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Abstract. We tested the hypothesis whether individual land ations of these relatively small headwater areas significantly
classes within a river catchment contribute equally to riverimpacts downstream flux of dissolved constituents and their
loading with dissolved constituents or whether some landdelivery to receiving water bodies.

classes act as “hot spots” to river loading and if so, are these
land classes especially affected by hydrological alterations.

The amount of land covered by forests and wetlands and

the average soil depth (throughout this paper soil refers tol  Introduction

everything overlying bedrock i.e. regolith) of a river catch-

ment explain 58—-93% of the variability in total organic car- The number of dams world wide is constantly growing
bon (TOC) and dissolved silicate (DSi) concentrations for 22(Vorosmarty and Sahagian, 2000). Damming projects and
river catchments in Northern Sweden. For the heavily reg-Other large-scale anthropogenic alterations in river catch-
ulated Lulélven, with 7 studied sub-catchments, only 3% ments change the biogeochemical cycles and thus affect the
of the headwater areas have been inundated by reservoirgutrient fluxes from the catchments (Friedl and Wuest, 2002;
some 10% of the soils and aggregated forest and wetland aMeybeck, 2002). This effect caused by damming was first
eas have been lost due to damming and further hydrologicaPbserved after the building of the Aswan High Dam and
alteration such as bypassing entire sub-catchments by heatas called the reservoir lakes effect (Van Bennekom and Sa-
race tunnels. However, looking at individual forest classesomons, 1979). The reduced transport of dissolved inorganic
our estimates indicate that some 37% of the deciduous forestiitrogen (DIN), dissolved inorganic phosphorus (DIP) and
have been inundated by the four major reservoirs built indissolved silicate (DSi) to the Mediterranean Sea was ex-
the Lulealven headwaters. These deciduous forest and wetplained by the uptake of these nutrients in the reservoir by
lands formerly growing on top of alluvial deposits along the phytoplankton blooms and especially diatom blooms that are
river corridors forming the riparian zone play a vital role in €fficient in sequestering biogenic elements in aquatic sys-
loading river water with dissolved constituents, especiallytems (Dugdale and Wilkerson, 1998; Ittekkot et al., 2000).
DSi. A digital elevation model draped with land classes andDecreased fluxes of DSi in regulated rivers have been noted
soil depths which highlights that topography of various land for many river systems (Turner and Rabalais, 1994; Hum-
classes acting as hot spots is critical in determining water resborg et al., 1997; Garnier et al., 1999). However, lower
idence time in soils and biogeochemical fluxes. Thus, headfluxes of dissolved constituents have been also observed in
water areas of the Luldven appear to be most sensitive to more oligotrophic (Garnier et al., 1999) and even ultraolig-
hydrological alterations due to the thin soil cover (on averageotrophic river systems (Brydsten, 1990), thus there must be
2.7-4.5m) and only patchy appearance of forest and wetfundamental processes involved other than diatom blooms

lands that were significantly perturbed. Hydrological alter-to explain the lower fluxes of biogenic elements. One im-
portant factor is organic matter influencing silicate weather-

ing (Millot et al., 2003) thus making vegetation, the ultimate
Correspondence tdE. Smedberg source of total organic carbon (TOC) in these catchments, a
BY

(erik@mbox.su.se) vital land class component. Humborg et al. (2002) suggested
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Fig. 1. The investigated sub-catchments in the rivers Talven,
Kalixalven and Lulélven. The Suorva and Porjus dams are marked. {|-
The catchment of Sitas is routed through a tunnel into the Akka-
jaure reservoir, thus bypassing the Teusajaure catchment. Tunnelsg. 2. Land class zonations in river catchments of Northern Swe-
are also leading water from the reservoirs Akka and Satis to the hygen. The high altitude mountainous headwater area is dominated
droelectric power plant of Vietas. Stora Lulevatten is a run-of-river by herbaceous and bare areas. The next dominating land cover
reservoir. classes are deciduous forests and wetlands found at the hill slopes.

The mixed and coniferous forests are dominating the lowland areas
own to the coast.

that altered weathering regimes caused by hydrological aIEj
terations that in turn lead to less contact of waters with vege-
tated soils could significantly contribute to the observed alter-ing and if so, are these land classes especially affected by
ation in fluxes. Moreover, different vegetation types may af- hydrological alterations. This study aims to highlight such
fect weathering to varying degrees, i.e., biomass-normalizegotential “hot spots” in catchments with regard to dissolved
weathering fluxes are greater from deciduous forests (mainlyonstituents, showing that alterations of a relatively small
birch) than from coniferous forests (Moulton et al., 2000).  area can result in major changes in river chemistry if vital

