nitrogen in a spodosol. Soil Biol. Biochem. 33,
1113–1121.
Christ, M.J., David, M.B., 1996. Temperature and moisture effects on the production of dissolved organic carbon in a spodosol. Soil Biol. Biochem. 28, 1171–1179.
Clark, J., Ashley, D., Wagner, M., Chapman, P.J., Lane, S.N., Evans, C.D., Heathwaite, A.L.,
2009. Increased temperature sensitivity of net DOC production from ombrotrophic
peat due to water table draw-down. Glob. Chang. Biol. 15, 794–807. https://doi.org/
10.1111/j.1365-2486.2008.01683.x.
Dalva, M., Moore, T.R., 1991. Sources and sinks of dissolved organic carbon in a forested
swamp catchment. Biogeochemistry 15, 1–19.
Deininger, A., Frigstad, H., 2019. Re-evaluating the role of organic matter sources for
coastal eutrophication, oligotrophication, and ecosystem health. Front. Mar. Sci. 6,
210. https://doi.org/10.3389/fmars.2019.00210.
Deininger, A., Kaste, Ø., Frigstad, H., Austnes, K., 2020. Organic nitrogen steadily increasing
in Norwegian rivers draining to the Skagerrak coast. Sci. Rep. 10, 18451. https://doi.
org/10.1038/s41598-020-75532-5.
Erlandsson, M., Buffam, I., Folster, J., Laudon, H., Temnerud, J., Weyhenmeyer, G.A., Bishop,
K., 2008. Thirty-ﬁve years of synchrony in the organic matter concentrations of Swedish rivers explained by variation in ﬂow and sulphate. Glob. Chang. Biol. 14,
1191–1198. https://doi.org/10.1111/j.1365–2486.2008.01551.x.
Evans, C.D., Monteith, D.T., Cooper, D.M., 2005. Long-term increases in surface water dissolved organic carbon: observations, possible causes and environmental impacts. Environ. Pollut. 137, 55–71. https://doi.org/10.1016/j.envpol.2004.12.031.
Evans, C.D., Chapman, P.C., Clark, J.M., Monteith, D.T., Cresser, M.S., 2006. Alternative explanations for rising dissolved organic carbon export from organic soils. Glob.
Chang. Biol. 12, 2044–2053.
Finér, L., Lepistö, A., Karlsson, K., Räike, A., Härkönen, L., Huttunen, M., Joensuu, S.,
Kortelainen, P., Mattsson, T., Piirainen, S., Sallantaus, T., Sarkkola, S., Tattari, S.,
Ukonmaanaho, L., 2021. Drainage for forestry increases N, P and TOC export to boreal
surface waters. Sci. Total Environ. 762 (2021), 144098. https://doi.org/10.1016/j.
scitotenv.2020.144098.
Finstad, A.G., Andersen, T., Larsen, S., Tominage, K., Blumentrath, S., de Wit, H.A.,
Tømmervik, H., Hessen, D.O., 2016. From greening to browning: catchment vegetation development and reduced S-deposition promote organic carbon load on decadal
time scales in Nordic lakes. Sci. Rep. 6, 31944. https://doi.org/10.1038/srep31944.
Freeman, C., Evans, C.D., Monteith, D.T., Reynolds, B., Fenner, N., 2001. Export of organic
carbon from peat soils. Nature 412, 785–786. https://doi.org/10.1038/35090628.
Gillooly, J.F., Brown, J.H., West, G.B., Savage, V.M., Charnov, E.L., 2001. Effects of size and
temperature on metabolic rate. Science 293, 2248–2251. https://doi.org/10.1126/
science.1061967.
Hejzlar, J., Dubrovsky, M., Buchtele, J., Ruzicka, M., 2003. The apparent and potential effects of climate change on the inferred concentration of dissolved organic matter in
a temperate stream (the Malse River, South Bohemia). Sci. Total Environ. 310,
143–152.
Hering, D., Borja, A., Carstensen, J., Carvalho, L., Elliott, M., Feld, C.K., Heiskanen, A.S.,
Johnson, R.K., Moe, J., Pont, D., Solheim, A.L., van de Bund, W., 2010. The European
Water Framework Directive at the age of 10: a critical review of the achievements
with recommendations for the future. Sci. Total Environ. 408 (19), 4007–4019.
https://doi.org/10.1016/j.scitotenv.2010.05.031.
Hirsch, R.M., Slack, J.R., Smith, R.A., 1982. Techniques of trend analysis for monthly water
quality data. Water Resour. Res. 18 (1), 107–121. https://doi.org/10.1029/
WR018i001p00107.
Hirsch, R.M., Alexander, R.B., Smith, R.A., 1991. Selection of methods for the detection and
estimation of trends in water quality. Water Resour. Res. 27 (5), 803–813. https://doi.
org/10.1029/91WR00259.
Hruška, J., Krám, P., McDowell, W.H., Oulehle, F., 2009. Increased dissolved organic carbon
(DOC) in Central European streams is driven by reductions in ionic strength rather
than climate change or decreasing acidity. Environ. Sci. Technol. 43 (12), 4320–4326.
Huttunen, I.H., Lehtonen, M., Huttunen, V., Piirainen, M., Korppoo, N., Veijalainen, M.,
Viitasalo, M., Vehviläinen, B., 2015. Effects of climate change and agricultural adaptation on nutrient loading from Finnish catchments to the Baltic Sea. Sci. Total Environ.
529, 168–181.
Jennings, E., Järvinen, M., Allott, N., Arvola, L., Moore, K., Naden, P., NicAongusa, C., Nõges,
T., Weyhenmeyer, G.A., 2010. Impacts of climate on the ﬂux of dissolved organic carbon from catchments. In: George, C. (Ed.), The Impact of Climate Change on European
Lakes. Aquatic Ecology Series 4, pp. 199–220.
Kauppila, P., Koskiaho, J., 2003. Evaluation of annual loads of nutrients and suspended
solids in Baltic rivers. Nord. Hydrol. 34, 203–220.
Kielland, K., Olson, K., Ruess, R.W., Boone, R.D., 2006. Contribution of winter processes to
soil nitrogen ﬂux in taiga forest ecosystems. Biogeochemistry 81, 349–360.
Kortelainen, P., 1993. Contribution of organic acids to the acidity of Finnish lakes. Publications of the Water and Environment Research Institute 13. National Board of Waters
and the Environment, Helsinki. http://hdl.handle.net/10138/26032.
Kortelainen, P., Mattsson, T., Finer, L., Ahtiainen, M., Saukkonen, S., Sallantaus, T., 2006.
Controls on the export of C, N, P and Fe from undisturbed boreal catchments,
Finland. Aquat. Sci. 68, 453–468. https://doi.org/10.1007/s00027-006-0833-6.
Kritzberg, E.S., Hasselquist, E.M., Škerlep, M., Löfgren, S., Olsson, O., Stadmark, J., Valinia, S.,
Hansson, L.-A., Laudon, H., 2020. Browning of freshwaters: consequences to
10

