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ABSTRACT

Hydropower regulation of rivers exhibits a threat to the riverine ecosystems. Fragmentation of
flow, landscape disturbances, and water retention are key features of regulated catchments,
resulting in reduced floods and geochemical transport, non-natural water level fluctuations, and
thus disturbed exchange between the river and the aquifer. Storing of water in reservoirs
reduces peak flow and turbidity, which increases particle settling and sometimes favours
enhanced primary production and formation of a clogging layer. This in turn alters the
interaction between surface water and groundwater, with potential secondary effects on the
entire watershed. In Scandinavia, only eight large rivers (16%) remain entirely unregulated.
The Lule River, the primary focus of this study, belongs to the most regulated rivers of Eurasia
with a degree of regulation (i.e. the volume of water that can be stored in the reservoirs and
used for regulation) of 72%, and is exposed to both seasonal and short-time regulation.
Using hydrogeochemical analysis of two adjacent boreal rivers (pristine Kalix and regulated
Lule River) discharging into the Gulf of Bothnia, the effects of regulation on river
geochemistry were investigated. For the Lule River, the average maximum runoff was almost
halved while the average minimum runoff was tripled as a result of the regulation. The fraction
of winter transport of total organic carbon, Fe, Si, suspended Mn and P in the Lule River was
at least two to three times higher than in the pristine river. During summer, the suspended
C/N ratio in the regulated river was 10-20, compared to <10 for the pristine river, suggesting
a presence of predominantly decaying organic material due to longer residence times for the
regulated river. This was supported by a virtually constant suspended P/Fe ratio throughout
the year in the Lule River, indicating low abundance of phytoplankton. Hence, a pronounced
impact on the ecosystem of the river, the hyporheic/riparian zone, and the Gulf of Bothnia is
expected.
In spite of vast anthropogenic pressure on riverine ecosystems, the knowledge regarding the
hyporheic zone (the interface between rivers and aquifers where exchange between surface
water and groundwater occurs) is limited for regulated rivers. Therefore, this study was
extended to also cover the hyporheic exchange along the Lule River. Temporal changes in
hyporheic fluxes across the river channel (rates and directions) were determined using seepage
measurements and continuous observations of water stages, temperatures, and electrical
conductivity for both the river and the groundwater. While the river water level changed
frequently (typically twice a day with up to ± 0.5 m), the river remained gaining 90% of the
time, and the largest number of observed changes in flow direction (observed at 5 m
v

orthogonal distance from the river) was six times per week. Flow velocities ≤10-4 m d-1 (≈ zero
flow) constituted 1.5% of the total observation time.
Although no changes in water temperature were observed for the hyporheic zone, effects of
river level variations were detected up to 5 m inland, where electrical conductivity occasionally
decreased to surface water levels indicating infiltration of river water into the aquifer (negative
fluxes). River discharge regulation may therefore have severe implications on biogeochemical
processes and deteriorate the hydroecological functions of the hyporheic zone.
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PART I
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1. INTRODUCTION
Boreal riverine systems belong to the unique complex natural systems which are important not
only for local ecosystems but also in a global prospective (Krankina et al. 1997). Biodiversity of
the boreal landscapes depends mainly on the status of the rivers and their riparian and
hyporheic zones – boundaries between aquatic and terrestrial environments. It has been
recognised that assessment of anthropogenic impacts on riverine ecosystems should consider
several major functional units of the river landscape (Dynesius & Nilsson 1994). Nevertheless,
surface water and groundwater have mostly been studied separately (Sophocleous 2002).
Therefore, in hydropower regulated rivers water quality issues were mainly studied in relation
to surface water.
Surface water regulation was recognised as a source of such negative environmental impacts as
transformation of the river flow, modification of the river-bed, intense sedimentation in the
reservoirs, and harmful effects on aquatic and riparian ecosystems (Jansson et al. 2000; Koch
2002; Osmundson et al. 2002; Renöfält et al. 2010). Although the effect of hydropower
regulation on the river flow regimes is well documented (Renöfält et al. 2010), studies on
changes of dissolved and particulate major and trace element transport are fewer (Brydsten et al.
1990; Rondeau et al. 2005; Huang et al. 2009), and various effects of hydropower regulation
on the river element transport are thus still poorly understood (Humborg et al. 2008). This is
partly related to the limited knowledge about the connection between surface water and
groundwater and their interaction in systems exposed to frequent river discharge variations.
This interplay between rivers and aquifers occurs along their interface, termed the hyporheic
zone. Studies of the hyporheic processes in relation to river regulation evolved chiefly during
the last two decades, when it was discovered that regulated rivers provided an opportunity to
observe the response of the hyporheic zone to frequently varying river discharge on a short
time scale (e.g. Arntzen et al. 2006). This is in contrast to natural river systems where water
discharge changes occur seasonally and geochemical changes feature high hysteresis (Soulsby at
al. 2001). Most of the studies were related to hydraulic connectivity between regulated rivers
and the subsurface with implications of regulated river discharge on temperature (e.g. Arntzen
et al. 2006; Hanrahan 2008; Gerecht et al. 2011) and water chemistry (e.g. Calles et al. 2007;
Sawyer et al. 2009) and were mainly conducted in smaller water courses.
Scientific interest in both river regulation and hyporheic exchange along regulated rivers has
increased. From the 1950s, the publications of scientific articles about hydropower river
regulation has grown dramatically (Figure 1). The trend was even steeper for publications
regarding the hyporheic zone in hydropower regulated rivers, although it was much delayed.
The scientific interest in river regulation was firstly constrained to the regulated rivers
themselves and environmental consequences on these. Later the attention of the scientific
3

