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Abstract 

This thesis focuses on two environmental issues; carbon and dissolved constituent fluxes in 
high-latitude watersheds as affected by global warming, and carbon and dissolved constituent 
fluxes as affected by river regulation. 
 
Historically, high-latitude watersheds have been regarded as a carbon sink with soil carbon 
accumulating due to slow decomposition of organic matter at low temperature and also with 
organic matter incorporated into permafrost layers and rendered inactive. This carbon sink is 
now believed to turn into a carbon source, and a potential release of soil derived carbon would 
act as positive feedback to climate warming. However, higher temperatures thawing 
permafrost soils and altering water flow paths would allow more water to percolate down to 
deeper soil layers. Here, some of the released carbon could be “consumed” in enhanced 
weathering and exported as bicarbonate  to the sea. This was proved by a hydrological mixing 
model showing that altered water flow paths in high latitude watersheds could significantly 
counterbalance the predicted positive feedback resulting from thawing permafrost soils. 
 
Recent studies have shown that vegetation plays an important role in the global Si cycle and 
the riverine dissolved silicate (DSi) export fluxes. Vegetation-covered riparian zones in 
headwater areas appear to have a significant role for the dissolved constituent fluxes. This 
thesis shows that vegetation cover, carbon and weathering fluxes in taiga and tundra 
watersheds are intimately linked, and that higher concentrations of weathering products are 
found in taiga and tundra rivers with larger areas of coniferous forest and peat cover in their 
watersheds. These landscape elements can thus be regarded as “hot spots” of river loading 
with dissolved constituents.  
 
River regulation affects ca. 30% of the river runoff to the global ocean and has adverse effects 
for the ecosystems in the receiving coastal water bodies. We tested the hypothesis that 
damming leads to a depletion of major elements also in oligotrophic river systems as a 
consequence of changes in landscape elements by comparing an unregulated river with a 
regulated river. A loss of upper soils and vegetation through inundation, loss of soil through 
littoral erosion, underground channelling through tunnels, as well as reduction of water level 
fluctuations in reaches between the dams, prevents the contact of surface waters with 
vegetated soil, and consequently reduces weathering fluxes. The hypothesis that the lower 
fluxes of DSi in the regulated river could also be explained by biological uptake was then 
tested using the RIVERSTRAHLER model. Budget calculations based on the model results 
indicate a significant reduction of phosphorus (over 30%) and Si (close to 25%) fluxes in the 
Luleälven watershed as a result of regulation. The budget indicates that about 10% of this 
reduction can be attributed to the flooding of the fluvial corridor. The remaining 15% was 
attributed to diatom blooms in the reservoirs. A further more detailed study of landscape 
elements affected by river regulation for the headwater areas of the river Luleälven showed 
that only 3% of the surface area has been inundated by reservoirs. However, some 10% of the 
soil volumes and aggregated forest and wetland areas have been lost due to damming. 
Moreover, our estimates indicate that ca. 37% of the deciduous forest has been inundated by 
the four major reservoirs built in the Luleälven headwaters. This land cover class “deciduous 
forest” is almost synonymous with the riparian zone and occurrences of organic rich soil 
layers in these headwaters acting as hot spots for DSi and TOC loading. Such a significant 
loss of hot spots for river loading may indeed explain the observed lower DSi fluxes in the 
regulated watersheds of northern Sweden. 
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Background 

High-latitude watersheds of the Northern Hemisphere – 
natural settings and major threats 

The Arctic tundra is located in the northern hemisphere, encircling the North 
Pole and extending south to the coniferous forests of the taiga. Approximately 
two thirds of the taiga is found in Siberia and the rest is situated in Alaska, 
Canada and the northern parts of Scandinavia (Figure 1). Large areas of the taiga 
and tundra ecosystems are permafrost areas with a permanently frozen soil layer 
under an annually thawing top layer, the so-called active layer. Historically 
these high-latitude areas have been looked upon as a carbon sink. Soil carbon 
has been accumulating since the last glaciations, due to the relatively slow 
decomposition of organic matter at low temperature under anaerobic soil 
conditions in peatlands (Houghton et al. 2001). In addition, with the gradual 
build-up of the soil layers, organic matter has been incorporated into the 
permafrost layer and rendered inactive. This carbon sink is now believed to be a 
carbon source with global warming that most Global Climate Models (GCM) 
foresee to be most significant at the poles (Cai 2005, Kaplan & New 2006).  
 