A. Lepistö, A. Räike, T. Sallantaus et al.

Science of the Total Environment 780 (2021) 146627
in Europe in relation to changes in emissions and hydrometeorological conditions.
Sci. Total Environ. 625, 1129–1145. https://doi.org/10.1016/j.scitotenv.2017.12.245.
Wen, H., Perdrial, J., Bernal, S., Abbott, B., Dupas, R., Godsey, S., Harpold, A., Rizzo, D., Underwood, K., Adler, T., Hale, R., Sterl, G., Li, L., 2020. Temperature controls production
but hydrology regulates export of dissolved organic carbon at the catchment scale.
Hydrol. Earth Syst. Sci. 24, 1–22. https://doi.org/10.5194/hess-2019-310.
Willett, V.B., Reynolds, B.A., Stevens, P.A., Ormerod, S.J., Jones, D.L., 2004. Dissolved organic
nitrogen regulation in freshwaters. J. Environ. Qual. 33, 201–209.
de Wit, H.A., Valinia, S., Weyhenmeyer, G.A., Futter, M.N., Kortelainen, P., Austnes, K.,
Hessen, D.O., Räike, A., Laudon, H., Vuorenmaa, J., 2016. Current browning of surface
waters will be further promoted by wetter climate. Environ. Sci. Technol. Lett. 3 (12),
acs.estlett.6b00396. https://doi.org/10.1021/acs.estlett.6b00396.
de Wit, H.A., Lepistö, A., Marttila, H., Wenng, H., Bechmann, M., Blicher-Mathiesen, G.,
Eklöf, K., Futter, M.N., Kortelainen, P., Kronvang, B., Kyllmar, K., Rakovic, J., 2020.
Land-use dominates climate controls on nitrogen and phosphorus export from managed and natural Nordic headwater catchments. Hydrol. Process. 2020, 1–20. https://
doi.org/10.1002/hyp.13939.
Worrall, F., Burt, T.P., 2004. Time series analysis of long term river DOC records. Hydrol.
Process. 18, 893–911.
Worrall, F., Burt, T.P., 2007. Trends in DOC concentration in Great Britain. J. Hydrol. 346,
81–92.
Worrall, F., Burt, T., Adamson, J., 2004. Can climate change explain increases in DOC ﬂux
from upland peat catchments? Sci. Total Environ. 326, 95–112. https://doi.org/
10.1016/j.scitotenv.2003.11.022.
Zielinski, P., Gorniak, A., Piekarski, M.K., 2009. The effect of hydrological drought on chemical quality of water and dissolved organic carbon concentrations in lowland rivers.
Pol. J. Ecol. 57, 217–227.

