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A B S T R A C T   

The majority of the carbon worldwide is in soil. In a river catchment, the tight relationship between soil, water 
and climate makes carbon likely to be eroded and transported from the soil to the rivers. There are multiple 
variables which can trigger and accelerate the process. In order to assess the importance of the factors involved, 
and their interactions resulting in the changes in the carbon cycle within catchments, we have studied the 
catchments of 26 Finnish rivers from 2000 to 2019. These catchments are distributed all over Finland, but we 
have grouped them into three categories: southern, peatland and northern. We have run a boosted regression tree 
(BRT) analysis on chemical, physical, climatic and anthropogenic factors to determine their influence on the 
variations of total organic carbon (TOC) concentration. TOC concentration has decreased in Finland between 
2000 and 2019 by 0.91 mg/l, driven principally by forest ditching and % old forest in the catchment. Old forest is 
especially dominant in the northern catchments with an influence on TOC of 40.5%. In southern and peatland 
catchments, average precipitation is an important factor to explain the changes in TOC whilst in northern 
catchments, organic fields have more influence.   

1. Introduction 

The largest proportion of organic carbon (OC) on the planet is found 
in soils (Lehmann et al., 2020). In fact, soils contain more than double 
the amount of carbon (C) than is contained in the atmosphere (Lefèvre 
et al., 2017; Rumpel et al., 2018). Due to ecosystem processes and the 
link between soil, water and climate within a catchment, a portion of the 
organic carbon is transported to the rivers due to erosion (Borrelli et al., 
2018; Hilton et al., 2015; Kortelainen et al., 2006; Yang et al., 2020). 
Therefore, the study of organic carbon in inland waters may be of great 
help to face the pressing challenge of global warming (Battin et al., 
2009). The dynamics of the organic carbon in the land are tightly con-
nected to the conditions in its surroundings such that, land-use, agri-
culture, and industry among other anthropogenic activities have 
provoked an increase of organic carbon in water from soils (Regnier 
et al., 2013). There is clear evidence that carbon emissions from fossil 
fuels have triggered changes in the climate worldwide (Chu, 2009; 
Hanif, 2018; York and Bell, 2019) and soil carbon sequestration is one of 
the main measures recommended to reduce carbon concentration in the 
atmosphere. The mean of soil organic carbon (SOC) in the Nordic 
countries is 84.24 tonnes/ha according to The Global Soil Organic 

Carbon Map (GSOCmap) by FAO (Brus et al., 2017). SOC sequestration 
depends on different factors such as: land use, soil management, and 
water treatment, among others. As in 2004, SOC sequestration in dry 
and warm regions varied within a range of 0–150 kg C/year; in humid 
and cooler areas, that range was from 100 to 1000 kg C/year, while the 
potential soil C sequestration in the world was 0.4–1.2 Pg C/year (Lal, 
2004) and 1.45–3.44 Pg C/year and a mean of 2.45 Pg C/year by 2018 
(Lal, 2018). Soil erosion prompts losses of SOC, which is a major prob-
lem given its influence on the entire ecosystem (Chappell et al., 2019; Li 
et al., 2017). Inland waters may also contribute to soil erosion and SOC 
release; in some cases, its potential effect on climate and ecosystem 
processes can be similar to land-use change (Naipal et al., 2018). 

Soil type plays a major role in how organic carbon interacts and 
influences the characteristics of a catchment. Peatlands, for instance, in 
northern latitudes, can fix and store carbon from the atmosphere faster 
than it is liberated, which makes them one of the principal SOC stock 
around the planet (20–30% of world’s SOC stock) (Freeman et al., 
2001). The storage capacity of the peatlands can be disturbed by the 
current and expected future changes in climate regimes, particularly in 
northern regions (Grosse et al., 2011). Climate change also causes dys-
functions in boreal forest, where SOC pools are large as well and 
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sensitive to significant temperature variations that may lead to an in-
crease in carbon emissions (Deluca and Boisvenue, 2012). Carbon fluxes 
resulting from these emissions from soils have two primary destinations: 
atmosphere (Stockmann et al., 2013) and water bodies, which, in the 
case of inland waters, may be affected by factors such as water retention 
(Catalán et al., 2016). In Finland, the effects of imbalances in peatlands 
and boreal forest is especially important as boreal forests represent over 
80% of the land territory of the country (Räike et al., 2012) and peat-
lands about 30% (Tanneberger et al., 2017). Regarding forest soils, 
despite earlier opinions against it, there are studies that show a signif-
icant capacity of old-growth forest to store carbon (Falk et al., 2004; 
Yuan et al., 2013; Zhou et al., 2006) possibly being even higher than 
current average forest areas (Gunn et al., 2014). 

Besides the soil type, the concentration of organic carbon in a 
catchment is also determined and influenced by multiple environmental 
factors and anthropogenic interventions (Nunes et al., 2020; She et al., 
2016; Zhao et al., 2017). Climatic aspects are in clear relation to the 
changes in organic carbon (Luo et al., 2017), those being temperature 
and precipitation key in these variations (Beer et al., 2010; Köhler et al., 
2008). 

Climate is considered to be responsible of the seasonal changes in 
total organic carbon (TOC), while changes in the longer term are more 
associated with acid deposits (De Wit et al., 2007). In Finland, TOC-stock 
in peatlands is 72 kgC/m2, in forest soils 7.2 kgC/m2 and water eco-
systems about 19 kgC/m2 (Kortelainen et al., 2004). SO4 deposits are 
generally in antagonistic relation with organic carbon (Evans et al., 
2006; Monteith et al., 2007). In Finland there is proof of a link between 
TOC and SO4 concentration (Lepistö et al., 2021) especially in the south, 
where acidity in soils is more important (Mattsson et al., 2007). 