 Figure 1. Permafrost distribution in the Arctic 
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Taiga and tundra areas of the northern hemisphere are believed to hold 450 GT, 
or an equivalent of 70 annual anthropogenic emissions, approximately one third 
of the world’s total soil organic carbon stored within the top meter of the soil 
profile (Gorham 1991). New estimates of soil carbon stored in permafrost areas 
in thick mineral soil deposits (loess) point to a further 500 GT carbon storage 
(Zimov et al. 2006). For the northern hemisphere, temperature increases above 
the global average have been predicted at high latitudes (Bengtsson 1997), and 
increases in water discharge (Peterson et al. 2002) have already been recorded in 
the largest Eurasian rivers. A possible global warming in taiga and tundra 
biomes is believed to result in a massive release of dissolved organic carbon 
(Freeman et al. 2001, Dutta et al. 2006) to coastal waters. It has been suggested 
that such a potential release would act as a positive feedback to climate 
warming. However, it has also been postulated that increased DOC trends are a 
result of decreased atmospherically deposited anthropogenic sulphur and sea salt 
(Monteith et al. 2007). 
 
The second environmental issue dealt with in this thesis is river regulation that 
affect ca. 30% of the river runoff to the global ocean (Milliman 1997, 
Vörösmarty & Sahagian 2000) with adverse effects for the ecosystems in the 
receiving coastal water bodies (Ittekkot et al. 2000). We focused our studies on 
damming effects in high-latitude watersheds. Large areas covered by permafrost 
also imply that high-latitude watersheds generally have less vegetation cover 
compared to lower-latitude watersheds. Typical vegetation found in the taiga 
belt is coniferous and mixed forest, whereas in the tundra belt ice cover and bare 
areas, herbaceous vegetation, low deciduous forest and shrubs (mainly birch and 
willow) and peatlands are dominating (Snow 2005a, 2005b). In watersheds with 
less vegetation cover, changes in landscape elements such as wetlands and 
forests along riparian zones, which were described as hot spots of river loading 
with dissolved constituents (Laudon et al. 2004), could be more significant as 
compared to vegetation covered watersheds in more temperate regions. A 
significant change in these landscape elements has occurred with river 
regulation, especially in the Scandinavian and Canadian watersheds (Nilsson et 
al. 2005), whereas the high-latitude Siberian large watersheds are less regulated.  
 
This thesis focuses on general large-scale linkages of landscape elements, 
hydrology and weathering in taiga and tundra ecoregions in northern Sweden 
with potential bearing for Arctic taiga and tundra watersheds worldwide. The 
aim is to identify and describe links between various landscape elements, 
hydrology, weathering and carbon fluxes. The relationships found are then used 
to infer future changes in river chemistry as the result of permafrost melting and 
river regulation. 
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We examined carbon in its dissolved inorganic forms (DIC) and organic forms, 
e.g. dissolved organic carbon (DOC) and total organic carbon (TOC). The other 
element we focused on was silicon, since it is an important constituent 
regulating diatom production in aquatic systems (Dugdale & Wilkerson 1998, 
Ittekkot et al. 2000). With river discharge being the main process for 
redistributing dissolved silicate (DSi) from land to sea (Billen et al. 1991), and 
with approximately 80% of the global ocean Si supply coming from riverine 
export (Treguer et al. 1995), hydrology is an important component. Because of 
its vital function for the biological pump, any changes in riverine DSi export 
may alter phytoplankton species composition (Officer & Ryther 1980, Turner et 
al. 1998) but also, and more importantly, the amount of carbon sequestered in 
aquatic systems (Conley et al. 1993). Moreover, silicon dioxide is one of the 
most abundant components of the Earth’s crust and occurs in silicate minerals in 
association with igneous, metamorphic and sedimentary rocks that are being 
continuously subjected to physical and chemical weathering. The processes 
associated with weathering and the products released, form the basis of silicon 
biogeochemistry and its interactions with other elements. A fundamental 
mechanism controlling the biogeochemical Si cycle is thought to involve CO2 in 
the ocean-atmosphere system through continental weathering. 
 

Weathering regimes of high-latitude watersheds  

Weathering regimes in high-latitude areas are heavily affected by climatological 
and hydrological conditions and can be regarded as weathering limited, i.e. the 
transport capacity within the watersheds exceeds the weathering capacity 
(Drever 1997). Physical weathering in high-latitude areas is to a large extent 
caused by ice and freezing, and the long winters with sub-zero conditions 
effectively restrict water flow and thus, also the chemical weathering processes. 
The weathering rate varies greatly and is affected by a number of factors, for 
example, mineral structure of the solid phase, temperature, vegetation and pH in 
the soil (Berner & Berner 1996). For chemical weathering water is a crucial 
component in the actual weathering reactions, but also for flushing within the 
system and transporting the weathered products away from the weathering site. 
This transport not only increases the concentration levels in the receiving rivers, 
but also enhances the weathering rate. Transport of weathering enhancing 
elements from the organic rich upper soil layers is facilitated by water 
infiltrating and percolating down to deeper mineral soil layers. TOC with its 
functional carboxylic groups acts as a weak organic acid (Hruska et al. 2003) 
and its effect of lowering the pH as such will increase weathering. There are 
additional mechanisms by which soil organic carbon and/or vascular plants may 
enhance the weathering rate, and there are three main processes discussed in the 
literature; root exudation of organic acids (Grayston et al. 1997), the activity of 
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ectomycorrhizal fungi (van Breemen et al. 2000, Landeweert et al. 2001), and 
associated mineral dissolution by bacteria (Bennett et al. 2001).  
 