In a comparison of two boreal rivers, the Laleen  areas are affected. Estimates of the areas of land classes
(regulated) and the Kalatven (unregulated), the unregu- and the reduction in area of certain classes containing poten-
lated river were found to have twice the concentration lev-tial hot spots for river loading with DSi (Struyf and Conley,
els of discharge-weighted means of total organic carborpp09), were derived from 2-dimensional GIS maps. More-
(TOC) and dissolved silica (DSi) (Humborg et al., 2002). over, we developed a digital elevation model (DEM) for the
Even the DSi yield of the heavily dammed River Lalleen  area draped with land classes and soil depths which high-
(768 kg knT2yr—1) constituted only 58% of that found in lights that topography of various land classes is critical in de-
the unregulated River Kalatven (1316 kg km?yr—1), de- termining water residence time in soils and biogeochemical
spite the annual specific discharge of the River hlden  fluxes (Laudon et al., 2007). Finally, we estimated the role
(698mmyrt) being 22% higher than that of the River of soil cover and soil depth for the river chemistry in these
Kalixalven (572 mmyrl). A recent model study in the catchments and estimated the losses of soils due to river reg-
Lulealven catchment (Sferratore et al., 2008) concluded thatlation. Thus, this study gives a 3-D perspective on how land
a combination of two factors, diatom blooms behind the class elements and river chemistry are related and how river
dams, and loss of soils within the 4th and 5th order streamsgegulation has changed these relationships.
have significantly contributed to the observed lower fluxes.

In fact, only a few percent of the area of the catchments

was affected through direct inundations (Carlsson and San2 Methods
ner, 1994). Thus the question arises how a change in such a

relatively small area can cause such a large reduction in DS.1  Study area
and TOC discharge weighted annual mean concentrations.

In this study we wanted to test the hypothesis whetherThe investigation was carried out in the northern part of
individual land classes within a river catchment contribute Sweden, north of latitude 635. The major catchments
equally to river loading with dissolved constituents and of the rivers Umalven, Skelleftalven, Pitélven, Lulélven,
whether some land classes act as “hot spots” to river loadRaneilven, Kalixalven and Torn@lven were included in this
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Table 1. Hydrological status, area, altitude, average soil depth, percentage of coniferous forest, deciduous forest, mixed forest, wetland and
herbaceous, annual specific discharge, runoff and discharge weighted annual mean concentration and yield of total organic carbon (TOC
and dissolved silica (DSi) in the investigated river catchments.

Catchment Hydrological Area Altitude Average Coniferous Deciduous Mixed Wetland Herbaceous Annual  Runoff TOC DSi TOCyield DSiyield
soil forest forest  forest specific Kg/kmé/  Kglkm=2/

status ki masl. depthm % % % % % dischargemm  %mpumolL=1 umolL~1 yr1 yr-1
Torneilverf Unregulated 39865 7.2 24.0 9.9 23.8 18.4 15.0 348.4 13.89 540 86.5 2258 844
Abiskojakka Pristine 563 341 4.2 2.2 8.3 6.6 7.2 35.5 150 30.8
Kalixalverf Unregulated 17982 7.6 43.1 2.9 19.1 20.4 6.9 571.7 10.28 438 82.2 3005 1316
Tarfalapikka Pristine 35 530 1.7 0.0 8.3 0.0 0.0 20.8 569.5 0.02 29 225 199 360
Ladtjojakka 1 Pristine 203 513 34 6.1 9.0 4.0 0.4 33.2 592.1 0.12 53.6 887
Ladtjojakka 2 Pristine 300 500 3.9 8.5 8.3 5.4 2.0 35.1 566.7 0.17 66.2 1050
Killingi Pristine 2330 460 5.9 4.5 11.4 19.7 12.3 34.9 540.8 1.26 179 76.8 1162 1163
Ranealverf Unregulated 4174 8.1 60.4 0.1 17.1 18.8 0.0 352.2 1.47 579 97.2 2447 958
Lulealverf Regulated 25060 6.0 35.0 3.8 9.2 14.4 14.4 698.3 17.5 203 39.3 1701 768
Upmas Pristine 308 453 4.8 10.0 7.8 10.7 3.3 38.0 1006.4 0.31 88 17.0 1063 479
Sarkkapkka Pristine 300 453 34 34 34 8.0 7.8 26.8 1200.0 0.36 a7 9.7 677 326
Valtajakka Pristine 149 453 5.1 6.9 9.3 8.8 15.7 26.5 469.0 0.07 82 30.6 462 403
Voujatatno Pristine 2844 453 3.5 3.7 3.4 5.4 3.4 34.9 1206.0 3.43 39 15.7 564 530
Sitas Regulated 978 614 2.7 5.0 0.4 3.1 2.2 30.3 1288.0 1.26 43 12.0 665 433
Akka res. Regulated 5625 453 3.5 5.1 3.5 53 4.6 321 864.0 4.86 71 13.2 736 319
Teusajaure Bypassed 650 499 45 9.9 5.6 6.9 33 36.2
Sjaunia@tno Pristine 858 372 8.0 33.1 4.6 14.6 40.1 6.1 442.8 0.38 360 73.2 1913 908
Porjus Regulated 9883 372 4.7 13.4 4.5 7.8 12.4 26.1 828.7 8.19 224 520
Muddusatn®  Pristine 450 382 8.2 41.3 0.2 1.8 55.6 0.0 422.2 0.19 470 78.4 2381 927
Pitealverf Unregulated 11206 7.2 52.8 2.5 11.8 15.2 7.2 529.2 5.93 320 66.3 2032 982
Skelleftéalverf  Regulated 11652 6.6 50.3 4.1 14.4 7.1 6.4 502.9 5.86 321 39.9 1937 562
Umealverf Regulated 26637 7.2 51.1 7.4 17.5 6.7 6.5 571.4 15.22 325 46.8 2228 749

