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Abstract

:

Highly dynamic hydro-geomorphic processes are known to drive exports of carbon (C) from river basins, but are not yet fully understood. Within this study, we simulated total organic carbon (TOC) exports at the outlet of Lake Simojärvi in the Gulf of Bothnia (Finland) with a parsimonious hydrological model. With thorough consideration of the dependence of erosion and sediment transport processes on seasonal precipitation rates, a satisfactory agreement was obtained between modelling and experimental observations (1962–2005). This provided confidence in the capability of the parsimonious model to represent temporal and spatial export dynamics. In the period 1860–2014, TOC export at the outlet of Lake Simojärvi was estimated to be highest on average (~5.5 Mg km−2·year−1) over 1974–2014 while the lowest TOC export (~2.5 Mg km−2·year−1) was estimated in 1860–1918 (with high levels of interannual-to-multidecadal variation). Regional simulations indicate that TOC increased in recent decades (on average, 4–5 Mg km−2·year−1 in 1974–2014 against ~3 Mg km−2·year−1 in 1940–1973) in northern Scandinavia and Finland. Warming-induced variability of TOC (which depends on precipitation patterns) may have altered the rates of C exchanges in aquatic ecosystems over recent years. TOC exports may continue to increase in boreal catchments with increasing temperatures as represented by future projections.
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1. Introduction


Northern soils are known to store large quantities of carbon (C), though the susceptibility of C to be released as a consequence of environmental changes is uncertain. Specifically climate and land-use changes pose a potential threat to further losses of C [1].



The importance of small streams in C cycling is highlighted in Huotari et al. [1] and other studies (e.g., [2,3]). In northern areas, C-budget studies have incorporated surface waters in watersheds covering large areas, mostly in remote regions having limited human disturbance (e.g., [4,5]). Human induced perturbations within catchments affect C export into aquatic systems and may also have large implications in regional C cycling. Farming practices may enhance the C export (e.g., [6]). Peatland drainages also trigger successions in C cycling and export to aquatic systems [7]. For instance, [8] observed, for Finland, that the highest C concentrations in lakes tend to be associated with the highest proportion of peatlands in catchments. This indicates the importance of considering land-use patterns when determining budgets of different C species in complex areas with both streams/ditches and lake surfaces [1].



However, fluvial responses may be dominated by the climatic shift in such circumstances, and climate change may also induce land-use changes, by making for instance agriculture either possible or impossible [9]. Evidence suggests that the interactions of land-use and climatic changes may involve considerable complexity in terms of their combined impacts on the response of fluvial systems (e.g., [10]). If people change land uses approximately in phase with climatic changes, then the fluvial response will be a result of both. In some cases, the two appear to operate essentially and independently, whereas in others they are closely linked and the impact of land-use change may only be fully apparent when coupled with climate [11].



The history of land utilization in Finland and Scandinavia is characterized by open landscapes with animal husbandry and intensive grazing as well as cultivation until 1900, while starting with the 20th century a period of reforestation is noticeable (e.g., [12]). Grazing in forests, slash-and-burn-cultivation and hay production on mires and meadows prevailing during the medieval crisis significantly altered the concentration of transported OC from the terrestrial ecosystem to inland waters, resulting in a decreasing OC concentration in surface water in boreal lakes. Vegetation changes from an open towards a forested landscape are currently prevailing and the total OC (TOC) concentration in surface water in boreal lakes rapidly increases, also depending on decreasing sulfur depositions [13]. An explicit separation of the effects of climate and land-use changes on lake-water TOC is however complicated because of their temporal overlap. For instance, Matskovsky and Helama [14] documented the expansion of summer farms during the Little Ice Age (LIA) and the concomitant climate cooling, with temperatures ∼1 °C cooler than at present. The climate deterioration during the LIA may have contributed to the TOC decline during the period 1450–1950 but Meyer-Jacob et al. [15] concluded that climate was not the main driver, emphasizing the important role of past and contemporary changes in land use in ongoing OC trends in forested upland and mountainous areas in Northern Europe. However, according to [16] and other authors ([17,18,19]), climate change (i.e., recent increases in precipitation and temperature) may have contributed to the observed and reconstructed increases in lake-water TOC concentration over recent decades, while changes in land use and sulphur deposition (sulphur emissions had an increase in the early 1900s to a peak around 1980 and a subsequent decrease) have probably played more important roles at the centennial time-scale. Climate influences include temperature-driven soil organic productivity and decomposition as well as precipitation-driven water table fluctuations and transport of OC from terrestrial soils (e.g., [20]).