Continental weathering is regarded as a fundamental mechanism for control of 
CO2 in the ocean-atmosphere system, because the net effect of silicate mineral 
weathering is the consumption of soil carbon derived from the atmosphere 
through photosynthesis into dissolved HCO3

-. In general, chemical weathering 
of silicate and carbonate rocks can be represented as follows: 
 
 

2CO2 + 3H2O + CaSiO3 → Ca++ + 2HCO3
- + H4SiO4 

2CO2 + 3H2O + MgSiO3 → Mg++ + 2HCO3
- + H4SiO4 

 
and for carbonates 
 
CO2 + H2O + CaCO3 → Ca++ + 2HCO3

- 
2CO2 + 2H2O + CaMg(CO3)2 → Ca++ + Mg++ + 4HCO3

- 
 
 
Whether weathering is a carbon sink or source depends on the temporal scale: 
For a time frame of less than 100,000 years, rock weathering is important in the 
removal of CO2 from the atmosphere; for a time frame of a million years, carbon 
supplied from the land by carbonate weathering is returned to the atmosphere by 
calcite precipitation (Gaillardet et al. 1999, Harrison 2000). In addition, 
weathered Na and K silicate minerals can undergo reverse weathering in the sea, 
where formation of Na and K silicates convert HCO3

- to CO2, and thus, 
returning CO2 to the atmosphere (Berner 1992). Hence, in a long-term 
geological perspective it is only the weathering of Ca and Mg silicates, mainly 
plagioclase as the most important mineral in northern Sweden, that leads to a 
long term removal of CO2 from the atmosphere and a deposition of carbon in the 
sea (Gaillardet et al. 1999).  
 
However, previously stored inactive organic soil-carbon released due to global 
warming could be either “consumed” in chemical weathering processes and 
exported as bicarbonate to the sea, or respired along its way as TOC or DOC 
(Freeman et al. 2001). Whereas the latter process is a potential positive feedback 
to global warming, the former can be regarded as a negative feedback to global 
warming. Therefore, in an assessment of the potential impact of climate change 
on carbon fluxes and global warming feedbacks, both organic, as well as 
inorganic carbon forms, have to be considered because carbon plays a role both 
as a weathering agent (soil CO2 from degradation of organic matter) and as a 
weathering product (alkalinity or HCO3

-). In other words, HCO3
- and CO3

2- can 
be regarded as residuals from soil respiration (Cole et al. 2007), since gaseous 
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CO2 from soil respiration of organic material is consumed in weathering 
reactions and converted to dissolved constituents locked in the aqueous phase. 
Therefore, C fluxes both in its inorganic form (HCO3

- and CO3
2-) and in its 

organic form (total organic carbon; TOC) are addressed in this thesis. 
 

Linkages between hydrological flow paths and river 
chemistry in high-latitude watersheds 

The hydrological regime is an essential factor for the overall land-sea fluxes of 
dissolved constituents and for the seasonal variations in the chemical 
composition of river water (Zakharova et al. 2007). Water circulating through 
soils enhances weathering rates. Specific discharge is a significant component in 
weathering yields (kg Si or C km-2 yr-1). Jennerjahn et al. (2006) and Gaillardet 
et al. (1999) found that runoff coupled with physical weathering is a governing 
factor for chemical silicate weathering on a global scale. 
 
The hydrological regime of high-latitude watersheds is characterized by a sharp 
peak flow during spring as exemplified here by the Råneälven in northern 
Sweden (Figure 2, Paper II). Generally, ca. 50% or more of the annual water 
discharge occurs during April-July after snow and ice melt (Shiklomanov et al. 
2000, Lammers et al. 2001). 
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Figure 2. Water routing through the River Råneälven watershed. Old Groundwater (OGW) 
has a steady contribution with a longer residence time compared to soil water (SW) that can 
be regarded as “old water” but with a shorter residence time. The shortest residence time has 
water from rain and snow (RSW), which also reacts first to precipitation. 
 