River chemistry Humborg et al. (2002) and Humborg et al. (2004)

@ Runoff and river chemistry data from monthly measurements by the SLU between 1982—2006

b Runoff and river chemistry data from monthly measurements monitored at the river mouths by the SLU between 1988—2000
¢ Runoff and river chemistry data from monthly measurements monitored at the river mouths by the SLU between 1970-2000

study. In addition, a number of sub-catchments in the head- A special focus was given to the headwaters of the River
water areas of rivers Luddven, Kalixalven and Tornélven Luledlven catchment, since dams and headrace tunnels most
were investigated and special focus was directed to théneavily affect this area. Though this area occupies some
drainage areas of Porjus, which encompasses the maj@9% of the entire catchment area of the River Alen, it
part of the headwater area of the regulated River &luen  generates about 50% of the water discharge. Moreover, de-
(Fig. 1). tailed river chemistry data have been compiled (Humborg et
Climate in the northern part of Sweden is typically sub- &l 2002, 2004) and these data can be compared with the
arctic, with continuous frost from mid October to May 2diacent headwater catchments of the rivers Keen and
(Alexandersson, 1991). Prevailing westerly winds deliver Tornéalven with similar hydrological and geomorphological
precipitation to the headwater areas in the range of 100(§ettlng§. . .
to 2000 mmyr? (Carlsson and Sanner, 1994). The annual V\/_l_thln the mount.alnous heagwaters of the regglate_d River
specific discharge of the investigated river catchments spanst/€@lven four major reservoirs have been built (Fig. 1).
from under 400 mm to over 1200 mm (Table 1). All the major From the Sitasjaure reservoir (614 m a.s.l._) the water is lead
rivers run from northwest to southeast. Population density inffough a tunnel to the Ritsem hydroelectric power plant and
general is low. The small numbers of cities are all locatedthen into the large Akka reservoir (453m.a.s.l), thus by-
on the coast with a few exceptions. Apart from the regula-Passing the valley of Teusajaure. The four undisturbed sub-
tions of the rivers Umilven, Skelleftalven and Lulalven, ~ catchments of Vuojétno, Valtahkka, Sirkkagkka and Up-
the area may be regarded as relatively undisturbed. A dis™@S also drain into the Akka Reservoir. At _the downstream
tinct altitudinal gradient in land classes can be seen, makingnd ©f the Akka reservoir the Suorva Dam is located. From
this area ideal to study the function of individual land classest€re the water is lead in tunnels to the Vietas hydroelectric
for river chemistry. Bare areas and herbaceous vegetation if?OWer plantthat also receives water from the Satisjaure reser-
cluding alpine heath, dominate the land cover in the high alti-VOIr (457 m a.s.l.). Downstream of Vietas, the water passes a
tude headwater area (Fig. 2). These land classes are followdyn-0f-river impoundment, Stora Lulevatten, before reaching
by a band of deciduous forests (mainly bir@etulassp.), e Porjus Dam (372ma.s.l.).
which also constitute the upper tree-line, and wetlands with
regularly flooded areas (Fig. 2). Finally the coniferous and
mixed forests cover the remaining area down to the coastline
(Fig. 2).
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n=1958 this large-scale attempt to calculate average soil depth of the
various river catchments we used 7512 sample points from
oss n=i72 SGU’s well database. 80% of the points came from wells
304 drilled down to the bedrock, 16.5% ending in soil and 3.5%
n=85 with an uncertain ending. Thus, about 20% of the data can
be estimated as minimum depth. By overlaying these sample
204 points on the land cover data, the well sample points could be
2 correlated to individual land cover classes and from this cor-
relation a median soil depth for the land cover classes could
be calculated (Fig. 3). The number of measured soil depths in
the different land covers classes varied. Most sample points
0 were found in the “coniferous forest” class54872), fol-
herba;:eous wetiand coniférous mi)led decic;uous Iowed by the “mixed foreSt" Clasgl¢1958), the Hwetland”
class =585), “deciduous forest” clasa£85) and only 12
Fig. 3. Distribution of the soil sample points for coniferous, mixed in the “herbaceous class”. Median soil depth values ranged
and deciduous forest, herbaceous and wetland land cover classegom 5m (deciduous forest) to 9 m (mixed forest) (Fig. 3).
the gray box represents the interquartile range, whereas the top ingqj| depth of the land cover classes bare, water and ice were
dicates the third quartile and the bottom the first quartile; the "neassumed to be zero.
within the box gives the median value. The areas of the individual land classes were calculated for
each investigated catchment. The median soil depth for each
land class was then used to calculate soil volumes for each
catchment area. Based on the total soil volume from all land