It is estimated that Finland contains about 188.000 lakes within its 
territory. Moreover, lakes have a high capacity for nutrient retention. 
Therefore, lake areas in the catchments are also important to include as a 
potential explanatory factor about its influence on organic carbon con-
centration in a catchment. There have been many studies on carbon in 
Finnish lakes during the last several decades (Kortelainen, 1993; Ran-
takari et al., 2004; Räike et al., 2012; Vuorenmaa et al., 2006), and how 
they influence the catchment characteristics and the water quality of 
rivers. 

Modelling methods are a common tool in ecology studies to manage 
and assess ecosystem processes. These statistical models have been 

improved and become more sophisticated in the past few decades, 
especially on linear regression models. The generalized linear models 
(GLM) are an example of those improvements and it is frequently used as 
work with non-normal and nonlinear data (McCullagh and Nelder, 
1989). Advances in computation, especially machine learning (ML), 
have improved the accuracy of statistical models as it enables computers 
to acquire knowledge from experience. In this study, we aimed to 
combine these methods by using Boosted Regression Tree (BRT) analysis 
as an empirical model. The model will learn from data how tight the 
relation between parameters is and whether they interact in a synergistic 
or antagonistic fashion. By implementing this method, we try to clarify 
which variables, among climatic, chemical, edaphologic and anthropo-
genic, have the most influence and boost the others to provoke changes 
in organic carbon. 

Our study aims to illustrate the changes to total organic carbon that 
occurred in 26 Finnish catchments as well as to determine the primary 
variables that may explain the changes. An important and novel addition 
in this work is the use of land-use as an explanatory variable. Land use 
and the data we used started in 2000. For this reason, our period of study 
spans from 2000 to 2019. 

2. Methods 

In this study, we included 26 Finnish catchments, which covers about 
40% of Finland’s national territory (Table 1). In order to obtain more 
detailed and specific information, the analysis has been carried out 
jointly for all the catchments together as well as divided into three 
smaller groups. This division was based on geographical and composi-
tion characteristics (Fig. 1) (Tables 2 and 3). Thus, we have the southern 
catchments, discharging into the Gulf of Finland and characterized by a 
similar climate regime and soil composition. These catchments’ soils 
contained a medium amount of organic matter and the western part of 
this group a higher level of clay in their soil’s composition. Alongside the 
west coast, we find the second group of catchments, which flow into the 
Bothnian gulf and are characterized by a high presence of peatlands in 
their soils. Lastly, the northernmost group of catchments, most of them 
much larger in extension and covering most of Finnish Lapland territory. 
These latter catchments are influenced by certain, rather rough, climate 
conditions which will determine their ecology. 

All the catchments included in this study, especially as we advance 

Table 1 
The catchments included in this work and their characteristics.  

Code Catchment Area 
(km2) 

Lake (% total 
area) 

Fields (% total 
area) 

Constructed (% total 
area) 

Wetlands (% total 
area) 

Organic Fields (% in 
field area) 

Forest ditching (% in 
forest area) 

11 Virojoki 357.14 3.8 17.38 1.65 0.82 4.14 12.79 
16 Koskenkylänjoki 894.53 4.4 36.03 1.32 0.33 1.32 3.68 
18 Porvoonjoki 1271.88 1.3 36.26 6.74 0.46 1.39 3.29 
19 Mustijoki 782.58 1.5 35.51 1.13 0 3.4 5.86 
21 Vantaanjoki 1684.55 2.3 27.2 18.41 0.35 3.34 5.15 
23 Karjaanjoki 2044.17 12.2 21.5 2.31 0.29 1.44 4.7 
24 Kiskonjoki 1046.08 5.67 25.7 0.57 0.57 4.24 5.54 
25 Uskelanjoki 566 1.58 51.72 4.7 0 1.04 4.58 
27 Paimionjoki 1087.15 1.6 53.58 2.44 1.36 2.72 4.9 
28 Aurajoki 873.38 0.3 46.04 9.47 2.03 6.77 6.14 
34 Eurajoki 1334.94 12.9 24.81 2.88 1.99 9.74 8.64 
37 Läpväärtinjoki 1097.16 0.2 16.17 0.54 4.85 29.3 25.1 
39 Narpiönjoki 991.14 0.4 27.74 1.19 5.66 23.27 16.92 
42 Kyrönjoki 4919.01 1.23 28.07 2.46 4.98 28.61 18.43 
44 Lapuanjoki 4118.72 2.9 27.2 1.79 3.58 31.3 20.04 
47 Ähtävänjoki 2052.03 9.77 17.57 1.87 2.01 28.61 21.34 
49 Perhonjoki 2521.78 3.4 12.89 0.47 9.38 43.85 26.8 
51 Lestijoki 1371.72 6.2 13.36 1.08 8.83 38.58 26.1 
53 Kalajoki 4243.58 1.9 19.99 1.39 3.48 28.98 25.93 
54 Pyhäjoki 3708.92 5.2 13.79 0.72 4.3 32.92 29.66 
57 Siikajoki 4314.55 0.5 12.33 0.2 7.5 55.51 41.33 
60 Kiiminginjoki 3810.5 3 1.24 0.62 17.07 59.82 31.49 
61 Iijoki 14179.32 5.67 1.06 0.13 11.17 36.74 24.19 
64 Simojoki 3157.21 5.66 1.31 0.09 14.33 44.67 28.69 
65 Kemijoki 51086.43 4.3 0.5 0.24 17.08 24.76 9.32 
71 Paatsjoki 14686.46 12.38 0 0.1 11.93 9.26 0.19  
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towards the north, will have to overcome long winters, which will cause 
long periods of time when their waters will be frozen and springs and 
autumns when discharge is much higher due to the thaw of the winter 
snow and precipitation. 

