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However, future research is still needed to assess 
which are the actual processes related to stand vol-
ume and temperature sum that contribute to increas-
ing TN concentrations.
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1 Introduction

Internationally, around 15 million hectares of peat-
lands and wetlands were drained for forestry in the 
temperate and boreal regions, particularly between 
the 1960s and the late 1980s (Paavilainen & 
Päivänen, 1995). Although these peatlands and wet-
lands have now been under the influence of drainage 
for a long time, the primary mechanisms controlling 
their nutrient exports to receiving water courses are 
still poorly understood.

It was understood for a long time that drainage of 
peatlands for forestry had only short-term impacts 
on nutrient and carbon exports (Finér et  al., 2010; 
Heikurainen et  al., 1978). It was generally accepted 
that, even though peatland drainage may considerably 
increase nutrient and carbon exports during the first 
few years after treatment, their exports did not signifi-
cantly differ from undrained peatlands 10–20  years 
after drainage. Nieminen et al. (2017) revealed, how-
ever, that nitrogen and phosphorus concentrations dis-
charging from drained peatlands had not returned to 
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undrained levels but were two-to-three times higher 
even though several decades had elapsed since drain-
age. Similarly, Nieminen et  al. (2020) showed that 
this persistent legacy effect of drainage may result 
in many-fold higher nutrient export estimates from 
drained peatland forests compared with those where 
its contribution is ignored (Finér et al., 2010).

Furthermore, the results by Nieminen et al. (2017, 
2018) and Räike et al. (2019) indicated that nitrogen 
and phosphorus exports from drained peatland for-
ests may not only be persistently higher than from 
undrained peatlands, but they may also increase over 
time since drainage occurred. Nieminen et al. (2017, 
2018) showed significantly higher nitrogen and phos-
phorus concentrations in waters discharging from old 
peatland drainage areas where several decades had 
elapsed since drainage compared with more recently 
drained areas. Similarly, Räike et  al. (2019) found 
increasing trends of nitrogen concentrations in large 
boreal rivers discharging to the Baltic Sea. The area 
of drained peatlands in their catchments was the land 
use factor with the strongest correlation with these 
increasing trends.

However, the studies on the temporal trends of 
nutrient concentrations from drained peatland for-
ests are contradictory. Concurrently with the studies 
reporting increasing trends of nutrients (Nieminen 
et  al., 2017, 2018; Räike et  al., 2019), Finér et  al. 
(2021) showed no increase in nitrogen concentra-
tions over time and even decreasing concentrations 
for phosphorus. As pointed out by Nieminen et  al. 
(2018), these contradictory results may simply be 
because the temporal trends of nutrients vary in 
time and space. Decreasing temporal trends may be 
expected when drained sites are still recovering from 
the effects of forestry operations, such as forest drain-
age, fertilization, or harvesting. Increasing trends of 
organic carbon and organic nutrients may particularly 
occur due to climatic warming (Laudon et al., 2012; 
Sarkkola et al., 2009) and recovery from atmospheric 
sulfate deposition (Monteith et al., 2007; Erlandsson 
et al., 2008).

Recent studies also suggest increasing trends due 
to the “greening effect” in northern latitudes, that 
is, the expansion and maturation of forests in previ-
ously treeless or sparsely tree-covered sites, such as 
the peatlands subjected to forest drainage (Finstad 
et  al., 2016; Škerlep et  al., 2019; Nieminen et  al., 
2021). Increase in forest biomass in mineral soils and 

peatlands may contribute to increasing organic car-
bon and nutrient exports, for example, by increasing 
root exudates and litter inputs into the soil (Straková 
et  al., 2010, 2012). In drained peatlands, increasing 
forest biomass may contribute to nutrient and carbon 
exports also indirectly, that is, by increasing evapo-
transpiration of vegetation, thus resulting in thicker 
oxidized peat layers in old drained areas with mature 
tree stands than in recently drained areas (Sarkkola 
et al., 2010).

Differing temporal trends of nutrients in different 
studies may also be related to different geographic 
locations of study sites. Given that peat decomposi-
tion is the main source of nutrients in drained peat-
lands (Laurén et  al., 2021), variations in temporal 
nutrient export trends may be related to differences 
in the rate of peat decomposition. Peat decomposition 
in drained sites is much faster in southern compared 
with northern locations (Hiraishi et  al., 2014), sug-
gesting that increasing trends of nutrients in waters 
from drained peatland forests may most likely be 
found in southern locations. Forests are also much 
denser and taller in southern boreal regions than in 
northern, and thus, it is likely that forests contribute 
more to litter inputs and evapotranspiration in the 
southern locations.