Maps from the EU Joint Research Center (JRC) were use&lassgs an average soil depth was calculated for each of the
to estimate vegetation cover in the catchments. The vegetdVestigated catchments.

tion raster maps has a spatial resolution of 150 m. Drainage2
area boundaries were obtained from the Swedish Meteoro-"

logical and Hydrological Institute (SMHI). Point estimates 1, investigate the relationship between topography, vegeta-
of_soil depth distributed_throughout the catchments were 0bsion and soil depths in the headwater catchments we used a
tained from the Geological Survey of Sweden (SGU). River yigita| elevation model (DEM) with a 250 m spatial resolu-
chemistry data from monthly measurements since 1970, Waggn to create 3-D maps of vegetation and soils. These were
obtained from the Swedish University of Agricultural Sci- reated by draping the vegetation map and soil map onto the
ences databank (SLUyww.ma.slu.sg and from seasonal pgpm. Because the number of available soil sample points in
field sampling carried out in 1999-2001 for sub-catchmentshemselves was insufficient to produce a digital grid without

of the rivers Kalbalven and Lulélven (Humborg etal., 2002, 405 extrapolation, especially at high altitudes where fewer
2004). Water discharge data from Humborg et al. (2004)ye|is are drilled, we first created an additional set of points

where a semi-distributed conceptual runoff model, the HBV paseq on the median soil depths of the five vegetation land
model (Lindstdm et al., 1997) had been used to estimatecqyer classes (Fig. 3) and zero for the classes bare, water

runoff. and ice. To these land cover class based points we added
all available SGU data points, 7512 on soil depth from the
well database and 54 835 points marking rock outcrops. In
Prder to give precedence to the measured SGU data, all land

Distributions of the land cover classes for each catchmen : " .
. cover class based points located within a buffer area with
were calculated using ArcMap 9.1 (ESRI). The land cover . .
a 500 m radius from a SGU sample point were removed. A

class “wetland” contains both permanent wetland areas as ., .. . .
well as regularly flooded areasl?' the land cover class “for—grlddlng using both data sets (measured SGU data points and

est’ has three sub-classes. “deciduous”. “coniferous” andderived data from land cover classes (Fig. 3) was then exe-

e L " cuted. The resulting digital grid with a 250 m resolution was

mixed”. “Herbaceous areas” include alpine pasture. Ad- d'in the 3-D visualizati ¢ Fledernuand

ditionally, distributions of the land classes “cultivated”, “ar- °P€Ned In the 3-D visualization software Fledermauan

tificial”. “bare areas”. “ice” and “water” were calculated draped over the digital elevation model. Additional GIS sys-
tems used in this study was Global Mapr')weland Generic

2.4 Soil depth of the river catchments Mapping Tools.

40

soil depth [m]

2.2 Data sources

5 Digital Elevation Model, DEM

2.3 Land cover

Throughout this paper soil and soil-depth refers to every-
thing overlying bedrock, i.e. both the developed soil hori-
zons as well as the underlying unconsolidated deposits. For
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2.6 Landscape element losses riparian zones where small tributaries will be lost in coarse
resolution maps and also, the amount of near-stream area as
The landscape in the regulated river Lalleen has been af-  a fraction of watershed area will increase (Baker, 2006). In
fected in three distinctive ways. Some areas have been inurthis study, we looked at large scale differences in vegetation
dated, other areas have been bypassed due to tunnels rerogtver and types and their proximity to the main river chan-
ing the water, and finally some areas have been affected dueels that has been drained. Undoubtedly, land cover data
to the alterations of the hydrological cycles and flow pat- with a finer resolution would have located greater amounts of
terns thus affecting the riparian (Jansson et al., 2000) andmall patches of vegetation types. With the used scale on the
hyporheic zones (White, 1993). The first two changes haveDEM and the land cover classification, the boundaries of the
been quantified in this study, whereas the third, i.e. qualita-ital vegetation types will, admittedly, be fuzzier than with
tive changes in vegetation types along the main river coursea finer scale that would produce more focused “hot-spot”
have not been estimated. areas. However, these pin pointed areas would still, most
The inundated areas by the Akka reservoir have been edikely, be located within the areas located using the coarser
timated by Humborg et al. (2002) based on general surveyscale. Finally, the used information on river chemistry was
maps dated 1889. Unfortunately, this detailed informationonly provided on a coarser scale than the DEM. The small-
was not available for the entire Porjus catchment. For theest scale of available river chemistry data is the junction of
areas inundated between the Suorva and Porjus Dams, i.dirst and second order streams defined by the CCM2 DEM
along the Stora Lulevatten as well as the Satisjaure reservoiand, thus, disregards the contribution of individual landscape
we assumed similar areas inundated as for the Akka resempatches.
voir, both in terms of total area and land cover class losses.
This appears justified since the area of the Akka reservoir is
about the same as the aggregated lake areas of the Stora Lulg@- Results
vatten and the Satisjaure. Predamming vegetation conditions
of the inundated areas by the reservoirs Akka, Stora Lulevat3.1 Average soil depth, vegetation cover and annual spe-
ten and the Satisjaure is described as mostly deciduous forest  cific discharge of the catchments
along a meandering riparian zone with areas of wetlands with
sedges and peat and annually flooded areas (Curry-Lindahl he large river catchments showed average soil depths rang-
1968). For the dammed Sitas catchment we made a conseig from 6.0-6.6 m for the heavily regulated catchment of
vative estimate of the inundated area to be 25% of the preseritulealven and Skellefté@ven, over 7.2m for Unidven,
water covered area. In the mountainous Sitas catchment lanBitealven, and Tornéven, to 7.6-8.1 m for the unperturbed
cover close to the waters is predominantly herbaceous wittcatchments of the Kalédven and Rneilven. Highest an-
grass and sedge. nual specific discharge of these large catchments showed the
A tunnel reroutes the water from the Sitas reservoirLulealven with 698 mm followed by Kalaven (572 mm),
straight into the Akka reservoir catchment, thus bypassingdmealven (571 mm), Pi@ven (529 mm), Skelleftdven
and affecting the entire Teusajaure catchment. The bypasse®10 mm), Raneilven (352 mm) and the lowest annual spe-