2.1. Total organic carbon as a response variable 

For this study, we used total TOC data from the Finnish Environment 
Institute’s (SYKE) open database. This open database provides 

Fig. 1. a) The catchments of this study located geographically on the map of Finland as well as the division of them in southern, peatland and northern catchments. 
The locations of the water sampling points, weather stations and SO4 depositions measuring points are also presented on the map. The numbers are the catchment’s 
codes, which can be found in Table 1 b) The map on the right shows the main soil types in each catchment. 

Table 2 
It shows the percentage of soil type that can be found in each catchment. Haplic Podzols are quite common in most of the catchments. Fibric Terric Histosol is a quite 
common type in the Lapland catchments whilst in southern and peatland catchments Vertic Cambisols are easier to find.   

Anthrosol Dystric 
Gleysol 

Dystric 
Leptosol 

Eutric 
Cambisol 

Eutric 
Regosol 

Fibric Terric 
Histosol 

Gleyic 
Podzol 

Haplic 
Podzol 

Lithic 
Leptosol 

Umbric 
Gleysol 

Vertic 
Cambisol 

Virojoki – – 48.31 10.17 0.85 13.56 0.85 16.95 7.63 – 1.69 
Koskenkylänjoki – 0.34 13.79 0.34 – 3.10 0.34 24.14 10.34 0.69 46.90 
Porvoonjoki 0.47 0.47 15.53 4.71 7.29 3.76 0.24 19.76 7.76 0.24 39.76 
Mustijoki – 1.89 25.66 5.28 4.53 4.15 0.38 17.74 5.66 0.38 34.34 
Vantaanjoki 1.08 0.54 16.64 3.44 6.87 5.79 – 22.78 5.06 0.18 37.61 
Karjaanjoki – 0.83 20.56 6.63 6.63 5.97 0.17 34.83 9.29 0.33 14.76 
Kiskonjoki – 1.54 29.54 7.69 2.46 5.85 0.62 17.23 20.62 – 14.46 
Uskelanjoki – – 9.95 1.57 – 1.57 0.52 16.23 8.38 1.05 60.73 
Paimionjoki – 0.28 11.11 0.56 0.28 4.72 0.56 18.33 6.39 0.28 57.50 
Aurajoki 1.35 0.34 22.22 0.34 0.34 5.72 1.35 6.73 14.48 0.67 46.46 
Eurajoki – 4.07 11.20 10.43 7.38 8.14 3.56 38.93 11.45 0.51 4.33 
Läpväärtinjoki – – 1.08 0.27 14.09 29.27 2.44 50.14 1.63 1.08 – 
Narpiönjoki – 2.38 2.98 5.36 12.80 22.62 5.06 47.62 – – 1.19 
Kyrönjoki – 4.37 6.98 2.91 12.56 24.88 2.31 40.35 2.00 0.30 3.34 
Lapuanjoki 0.15 1.69 10.15 0.44 16.18 26.99 3.16 37.28 3.46 0.15 0.37 
Ähtävänjoki – 0.16 2.67 0.47 9.58 29.51 2.04 54.00 1.41 0.16 – 
Perhonjoki – 1.23 3.07 – 4.29 42.33 1.72 46.01 1.23 0.12 – 
Lestijoki – 0.45 3.40 1.59 9.75 39.46 0.45 44.67 – 0.23 – 
Kalajoki 0.14 0.21 2.49 5.18 4.55 31.32 2.70 52.27 1.14 – – 
Pyhäjoki – – 4.85 2.93 3.18 33.31 3.85 50.04 1.76 0.08 – 
Siikajoki – 0.07 1.40 1.05 6.11 48.31 4.71 37.08 0.28 0.98 – 
Kiiminginjoki – – 2.89 – 0.32 53.53 2.25 41.01 – – – 
Iijoki – – 1.77 – 0.13 37.52 1.81 58.48 0.29 – – 
Simojoki – – 1.10 0.10 0.10 43.99 2.40 51.10 1.20 – – 
Kemijoki – – 2.37 – 0.46 27.41 1.03 67.19 1.53 0.02 – 
Paatsjoki 0.02 – 8.28 – – 13.32 0.77 75.83 1.77 – –  
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information to help towards an ecological, economic and social sus-
tainability. The data includes information on water resources, land 
cover and built environments, among others. For more detailed infor-
mation and access to the open data, visit the open information section on 
SYKE’s website: www.syke.fi/en_US. The data and information are 
produced and collected mainly by the organizations of environmental 
administration, especially the Finnish Environment Institute (SYKE) and 
Centers for Economic Development, Transport and the Environment 
(ELY Centers). The samples included in this analysis comprise the period 
from 2000 to 2019. These TOC samples are determined by infrared 
spectrometry. The sampling times vary in every catchment but, on 
average, there is one sample per month with some exceptions in spring 
months, when there may be 2–4 samples for each of those months. There 
are few more samples in spring due to higher discharge. It is common 
that in winter the water bodies in Finland freeze. When spring comes, all 
the frozen areas and melted snow provoke higher run-off and thus, the 
interest in taking more samples. 

2.2. Explanatory variables 

In this study, we have included explanatory variables of a different 
nature. 

2.2.1. SiO2 
Silica (SiO2) is mostly found as quartz and often is a good parameter 

to assess weathering as the main source of Si in rivers. The SiO2 samples 
used in this study are a mix of samples treated in different ways for their 
determination, more precisely: Atomic emission spectrometry, induc-
tively coupled plasma, mass spectrometry, optical emission spectrom-
etry and Spectrophotometry, flow injection analysis, colourimetric. 
There is data for all catchments, and the samples are taken, at least, once 
a month. In most cases, there are few more samples taken in spring and 
autumn, which makes the number of samples go up to 14–18 per year 
(for this paper from 2000 to 2019). 