community shifted towards the function and fate of the hyporheic zone of the regulated rivers
and the implications for riverine, riparian, estuarine, and marine ecosystems. Additional
research activity in these areas was stimulated by development of new legal regulations such as
the EU Water Framework Directive (Directive 2000/60/EU), which set out environmental
goals for the achievements of good chemical, ecological, and quantitative status for surface
water and groundwater bodies (Fleckenstein et al. 2010). An upcoming update of the European
Ground Water Directive (Directive 2006/118/EC) also requires new concepts for better
management of groundwater resources and for understanding of the factors that control flow
and pollutants at surface water-groundwater (SW-GW) interfaces (Smith 2008). This study is a
part of the large-scale integrated EU-project GENESIS (Klöve 2008) aiming to provide a
scientific basis and technical guidance for the update of the European Ground Water Directive.

Figure 1. Number of articles published in the period 1950-2013, based on a search for articles
containing the search words shown in the legend using Google Scholar
(http://scholar.google.com).

1.1. Scope of the thesis
The scope of this work is to assess the effects of hydropower regulation on the hydrological
and geochemical processes of a river and its hyporheic zone. Effects of regulation on the river
water were studied using hydrological and geochemical data to illustrate discrepancies in
seasonal variation of discharge, major and trace elements and nutrients between the regulated
Lule and the pristine Kalix River. To extend the earlier knowledge of hydropower effects on
the surface water, hydrological processes in the hyporheic zone of the regulated Lule River
were evaluated.

1.2. Research structure
The first part of the thesis deals with analysis of previously unpublished data collected for the
Lule River during 13 months, from May 2000 through June 2001 by Collomp (2001) and
Drugge (2003). It was compared to the seasonal geochemical data for the pristine Kalix River
(May 1991 – June 1992) (Ingri 1996; Ingri et al. 2005) and the results are condensed in Paper I
of this thesis. The knowledge of geochemical processes in the regulated Lule River provided a
background for the hyporheic studies and generated new questions that triggered this study to
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evolve. It was hypothesized that the altered seasonality of some elements in the Lule River was
partly related to the effects of regulation on the hyporheic zone (see also Humborg et al. 2008).
It was also expected that better understanding of the hyporheic processes in the Lule River
would further reveal the relation between hydropower regulation and river geochemistry.
The second part of the project was dedicated to hyporheic zone studies. Observation sites, one
in the Lule River and one in the Kalix River, were monitored from June 2010 until October
2012 and hydrogeochemical data were collected. Field measurements included water and soil
sampling, hydraulic conductivity determination, measurements of the seepage through the
river bed, continuous monitoring of the water level, temperature and electrical conductivity,
and a tracer test. A coupled hydrological and heat transport model was applied for the study
site in the Lule River.
Acknowledging the complexity of surface water-groundwater (SW-GW) interaction, the thesis
covers a limited part of the processes potentially involved in the hyporheic exchange (Figure
2). The main focus was hydrological and geochemical processes in the river and the hyporheic
zone. Although biological processes were not included in the thesis they were addressed by
Dole-Olivier (2010) and Bertrand et al. (2012).