area was calculated using the catchment boundaries. cific discharge showed the Toreen (348 mm). More than
75% of the areas in the major catchments were covered
2.7 Scale and resolution with vegetation land cover classes, i.e., forests, wetlands and

herbaceous areas.
When using spatially distributed data, scale, classification Within the group of sub-catchments the herbaceous cover
and generalization always is an issue, especially affectingvas rather evenly distributed around 30% with the excep-
features and areas with an extent smaller than the used restiens of the two wetlands dominated catchments of Mud-
lution. In this study, landscape features such as small miresjusatno and Sjaunino that hardly had any herbaceous ar-
bogs and tributaries may have been overlooked due to theieas. Thus, the sub-catchments varied mostly in their ag-
relative small size. However, our resolution covers all first gregated forest and wetland cover. The sub-catchments of
order streams (Strahler, 1957) that were defined by CCM2Muddusatno and Sjaunino showed the thickest average
using a 100 m DEM (Mogt et al., 2007). The effect of elimi- soil depth of 8.2 and 8.0 m, respectively. The sub-catchment
nating small landscape elements such as mosaic occurrence$ Killingi with an aggregated forest, wetland and herba-
of, for example, bare rock or mires in a deciduous forestceous cover of 82.7% showed an average soil cover of 5.9 m.
would be that the entire area would be classified as deciduThe mountainous headwater sub-catchments all showed in
ous forest and this would constitute the dominating landscapgeneral a thinner average soil layer that decreased with al-
form. Therefore the specific role of mosaic river elements fortitude. In the Kalialven headwaters the sub-catchment of
river loading can not be addressed in this study. However Tarfalapkka showed an average soil depth of 1.7m, fol-
a fine resolution is more critical when focusing on detailed lowed by the downstream catchments of Ladtidjal and
processes such as connectivity between land and stream R with a soil depth of 3.4 and 3.9 m, respectively. Annual
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o 3.2 Land cover and soil depth vs. river chemistry

Y=0.68*X+12.42
R-squared = 0.58 o]

4 Y=11.03*X-12.59
R-squared = 0.60 [e]

First, we tested the relationships between the individual land
cover classes and TOC and DSi, respectively. Whereas “wet-
land” cover and “forest” cover explained the variability in
DSi concentrations similarly (R squared values of 0.39 and
0.41, respectively), the “forest” cover had a higher explana-
° tory power to describe the variability in TOC concentrations
L L I L L TTTT T T (R squared value of 0.73) compared to “wetland” cover (R
o ° )= 003 X+350 O squared value of 0.41). In contrast, the land cover class
R-squared = 0.90 o “herbaceous” was slightly negatively correlated to both DSi
and TOC concentrations found in the 22 catchments.

In the next step, we grouped the two vegetation types pos-
itively correlated to the river chemistry variables as an ex-
planatory variable for TOC and DSi. Vegetative cover (the
sum of forest and wetland) plotted against TOC and DSi
e A showed rather good relationships, either log-linear (TOC) or
o 2 4 5 8 1 o 20 4 e s 10 linear (DSi), with R-squared values of 0.90 and 0.58, respec-

Average soil depth [m] Forest and wetland [%] tively. Similarly strong relationships were found when av-
erage soil depth is plotted against TOC and DSi (R-squared
Fig._ 4. In stream TQC and DSi discharge-weighted mean concen 93 and 0.60, respectively) (Fig. 4). Note that the average
tratlons_plotted against vegeteted area percentages and SQI| depﬂgso" depth of a catchment has been derived from the median
respectlvely. Vegetated area includes forest (deciduous, mixed angoil depth of the land classes, forests (deciduous, coniferous
coniferous), wetland and herbaceous. .
and mixed), wetlands and herbaceous, but also from the spa-
tial extensions of “bare areas”, “ice” and “water”. Thus, the
variables vegetative cover and average soil depth are inter-
linked, but are not necessarily the same. However, high DSi
specific discharge for these three catchments was 570, 592nd TOC concentrations were found in wetland-dominated
and 567 mm and their aggregated forest and wetland percatchments such as Mudduso and Sjaunino as well as
centage was rather low (8.3, 19.5 and 24.2%) and consisteth the large river catchments of Toideen, Kalixalven and
mostly of BetulaandSalixspp. Raneilven with the highest percentage of forest, wetlands
and herbaceous areas within the group of major catchments.