The aim of this study was to increase the under-
standing of the long-term temporal trends of nutrient 
concentrations in waters discharging from drained 
boreal peatland forests. To do that, we gathered water 
quality data from 18 forestry-drained and 11 und-
rained peatlands, and studied the factors contribut-
ing to their long-term (10–29  years) nitrogen and 
phosphorus concentration trends. Our hypothesis is 
that increasing concentration trends occur mostly 
in southern latitudes, where higher temperatures 
increase peat decomposition and tree growth more 
than in the north.

2  Material and Methods

2.1  Study Sites

We studied the long-term (10–29  years) temporal 
trends of total nitrogen (TN) and total phosphorus 
(TP) concentrations from 29 boreal forest catch-
ments, 18 of which were managed using typical 
even-aged rotation-forestry methods and 11 sites 
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Table 1  Basic information 
on the studied catchment 
areas

Area Loca�on Area Peatlands, Drained, Tsum Stand V, Monit. years

N E ha % % m3 ha-1

Drained

Latokartano 6724116 452612 12 20 20 1440 233 2007-2016

Huh�suonoja 6806314 588124 494 47 47 1385 145 1990-2018

Jylisjärvi 6765327 381359 12 30 30 1350 142 1994-2005

Paunulanpuro 6839687 359364 153 10 10 1340 130 1991-2001,

2014-2018

Ruokesuo 6826042 313542 44 27 25 1360 145 1993-2001,

2014-2015

Heinäjoki 6893873 416863 950 10 10 1260 120 1990-2004

Katajaluoma 6847801 277094 1120 37 37 1250 93 1991-1994,

2014-2018

Kesselinpuro 6950600 604008 2170 50 34 1250 143 1990-2018

Pehkusuonoja 6863172 327123 25 18 11 1220 160 1993-2005

Pahkapuro 7037858 372575 2344 45 27 1075 63 1991-1999,

2014-2018

Myllypuro 7173109 578316 1053 25 15 900 85 1990-2018

Joutenpuro 7203298 574992 351 52 48 960 79 1990-2008

Ko�oja 7336762 460398 1719 54 27 880 50 1990-2014

Vähä-Askanjoki 7380982 529867 1640 21 10 880 50 1990-2018

Ylijoki 7339670 462280 5650 53 29 880 42 1990-2018

Krycklan 7146659 150158 6790 21 13 870 106 1993-2019

Vääräjoki 7311871 599361 1900 42 4 820 49 1991-2000,

2014-2018

Lompolojängänoja 7545547 383057 514 24 10 720 45 2007-2018

Undrained

Punassuo 6682146 280286 220 90 0 1475 40 2004-2014

Lakkasuo 3 6853910 358167 15 55 0 1240 107 1992-2016

Lakkasuo 7 6853755 358341 10 100 0 1240 18 1992-2015

Korsukorpi 7084605 581280 69 56 0 1100 61 1992-2013

Liuhapuro 7075576 573066 164 48 0 1090 101 1990-2018

Välipuro 7083611 581404 77 56 0 1090 106 1990-2013

Kangaslampi 7082638 596709 29 9 0 1050 132 1992-2013

Porkkavaara 7083270 606061 72 16 0 1050 160 1992-2018

Kelopuro 7008998 685905 137 47 0 1040 100 1990-2018

Runkaus 6 7324360 429812 3800 71 1 900 26 1996-2017

Laanioja 7587750 515971 1360 4 4 690 41 1990-2018
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were catchments dominated by undrained peatlands 
(Table 1). The Krycklan catchment is in Sweden; the 
other catchments are in Finland. Temporal trends in 
TN and TP concentrations from some of the catch-
ments included in this study have been presented ear-
lier (e.g., Lepistö et al., 2021), but this study utilizes a 
more extensive data set than previous trend analyses. 
The Latokartano catchment is a control catchment 
from the study by Kaila et  al. (2015), the Krycklan 
catchment study data can be found on their data ser-
vice webpage (https:// www. slu. se/ Kryck lan), and the 
other data were derived from the national database 
maintained by the Finnish Environment Institute 
(https:// www. syke. fi/ en- US/ Open_ infor mation/ Open_ 
web_ servi ces/ Envir onmen tal_ data_ API) and the Nat-
ural Resources Institute Finland (https:// metsa info. 
luke. fi/ fi/ vesis tokuo rmitu kset).