2.2.2. SO4 deposition 
Sulphate (SO4) deposition gives an idea of the Sulphur dioxide (SO2) 

emissions to the atmosphere that precipitates joining the water and soil 
composition. By introducing SO4 deposition as a variable in the study, 
we aim to understand the implication and contribution of TOC in 
climate change events. This data was collected by the Finnish Meteo-
rological Institute (FMI) from the stations showed on the map in Fig. 1b 
once per day since 1996 (Kyllönen, 2020; Ruoho-Airola et al., 2015). 

2.3. Climatic variables 

We also introduced into the analysis average temperature, average 
precipitations and a Standardized Precipitation – Evaporation Index 
(SPEI). The SPEI index gives information on extreme climatic events, 
draughts to be more specific. For this index, we used minimum, 
maximum and average temperature, precipitation and the cloudiness 
index. These measurements were taken from the FMI (Honkola et al., 
2013). The meteorological station’s locations are shown on map 1a. 
These stations have a long and continuous measurements for the studied 
period. The functions included in the R package “SPEI” (Beguería et al., 
2017) allow the precipitation-evaporation index to be obtained, from 
which we can subtract the precipitation to obtain the climatic-water 
balance (CWBal). The SPEI functions that apply on the CWBal will 
deliver the index used in our study. 

2.4. Soil and land 

In order to obtain a wider approach and assessment of the factors 
implicated in the changes of TOC and its consequences, we also included 
a series of data containing a large amount of land-use and soil type 
variables, which define every catchment and its interactions with the 
chemistry and biodiversity that exist in it. These variables are: % of 
forest in the catchment, forest ditching, 40 types of land-use and soil 
types. 

The land-use, forest and forest ditching data used in our study is 
provided by Corine Land Cover 2018. The dataset was produced in the 
Finnish Environment Institute (SYKE) by digital mapping and satellite 
images. This task was part of the EU Copernicus Land project. 

In this dataset, there are different layers with different 

Table 3 
The percentage of each land use in every catchment. The land use presented are: AA: Agricultural Areas, AS: Artificial Surfaces, FSN: Forest and semi-natural areas, WB: 
Water Bodies, WL: Wetlands. The table shows how those percentages have changed from 2000 to 2018.  

Catchment Land-use 2000 (%) Land-use 2018 (%) 

AA AS FSN WB WL AA AS FSN WB WL 

Virojoki 18.669 0.624 77.593 2.612 0.502 17.457 0.616 78.657 2.887 0.383 
Koskenkylänjoki 35.961 1.481 57.851 4.111 0.596 35.913 1.307 58.209 4.316 0.255 
Porvoonjoki 38.380 5.296 54.889 1.049 0.386 37.574 5.721 55.405 1.101 0.200 
Mustijoki 37.142 3.050 57.396 1.294 1.118 36.417 3.046 59.132 1.375 0.031 
Vantaanjoki 29.922 16.547 51.063 1.899 0.569 27.729 17.563 52.621 1.895 0.192 
Karjaanjoki 22.971 3.216 62.507 10.910 0.396 21.546 2.724 64.060 11.414 0.256 
Kiskonjoki 27.603 1.281 65.539 5.008 0.568 26.813 0.851 66.608 5.528 0.200 
Uskelanjoki 51.979 3.973 43.033 0.504 0.511 52.769 4.168 42.209 0.528 0.326 
Paimionjoki 51.055 2.363 44.217 1.449 0.917 51.218 2.427 44.205 1.463 0.688 
Aurajoki 44.524 7.517 44.939 0.202 2.818 44.592 7.805 45.603 0.198 1.802 
Eurajoki 26.125 3.517 55.857 12.827 1.674 26.399 3.150 56.084 12.954 1.412 
Läpväärtinjoki 15.626 1.199 75.990 0.120 7.066 15.688 1.053 78.011 0.136 5.112 
Narpiönjoki 23.854 2.416 66.294 0.593 6.843 24.029 2.209 67.956 0.575 5.231 
Kyrönjoki 28.951 2.302 61.104 1.083 6.560 29.361 2.335 62.315 1.121 4.868 
Lapuanjoki 25.624 1.955 64.950 2.412 5.059 25.432 1.941 66.573 2.503 3.551 
Ähtävänjoki 17.353 1.788 67.118 9.617 4.124 16.965 1.705 68.964 9.777 2.588 
Perhonjoki 12.248 0.991 70.638 2.611 13.512 13.440 0.877 74.085 2.633 8.965 
Lestijoki 12.427 0.992 68.693 5.583 12.305 13.074 0.705 72.231 5.790 8.200 
Kalajoki 18.250 1.597 73.854 1.582 4.716 19.393 1.418 74.389 1.657 3.142 
Pyhäjoki 12.301 1.103 76.234 4.935 5.427 12.899 0.943 77.758 4.970 3.431 
Siikajoki 10.630 0.431 74.321 2.108 12.509 11.418 0.339 78.773 2.038 7.433 
Kiiminginjoki 2.153 0.548 71.948 2.785 22.566 1.474 0.611 79.322 2.667 15.926 
Iijoki 1.352 0.152 79.275 5.495 13.727 1.047 0.146 82.414 5.402 10.991 
Simojoki 1.401 0.056 73.887 5.471 19.185 1.233 0.049 78.073 5.421 15.223 
Kemijoki 0.641 0.262 80.281 4.123 14.693 0.550 0.289 77.685 4.100 17.376 
Paatsjoki 0.034 0.087 76.109 11.889 11.881 0.025 0.089 75.704 11.859 12.323  
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characteristics: CLC raster (resolution of 20 × 20 m); CLC vector (min-
imum mapping unit 25 ha and minimum width 100 m); change vector 
(minimum mapping unit 5 ha) and change raster (minimum mapping 
unit 0.5 ha). 

Soil type data is a database made by the Natural Resources Institute 
Finland (LUKE) based on the soil maps and data from the Geological 
survey of Finland (GTK). Old forest data is provided by the National 
Forest Inventory (http://www.metla.fi/ohjelma/vmi/info-en.htm). 