In the headwaters of the Ludven the unperturbed catch- ~ The general trend of increasing TOC and DSi concentra-
ments of @rkkapkka, Vuojaatno and Upmas showed soil tions with increasing cover of forests, wetlands and herba-
depths of 3.4, 3.5 and 4.8 m, respectively. Annual spe-ceous were also found for the unperturbed catchments of
cific discharge (1006-1206 mm) was about double that ofthe Kalixalven and Luléalven. DSi concentrations increased
the headwaters of the Kalikven, whereas the forest and downstream from 2aM in the Tarfalagikka over 54—6aM
wetland cover was similarly low (15.9-35.8%). An ex- in the Ladtjopkka 1 and 2 to the Killinge catchment show-
ception is the unperturbed catchment of Validja that is  ing 77uM. In the unperturbed headwater catchments of
located in a rain shadow within the Léllven headwaters the Lulglven, lowest DSi concentrations were found in the
and showed 469 mm annual specific discharge. This subSarkapkka (10xM) and Vuojatitno (15.M) followed by the
catchment is covered by 40.7% forests and wetlands an@pmas (174M) and Valtapkka (31uM) with higher cover
showed an average soil depth of 5.1 m. The regulated catchof forest, wetlands and herbaceous areas (Table 1).
ment of Sitas showed a low percentage aggregated forest and
wetland (10.7%) and the highest annual specific discharg&.3 Landscape characteristics as derived from a draped
of all the investigated catchments, 1288 mm; the average DEM
soil depth was 2.7m. The bypassed Teusajaure catchment
showed an aggregated forest, wetland and herbaceous cov&he elevation model draped with land cover and soil depth
of 61.9% and an average soil depth of 4.5 m. The Akka catchvisualizes the spatial distribution of the vital landscape ele-
ment holding the large Akka reservoir showed an average soiiments for river chemistry such as forests and flooded wet-
depth of 3.5m, an annual specific discharge of 864 mm andands as well the thicker soil layers (Figs. 5, 6). Without
an aggregated forest and wetland cover of 18.5%. Finallythe 3-D perspective the clear relationship soil depth and to-
the entire Porjus catchment showed an average soil depth gfography cannot be seen. Most of mountainous headwater
4.7 m, an annual specific discharge of 829 mm and an aggreareas have only a limited amount of wetlands and forests in
gated forest and wetland cover of 38.1%. the catchments and these vital landscape elements are mostly

DSi [uM]

In(Y) = 0.471 * X + 2.44
R-squared = 0.93 o
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Table 2. Inundated or bypassed areas in the Porjus catchment. Total area, deciduous forest, mixed forest, coniferous forest, wetland, anc
herbaceous area in hectare for the affected sub-catchments. Also, hydrological status is noted. Note that the areas are not aggregated exce
for the total Porjus.

Catchment Areainhalost  Deciduous forest arealost Mixed forest area lost  Coniferous forest area lost Wetland area lost Herbaceous area lost  Hydrological
due to regulation due to regulation (ha) due to regulation (ha) due to regulation (ha) due to regulation (ha) due to regulation (ha) status

Sitas 2816 0 0 0 0 2816 Dammed

Akka 12700 10000 0 0 2700 0 Dammed

Teusajaure 64960 3640 4511 6453 2130 23492 Bypassed

Stora Lulevatten 12700 10000 0 0 2700 0 Dammed

Total Porjus 93176 23640 4511 6453 7530 26308 Dammed

Fig. 5. Land classes draped over a DEM. View over the River Fig. 6. Soil depth draped over a DEM. View over the River
Luledlven headwaters towards southeast with the rivers Kien | ylealven headwaters towards southeast with the rivers Kkien
and Tornélven on the left. Note, that deciduous forest and wet- and Tornélven on the left. Brighter colors indicate thicker soil
land classes in high altitude areas are located along the main rivefayer. Water is classified as zero soil depth. Main river corridors
corridors (marked in blue). Land cover colors as in the leg- marked in red. A=Abiskdikka, B=Killingi with Tarfalapkka and
end in Fig. 2. A=Abiskdjkka, B=Killingi with Tarfalapkka and | adtjojakka 1 and 2 to the left, partly obscured by the Mount Keb-
Ladtjojakka 1 and 2 to the left, partly obscured by the Mount Keb- nekaise, C=Sitas, D=8kkafikka, E=Valtahkka, F=Vuojatno,
nekaise, C=Sitas, D=f8kkapkka, E=Valtakka, F=Vuojahtno, G=Upmas, H=Teusajaure, I=Akka res., J=Sjaétia, K=Porjus,
G=Upmas, H=Teusajaure, I=Akka res., J=Sjaatia, K=Porjus, | =Muddusatno.