The response of the terrestrial C cycle to climate change is a key uncertainty affecting future climate change projections [21]. Much of this uncertainty comes from the terrestrial biosphere and in particular the storage of C in soil organic material. Globally, soil organic matter contains more than three times as much C as either the atmosphere or terrestrial vegetation [22]. However, as the climate continues to diverge from conditions experienced since the last ice-age (~13,000 years BP), the accumulation and storage of C in terrestrial soils become increasingly uncertain. In part, this situation reflects the challenge of isolating climate change effects from natural variability and land-use change [23]. Thus, before making any prediction on the future evolution of C cycling, there is a pressing need to better understand the variation in contemporary and historical C storage in terrestrial soils.



Strong connectivity between terrestrial and aquatic components of watersheds has led to the conceptual view of lakes and rivers as sentinels of climate change [24,25]. While lakes and wetlands represent a C sink over long timescales (decades to millennia), the majority of organic carbon (OC) from terrestrial sources is metabolized and respired, and ultimately exported to the atmosphere as CO2. The export of OC from terrestrial soils to streams is largely driven by precipitation, mediated by a variety of factors (such as temperature, vegetation cover and ecosystem C turnover) that influence C mobilization. For instance, regional warming may change the balance between mineralization and sequestration by lakes, altering catchment hydrology and the lateral transfer of C and nutrients [26], which is common in low-relief rivers.



At the basin scale, meso-scale precipitation plays an important role in erosion and sediment transport, because the distribution of local rainstorms determines the sediment yielded in the individual catchments forming the basin. In this way, fluvially transported organic matter can be explained by soil erosion and sedimentary deposits [27], considering that organic material is mainly discharged from flat watersheds due to their past rainfall changes. Relatively complex, physically-based models have been developed to represent OC mobilization and export from terrestrial sources (e.g., [28,29]). While they provide promising results, the requirement for intensive computation and sophisticated modelling may hinder further applications at large spatial (e.g., regions) or temporal (e.g., future climate scenarios) scales.



In this study, we developed a parsimonious (regression) model of TOC export from a boreal catchment (Simojoki basin, Finland) based on readily accessible inputs (monthly precipitation), which helps overcome the barrier (essentially key input data requirements) imposed by sophisticated, physically-based models. Information captured in minimalist descriptors (after [30]) may be relatively simple but it allows for historical reconstructions as well as future projections or regional simulations of TOC dynamics. To meet these objectives, the model was first built and evaluated using contemporary TOC and precipitation data (1962–2005) from the Simojoki basin (Finland). Then, by using it, we reconstructed long-time changes (1860–2014) in the sediment regime of the basin and examined spatial variability of C export across Finland and northern Scandinavia.




2. Materials and Methods


2.1. Study Area and Data Sources


The Simojoki (catchment area 3160 km2) is a salmon river in near-natural state, discharging to the Gulf of Bothnia of the Baltic Sea. It runs from the outlet of Lake Simojärvi westward for 193 km before emptying into the Gulf of Bothnia (Figure 1). Forestry is the dominant human impact, mostly characterized by forest drainage and cutting [31]. A large part of the region includes peatlands and peatland forests. On average, 0.5% of the total forest area of the catchment is cut annually. Agricultural fields cover only 2.7% of the catchment area [32]. Annual TOC data (1962–2005) were provided by Lepistö et al. [31].



The Simojoki has two discharge gauging stations: one is located at the river outlet (used here), the other upstream, at the Hosionkoski rapids (65°55′ N, 25°50′ E). The annual average discharge for 1971–2000 was 40.4 m3 s−1, i.e., the annual average runoff was 403 mm. The Finnish Environment Institute and regional environmental centres collected water samples at the outlet of the Simojoki (Figure 1) during the study period 1962–2005—usually four samples per year over the period 1962–1981, and 10–18 samples per year during the period 1982–2005.



For the entire observation period 1962–2005, TOC values (hereafter assumed as ‘observed’ values) were determined from chemical oxygen demand (COD) value using the following equation [33]:


TOC = 0.675 · COD + 1.94, R2 = 0.92, n = 975



(1)







The COD was determined by using ammonium oxalate as a standard for permanganate titration, with standard potassium permanganate as the oxidizing agent.