2.5. Boosted tree regression analysis 

We used the BRT to find the influence of each of the explanatory 
variables on the changes in TOC. BRT is a statistical method, the func-
tionality of which is based on machine learning to fit many models for 
prediction. It is the result of the combination of two algorithms: 
regression trees and boosting. With the regression trees, the model 
groups the data into different ‘trees’ which show a similar response to 
the response variable. Subsequently, the boosting joins many different 
models into a more powerful one with higher prediction performance. 
BRT can handle collinearity so variables deeply correlated will be 
recognized by the model, will not interfere with the BRT results’ missing 
values and is capable of finding interactions between variables (Elith 
and Leathwick, 2017; Elith et al., 2008; Feld et al., 2016). 

BRT works at its best with a large dataset (preferably larger than 100 
observations), a number which, in our study, was clearly surpassed. 

We worked the BRT analysis by using the R packages “gbm”, which 
sets the basic algorithms to run BRT and “dismo”, which assists the 
analysis with more functions oriented to ecological datasets and their 
interpretation (Hijmans et al., 2017; Ridgeway et al., 2013). We used 
gaussian as the type of “data family” for this work. We also had to 
determine: a) the “tree complexity”, which sets the order of interactions 
that will be considered. b) learning rate to set the weight applied to 
individual trees. This should be defined iteratively so that at least 1000 
trees are fitted. c) Bag fraction: proportion of observations used when 
selecting variables. 

Our catchments sizes are different yet comparable. Land-use is used 
in proportion (%) so the size of the catchment does not really matter. 

3. Results 

3.1. SiO2 

Silicate weathering and carbon cycle are tightly connected and its 
implications on carbon balance have been studied over the years 
(France-Lanord and Derry, 1997; Winnick and Maher, 2018). SiO2 

weathering processes are not as sensitive to biological aspects as organic 
carbon is. Thus, in our catchments, when we studied the most influential 
factors to explain changes in SiO2, before we incorporate organic carbon 
as a primary response variable, we noticed that average temperature, % 
of old forest, fields and SO4 deposition were the main factors which 
provoked changes in SiO2 in Finnish catchments (Fig. 2). 

3.2. Changes in TOC concentration in the studied catchments 

The trendline of changes in TOC concentration throughout the 
studied period has been especially variable. However, the tendency in 
recent years has been oriented towards a certain balance and the 
changes in TOC concentration in 2000 were not very different from what 
they were observed to be in 2019. In fact, if we study the annual aver-
ages of TOC in the three catchments’ groups, we can see that in 2019, the 
TOC values have decreased 0.91 mg/l in Finland. The largest variation 
can be seen in peatland rivers, where TOC concentration decreased 1.95 
mg/l from 2000 to 2019. In the southern catchments, however, the 
concentration increased 0.6 mg/l during that period. This is the only 
catchment group that has shown an increase, given that in Lapland, the 
change has also slid downwards by 1.76 mg/l. None of these trendlines 
have been a uniform process during the studied period. There have been 
multiple ups and downs in TOC concentrations in all the groups with a 
certain similarity between southern and peatland catchments, especially 
during the first half of the given period. After 2010, the trends begin to 
differ more and, for the most part, the tendency is opposed. In opposi-
tion, northern catchments have a different trajectory for the first four 
years, after which, the trend starts to resemble the tendency in the 
southern catchments. 

TOC concentration from 2000 to 2019 has been at its highest in 
Finland in peatland catchments, where, some years before 2010, it was 
above 20 mg/l (Fig. 3). The annual averages in the southern and 
northern catchments have never shown higher TOC concentration than 
in peatlands at any point of the studied period. As a matter of fact, they 
have always been below the national annual average. 

3.3. Boosted tree regression analysis results to explain the changes in TOC 
concentration 

When the BRT analysis is run on all the catchments involved in the 
study, the results indicate that the most influential variables influencing 
the changes of TOC are forest ditching, % old forest and wetlands. The 
importance of these three variables are as well different among them. 
Forest ditching clearly has a more relevant role as it explains 31.11% of 
TOC changes, followed by % old forest which accounts for 21.68% and 

Fig. 2. Variables, and their percentage of relative importance, explaining the changes in SiO2 in Finnish catchments. Average temperature and the amount of old 
forest in the catchments are the main factors that will make changes in SiO2 concentration. 

J.E. Cano Bernal et al.                                                                                                                                                                                                                         

http://www.metla.fi/ohjelma/vmi/info-en.htm


Journal of Environmental Management 302 (2022) 113981

6

wetlands for 12.42%. Other parameters have rather minor importance, 
these range from about 3% up to 7% influence on TOC. These are, in 
order of importance: the presence of lakes, average precipitation, fields, 
organic fields, SO4 deposition, SPEI and average temperature. 

Many of these variables are related to climate. In order to understand 
the climatological context in the different areas throughout the studied 
period, we analyzed CWBal and potential evapotranspiration (PET) 
episodes. 

From 2000 to 2019, average precipitation has remained quite stable, 
slightly decreasing in southern and northern catchments, while average 
temperature has increased in all the areas, although that change is only 
statistically significant in the peatland area (the Sen’s slope estimate: 
0.06 and 0.05 level of significance). Despite the minimal variations in 
precipitation and temperature, peatlands catchments have experienced 
an important increase in PET and a decrease in CWBal, which compro-
mises water availability. Northern catchments seemed to have had the 
opposite trend as PET decreases and CWBal increases both significantly. 
Southern catchments, however, only show small variations, charac-
terised by wet seasons in spring and autumn and less precipitation in 
summer and winter. The SPEI patterns are quite regular, which confirms 
this aspect. It is noticeable, however, that these patterns became less 
smooth as the years went by (Fig. 4). All these climate-related conditions 
will affect organic carbon as well as many other factors involved in its 
variations such as droughts, floods or trends in vegetation covers 
(Vicente-Serrano et al., 2012). 