The annual climatic cycle in the study region 
includes four distinct seasons. The winter period 
(December–March) is characterized by freezing tem-
peratures and a snow cover ranging from about 20 
to 120  cm. The snowmelt period typically starts in 
late April or early May, and after 2 or 3 weeks, the 
snowpack and the frozen ground have melted. Sum-
mer (June–August) is characterized by a daily mean 
temperature of about 17 °C in the southern part and 
13  °C in the northernmost part of the region. Dur-
ing autumn (September–November), the daily tem-
peratures gradually decrease from 10 to 15  °C to 
values below zero, and late in the end of the period, 
the ground and surface water bodies start to freeze. 
The mean annual precipitation is 550–700  mm, 
200–300 mm of which falls as snow.

Our principal selection criteria of the sites were 
that the site should have been monitored for at least 
10 years and that no forest operations covering large 
parts of the catchment (> 10%) should have been 
executed between 1980 and 2019, that is, during the 
study period and 10 years before it (see also Sarkkola 
et al., 2009; Nieminen et al., 2017, 2018). The latter 
selection criterion was to enable the long-term trends 
from managed catchments to be studied without the 
recurrent decreasing and increasing concentration 

periods caused by successive forestry operations (see 
also Nieminen et al., 2018).

The catchments are typical conifer-dominated for-
est areas in Nordic countries, where Norway spruce 
(Picea abies (L.) Karsten) dominates the most fertile 
sites, and Scots pine (Pinus sylvestris L.) dominates 
the low-fertile mineral soils and tree-covered bogs. 
Silver (Betula pendula Roth) and downy birch (Betula 
pubescens Ehrh.) are generally only found as mixed 
species, the first in mineral soils and the latter in peat-
lands. Peatlands cover 4–100% of the catchment areas 
in the undrained sites, and 10–54% in the drained 
sites (Table  1). Drained peatlands cover 4–48% of 
the areas of drained catchments. Agricultural areas 
are almost non-existent, except at Heinäjoki, where 
they cover about 8% of the catchment area. The tree 
stand volume in the study region has increased by 
almost 70% over the past few decades, from about 
1500 million  m3 in the 1970s to about 2500 million 
 m3 at the end of the 2010s in Finland (Luke Forest 
Statistics, 2021). The stand volume in the catchments 
varies from 42 to 233  m3   ha−1 in the drained catch-
ments, and between 18 and 160  m3   ha−1 in the und-
rained catchments. Temperature sum (degree days 
(d.d.), ≥ 5  °C) varies from 690 d.d. in the northern-
most to 1475 d.d. in the southernmost site (Table 1).

2.2  Sampling and Analyses

The water samples were collected by focusing on the 
periods with high flows, which are in the study region 
the spring snowmelt period and the autumn heavy 
rainfalls. The samples were collected from an outflow 
ditch or stream draining each catchment, either from 
the flow of a V-notch weir or a discharge pipe of a 
soil embankment (Latokartano). On average, 9 sam-
ples were taken per year. Mid-summer (July–August) 
periods are often missing because of no or minor 
runoff. Concentrations of TN and TP were analyzed 
either colorimetrically after oxidation with  K2S2O8 
(Vesihallinnon analyysimenetelmät, 1981) or TN 
using flow injection analysis (Tecaton FIA) and the 
NPOC method.

Peatlands % = proportion of peatlands in the catchment area; drained % = proportion of drained 
peatlands in the catchment area; Tsum = temperature sum (degree days, ≥ 5 °C); stand V = stand 
volume in the catchment area  (m3  ha−1). Stand volumes were estimated by either measuring tree 
attributes in conventional field plots or utilizing the open database of the Multi-source National 
Forest Inventory of Finland (Mäkisara et al., 2016)

Table 1  (continued)
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2.3  Calculations

Linear trends in TN and TP concentrations (mg  l−1) 
in each of the 29 catchments were calculated using 
the non-parametric Mann–Kendall test (Gilbert, 
1996), which has been widely used in trend analy-
ses. The Kendall test is suitable because it is robust to 
outliers, missing data, and non-normality of the time 
series. The slopes of the trends express the median 
change in the time series and were calculated using 
the Sen slope (S) estimation method. The tests were 
performed in R (R Core Team 2019) using the Kend-
all and trend packages (McLeod, 2011).

Ordinary regression analysis (OLS) was used to 
identify the factors behind the variation in trends (i.e., 
Sen’s slope estimates). The tested explanatory factors 
in the regression models were (i) catchment area (ha), 
(ii) percentage of undrained peatlands in the catch-
ments (%), (iii) percentage of drained peatlands in the 
catchments (%), (iv) temperature sum as the param-
eter for site altitudinal and latitudinal location (degree 
days (d.d.), > 5 °C), and (v) average tree stand volume 
in the catchments  (m3  ha−1).