 

In Sweden overland flow is negligible (Rohde 1981), meaning that essentially 
all water will be routed in various flow paths through the soil. Some of the water 
will drain as near-surface flow occurring when inflow exceeds the percolation 
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rate and the soils are saturated or have a deeper frozen layer. This water draining 
as surface or near-surface flow (conceptually addressed in Figure 2 as water 
from rain and snow) has a short residence time and has more of a flushing 
character, whereas water percolating down through the soil layers (conceptually 
addressed in Figure 2 as soil water) and eventually becoming groundwater 
(conceptually addressed in Figure 2 as old groundwater) will have a much 
longer residence time and thus, more time to interact with the soil. This means 
that the water flowing through a watershed is not a single homogenous flow on a 
two-dimensional scale, but rather a three-dimensional flow with a number of 
flow paths. Different soil types will generate different flow paths contributing to 
groundwater flow in various degrees and, thus, the water in the separated paths 
will have varying residence times (Soulsby et al. 2006) and different chemical 
characteristics. Water draining mainly through organic rich topsoil layers in a 
situation with a shallow active layer (flow path A in Figure 3) will have higher 
concentrations of DOC while water draining deeper through mineral soil layers 
in a situation with a deepened active layer (flow path B in Figure 3) will have 
higher concentrations of DIC and weathered elements.  
 

Figure 3. Water following flow path A will have a shorter residence time and deliver a 
different nutrient load than water following flow path B. Changes in hydrology may thus alter 
the total nutrient loads. 
 
 
As the flows in the different layers are separated temporally the flow may even 
be considered four-dimensional. For example, peaks in DOC concentrations 
emanating from near-surface layers are found to be separated in time from 
concentration peaks of solutes coming from deeper soil layers with different 
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flow-paths (Inamdar et al. 2004). Consequently, any fluctuations and changes in 
hydrology and flow paths through either global warming or river regulation will 
affect erosion, weathering and transport of DSi, DIC and TOC in high-latitude 
watersheds.  
 

In permafrost areas long winters interrupted only by short summer periods allow 
only a shallow active layer to develop when the topsoils thaw, while the 
permafrost layer remains frozen. Thus, loading of river water with soil C and 
weathering products is constrained to this annually thawing and freezing layer. 
A vertical expansion of the active layers has been noted in Siberia (Zhang et al. 
2005), and with rising temperatures this active layer could expand and deepen 
further, allowing previously bound soil carbon to be flushed out acting as a 
positive feedback to climate warming. Changes in the hydrological regime such 
as earlier snowmelt, lower daily maximum discharge during snowmelt and 
significant increases in streamflow during the cold season have been observed 
for the Lena River and are believed to be caused by changed permafrost 
conditions (Yang et al. 2002). 
 
However, comparisons between permafrost areas and areas with seasonal frost 
show that the permafrost areas are a greater source of DOC (Carey 2003) than 
non-permafrost areas in taiga and tundra regions. In permafrost areas, meltwater 
is forced through organic rich active layers as near-surface flow above the 
impervious permafrost layer, as opposed to areas with seasonal frost where the 
water is able to infiltrate down to deeper lying mineral soil layers where sorption 
can take place (Figure 4).  
 
 

Figure 4. Conceptual model for flow paths with and without a permafrost layer, affecting 
DOC export and weathering rate. O/A indicates organic rich A-horizon, P indicates 
permafrost layer, arrows describe flow paths. Redrawn after MacLean 1999. 
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MacLean et al. (1999) suggests that a thawing of the underlying permafrost ice 
sheet would result in decreased hydrologic losses of DOC and dissolved organic 
nitrogen (DON) and increased losses of weathering products such as Ca and Mg. 
For the Yukon River a decrease in the quantity of DOC exported relative to 
water discharge during summer through autumn has been noted and it is 
believed to be a result of increased flow to deeper soil layers, residence time, 
and microbial materialization of DOC in the soil active layer (Striegl et al. 
2005). Moreover, a general upward trend in groundwater contribution has been 
recorded for the Yukon River as a result of changed hydrological flow paths due 
to permafrost thawing, and this alteration of flow paths is believed to further 
cause decreased DOC and DON exports and increased dissolved inorganic 
carbon (DIC) and dissolved inorganic nitrogen (DIN) exports (Walvoord & 
Striegl 2007). Accordingly, Hinzman et al. (2005) showed increasing alkalinity 
concentrations in Toolik Lake, Alaska, suggesting deeper infiltration of runoff 
water and increased weathering. Both studies indicate that climate warming 
resulting in reduced permafrost areas would not necessary act entirely as a 
positive feedback to global warming, since increased mobilization of soil 
organic carbon could be counterbalanced to some extent by increased 
weathering and DIC formation.  
 
It has also been suggested that carbon from thawing permafrost soils would be 
exported primarily as particulate organic carbon (POC) and that most of the 
observed increase in DOC is a result of an increased terrestrial primary 
production (Guo et al. 2007). Thus, the potential hydrological changes in 
permafrost areas, allowing more water to percolate down becoming groundwater 
and forming more DIC, in combination with a potential increase in terrestrial 
primary production, could significantly dampen the foreseen massive release of 
old soil carbon and its enhancing effect on atmospheric CO2 concentrations. 
 