If we move onto more detailed results, we run the BRT (Fig. 5) for the 
three catchment groups (southern, peatland and northern) we explained 
above. According to the BRT results, in all three of them, the most 
important variable explaining the changes of TOC was the % of old 
forest. This was especially the case in the northern catchments with its 
relative importance of 40.55%, whilst in southern and peatland catch-
ments were found to be 27.08 and 20.33% respectively. It is the northern 
group of catchments that stand out the most from the three groups. 
Besides the large importance of % old forest, the rest of the main vari-
ables for the changes in TOC are not shared by the southern and peatland 
catchments. Organic fields (21.19%) and SO4 (12%) deposition are the 
other principal variables explaining the changes in TOC in Lappish 
catchments. This means that in the northern catchments, the changes of 
TOC are influenced, by almost 75%, by % old forest, presence of organic 

fields and SO4 deposition. On a minor scale, the rest of the influential 
variables in these northernmost catchments are: fields (8.91%), average 
precipitation (5.79%), average temperature (5.46%) and SPEI (2.79%). 

As mentioned before, the southern and peatland catchments show 
certain similarities in terms of influential variables in TOC concentra-
tion. Thus, after % old forest, average precipitation is the second vari-
able on the list. In the southern part, it explains up to 19.08%, while in 
peatland catchments, it represents 19.94% importance, not far from the 
20.33% importance of % old forest, which leads the ranking. Following 
average precipitation, this is the first difference between these two 
catchment groups. In the southern catchments, the presence of lakes 
determines 18.8% of the TOC changes and, with an 18.2% SO4 deposi-
tion, which lands it in third place amongst the peatland catchments. In 
southern catchments, the variables which play a minor role in TOC 
changes are forest ditching (7.82%), organic fields (6.47%), SPEI 
(5.94%), fields (5.31%), average temperature (4.95%) and SO4 deposi-
tion (4.54%). Bear in mind that the latter two are considerably more 
influential in the northern catchments and in peatlands as we are about 
to see. SO4 deposition and average temperature (12.6%) are, in fact, the 
other main variables involved in the changes in TOC concentration in 
peatland catchments. They are followed by lake areas (10.8%), con-
structed areas (9.71%) and SPEI (8.42%). Given all these results, we can 
see that in peatland catchments, the changes in TOC are produced by a 
more heterogenous combination of variables in a more equitable 
manner. 

The importance of each explanatory variable and its effect on the 
changes of TOC concentration will also determine whether that influ-
ence implicates an increase or a decrease in the response variable’s 
concentration. Therefore, we must consider how the function is tailored 
in relation to each of the chosen explanatory variables. This way we can 
identify the type of relationship between TOC changes and each 
parameter used in this study. 

The large importance of % of old forest that we saw earlier seems to 
have a decreasing effect on TOC concentration in the three catchment 
groups as well as in the whole of Finland. The same effect is expected 
from the presence of lake areas in the catchment where this variable has 
a significant role in the variations of TOC. Another important explana-
tory variable is average precipitation and, in this case, the influence it 
has on TOC is the opposite, so precipitation will provoke an increase in 

Fig. 3. Concentration of TOC in each catchment in 2000, 2010 and 2019. Darker shades mean higher concentration. Peatland catchments, located along the western 
coast, have higher concentrations of TOC in Finland than southern and northern catchments throughout the studied period. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4. a) Trends of annual average temperature and precipitation, PET and climate water balance, which gives an idea of water availability in the catchments. b) 
There is also a SPEI monthly evolution in a 12-month scale, where we can see that the changes from wet to dry conditions in southern Finland became less regular as 
years went by. Also, dry periods became longer than periods with more precipitation beginning from approximately 2010. 
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TOC in all the catchment groups. The other factors which show an 
increasing relationship with TOC are forest ditching, organic fields and 
field areas. There are cases of explanatory variables that respond 
differently in different catchments. This is the case of SPEI, which shows 
and increasing effect on TOC in southern catchments but a decreasing 
one in peatland catchments. Another example of this is found in average 
temperature, which has a decreasing effect on TOC in all groups except 
in the northern catchments, where it increases. 

3.4. Interactions among explanatory variables and their effect on TOC 
concentration 

In the last phase of our study, we explored the type of interactions 
that the explanatory variables may have on each other and thus assess 
whether they show a synergistic or antagonistic dynamic according to 
their influence on TOC concentration. 

3.4.1. Finland 
After investigating the interactions of the explanatory variables in all 

the catchments included in this study, the following interactions were 
highlighted: forest ditching with average precipitation, SPEI with forest 
ditching and SO4 deposition with average precipitation. These three 
interactions show a synergistic relationship as TOC concentration in-
creases as a result of that interaction. What is especially noticeable in the 
case of forest ditching is average precipitation interaction. TOC shows a 
pronounced increase as an outcome of that interaction in Finnish 
catchments (Fig. 6a). 

3.4.2. Southern catchments 
For the southern catchments group, the primary interactions are 

found between average precipitation – average temperature, Lake – 
average precipitation, SPEI – average precipitation and organic fields – 
Lakes. In these southern catchments, we see instances of interactions of 
various entities in nature. The interaction average precipitation with 
average temperature and SPEI with average precipitation are synergistic 
interactions, which produce an increase in TOC concentration. Howev-
er, lakes with their average precipitation and organic fields are antag-
onistic, and their relation decreases the concentration of TOC (Fig. 6b). 

3.4.3. Peatland catchments 
In peatland catchments, the most significant interactions are found 

between constructed areas and average precipitation, in a synergistic 
manner increasing TOC concentration and the opposite between SPEI 
and average temperature, the interactions of which are antagonistic and 
provoke a decrease in TOC (Fig. 6c). 