Rainfall data provided by Global Historical Climatology Network (GHCN-Monthly) via KNMI-Climate Explorer (http://climexp.knmi.nl) were used for the reconstruction of TOC export over the period 1860–2014. In particular, rainfall data from Haparanda (65°50′ N, 24°08′ E) were extracted as this is the nearest weather station to the river outlet (65°42′ N, 25°11′ E). Other stations in the area are more distant geographically (Rovaniemi, 66°36′ N, 25°48′ E; Gällivare, 67°06′ N, 20°07′ E; Luleå, 65°36′ N, 22°06′ E) and cover shorter periods of time (1961–1990, 1897–1910, 1951–2001), not extending until recent times. Rainfall data for the spatial reconstruction of TOC export across Finland and Northern Scandinavia were provided by Climate Research Unit (CRU-dataset, http://www.cru.uea.ac.uk/data), into grids of 0.5° × 0.5°resolution.




2.2. Modelling Approach


The climate-driven estimate of TOC export from the basin is produced in the basin (source) and transferred to the aquatic system (sink). This is a function of major hydro-geomorphic processes contributing to the sediment yield. The effects of meso-scale precipitation on soil erosion and sediment transport was considered at the basin scale, conceptually separated from the distribution of local rainstorms playing an important role for sediment yield in individual catchments that make up the basin.



In a pursuit of a simple criterion, following Diodato and Bellocchi [10], the annual TOC export is estimated using a solution in which seasonal precipitation (rainfall and snowfall) quantiles, erosivity and overland flows are modelled together. In this way, the temporal dependence of erosion and sediment transport processes is accounted for to estimate the TOC exports at the outlet of the basin as follows:


     TOC  M      =     A   ⋅    [   p  12 ( t = − 1 )     +     ∑  i = 1   11     p  ( t = 0 )      ]    +   B   



(2)




where TOCM is the estimated TOC export in Mg km−2 year−1; p12(t−1) accounts for precipitation (mm) in December of the precedent year; and the summation term is the precipitation (mm) from January to November of the current year t. These two terms are the result of the major hydro-geomorphic processes that contribute to the net OC yield at different scales. The constant term B (Mg km−2 year−1) is part of OC remaining trapped in the basin during sediment transport to water bodies, and A is the scale parameter to convert the terms between brackets in Mg km−2 year−1.



With the minimalist regression model developed in this study, we address for the effect of multiple sediment sources, while considering the system complexity and process interactions for TOC export. Equation (2) is a simplification of a basin-scale, catchment-based conceptual hydrological model. Path delay times are employed to streamline complex interactions between local- and meso-scale storms as intrinsic part of distinct temporal segments. Based on their scale, storm events are first grouped and then hierarchized according to communication delays among components of the spatio-temporal process. Based on this concept (after [34]), the precipitation term antecedent to the current year reflects the larger delay between the initiation of the process (soil erosion) and increase of sediment yield at the outlet, as occurring at the catchment (t = −1) than at the basin scale (t = 0). A linear regression was performed to obtain the best fit of the actual versus modelled TOC export.





3. Results and Discussion


3.1. Parameterization and Evaluation


The values of the parameters obtained from the full set of TOC observations available (1962–2005) are: A = 0.0163, B = −4.458 (Equation (2)). The regression line between the two series is similar to the 1:1 line (Figure 2a), with only one outlier (orange dot) in the upper left corner.



The R2 indicates that the model explains 80% of the variability in the data. It corresponds to a correlation coefficient of about 0.90, which indicates that there is a moderately strong relationship between modelled and measured TOC. The mean absolute value of the residuals (optimum, 0 ≤ MAE < +∞) was 0.656. The Durbin-Watson (DW) test was also performed to evaluate the autocorrelated residuals because strong temporal dependence may induce spurious correlations. Since the p-value is less than 0.05 (0.0133), there is an indication of possible serial correlation at the 95% confidence level.



Figure 2b displays the Studentized residuals, obtained by dividing the residuals (modelled minus actual data) by their standard deviation (equal to 0.833 Mg km−2 year−1), versus the predicted values of TOC, which indicates a substantial non-random pattern in the distribution of residuals across the range of modelled data. With the terms of Equation (2), the estimation of TOC takes into consideration erosion and transport processes generally occurring on slopelands across a spatial extent characterized by the distributions of both light and intense precipitation. The model was developed and parameterized using precipitation and TOC export data collected during a period (1962–2005) of changing climate patterns (1940s–1970s cooling, end-of-20th century warming and early 21th century warming slowdown). We thus hereby assume that the relationship between TOC export and precipitation of Equation (2) is sufficiently robust to changing climate conditions.