Summary of the papers 
 

Linkages between landscape elements and weathering 
regimes in high-latitude watersheds (Paper I and Paper II) 

Globally, land–sea fluxes of DSi vary significantly between different regions 
and rivers with a general decreasing trend towards the poles. Rivers in the Arctic 
show concentrations of approximately 110 µM DSi and approximately 710 µM 
are found in the tropics (Meybeck 1979). Classically, DSi river concentrations 
and loads have been described as a function of runoff, temperature and bedrock 
type (Meybeck 1979) or runoff, temperature and physical denudation (Gaillardet 
et al. 1999). More recently, accumulating evidence shows that terrestrial 
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vegetation plays a significant role in the global Si cycle (Conley 2002) and 
control the riverine DSi export fluxes (Derry et al. 2005). TOC in arctic and 
boreal rivers, consisting to more than 80 % of dissolved organic carbon (DOC) 
(Wetzel 2001), may be used as a proxy for vegetation and weathering enhancing 
products such as organic acids emanating from vegetation-covered soils in high-
latitude rivers. 
 
Using different landscape elements, e.g. land cover types, soil types and bedrock 
types, from 19 boreal and subarctic watersheds in northern Sweden we 
examined the significance of these landscape variables on carbon and dissolved 
constituent fluxes (Paper I). We tested the main hypothesis whether the relative 
amount of vegetation-covered areas in a watershed would determine the riverine 
export fluxes of carbon and dissolved constituents for those watersheds. The 
study contained watersheds ranging from small (34 km2) to large (40,000 km2) 
with characteristic vegetation types for boreal and subarctic watersheds. Fluxes 
of total organic carbon (TOC) and dissolved silica (DSi) but also, dissolved 
inorganic nitrogen (DIN) and phosphorus (DIP), were described for these 19 
watersheds. The fluxes of TOC, DIP, and DSi increased by an order of 
magnitude with an increasing proportion of forest and wetland areas, whereas 
DIN did not follow this pattern, but remained constantly low. A combination of 
principal component analysis using the landscape variables and a further cluster 
analysis showed that the watersheds could be separated into two groups. The 
first group could be characterized as mountainous headwaters with a low 
percentage of forest and wetlands and the second group included those 
watersheds dominated by forests and wetlands. These two clusters were also 
valid in relation to river chemistry (TOC, DIP, and DSi) and this was confirmed 
with a redundancy analysis, including river chemistry and principal components 
as environmental variables. The mountainous watersheds showed significantly 
lower TOC, DIP and DSi concentrations compared to the watersheds dominated 
by forests and wetlands. 
 
Thus, this study showed that vegetation cover, carbon and weathering fluxes in 
taiga and tundra rivers are intimately linked, and that higher concentrations of 
weathering products are found in taiga and tundra rivers with larger areas of 
coniferous forest and peat cover in their watersheds. These landscape elements 
can thus be regarded as “hot spots” of river loading with dissolved constituents. 
Moreover, this study demonstrates nicely that these high-latitude watersheds can 
also be regarded as a potential sink for atmospheric carbon, since increasing 
temperature is related to more vegetation cover and, thus, higher weathering 
fluxes. A positive relationship between DOC and DSi has been also found for 
the MacKenzie watershed (Millot et al. 2003). 
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With a simple watershed model, CSIM (Mörth et al. 2007), we tested the 
hypothesis whether the export of total organic carbon (TOC) from topsoils in 
tundra and taiga watersheds as a potential positive feedback to global warming 
might be compensated by the export of alkalinity from groundwater (Paper II). 
First, we produced a representative description of the hydrology on an annual 
basis by means of a simple hydrological mixing model. Water was routed in 
three different flow paths, each running through different soil layers and each 
water volume getting a representative loading of TOC and DSi. During 
snowmelt, TOC, previously stored as soil carbon, is exported when topsoils are 
flushed (Figure 5), and can potentially be released to the atmosphere via 
respiration during riverine transport to the sea. The TOC yields of the 
watersheds investigated increased with vegetation and peat cover and ranged 
between 0.5 and 2.8 tons km-2 yr-1. During frozen periods, stream flow is 
dominated by groundwater. This water has percolated through the soils and is 
rich in DSi and alkalinity (Figure 5), i.e. atmospheric carbon that has been 
“consumed” in chemical weathering processes.  
 

 

Figure 5. Seasonal concentration patterns of TOC, DSi and alkalinity in the Råneälven. TOC 
have the highest concentrations during spring flow when upper soil layers are flushed. The 
weathering products alkalinity and DSi peak during winter when the contribution from 
groundwater is at maximum. The bicarbonate export of the wetland and coniferous forest 
watersheds investigated was between 0.4 and 1.2 tons C km-2 yr-1 corresponding to 15-73% of 
the TOC export (Paper II). 
 