1.3. Outline of the thesis
In this thesis, first effects of hydropower regulation on the river surface water geochemistry and
then the impacts of the regulation on processes of the hyporheic zone and the SW-GW
exchange in a large boreal river are addressed.
The thesis consists of two parts. Part I includes six sections including this introduction. Section
2 contains background knowledge of the research question. It firstly highlights the impacts of
hydropower regulation on surface waters in worldwide and Scandinavian perspective.
Secondly, it describes the function of the hyporheic zone in natural and regulated
environments as well as briefly provides a description of methods used to study SW-GW
interaction. It is then followed by Section 3, which briefly outlines the Material and methods
procedures of the experiments and the analyses applied in this research. Section 4 comprises
major findings from Paper I and II. Finally, this part is concluded by Section 5 where future
work is presented.
Part II contains two manuscripts – results of the project at the current stage. My contribution
to Paper I was analysis and interpretation of the available data and writing of the text. Drugge
and Collomp contributed by designing the sampling campaign, collecting the data, and by a
primary interpretation of the data; Widerlund assisted in the final interpretation of the results
and in writing the text; Lundberg made the hydrological comparison between the catchments
and commented the text; the rest of the authors provided their comments to the text. In Paper
II, my contribution was design and implementation of sampling and experiments,
interpretation of the results, and writing the text. Lundberg developed the prediction model
for electrical conductivity and together with the other co-authors assisted in experimental
design, discussion of the results and commented the text.
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Figure 2. Ecosystem units and major variables involved in hyporheic zone function. Areas of relevance for this thesis are marked in dark and bold

.

2. BACKGROUND
2.1. Hydropower regulation – a threat for riverine ecosystem
Hydropower regulation in the world rivers exhibits a potential threat to the riverine
ecosystems. Fragmentation of flow, landscape disturbances, and water retention are the key
features of the regulated catchments. Globally, an average residence time in the dammed rivers
increases by a factor of 3, to 47 days (Covich 1993). The estimated storage volume in global
reservoirs is 7 times larger than that in the natural rivers (Friedl & Wüest 2002). In the world,
out of almost 300 large river systems (pre-regulation mean annual discharge >350 m3 s-1) more
than half are obstructed by dams (Figure 3) (Nilsson et al. 2005).

Figure 3. Global map of fragmentation and regulation of rivers (by Philippe Rekacewicz,
http://www.grida.no/publications/vg/water2/page/3248.aspx, reprinted with permission).
Most affected are the rivers in the temperate climate zone where up to 97% of the river
systems are fragmented. There are several heavily regulated large river systems in the world
with flow regulation far exceeding 100%. (i.e. the volume of water that is stored in the
reservoirs and can be used for regulation is larger than the annual mean flow). The Volta River
in Africa can store 428% of its annual discharge in the reservoirs. However, even the northern
part of the world is strongly regulated too. As much as 77% of the total water discharge of
more than a hundred large river systems in the boreal zone is affected by fragmentation
(Nilsson et al. 2005). In Scandinavia only eight rivers (16%) remain completely unfragmented
while four (7%) have maximum fragmentation, i.e. the longest segment of the main channel
7