3  Results

Average TN concentrations (± SD) in the catchments 
with drained peatlands were 506 (± 232) μg  l−1, and 
TP concentrations 25 (± 16) μg  l−1. TN and TP con-
centrations in the catchments with undrained sites 
were 394 (± 145) and 11 (± 6) μg  l−1, respectively.

TN concentrations in waters discharging from the 
11 undrained peatlands increased significantly in two 
sites and decreased significantly in two sites, while TP 
concentrations increased in three sites and decreased 
in one site (Table 2). Among the 18 drained sites, TN 
concentrations increased significantly from eight sites 
and decreased from two sites, while TP concentra-
tions increased from three sites and decreased from 
five sites.

The TN trends (Sen slope estimates) correlated 
positively with temperature sum and tree stand vol-
ume in the catchments, and slightly negatively with 
the area of the catchment (Fig.  1). Peatland area or 
drained peatland area did not correlate with TN 
trends. None of the explanatory factors were in 
clear correlation with the temporal trends in TP 
concentrations.

4  Discussion

The results of the study supported our hypothesis in 
that the trends in nitrogen concentrations correlated 
positively with factors related to latitude, i.e., the vol-
ume of the tree stand in the catchments and the tem-
perature sum of the study site. A few previous stud-
ies have indicated that the general increase in forest 
cover and biomass in northern latitudes during recent 
decades (“greening effect”) may be one factor behind 

Table 2  Observed trends (Sen’s slope estimates) in TN and 
TP concentrations in waters discharging from the studied 
catchments

* Significant at p < 0.10 level, **significant at p < 0.01 level, 
***significant at p < 0.001 level

Area TN-trend TP-trend

Drained
  Latokartano 32.51 * 3.39
  Huhtisuonoja 4.45  − 0.93 ***
  Jylisjärvi 10.55 0.04
  Paunulanpuro 5.03 ** 0.26 *
  Heinäjoki 7.58 *  − 0.40
  Ruokesuo 1.82 *** 0.00
  Katajaluoma 10.20 * 0.40 *
  Kesselinpuro 2.78  − 0.74 ***
  Pehkusuonoja 18.30 ** 0.56
  Pahkapuro 0.00  − 0.26 **
  Myllypuro 1.21  − 0.22 *
  Joutenpuro 8.97 * 0.04
  Kotioja 5.32 *** 0.17 *
  Vähä-Askanjoki  − 0.45  − 0.09
  Ylijoki  − 0.90  − 0.02
  Krycklan  − 10.09 *  − 4.55 ***
  Vääräjoki  − 1.90 * 0.00
  Lompolojängänoja 0.11 0.17

Undrained
  Punassuo 1.67 0.00
  Lakkasuo 3 6.78 ** 0.13 *
  Lakkasuo 7 6.72 0.20 **
  Korsukorpi  − 4.10 ** 0.25 **
  Liuhapuro 1.75 *  − 0.01
  Välipuro 0.97  − 0.07
  Kangaslampi 0.55  − 0.12 **
  Porkkavaara 0.63 0.00
  Kelopuro  − 0.23  − 0.01
  Runkaus 6 0.87 0.09
  Laanioja  − 1.05 **  − 0.01
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increasing organic carbon concentrations in forested 
streams (Finstad et al., 2016; Nieminen et al., 2021; 
Škerlep et al., 2019), but ours is the first study show-
ing that the trends in nitrogen concentrations may 
also correlate positively with the increase in forest 
biomass. Tree stand volume and latitude are posi-
tively correlated; tree stands with higher volume are 
found in southern rather than northern locations in 
the Nordic region (Henttonen et al., 2020), thus com-
plicating the interpretation of the results. That is, it 
is unclear whether the increasing trends are primar-
ily related to tree physicochemical processes, such as 
evapotranspiration and root exudates, or site location-
related factors, such as temperature.

None of the explanatory factors we tested corre-
lated with the trends in TP concentrations. This may 
be because TP concentrations correlate with factors 
not studied here, such as rates of weathering of the 
parent material in the catchments or past fertiliza-
tion activity. Fertilization of drained peatlands was 
very active in Finland during the 1960s to 1980s, 
which may have had long-term effects on phosphorus 
exports (Nieminen et al., 2018). More sites indicated 
decreasing rather than increasing trends for TP, which 
may be because the waters are still recovering from 
the effects of past fertilization (Finér et  al., 2021; 
Nieminen et al., 2018).