 
In the investigated rivers, alkalinity can be defined as Alk = [HCO3

-] – [H+], 
since CO3

2- ions can be neglected in waters below pH 8. In the investigated 
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waters, pH was 6.0 to 7.5 and therefore also H+ ions can also be neglected. Thus, 
by far most of the alkalinity in the watersheds of northern Sweden is HCO3

-. The 
watersheds investigated exported between 0.4 and 1.2 tons C km-2 yr-1 (exported 
as HCO3

-) corresponding to 15-73% of the TOC export. Our study suggests that 
global warming, which might affect water flow through the soils in taiga and 
tundra ecoregions, will also have an effect on carbon budgets and that alkalinity 
export may compensate for significant amounts of the exported TOC, thereby 
reducing the positive feedback to atmospheric CO2. The simple mechanistic 
understanding of water flow and related dissolved constituent transport from 
various soil layers that we have developed for these ecoregions in northern 
Sweden should have significant implications for the further understanding of 
taiga and tundra biomes acting as carbon sinks or sources. This is especially true 
since HCO3

- in the large Siberian rivers is significantly higher than in the low-
buffered Swedish rivers, whereas TOC concentrations are similar (Gordeev 
2000). 
 
The strong relation between vegetation cover, high organic carbon and 
weathering fluxes (Paper I) is somewhat counter-intuitive, since many studies 
have shown a negative correlation between TOC and DSi on a seasonal scale 
(Guo et al. 2004). Although TOC and DSi have a strong annual relationship, the 
seasonal concentrations in stream waters show the opposite pattern (Paper II; 
Figure 5). TOC, with its source in the upper soil layers, reaches its concentration 
peak during spring when topsoils are flushed at snow melt, while the weathering 
products DSi and alkalinity peak during winter when the groundwater relative 
contribution to stream flow is at its maximum. Studies of dissolved constituent 
concentrations in Arctic Russian rivers show that groundwater discharge is 
relatively constant over the year and the dilution with meltwater during peak 
flow lowers the concentrations of weathered elements (Gordeev 2000). 
 
Temperature not only affects chemical dissolution in a direct way, but also 
indirectly through vegetation cover and microbial activity in the soils. The 
weathering rate for plagioclase increases by ca. 8% for each ºC (by using the 
Arrhenius equation and an activation energy of 15 kcal mol-1; see (Lasaga 
1998)). Thus, an increase of 5 ºC in high latitudes as foreseen by many GCMs 
would theoretically enhance weathering fluxes by a factor of 1.6. On the other 
hand (Drever 1994), suggested that weathering rates of silicate rocks increase by 
a factor of 2, but locally by a factor of 10, as an effect of terrestrial plants. Other 
experiments on plant induced weathering of a basaltic rock suggested a 5-fold 
increase with vegetation (Hinsinger et al. 2001). Therefore, in taiga and tundra 
biomes where vegetation growth is limited by short summers, cold winters and 
frozen soil conditions, temperature may have a more important effect on DSi, 
alkalinity and TOC fluxes through its effect on vegetation patterns and growing 
conditions. A longer growing season leading to increasing biomass in the 



 20

vegetated areas and also vegetation expanding into areas previously unvegetated 
will increase the weathering fluxes probably much more than the physico-
chemical effect accelerating chemical reactions.  
 

Linkages between landscape elements, hydrological 
alterations and weathering regimes in high-latitude 
watersheds (Paper III, Paper IV, Paper V) 

Today, more than 30% of the global river flow is dammed or diverted (Milliman 
1997, Vörösmarty et al. 1997, Vörösmarty & Sahagian 2000). Around 40 000 
large dams (defined as more than 15 m in height) and more than 800 000 smaller 
ones are in operation, and more are still being constructed at an accelerating rate 
(Nilsson & Berggren 2000, Vörösmarty & Sahagian 2000). A series of studies in 
major global rivers have demonstrated that river regulation and damming leads 
to decreased dissolved constituent transport to coastal seas, although the 
mechanisms are multi-fold (Friedl & Wuest 2002, Humborg et al. 2002). 
Initially, the primary mechanism responsible for the decrease in DSi loads was 
thought to be solely due to the trapping and subsequent sediment burial of 
biogenic silica (BSi) in the form of diatoms that were autochthonously produced 
in the reservoirs due to decreasing water currents and improved light conditions 
and termed the artificial lake effect (Van Bennekom & Salomons 1979). 
However, it is not fully understood how damming affects the Si cycle, since 
damming effects have been observed in eutrophic (Humborg et al. 1997) as well 
as ultra-oligotrophic Swedish rivers (Paper III). Thus, there must be factors 
other than flourishing diatoms in the reservoirs causing the low DSi 
concentrations in these rivers. 
 
Building of dams and creating large water reservoirs for hydroelectric power 
plants can also be regarded as large-scale experiments on vegetation effects on 
dissolved constituent fluxes, since vegetation cover along the riparian zone of 
the riverbed is drastically changed with river regulation (Nilsson & Berggren 
2000). With the newly formed reservoirs inundating vegetation and thus altering 
the ratio of vegetated soils versus lakes and streams in a watershed, a decrease in 
large scale production of organic acids through root exudations, microbial 
degradation of plant litter or secretions by mycorrhyzal symbionts can be 
expected, processes regarded as weathering enhancing (Berner 1992, Berner & 
Berner 1996). 
 