without dams is less than 24% of the entire length of the main channel (Dynesius & Nilsson
1994). The Lule River belongs to the most regulated rivers in Eurasia with the flow regulation
of 72% (Jansson et al. 2000).
Fragmentation and flow regulation imply various effects on riverine ecosystems. This often
results in a reduction or disappearance of wetlands and rapids provoking a loss of various
species from the running waters. Population of plants and animals may become fragmented,
and their future extinction may follow as a result of obstruction by dams (Jansson 2000). The
biomass of emerged aquatic insects, exported into terrestrial ecosystems, showed a reduction in
regulated Scandinavian rivers providing evidence of the effects of regulation that stretch
beyond riparian zones (Jonsson et al. 2012). Regulation usually implies warmer rivers in
winter, delay of the ice build-up, and deterioration of ice quality, which has implications on
river geomorphology, vegetation, sediment and nutrient transport, and sustainment of
hyporheic/riparian habitats (Prowse et al. 2011). Turning river stretches into reservoirs is
related to slowdown of flow, reduced maximum and increased minimum flows. This is
attributed to long-term regulation and results in promoted settling of particles and decreased
turbidity which favours among all enhanced primary production (Conley et al. 2000),
redistribution of sediments (Church 1995), and formation of a clogging layer (Blaschke 2003).
For boreal rivers reduction of spring peaks implies a shift of the river discharge from spring to
winter and thus an alteration of the surface water geochemical cycle (Friedl & Wüest 2002),
with a reduced geochemical transport that is also shifted in time through the catchment (Byren
& Davies 1989; Brydsten 1990). Slowdown of flow favours stratification and reduces exchange
between shallow and deep waters in the reservoirs (Cooke et al. 1993) with further
development of a halo-/thermocline leading to anoxic conditions. Depletion of oxygen in
reservoirs affects redox sensitive compounds leading to accumulation of them in deep waters.
Anoxic bottom sediments limit formation of an iron hydroxide layer and may, therefore,
reduce the phosphorous retention capacity (Cooke et al. 1993). In areas, lacking minimum
discharge requirements, the biogeochemistry of surface waters can severely be altered (Calles et
al. 2007) and the alteration will depend on the operational regime of the dam (Gregoire &
Champeau 1984).
During short-term river regulation, discharge variations occur on a daily and weekly basis. This
leads to unnatural water level fluctuations which disturb other processes, e.g. river water
geochemistry and exchange with the groundwater (Nyberg et al. 2008). The latter may in turn
harm the geochemical status of the surface water by releasing or accumulating nutrients in an
irregular manner. Colmation processes are also favoured by short-term regulation (Brunke et al.
2007) which in turn affects spawning processes and hyporheos – inhabitants of the hyporheic
zone (Dole-Olivier 2010).
Among large regulated systems, river geochemistry has previously been studied in Canada
(Rondeau et al. 2005) and Europe (Humborg et al. 1997; Humborg et al. 2002). Both studies
showed reduced transport of dissolved silicate, iron and manganese. In river systems where
surface water chemistry is highly affected by pollution and various water uses, e.g. the Yangtze
River in China affected by irrigation, it was not possible to demonstrate that concentration of
major dissolved constituents were influenced by regulation (Chen et al. 2005; Huang et al.
2009).
8

In Scandinavia, reduced silicon transport from the headwaters was found in the Lule River
compared to the neighboring pristine Kalix River, having similar geological and climatological
conditions (Humborg et al. 2002; Humborg et al. 2006). This confirmed earlier results by
Brydsten et al. (1990) and Conley et al. (2000), who independently compared outlet Si
concentrations of regulated and unregulated rivers in Scandinavia and attributed the changes in
regulated rivers to sedimentation in reservoirs, promoted diatom growth, and decreased
erosion due to the smoothed discharge pattern. Construction of large reservoirs in the Lule
River inundated thousands of hectares of productive riparian forests and wetlands adjacent to
the former river channel (Carlsson & Sanner 1994) which was considered one of the dominant
factors affecting the riverine transport of nutrient loads (Sferratore et al. 2008; Smedberg et al.
2009).
Silicon is an important nutrient in biogeochemical aquatic cycles. Disruption of silicon cycling
potentially affects not only the river ecosystem, but also the riparian, estuarine, and adjacent
marine areas (Humborg 2004). Similar behaviour can be expected for other important
nutrients and metals (Brydsten et al. 1990) which creates severe ecological concerns.

2.2. Hyporheic zone – a link between surface water and groundwater
Hyporheic exchange in pristine rivers
Previous research was driven by outdated regulatory and management approaches focused on
particular environmental compartments. Aiming to understand behaviour of pollutants or
cycling of certain elements this type of studies considered rivers and aquifers separately
(Sophocleous 2002). Modern comprehensive management and environmental regulations
stimulated by the Water Framework Directive promote integrated research of catchments and
their interfaces (Smith 2008). Sharp borders between rivers and aquifers can no longer be
considered as such, but must instead be viewed as zones of interaction between surface water
and groundwater. This zone is called hyporheic (Greek hypo – under or beneath; rheos –
stream), and functions as a mixing area between the river and the inflowing groundwater
(White 1993; Sophocleous 2000; Boulton 2010).
Interactions between surface water and groundwater comprise the dynamic water flow
environment governed by hydrological and geometrical drivers at various scales. The rivers
may lose or gain water depending on the water stages in the channel and the bank, with flowthrough channels obtaining water through the upgradient bank and losing it through the
downgradient one. At a small scale, upwelling and downwelling may be governed by
discontinuities such as obstacles which protrude though the river bed, morphology of the river
channel, or pool-riffle sequences (Figure 4) (Brunke & Gonser 1997).
The process of losing and gaining water is crucial for hyporheos and for cycling of nutrients.
Downwelling flow is a key source of oxygen and organic matter for the hyporheic zone.
Higher availability of plankton increases concentrations of nitrogen in surface waters (C/N
ratio ranges from 5-7 in summer to 15-20 in winter) relatively to groundwater (particulate
C/N ≈ 50) (Wetzel 2001) and to hyporheic zone; the latter can maintain substantial
denitrification rates and thus release nitrogen from the subsurface (Stelzer et al. 2011). In turn,