L=Muddusatno.

the reservoir (Table 2). Within the Akka catchment about
located along the fluvial corridors in valley floors and con- 10000 hectares of deciduous forest and 2700 hectares of
necting flatter areas. Here, alluvial deposits have been accuvetlands have been inundated by the Akka reservoir at
mulated forming hot spots of thicker soil layers (Fig. 6) giv- (453 m a.s.l.). About the same amount have been inundated
ing preconditions for higher plant growth (Fig. 5). Note, that by the Satis reservoir (457 m a.s.l.) and the Stora Lulevat-
these areas bordering the streams and rivers are vegetataset (372m a.s.l.) (see Methods section). In Teusajaure
mainly by deciduous forest and wetlands whereas other landatchment 3640 hectares of deciduous forest, 4511 hectares
class types, such as herbaceous areas and coniferous forest, mixed forest, 6453 hectares of coniferous forest, 2130
are more randomly distributed in the headwater catchmentfectares of wetland and 23 492 hectares of herbaceous land
and also on higher locations (Fig. 5). Intensive areas of dehave been bypassed by a tunnel from the Sitas reservoir
ciduous forest and wetlands are visible in Fig. 5 especiallyto the Akka reservoir thus disrupting the former contact
along the river corridors of the Abiskalika, Valtahkka, but  between the vegetated soils and the flowing water.
also along the entire Akka reservoir. Adding these lost areas for the entire Porjus catchments

shows that 3% of the pre-damming area is inundated due
3.4 Landscape element losses in the headwaters of the to river regulation. When the bypassed catchment of Teusa-