3.2. Reconstruction and Analysis of Historical Changes in Carbon Export


The reconstructed dataset of TOC exports (from 1860 to 2014) shows an overall increasing trend though featured by an interannual-to-multidecadal pattern of variability (Figure 3). Abrupt change-points in the TOC time-series were detected using the Buishand range test [35] in order to locate the years where a stepwise shift is likely. The pattern observed suggests that the trend had a prominent change-point in 1920 (significant test of Buishand, p < 0.05), followed by other break points in 1938 and 1974. Four periods were thus identified by discontinuities as part of the variability in results, from cool conditions (before 1920) to the most recent warming period extending over the 20th century and the early 21st, with two transition phases between the two main phases. The reconstructed scenario suggests that export rates experienced the greatest oscillations during the years 1920–1938 and from 1974 to 2014, while limited fluctuations were detected in the first period (1860–1918) and in the interval 1938–1974. On average, the last period differs from the previous (p = 0.005) of about 1 Mg km−2 year−1, and of about 2 Mg km−2 year−1 from the initial phase 1860–1920 (p~0.000).



The general increase of exports may indicate an increase of effective precipitation in the study area in recent times, with runoff playing an important role in the mechanism of TOC transport. The evidence that high TOC exports take place particularly in autumn indicates that the process of TOC export is most sensitive to changes in autumn precipitation [31]. In sub-Artic Sweden, Kokfelt et al. [36] showed that major shifts towards increased TOC concentration in lake water occurred around 1980, which reflects an increase in annual total precipitation. The mean annual TOC concentration also increased significantly in seven of the eight catchments analyzed by Sarkkola et al. [19] in Finland. In another Swedish catchment, Köhler et al. [37] found that increases in TOC export were linearly correlated to the relative distribution of snow or rainfall. These studies are in concur with our findings, that is, TOC exports change considerably in Scandinavian and Finnish lakes in response to hydro-climatic changes. We have thus used our model to explore the spatial pattern of TOC exports in Finland and northern Scandinavia.




3.3. Spatial Pattern of TOC


According to the change-points found in the previous time-series analysis, the spatial comparison of TOC exports was performed between the most recent decades (1974–2014) and the preceding period 1940–1973, considering a grid size roughly corresponding to the size of Simojoki basin. The modelled values (Figure 4a,b) are in the range of <2 to >50 g m−2 year−1 (=Mg km−2 year−1) reported by de Wit et al. [38] for boreal landscapes, and reflect the highest area specific TOC export of 8 g m−2 year−1 measured by Räike et al. [39] from Finnish rivers. The phase 1940–1973 (Figure 4a) sees a distribution of TOC values around 3 Mg km−2 year−1 in Finland (especially in the western side of the country, similar to northern Sweden), while in recent decades (1974–2014) the TOC export has increased to 4 Mg km−2 year−1 around Simojoki basin and almost everywhere in Finland, until a rate of ≥ 5 Mg km−2 year−1 in Southern Finland and part of Sweden (Figure 4b).



Figure 4c, which shows the difference between the two periods, indicates that changes in TOC export are not spatially homogeneous across the area investigated. Larsen et al. [40] estimated, under climate change forcing, an increase by 65% from the current median concentrations of OC in lakes in ~1000 Norwegian pristine lakes covering a wide range of climatic conditions.



To get an insight into future scenarios of TOC exports in Finland and northern Scandinavia (Figure 5a–c), we used projected precipitation (as reproduced by the CMIP5 model mean and provided by KNMI Climate Explorer) to estimate TOC exports for 2021–2050 under three storylines representing medium (RCP4.5), middle-of-the-road (RCP6) and high (RCP8.5) emission storylines. The results indicate an increase in the TOC export for the three scenarios as compared to the reference period 1974–2012. The scenario RCP6 predicts the highest increment in TOC export (on average, 5 Mg km−2 year−1 higher than 1974–2012). However, across the Simojoki basin, minimal differences were detected in projected TOC exports with different scenarios of climate change. This indicates that in this relatively undisturbed land-use system projections of future TOC exports are relatively insensitive to alternative climate forcing data.