Increasing TN concentration trends in the large-
volume tree stands of the south may be due to sev-
eral reasons. One mechanism by which tree cover 
may have a positive effect on the TN concentrations 
is the effect of tree canopy on dry deposition capture 
of nitrogen (Sievering et  al., 2007). Forest-covered 
areas capture more dry deposition than open areas, 
and nitrogen deposition is higher in boreal regions 
in the south than in the north (Lövblad et al., 1992); 
together, these two factors may increase TN concen-
trations in surface waters particularly in mature tree 
stands in the south. The effect of tree stand on TN 
concentrations may also be due to increased nitro-
gen-rich tree litter input into the soil (Straková et al., 
2010, 2012).

In drained peatland forests, one mechanism by 
which tree cover contributes to increasing TN con-
centrations may also be the increasing evapotranspi-
ration along with maturing of the tree stands (Sark-
kola et al., 2010), resulting in lower water levels and 
thicker oxidized peat layers in drained and densely 
forested peatlands compared with sparsely covered 

Fig. 1  The relationship between tree stand volume  (m3  ha−1), 
temperature sum (d.d., > 5 °C), and catchment area (ha) in the 
29 catchments included in the study and TN concentration 
trends (Sen’s slope estimates) in waters discharging from the 
catchments
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or open areas. However, there was no correlation 
between drained area in the catchments and increas-
ing TN concentrations in our data. Thus, the corre-
lation between tree stand volume and increasing TN 
concentrations may not be specific to drained peat-
lands but may also apply to mineral soil forests.

Increasing TN trends primarily in the south and 
large-volume tree stands are worrying from the view-
point of the future evolution of water quality in for-
ested catchments. Future climatic conditions in the 
north may become similar as they are now in the 
south (Ruosteenoja et al., 2016), suggesting that TN 
concentrations in waters from forested catchments 
may begin to increase also in the north. The generally 
accepted policy in northern countries is to increase 
afforestation and tree growth in order to increase car-
bon sequestration in forest biomass and replace fossil 
fuels with renewable materials. Based on the results 
of this paper and some earlier studies (Finstad et al., 
2016; Nieminen et  al., 2021), this well-meaning 
policy may have the negative side effect of increas-
ing carbon and nitrogen concentrations in waters 
discharging from forested catchments. It is thus of 
utmost importance to carry on monitoring water qual-
ity from these and other forested catchments in order 
to assess if the observed positive “forest biomass-con-
centration trend” relationship for TN is due to historic 
reasons or if increase in forest biomass will also con-
tribute to nitrogen concentrations in the future.

It should be noted here, however, that although 
increasing stand volumes can result in increasing 
nitrogen and carbon concentrations in waters from 
forested catchments, water flows may reduce concur-
rently due to higher evapotranspiration of the larger 
tree stands (Sarkkola et  al., 2010). Thus, the overall 
result of the “greening effect” in high latitudes may 
not be increasing carbon and nitrogen exports (kg 
 ha−1  year−1) to water courses, but less water with 
higher nitrogen and carbon concentrations in receiv-
ing lakes and streams particularly during growing 
season. The studies in forested areas should thus 
perhaps focus more on water quality issues than 
attempt to produce estimates on nutrient and carbon 
exports induced by forestry (e.g., Finér et al., 2021). 
Less water with poorer quality in forested lakes and 
streams particularly during summer seasons would 
significantly reduce their value for recreational pur-
poses, and plausibly also severely decrease their 
aquatic biodiversity (Kritzberg et al., 2020).

In conclusion, our study indicated that there have 
been very variable trends in nitrogen and phosphorus 
concentrations in waters from forested catchments in 
the Nordic region over the past decades. The mecha-
nisms behind varying phosphorus trends remained 
largely unexplained, but the trends in nitrogen con-
centrations were positively correlated with tree stand 
volume and temperature sum. This study thus indi-
cates that the general increase in tree cover and bio-
mass in forested catchments in the Nordic regions 
over the past decades may not only have increased 
carbon concentrations in forested streams and lakes 
(Finstad et al., 2016; Nieminen et al., 2021), but also 
nitrogen concentrations. A positive correlation of 
increasing nitrogen concentrations with temperature 
sum raises concerns of the future evolution of nitro-
gen exports under a warming climate, as does also 
the correlation with tree stand volume due to the 
generally accepted policy of tackling climatic crisis 
by boosting tree growth. However, future research is 
still needed to assess which are the actual processes 
related to stand volume and temperature sum that 
contribute to increasing nitrogen concentrations.
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