3.4.4. Northern catchments 
In the northernmost catchment group, we find various important 

explanatory variable interactions. The main ones are: SO4 deposition 
with average temperature; % old forest with average temperature; SPEI 
with SO4 deposition and % old forest with average precipitation. All 
these interactions are antagonistic overall. There is, however, an inter-
action with a somewhat more special event. This is the interaction be-
tween SPEI and SO4 deposition. The general TOC trend is more stable 
than the other interactions, but TOC concentration is at its highest when 
the values of these explanatory variables are in the middle region of 
their value range (Fig. 6d). 

Given these interactions, it seems that average precipitation is the 
variable which best explains the changes of TOC when interacting with 
some of the rest of the variables. It appears in the main interactions the 
highest number of times. SPEI and average temperature also have an 
important interactive influence, from which we can determine that the 
meteorological factors have a very relevant impact on how the rest of the 
variables influence changes in TOC. 

4. Discussion 

4.1. TOC concentration 

Our results have shown an overall decrease in TOC concentration in 
the studied Finnish catchments. TOC concentration has decreased be-
tween 2000 and 2019 by 0.91 mg/l. This trend agrees with the findings 
by Arvola et al. (2004). In their work, carried out between 1975 and 
2000, they found decreasing trends in TOC in rivers, most of which are 
also included in our study. However, the decreasing TOC trend does not 
concur with Asmala et al. (2019), who found, also in Finnish catch-
ments, a 3.1 mg/l increase of TOC concentration between 1993 and 
2017. A similar increment of TOC concentration was found by Räike 
et al. (2016) in 21 of the 29 analyzed catchments for the period between 
1995 and 2014. During that time, the catchments in southern Finland 
showed an increasing trend, which our study also concluded. The 
southern catchment group is the only one included in our investigation 
that increased TOC concentration for the first 20 years of the 21st cen-
tury. Räike et al. (2016), however, also obtained decreasing TOC con-
centration in 19 out of the 29 included in the study between 1975 and 
1994, which agrees with our overall TOC concentration decrease in our 
Finnish catchments and, more specifically, in peatland and northern 
catchments. For a similar stretch of time, a decreasing TOC trend was 
also found in a study in Nova Scotia, Canada (Clair et al., 2008). That 
decrease, though, occurred for a time period very similar to the period 
for which they described an increasing trend. A study carried out by 
Lepistö et al. (2008) determined a very high fluctuation in TOC 

Fig. 5. The importance of each variable on the changes of TOC in Finnish catchments, being % of old forest and forest ditching the most common in all the catchment 
groups. The arrows indicate whether the influence of a certain variable will potentially lead to an increase or decrease of TOC. 
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Fig. 6. a) The main interactions explaining changes of TOC in Finland are the ones involving forest ditching with average precipitation, SPEI with forest ditching, 
SO4 deposition with average precipitation and organic fields with lake areas. b) The main interactions explaining changes of TOC in the southern catchments are the 
ones involving average precipitation with average temperature, SPEI with average precipitation and lake area with average precipitation. c) The main interactions 
explaining changes of TOC in peatland catchments are the ones involving constructed areas with average precipitation and SPEI with average temperature. d) The 
main interactions explaining changes in TOC in the northernmost catchments are the ones involving SO4 deposition with average temperature, % old forest with 
average temperature, SPEI with SO4 deposition and % old forest with average precipitation. 
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concentration levels in the Simojoki catchment, which is also included in 
our northern catchment group. The strong variations, however, led to an 
increasing trend in TOC between 1962 and 2005. Another study with 
great variability in TOC concentration was made by Sarkkola et al. 
(2009). In that publication, they again show an increase in TOC in 7 of 
the 8 forest catchments that they investigated from 1979 to 2006. 

The Sarkkola et al. (2009) study, previously cited by Räike et al. 
(2016) and Kortelainen et al. (1997) agree with our results showing a 
higher TOC concentration in peatlands. Kortelainen et al. (1997) also 
found higher TOC concentrations in southern catchments, which 
matches with our calculations. 

4.2. Factors driving the changes in TOC concentration 

Our results show that in the included catchments and when making 
no distinction between groups, the main driver behind the changes in 
TOC concentration is forest ditching. It is important to notice that, in 
Finland, the first important forest ditching processes come from the 
1960’s and 1970’s. There is not areal time-series from that times, so we 
do not really know how it changed in each catchment. This is the reason 
why we cannot connect the development of ditching and its implications 
on TOC. What we know is coming from later observation. The study 
presented by Asmala et al. (2019) linked ditching to increasing TOC 
trends, in particular, at the downstream of large rivers. Nieminen et al. 
(2021) observed in their work an increasing trend in TOC concentration 
as well in peatland areas, where drainage activities have taken place. In 
our results, the influence of forest ditching in Finland is also a factor of 
TOC increase. Åström et al. (2001), however, reported that in their study 
carried out in the ‘90s, TOC concentration decreased after the ditching 
operations in two smalls catchments in western Finland. This is the area 
where our peatland catchment group is located and, for that group, 
according to our results, forest ditching had minimal influence on 
explaining changes in TOC. In Finland, nutrient loading from urban 
areas is high, comparable to agricultural areas (Valtanen et al., 2014). In 
addition, ground sealing with asphalt, for instance, increases surface 
runoff due to precipitation, as water cannot infiltrate to soil. 