4. Conclusions


With focus on Finland and Scandinavia, the modelling approach used in this study suggests that: (1) changes in rainfall patterns represent a strong driver of TOC export; and (2) rainfall changes occurred in recent decades resulted in increasing exports of fluvial TOC export in aquatic systems. The relationship between TOC exports and rainfall patterns identified in this study (and suggested by other studies) warrants continue further monitoring to substantiate the role of precipitation changes on C dynamics in fluvial basins beyond land-use changes. Further evidence substantiating this relationship would permit to make reasonable inferences about trends of TOC exports in the medium term (in the form of predictions based on rainfall forecasts). For long-term projections, it would rather be desirable to explore the opportunities offered by hydrologic models considering land use and land cover variables (e.g., [41]) in addition to climatic inputs. This paper may nonetheless help in stimulating the debate about understanding the climate mechanisms at play in boreal catchments and provide a useful springboard for further research.
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Figure 1. (a) Environmental setting of study area with the Simojoki River (in blue); (b) Haparanda Meteorological station (arranged from ESRI-ArcGIS Explorer Online, http://www.esri.com/software/arcgis/explorer-online). 
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Figure 2. (a) Scatterplot between modelled and actual TOC export data, with the 95% prediction intervals for new observations given in grey lines around 1:1 line in black color; (b): Studentized residual versus predicted TOC export values. 
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Figure 3. Simulated TOC export by model (Equation (2)) in Mg km−2 year−1 from Simojoki basin during the period 1860–2014, with change points (arrows). The intermittent intervals with high TOC export (blue lines) and low TOC export (orange linees) were identifed by the Buishand test (blue curve). Two histogram plots are also reported for the recent period. Orange curve represents the actual TOC for the period of available data at end series. 
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Figure 4. Total C export for each grid-cell (2500 km2) across Finnish and northern Scandinavian areas. (a) for 1940–1973; (b) for 1974–2012; (c) relative differences 1974–2012 minus 1940–1973 (arranged from CRU-TS3.22 precipitation, via Map Calculator function within ESRI-ArcGIS, http://www.esri.com/software/arcgis). 
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Figure 5. TOC export anomalies across Finnish and northern Scandinavian areas deriving from CMIP5 mean scenario runs 2021–2050 minus 1974–2012, for RCPs 4.5, 6.0 and 8.5, respectively. 






Figure 5. TOC export anomalies across Finnish and northern Scandinavian areas deriving from CMIP5 mean scenario runs 2021–2050 minus 1974–2012, for RCPs 4.5, 6.0 and 8.5, respectively.



[image: Climate 06 00022 g005]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
Actual TOC (Mg km=2yr™)

12

10

2
Modelled TOC (Mg km-2 yr?)

4

6

8

10

12

Studentized residual

-2

-3

e))

: . ]

| O ]

: [m]

— D —

r ; ° o .

B [m]

- og . =5 _

: o N (m} " Eh I:|III ]

i oo . = R .

- =" 3 :

- D D

- ; ;

- o =

0 4 6 8 10
Modelled TOC (Mg km-2yr?)





nav.xhtml


  climate-06-00022


  
    		
      climate-06-00022
    


  




  





media/file2.png
D)

Tervola

4 Haparanda

Station.

Kemi

0 5 10km

Outlet of
X Simojoki river

Simojoki

Konttila





media/file5.jpg
uonensq
aenung

I
Change points

100

- 36z B3) UOGIEDNUEEIO feT0L.

1879 1898 1017 1086 195 1974 1993 2012
Year

1860





media/file3.jpg
Studentized residual

R=080

o 2 4 & 8 w0 1w o 2 0 © g o
Modelled TOC (Mg km yr') Modelled TOC (Mg km?yr)





media/file1.jpg
b) 3,

simojoki

 Haparanda

—_— Outlet of
T Simojoki river





media/file7.jpg
1974-12 minus 194073

: 2 25 L . 2 2 L
a) b)
styoo
-
1940-1573 7 | 10782012

F

= =
Mgk yr i

]
01234567889 10

E3 =
Mg km2yr 1

-

01234 6810





media/file10.png
. 0 125250 500 Kilometers . 0 125250 500 Kilometers . 0 125250 500 Kilometers






media/file9.jpg





media/file0.png





media/file8.png
. 0 125250 500 Kilometers . 0 125250 500 Kilometers . 0 155 310 620 Kilometers
. I T I O @ . I T O I O @ . I T T Y Y I | @
20° 25°  wam 20° 25°  wam 20° 25°  wam

o> ¢

c)
£ e o L S

J &
\ N

S
= o

.

;‘F v
i i e

1940-1973 p= 1974-2012 & 1974 12 minus 1940-73
20° 250 20° 250 20° 250
Mg km2 yr -2 Mg km=2yr -
: B

- . .
01 2 3 456 7 8 9 10 O 1 2 3 4 6 8 10

65°






media/file6.png
Total Organic Carbon (Mg km-2yr )

10.0

8.0

6.0

4.0

2.0

0.0
1860 1879 1898

i
Change points

|

l

I/

1917 1936

Year

—
EE—

1955

1974

1993

2012

Cumulative

Deviation