river Lule alven jaure, downstream of the Lake Sitas reservoir, is included the

affected area becomes 9.4%. The soil volume of these in-
In the mountainous Sitas catchment located aboveundated and bypassed areas comprises 9.5% of the total esti-
600m a.s.l., we estimated that some 2816 hectares afated soil volume in the Porjus catchment. With an assumed
herbaceous land have been inundated due to the creation tftal area of 28 216 ha inundated by regulation in the Porjus
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catchment we distributed the inundated areas in a proportioidence time. Changes in soil cover, especially in headwater
of 20000 ha of deciduous forest, 5400 ha of wetlands ancareas are therefore crucial for the river network and water
2816 ha herbaceous areas. In other words, some 11% of tHow path length and, thus, for the residence time, resulting
area covered by forests, wetlands and herbaceous areas aimdshorter soil/water contact and a decrease in weathering
37% of the deciduous forest in the Porjus catchment priorproducts. The importance of soil cover is in this study ev-
to damming is now inundated or bypassed. Thus, damminddent from the fact that average soil depth explains 58 and
affected mainly deciduous forest and wetlands forming the93% of the observed variability in DSi and TOC concen-
riparian zone found along the river corridors. trations. In our attempt to estimate the average soil depth
of a given catchment we used sample points from the SGU
well database together with information on areas not covered
4 Discussion with soils, i.e., water, ice and outcrops. Most of the well
data cover soil depth down to the bedrock; however, the av-
This study indicates that damming may lead to a prefer-erage soil depth estimate is biased in the sense that the well
ential loss of vital land class elements located along thedata are not randomly collected. Wells are placed at locations
river valleys that form a riparian zone covered by decidu-where people live, i.e., most data are from the area between
ous forests and wetlands. The study also corroborates rehe coast and the hill slopes; the mountainous areas are under
cent findings that weathering regimes and vegetation cover imepresented. This means that we have fairly good coverage
river catchments are intimately linked (Conley, 2002; Derry of data for the larger catchments by means of well data at the
etal., 2005), suggesting a prominent role of the biosphere fotowlands and data on outcrops in the headwaters, both with
weathering reactions in addition to the previously examinedgood coverage. On the other hand, real observed soil depth in
role of physicochemical mineral-water reactions (Garrels andhe headwaters are few and we assumed an average soil depth
Mackenzie, 1971; Stumm and Morgan, 1996). Today, someof a given land cover class derived with most measurements
30% of the surface waters entering the oceans have passémm the lowlands. Therefore, we may regard the estimates
through a reservoir (Milliman, 1997; &dsmarty and Saha- of soil depth in headwater as an overestimate, since these
gian, 2000). However, these reservoirs cover only a minorareas are much more exposed to erosion and a thinner soil
fraction of the total catchment area and the general percepsover should be expected with altitude in general. However,
tion has been that mainly in-lake processes such as phytaising these measured soil depths should be seen as a first at-
plankton blooms (Friedl et al., 2004) and sedimentation oftempt to estimate soil volumes on a large scale and also to
total suspended sediments (Syvitski, 2003; Syvitski et al.visualize the spatial distribution within a catchment. Thus,
2005) are the major processes changing the river chemistry ithis study shows for the first time the limited spatial and ver-
these catchments. Perturbation in headwater areas, as showaal extension of soils in Swedish headwaters making these
in this study, can be more significant than hydrological al- areas susceptible for hydrological alterations.
terations downstream, since these areas are characterized byWe estimate a total loss of 28 216 ha due to inundation and
high annual specific discharge and only a critical mass of hotan be compared to independent estimates from the Swedish
spots, i.e., a thin soil and vegetation cover. Our DEM modelMeteorological and Hydrological Survey that estimated a to-
demonstrated that these are the locations in the headwatetal of 26 200 ha as inundated by the four major reservoirs
where significant soil layers have been formed as alluvial(Carlsson and Sanner, 1994). The major part of these in-
deposits and our estimate for the Swedish river &lven undated areas was deciduous forests that formed the riparian
shows that 10% of these soils, 11% of forest, wetland andzone. Figure 5 shows nicely that deciduous forest and wet-
herbaceous areas, and about 37% of the critical deciduouginds are mainly found along the fluvial corridors. These GIS
forest forming the riparian zone are lost due to water regula-maps and the draped DEM only indicate their spatial aggre-
tion. High concentrations of TOC and DSi occurred only in gations, a detailed vegetation structure of the riparian zones
headwater catchments with an average soil deftm and  in these areas can be found in Curry-Lindahl (1968); Nilsson
a forest and wetland coveragel0% of the catchment area.  (1983); Nilsson and Berggren (2000); Jansson (2002). The
riparian zone in the headwaters of these subarctic rivers often
4.1 The riparian zone — a hot spot for DSi river loading ~ forms a mixture from birchBetulaspp.) and various willow
in arctic headwaters? (Salixspp.) species followed closer to the water by grasses,
sedges and equisetum. These vegetation types are adapted
The average soil cover of river catchments appears vital foto regularly flooding and thus have a character of a wetland.
the biogeochemical processes since this affects the flow pathgloreover, grasses and sedges are known to contain signifi-
of water and thereby is an important factor for the soil/watercant amount of amorphous silica in their biomass (Saccone
contact time. Studies by McGuire et al. (2005) has re-et al., 2007). In a recent study, Struyf and Conley (2009)
lated water residence time (using topographic index) to riverhave shown that especially these arctic wetlands are impres-
chemistry and shown that the increased concentrations afive storages of amorphous silica (ASi) that are either diatom
weathering products are correlated with an increase in resfrustules or phytoliths (Piperno, 1988). Initial analyses show
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that subarctic wetlands in Northern Sweden contain 1-5% ofqually to river loading with dissolved constituents and
ASi by weight percent, which is an order of magnitude abovewhether some land classes act as “hot spots” to river loading
the amount stored in temperate wetlands and confirm the caand if so, are these land classes especially affected by hy-
pacity of subarctic wetlands to accumulate large amounts ofirological alterations. Contact time between soil and water
ASi. We cannot yet quantify the exact contributions of theseis a fundamental variable for controlling river chemistry
ASi storages along the riparian zones and wetlands to theand can be related to the steepness or topographic index
overall DSi fluxes in these headwater catchments; howeverfMcGuire et al., 2005) of a catchment area, and derived
a reduction with some 40% of this land cover class appearérom DEMs. Topographic complexity is also important in
rather drastic. understanding processes in soils in boreal catchments of
Moreover, the riparian zone formed by deciduous forestnorthern Sweden (Seibert et al., 2007). Our study suggests
and wetlands was further destroyed by the unnatural flowthat high annual specific discharge and the steepness of
patterns within the entire river catchment. Within the major headwaters jointly determine hot spots of the river loading
reservoir the riparian zone is further lost by the drastic waterof dissolved constituents. These hot spots, the wetlands and
level variations of up to 34 m in the Akka reservoir, leav- deciduous forests forming the riparian zone along the river
ing behind only bare rocks and gravel. Downstream of majorcorridors, are where essentially all waters from the upper
dams, water level fluctuations are often diminished comparednountainous areas are channeled through and the soil/water
to those of unregulated rivers due to the more evened out flovgontact time increases. Although we have only indirect
generated by the hydroelectric power stations, and also owevidence as of yet, a 40% loss of the riparian zones might
ing to storage for flood control (Jansson et al., 2000). Thisbe instrumental in explaining the observed lower fluxes of
means that the riparian zone downstream of major dams islissolved constituents from the regulated river catchments.
much reduced, and the exchange processes in the hyporhéitowever, future hydrological studies will need to better
zone (White, 1993), where mixing between groundwater ancaddress the flow paths and water residence time through
surface water occurs, are also diminished. It has been showvarious land cover classes and soil types that may act as
that continuous saturation and rapid flushing of the sedimenhot spots, since the response will depend critically on their
due to hyporheic exchange facilitates Si weathering and is reconfiguration in the landscape.
sponsible for significant Si supply to small streams in arctic
areas (Gooseff et al., 2002; Maurice et al., 2002). Edited by: C. De Michele
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