9

upwelling groundwater provides inhabitants of the streambed with dissolved constituents
(metals, nutrients) and maintains a stable temperature regime (Engelhardt et al. 2011).
The ecological significance of the hyporheic zone was early recognized by Orghidan (1959)
who distinguished hyporheic biotopes. Later, Stanford & Ward (1993) introduced the concept
hyporheic corridor – an integrated river-hyporheic continuum delineated by the extent of the
hyporheos, which could stretch a few kilometers from the channel in large unregulated alluvial
systems (Stanford & Ward 1988; Danielopol 1989). Boulton et al. (1998) described the
hyporheic zone as an ecotone where exchange of water and nutrients between surface water
and groundwater occur. Overall, the hyporheic inhabitants, by stimulating oxygen
consumption and nutrient exchange, play a key role in ecological functioning of the hyporheic
zone.

Figure 4. Schematic figure showing hyporheic flows across a river bottom and banks, with
downwelling and upwelling components (modified after McCabe et al. 2010).
From a hydrological point of view, the hyporheic zone represents an area through which the
river water enters the subsurface, resides, and downstream returns into the channel. This
motion is driven by the river bed topography and the hydraulic gradient along and orthogonal
to the river and has both ecological and geochemical implications. The mixing concept was
suggested by Triska et al. (1989), who defined a hyporheic zone as the part of the subsurface
where river water and groundwater mix, and where the surface water volume exceeds 10%.
Mixing of surface water and groundwater in pristine rivers occurs on a relatively steady basis
and forms hyporheic zones with mostly constant size and water quality, even if it expands
during spring flood and heavy rain events and reduces during base flow seasons.
According to a geochemical concept, sometimes termed as hydrogeological, the hyporheic
zone functions as a barrier between surface channels and groundwaters that buffers effects of
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contaminant migration. Agricultural pollutants received a wide research interest with a primary
focus on nitrate, phosphorous, natural attenuation of industrial chemicals, pharmacological and
mining pollutants in the hyporheic zone (Hill 1996; Dahm et al. 1998; Conant et al. 2004; Gandy et
al. 2007; Engelhardt et al. 2011).

Hyporheic exchange in hydropower regulated rivers
Frequent discharge variations in regulated rivers may severely alter the water exchange
between the river and the aquifer. The extent of the hyporheic zone will vary in response to
variations of the river water level. In hydropower regulated rivers, this happens throughout the
year on both short- and long-term basis (Arntzen et al. 2006; Sawyer et al. 2009). Alteration of
the river discharge pattern deteriorates the hyporheic exchange through colmation of the river
bed with implications on the connectivity between the river and the aquifer. Reduced flow
peaks promote accumulation of fines on the river bed and formation of a resistive clogging
layer increasing the hyporheic water residence time (Blaschke et al. 2003; Brunke & Gonser
1997).
Overall deterioration of vertical connectivity, temporally unstable extent of the hyporheic
zone, alteration of the groundwater table and flow directions, and heterogeneity of the flow
across the river-aquifer interface are common features of the hyporheic zone in regulated rivers
(Hancock & Boulton 2005; Gibbins et al. 2009; Sawyer et al. 2009; Francis et al. 2010).
Pumping of surface water across the river-aquifer interface by river regulation favours high
variability in water flow, heat and nutrients/oxygen transport through the hyporheic zone
(Arntzen et al. 2006; Calles et al. 2007; Sawyer et al. 2009) which endangers hyporheos and
spawning processes (Soulsby et al. 2001; Geist et al. 2008; Hanrahan 2008). Increased residence
time due to frequent low-amplitude river discharge fluctuations may have a potential impact
on hyporheic biogeochemical processes (Maier & Howard 2011). As a whole, regulation of
rivers promotes degradation of the river floodplain, its riparian and hyporheic zones (Zhao et
al. 2012).