Räike, A., Taskinen, A., Knuuttila, S., 2020. Nutrient export from Finnish rivers into the Baltic Sea has not decreased despite water protection measures. Ambio 49, 460–474.
https://doi.org/10.1007/s13280-019-01217-7.
Rekolainen, S., Posch, M., Kämäri, J., Ekholm, P., 1991. Evaluation of the accuracy and precision of annual phosphorus load estimates from two agricultural basins in Finland.
J. Hydrol. 128, 237–255.
Sarkkola, S., Koivusalo, H., Lauren, A., Kortelainen, P., Mattsson, T., Palviainen, M.,
Piirainen, S., Starr, M., Finér, L., 2009. Trends in hydrometeorological conditions and
stream water organic carbon in boreal forested catchments. Sci. Total Environ. 408,
92–101.
Sepp, M., Kõiv, T., Nõges, P., Nõges, T., 2018. Do organic matter metrics included in lake
surveillance monitoring in Europe provide a broad picture of browniﬁcation and enrichment with oxygen consuming substances? Sci. Total Environ. 610–611,
1288–1297. https://doi.org/10.1016/j.scitotenv.2017.08.179.
Seuna, P., 1983. Small basins — a tool in scientiﬁc and operational hydrology. Publications
of the Water Research Institute, Finland, 51. National Board of Waters, Helsinki, 61
pp.
Sponseller, R.A., Gundale, M.J., Futter, M., Ring, E., Nordin, A., Nasholm, T., Laudon, H.,
2016. Nitrogen dynamics in managed boreal forests: recent advances and future research directions. Ambio 45, 175–187. https://doi.org/10.1007/s13280-015-0755-4.
Tattari, S., Koskiaho, J., Kosunen, M., Lepistö, A., Linjama, J., Puustinen, M., 2017. Nutrient
loads from agricultural and forested areas in Finland from 1981 up to 2010—can the
efﬁciency of undertaken water protection measures seen? Environ. Monit. Assess.
189, 95. https://doi.org/10.1007/s10661-017-5791-z.
Tranvik, L.J., Jansson, M., 2002. Terrestrial export of organic carbon. Nature 415, 861–862.
https://doi.org/10.1038/415861b.
Vaahtera, E., Aarne, M., Ihalainen, A., Mäki-Simola, E., Peltola, A., Torvelainen, J., Uotila, E.,
Ylitalo, E. (Eds.), 2018. Finnish Forest Statistics. Luonnonvarakeskus, Helsinki 188 p.
Vuorenmaa, J., Rekolainen, S., Lepistö, A., Kenttämies, K., Kauppila, P., 2002. Losses of nitrogen and phosphorus from agricultural and forest areas in Finland during the
1980s and 1990s. Environ. Monit. Assess. 76, 213–248. https://doi.org/10.1023/A:
1015584014417.
Vuorenmaa, J., Forsius, M., Mannio, J., 2006. Increasing trend of total organic carbon concentrations in small forest lakes in Finland from 1987 to 2002. Sci. Total Environ. 365,
47–65. https://doi.org/10.1016/j.scitotenv.2006.02.038.
Vuorenmaa, J., Augustaitis, A., Beudert, B., Bochenek, W., Clarke, N., de Wit, H.A., et al.,
2018. Long-term changes (1990–2015) in the atmospheric deposition and runoff
water chemistry of sulphate, inorganic nitrogen and acidity for forested catchments

Web references
Finnish Environment Institute, d. Open datahttps://www.syke.ﬁ/en-US/Open_information/Open_web_services/Environmental_data_API Accessed 30.12.2020.
Finnish Meteorological Institute, d. Open datahttps://ilmasto-opas.ﬁ/en/datat Accessed
30.12.2020.

11