When we divided our catchments into groups according to their 
similar characteristics, we found that the percentage of old-growth 
forest appeared as the main explanatory variable involved in the 
changes of TOC in all three groups, especially in the northernmost 
group, the catchments in Lapland, where that influence goes up to 
40.5%. Also, without the grouping, old-growth forest seemed to be the 
main variable right after the previously mentioned forest ditching. Old- 
growth forest and its relationship with carbon is an issue which has been 
gaining interest and understanding since the beginning of the present 
century. Volume and biomass in old forest stands are higher than in 
managed stands but their growth decline with stand age. Litter fall 
continues, but it stabilizes or even decreases with stand age (Härkönen 
et al., 2019; Neumann et al., 2016). In addition, litter composition in old 
stands may be different than in managed stands where tree mortality is 
low (Foster et al., 2014). Further, higher biomass lead higher evapo-
transpiration and thus lower runoff in old than managed forest stands. E. 
g. (Solantie and Ekholm, 1985) estimated, that the relationship is 1.14 
mm evapotranspiration per 1 m3 ha− 1 of forest. 

As a matter of fact, Carey et al. (2001) and McGarvey et al. (2015), 
for instance, remarked the need to include old-growth into carbon 
analysis as its importance has sometimes been underestimated. These 
two studies share a common conclusion, which is that old-growth forests 
act as carbon sinks, a matter on which Falk et al. (2004) and Luyssaert 
et al. (2008) also agree. The high influence on TOC that we found in our 
catchments by old-growth forest led to a decrease of TOC and this caused 
our results to coincide with the premise of considering old-growth forest 
a carbon sink. 

In our study, the lowest TOC concentration is found in the northern 
catchment group, which is also the catchment group that contains the 
largest area of old-growth forest. This shows us that the sinking effect of 

these old forests applies to our catchments. Furthermore, old-growth 
forest and temperature as well as old forest and precipitation are two 
of the most influential interactions. This fact implies that climatic 
indices strongly affect carbon in old-growth forest as suggested by 
Wharton and Falk (2016). Further research on carbon sinks in 
old-growth forest and the factors affecting it in more detail is necessary 
to control the carbon pools and avoid triggering processes that could 
turn the sink into a carbon source. Other research states that the 
importance of old-growth forest as carbon sink is not very relevant but 
its effect on the balance of carbon is (Field and Kaduk, 2004). 

The meteorology and climatic factors we included in our analysis 
have had a dissimilar influence when explaining the variations in TOC 
concentration in Finnish catchments. Precipitation presents itself as the 
most influential of all of them as average precipitation explains almost 
20% of the changes of TOC in southern and peatland catchments. This 
influence results in a TOC concentration increase according to our 
analysis. This fact agrees with Correll et al. (2001) and Laudon et al. 
(2004), who also stated that an increase in temperature will join the 
effects of precipitation on TOC. They emphasized the importance of the 
landscape’s characteristics when studying the effects of these parame-
ters in certain catchments and the seasonality of the precipitations. 
Moreover, Köhler et al. (2009) highlighted the link between water 
temperature and TOC concentration increase, which especially concurs 
with our results in the northern catchments, where temperature, despite 
its low relative influence, shows a clear increasing pattern in TOC con-
centration. The seasonality is an aspect that we have not included in this 
study and it will be considered in further research. The relevance of the 
climate factors on TOC in Finland is forecasted to be more significant 
and influential as temperature and precipitation are expected to increase 
in the future given the current trends and conditions (Ruosteenoja et al., 
2016). 

In Europe, lakes are the second most influential actor in carbon 
sequestration (Luyssaert et al., 2012). Organic carbon is buried by lakes, 
but changes in the climate conditions and ecosystem balances as a result 
of anthropogenic interaction may interfere in nutrients’ cycles releasing 
organic carbon into the atmosphere (Anderson et al., 2014). Given 
current conditions, the forecasted scenarios show that the storage of 
organic carbon by lakes will be affected by climate change and that 
storage is predicted to decrease (Gudasz et al., 2010). Lakes seemed to 
have a fair amount of influence on TOC in our southern catchments, 
higher than in any of our other catchment’s groups, although there is not 
a clear trend. When we analyze the data at a national level, however, the 
influence of lakes results in decreasing TOC concentration. 

The highest TOC concentration in our results are in peatland catch-
ments. Besides the aforementioned driving factors, we found a quite 
high influence of SO4 deposition explaining changes of TOC in peatland 
catchments. We do not find a clear trend. Thus, we could conclude that 
in peatlands, temperature and precipitation will drive these large con-
centrations of TOC. This interpretation matches the conclusion made by 
Sarkkola et al. (2009), who claimed that the percentage of peatland in 
the catchment regulates both the concentration and exports of TOC in 
the water and it is affected more by precipitation and temperature than 
by acid deposition. The study carried out by Couture et al. (2012) shares 
similar conclusions. After studying dissolved organic carbon (DOC) 
concentration in boreal lakes in Canada, they concluded that variations 
in DOC are more linked to precipitation and temperature than the trends 
in SO4 and solar radiation. 

5. Conclusions 

In conclusion, in the whole of Finland from 2000 to 2019, TOC has 
decreased 0.91 mg/l. Peatland catchments have shown the highest 
concentrations in TOC throughout the studied period (over 20 mg/l) but 
the largest decreased as well. We estimated that TOC concentration in 
peatlands have decreased 1.95 mg/l. TOC in northern catchments have 
also increased, by 1.76 mg/l in this case. Southern catchments, however, 
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is the only catchment group in which TOC concentration increased be-
tween 2000 and 2019. The increment was 0.6 mg/l. These changes in 
TOC concentration in Finland are explained by forest ditching, % of old 
forest and wetlands. In southern and peatland catchments, the most 
explanatory variables are % of old forest and average temperature, 
whilst in northern catchments, it is % old forest (about 40% of influence) 
and areas of organic fields. The climatological factors have been of high 
importance in the changes in TOC concentration, not only by the in-
fluence of temperature and precipitation but also as a main player in the 
interactions with other variables, which has potentiated or diminished 
their capacity of influence. Moreover, the climate and its variations and 
patterns may end up modifying the conditions in the catchments as well 
as the interactions and relationships between explanatory and response 
factors. 
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