Methods for studying surface water-groundwater interaction
There are multiple methods developed for studying SW-GW interaction at various scales.
Hydrological methods are mainly based on Darcy’s law and employ hydraulic gradient and
hydraulic conductivity to estimate fluxes across the hyporheic zone. A reliable estimate of these
fluxes can be provided using an increased number of spatially spread piezometers with
continuous water level recording. Additionally, grain size distribution (e.g. Hazen 1892),
permeability (e.g. Hvorslev 1951; Cardenas & Zlotnik 2003), slug (Hvroslev 1951; Bouwer
1989), and pumping tests (e.g. Theis 1935; Cooper & Jacob 1946) can provide estimates of
hydraulic conductivity.
Seepage devices installed directly in a river bed provide immediate measures of water fluxes
(Lee 1977) and these combined with hydraulic gradients may also provide information about
the hydraulic conductivity of the river bed (Kelly and Murdoch 2003). The seepage meters can
be automated and equipped with heat (Krupa et al. 1998), ultrasonic (Paulsen et al. 2001),
and/or electromagnetic (Rosenberry & Morin 2004) sensors for continuous measurements of
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the water flux. Fluxes can be also obtained from heat pulse penetration depth in the river bed
(Conant 2004; Constantz 2008).
Environmental tracers and their combination received a widespread use in the issues of SWGW interaction. Among the most commonly used are dissolved constituents (Cook and
Herczeg 2000), stable isotopes (Kendall & Caldwell 1998), alkalinity (Rodgers et al. 2004),
electrical conductivity (Cox et al. 2007; Vogt et al. 2010), radon (Cook et al. 2003) etc.
Artificial (solute) tracers were extensively applied to observe transient storage, location of the
storage zones, and exchange rates (Harvey & Bencala 1993). These and many other methods
for measuring SW-GW interaction are comprehensively described by Kalbus et al. (2006)
which the reader is referred to.
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3. MATERIAL AND METHODS
3.1. Surface water geochemistry affected by river regulation
In this section, the methods applied during the studies in the Kalix (1991-1992) and the Lule
Rivers (2000-2001) are described. The aim of this study was to assess the effects of regulation
on the Lule River hydrogeochemistry and seasonal transport.

Sampling
The sampling of the geochemical parameters in the Lule River was performed at Boden
hydropower station, and in the Kalix River at Kamlunge, both located approx. 30 km from
the river mouth (Figure 5). Annual hydrogeochemical cycles were investigated from May 2000
to June 2001 in the Lule River (Collomp 2001; Drugge 2003) and from May 1991 to June
1992 in the Kalix River (Ingri 1996; Ingri et al. 2005).

Figure 5. Map of the Lule and Kalix River catchments.
Sampling was performed weekly during the spring flood period (May – June) and bi-weekly
during the rest of the year. Dissolved constituents collected after filtration performed in the
field with two filters mounted in parallel (Millipore filters with a diameter of 142 mm and a
pore size of 0.22 µm in the Lule River and 0.45 µm in the Kalix River, locked in Geotech
polycarbonate filter-holders). The sample for dissolved constituents was taken before clogging
and collected in acid-leached polyethylene bottles, and conserved with suprapur HNO3.
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Analysis
Temperature, pH, conductivity and dissolved oxygen were measured in-situ with a Hydrolab
Surveyor II water quality probe. Unfiltered samples were used to determine alkalinity and total
suspended matter (TSM). The water for TSM was filtered in the laboratory within two hours
from sampling using vacuum filtering equipment and the filters were subsequently weighed.
Major dissolved elements (Ca, Mg, Na, K) and S were analysed by inductively coupled plasmaatomic emission spectroscopy (ICP-AES). High resolution inductively coupled plasma-mass
spectrometry (HR-ICP-MS) was used for all other elements. The anions (Cl, NO3, PO4) and
NH4 concentrations were determined by ion chromatography.
For suspended major elements, two filters with the suspended fraction of the river water were
wet-ashed in concentrated suprapur HNO3 in platinum crucibles at 75oC, and then dry-ashed
at 550oC. The ashed inorganic matter was weighed and fused with lithium metaborate in
graphite crucibles at 1000oC. The formed beads were dissolved in 10% suprapur HNO3 and
analysed with ICP-AES. The same procedures were applied to blanks in order to detect any
contamination. Blank values for the sampling period in the Lule River were always less than
5% of the measured concentrations.
Samples (12.5 ml) for total organic carbon (TOC) were collected in a Falcon plastic tube,
acidified with 100 μl of 2 M HCl, and subsequently determined using a Shimadzu TOC-5000.