The hypothesis that damming leads to a depletion of major elements in river 
systems also in oligotrophic rivers as a consequence of geomorphological 
changes of the watersheds (Paper III) was tested by comparing the unregulated 
and relatively unperturbed river Kalixälven with one of the heaviest regulated 
rivers in Eurasia, the Luleälven (Dynesius & Nilsson 1994). In the unperturbed 
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river, concentrations of dissolved constituents increased gradually all through 
the course from the headwaters down to the river mouth while in the regulated 
river only small increases were recorded. Since the two rivers were similar with 
regard to climate, vegetation types and lithology, the differences in river 
chemistry may be related to changes caused by river regulation affecting 
landscape variables controlling the dissolved constituent levels in the river. One 
of the most visible effects of river regulation is the inundation and loss of 
vegetation-clad shorelines, and the creation of large bodies of water with dried 
out riverbeds in-between, this would definitely have an impact on dissolved 
constituent fluxes. The forest area to lentic area ratio in the headwater was 
reduced dramatically with damming, from 2.65 to 0.84. In reaches between the 
reservoirs, underground channeling of water between hydroelectric power plants 
and reservoirs, and reductions of normal water level fluctuations have resulted in 
further decrease in soil/water contact. Moreover, due to the oligotrophic status 
of the investigated rivers it seems unlikely that the decrease would result only 
from diatom blooms in the reservoirs, but as a result from a reduced weathering 
flux from the surrounding soils.  
 
In a following study we tested the hypothesis that the lower fluxes of biogenic 
elements could be explained by biological uptake. The RIVERSTRAHLER 
model (Billen et al. 1994) offers a general framework for the study of the 
biogeochemical functioning of river systems and was used in Paper IV to 
compare DSi behavior in river networks that differ by their hydrological regime 
and climate, as well as by the human activities in their watershed. We used the 
RIVERSTRAHLER model results from the coupling of a unique model of 
biogeochemical processes (RIVE) and a hydrological model 
(HYDROSTRAHLER), describing in an idealized way, the water fluxes in the 
drainage network represented by a regular scheme of confluence of tributaries of 
increasing stream-order with mean characteristics (see Strahler’s concept of 
stream order (Strahler 1957)). 
 
River regulation for hydroelectric power, such as those found in northern 
Sweden, are causing a reversed annual discharge pattern with low discharge 
during spring and summer and high discharge during winter when power 
consumption peaks (Nilsson et al. 1997, Jansson et al. 2000). This reversed 
hydrology disrupts the normal interactions of groundwater and stream water in 
the hyporheic zone (White 1993). This zone located beneath and lateral to a 
streambed is the interface between the water types and the flow dynamics in this 
zone is regarded to be important for surface water/groundwater interactions 
(Hancock 2002), such as dissolved constituent fluxes from vegetation-covered 
active soil-layers and surface water. Due to a prolonged water residence time in 
reservoirs, the most obvious effect is a smoothing of the seasonal variations in 
dissolved constituent concentrations at the outlet; however, this in itself does not 
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involve any dissolved constituent retention. Budget calculations based on the 
RIVERSTRAHLER model results indicate a significant reduction of phosphorus 
(over 30%) and Si (close to 25%) fluxes in the Luleälven watershed as a result 
of regulation. A part of this reduction (10%) can be attributed to the flooding of 
the fluvial corridor of the 5th stream order (and a part of the 4th stream order) 
changing the land cover from the formerly forested valleys to bare rocky shores 
and large reservoirs. In the model, this land cover change is accounted for by 
simply suppressing a dissolved constituent contribution from about 2000 km² 
wetlands and forest area, the basin area flooded by the reservoirs. However, the 
retention of DSi is also significant and is associated to the low diatom growth in 
the reservoir during the summer period (and not only in the spring as in the 
unregulated Kalixälven). However, the depth, and, principally, the very low 
phosphorus loading limit algal development in this reservoir. 
 