Interpretation
To avoid dilution effects that may complicate the interpretation of geochemical processes in
the river catchments, normalization with Mg was used to compare temporal variations of the
dissolved constituents (Ingri et al. 1997). It is justified to use dissolved Mg for this purpose
because it is mainly a product of silicate weathering with fairly low biological demand
compared to its availability (Ponter et al. 1992) and is assumed to be hydrogeochemically
conservative in the studied environment (Ingri et al. 2005).
Since both rivers showed a strong linear correlation between suspended concentrations of Al
and Ti, the latter of which mainly originates from detrital phase, Al was used here for
normalizing element concentrations in the suspended phase (Ingri et al. 2005).
River transport was estimated as concentrations multiplied by the river discharge for the same
period. Monthly transport was derived by averaging sampling occasions during respective
months, where equal weights were assigned for each sample. Total transport is the sum of all
months during the sampling period. Specific transport was derived as the total transport divided
by the catchment area.
Hydrological and geochemical data were processed using Mann-Whitney non-parametric twosample rank test to compare medians of the sample populations and calculate corresponding
confidence intervals. The results showed statistically significant differences between most of the
geochemical time series from the two rivers.

14

3.2. Hyporheic zone in a hydropower regulated river
A brief description of methods used for monitoring of the hyporheic exchange in the Lule
River is given below.

Study site and instrumentation
The monitoring site was located 100 km upstream from the river mouth below Laxede
hydropower station (Figure 5) (N66o11.67’ E20o52.32’). A measurement profile orthogonal to
the river was established with five monitoring stations: one in the river and four groundwater
wells at 1, 2, 5 and 25 m from the mean shore line (MSL) (Figure 6). Time series, using
dataloggers recording momentary data every 15 minutes (Figure 7), of water level,
temperature, and electrical conductivity, were collected in the river and L5 and L25, while
only temperature and electrical conductivity were recorded in L1 and L2. Measurement
sensors (Table 1) were installed approximately 0.1 m above the bottom of the wells. Recorded
temperature and electrical conductivity were periodically checked against a manual water
quality probe (Hydrolab Surveyor II).

Figure 6. Monitoring site by the Lule River. Short dashed line – maximum observed river
water and groundwater levels; long dashed line – mean river and groundwater levels; solid line
– ground surface. Well numbers (L1 – L25) stand for distance from the mean shore line (MSL)
in m. Places where temperature profiles, seepage meters, and direct-push piezometer were
installed are shown.
Two vertical profiles with temperature sensors distributed at 0.2 to 0.3 m intervals down to 1.0
and 2.7 m depth were installed in the river bed 2 m from the MSL and inland 5 m from the
MSL, respectively. They were used to monitor the temperature variations with depth at 15
min intervals both in the river bed and in the aquifer (Figure 6).
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Figure 7. Data flow from the monitoring site and measurement sensors deployed in the water,
through amplifiers, a logger and a GSM-transmitter. Data is stored on a server and can be
downloaded online. The system is powered by two 12V batteries and recharged by a solar
panel.
The seepage devices (Figure 8a) were used to assess water fluxes across the river bed resulting
from both horizontal and orthogonal to the channel hyporheic/groundwater flows. A total of
ten devices were deployed (Figure 8b) for 24 hours prior to the first measurement and visually
inspected at every measurement occasion. Collection bags were tested for leakage and secured
with barrels to protect from water current and wave influence, and the installation places were
free from boulders. The measurements were repeated up to five times at some of the locations
to ensure good reproducibility. Combined with hydraulic gradient the seepage measurements
provided estimates of equivalent hydraulic conductivity.

Figure 8. a) Device used for assessment of spatial variation in seepage flow and determination
of average equivalent hydraulic conductivity for the aquifer and the clogging layer; b) locations
of the seepage devices and the observation wells L1 and L2.
Hydraulic conductivities of the clogging layer and the aquifer were measured using
permeability test (direct push piezometer) (Hvorslev 1951; Ronkanen & Klöve 2005) and slug
tests (Hvorslev 1951; Bouwer 1989). The permeability test (Figure 9) was performed on the
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river bed at two occasions, with a 0.1 m depth interval down to 0.7 m depth. The
measurements were made in the river bed, 1.0 and 2.5 m from the MSL.
The monitoring was performed from June 2010 until October 2012: datalogging was
performed during the entire period, permeability test – autumn 2011, slug test – summer 2012,
seepage measurements – autumn 2012. During the period June 2010 to June 2012, the
temperature and electrical conductivity data collected from the dataloggers were of poor
quality which was partially related to the sensors that were not suitable for the current
application, sensitivity of the amplifiers to the outdoor temperature, improper wiring, and
power problems. Starting from June 2012, a new set of loggers and sensors with inbuilt
amplifiers were installed (Table 1).
Table 1. Sensors used for continuous monitoring of parameters, with accuracy according to
manufacturer
Parameter/Equipment