The results described in papers III and IV could not satisfactorily answer the 
question to what extent diatom blooms in the reservoirs or changes in 
weathering rates induced by hydrological alterations contribute to the observed 
differences in DSi fluxes. Both processes are probably significant, however, the 
general question appeared, whether a change in a few percent of a watershed 
area as a result of reservoir formation and underground channeling may lead to 
such significant changes in the concentrations and fluxes of dissolved 
constituents. Moreover, as shown in papers I, II and III there are hot spots in 
watersheds with respect to river loading of dissolved constituents. These hot 
spots are probably the vegetated areas, especially the forests and wetlands 
(Struyf & Conley 2008) along the riparian zone. Moreover, organic rich soils 
like peat appear to supply much more carbon and weathering products (DIC, 
DSi) compared to less organic rich soil types found especially above the tree-
line. Therefore, the last paper (Paper V) focused on these hot spot areas and their 
respective loss due to river regulations. Areas can be lost either due to 
inundation when water levels are raised in the newly formed reservoirs or from 
being bypassed when water is rerouted through headrace tunnels. In the case of 
inundation, the areas are truly lost when they get submerged and the normally 
vegetated riparian zone is gone. For the bypassed areas they are lost in the sense 
that they are disrupted from the runoff coming from upstream watersheds 
diverted by headrace tunnels. Thus, their importance for dissolved constituent 
loading is probably greatly diminished by decreased runoff and annual 
floodings. 
 
Generally, good correlations were found when TOC and DSi stream 
concentrations were plotted versus the calculated average soil depth of a 
watershed or versus the amount of forest and wetland areas. Thus, soil depth 
explains the variability in dissolved constituents between watersheds to the same 
extent as vegetation cover, since both variables co-vary. However, the average 
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soil cover affects the flow paths of waters and thereby the water residence time. 
McGuire et al. (2005) related water residence time using topographic index to 
river chemistry and showed that the increased concentrations of weathering 
products can be explained by an increase in water residence time. The spatial 
distribution of the soil thickness in a landscape varies, but follows a pattern 
created by basic physical laws of gravity and friction resulting in thicker soils 
layers on the valley floors. The locations of these hot spots is clearly seen on a 
draped digital elevation model (DEM) showing the limited amount of thicker 
soil layers and forest and wetland in mountainous headwaters, whereas areas 
located along the fluvial corridors on the valley floors are covered with 
deciduous forest and wetlands (Figure 6). Infiltration of these soil layers forming 
the riparian zone increases water residence time along the valley floors. In other 
words, an increase in water residence time implies a longer contact of water with 
mineral surfaces that ultimately determines the weathering rate.  
 

 

Figure 6. An unregulated headwater watershed with the vegetation classes related to high 
TOC and DSi concentrations; wetland (purple) and forest (deciduous=light green, 
mixed=medium green, coniferous=dark green) located close to the fluvial corridors. These are 
locations that will get inundated in the event of a regulation. 
 

Within the headwater areas of the river Luleälven, only 3% of the surface has 
been inundated by the creation of reservoirs. However, some 10% of the soil 
volumes and aggregated forest and wetland areas have been lost due to damming 
and further hydrological alteration such as bypassing entire sub-watersheds by 
headrace tunnels. Moreover, looking at individual forest classes, our estimates 
indicate that ca. 37% of the deciduous forests have been inundated by the four 
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major reservoirs built in the Luleälven headwaters. This land cover class 
“deciduous forest” is almost synonymous with the riparian zone and occurrences 
of organic rich soil layers in these headwaters that are hot spots for DSi and 
TOC loadings (Struyf & Conley 2008), especially in high latitudes. Such a 
significant loss of hot spots for river loading may indeed explain the observed 
lower DSi fluxes in the regulated watersheds of northern Sweden, though more 
detailed studies are needed, quantifying more precisely the relative contribution 
of the riparian zones and wetlands to the overall dissolved constituent yields of 
high-latitude watersheds.  
 

Conclusions and Future Perspectives 
This thesis shows that large-scale changes in watersheds such as river regulation 
and global climate change will alter biogeochemical fluxes and the transport of 
biogenic elements from land to sea. Vegetation cover and soil thickness are 
clearly significant landscape variables for the dissolved constituents load in taiga 
and tundra watersheds. However, it is not sufficient to classify a landscape by 
bedrock type or soil type or vegetation type, the location and slope angle of a 
given land class is also vital. The riparian zone for example can be regarded as a 
hot spot for river loading with C and dissolved solids. Along the same line, 
water residence time and pathways through soil layers are key factors for carbon 
and weathered element fluxes.  
 
Future studies should focus further on the role of the biosphere for weathering, 
and export patterns of dissolved solids. This is especially important given the 
fact that a global warming with altered precipitation patterns and higher 
temperatures will move the boundaries for various vegetation types and alter 
species composition. Possible effects are taiga forests spreading north, 
expanding into tundra areas, or wetlands expanding or drying out due to 
changed precipitation patterns. To what extent such changes will affect the 
fluxes of dissolved constituents needs to be studied.  
 
However, with a decline in permafrost bound areas and altered precipitation 
patterns, relative distribution of water flowing through the different flow paths 
in a watershed is likely to change and, thus, the composition of the dissolved 
constituent load. The water pathways through soils are essential in governing 
dissolved constituent loads. A decrease in DOC and an increase in DIC loads to 
the Arctic Ocean might be a possible scenario as demonstrated in this thesis and 
first indications of such changes have been observed recently in the Yukon 
watershed. 
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