Operating range
(OR)

Accuracy

Sensor/model

Manufacturer

Logger

-

-

DL6 and DL12

EHP Tekniikka

Water level with automatic
barometric pressure compensation

0 to 5 m

±3.1 mm

STS PTM/N

Sensor Technik
Sirnach AG

Electrical conductivity with
automatic temperature
compensation

0 to 200 µS/cm

±0.1 µS
WQ-Cond-1

Global Water

Temperature gw wells

-5 to 70oC

±0.01oC

Temperature depth profiles

-20 to 50oC

<±0.4°C

UA-001-64

Onset Hobo
Dataloggers

Calculations
The hydraulic conductivity of the clogging layer Kcl (m d-1) was determined by a varying
pressure head infiltration method using a direct-push piezometer (Figure 9) (Hvorslev 1951;
Ronkanen & Klove 2005):
𝐻0 − ℎ 𝜋𝑅 2
𝐾𝑐𝑙 = 𝑙𝑛 �
�
𝐻0 − 𝐻 𝐹𝑡

(1)

where H (m) is the initial water level in the reservoir, h (m) is the water level at the time t (s),
H0 (m) is the distance from the river water surface to the tip of the piezometer, and R (m) is
the radius of the reservoir (Figure 9). The shape factor F (-) was calculated as 𝐹 ≈ −5.5 ∙ 𝑟,
where r is radius of the piezometer (Hvorslev 1951).
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Figure 9. Direct-push piezometer used for determination of hydraulic conductivity of the
clogging layer (Kcl, m d-1) and the river bed beneath it.
For the flow through the aquifer and the clogging layer, having different hydraulic
conductivities, an equivalent hydraulic conductivity KE (m d-1) was calculated:
𝐾𝐸 =

∆𝑥𝑐𝑙 + ∆𝑥𝑎𝑞
∆𝑥𝑐𝑙
𝐾𝑐𝑙

∆𝑥𝑎𝑞

+

(2)

𝐾𝑎𝑞

where K (m d-1) and ∆x (m) are hydraulic conductivities and the flow distances through the
clogging layer (cl) and the aquifer (aq), respectively. The equivalent hydraulic conductivity was
further assessed using seepage devices adjusted for operation in flowing water (Kalbus et al.
2006; Rosenberry 2008) (Figure 8a):
𝐾𝐸 = 𝑣𝑠𝑒𝑒𝑝

∆𝑥
∆ℎ

(3)

where ∆h (m) is the average difference in hydraulic heads between the river and the aquifer
(L5) during the measurement period and ∆x (m) is the length of the flowpath between L5 and
the river.
The seepage velocity vseep (m d-1) was estimated from changes in water volume in the plastic bag
∆V (m3), the radius of the gauge Rs (m2) and the time ∆t (s):
𝑣𝑠𝑒𝑒𝑝 =

∆𝑉

𝜋∆𝑡𝑅𝑠 2
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(4)

The temporal variations in flux (q) per unit area (m3 d-1 m-2, or m d-1) between the river and
the well (L5) and in the riparian zone between and L5 and L25 were determined by Darcy’s
law, assuming 1-D flow:
𝑞(𝑡) = −𝐾

∆ℎ
∆𝑥

(5)

where ∆h (m) and ∆x (m) are the differences in water level between the locations and the flow
paths between them, respectively. For the flux across the river bed the equivalent KE based on
the K of the clogging layer and of the aquifer (Eq. 2) was used.
Temporal variations in the river water fraction RWF (%) of the hyporheic zone can be
determined from the electrical conductivity of the river water (ECR, µS cm-1), of the hyporheic
zone (ECH), and of the groundwater (ECGW) following Triska et al. (1989) as:
𝑅𝑊𝐹 = 100

𝐸𝐶𝐻 − 𝐸𝐶𝐺𝑊
𝐸𝐶𝑅 − 𝐸𝐶𝐺𝑊

(6)

A prerequisite for this relationship is that the values for ECH lie between the river water and
the groundwater representing their mixture. However, this condition was not met since ECH
was normally much higher than ECGW. Nevertheless, very distinct drops in ECH were
registered at L1 and L2, and ECGW was therefore replaced by a sinusoidal curve fitting the
periods that lack visible river water intrusions and thus approximating an undisturbed seasonal
trend.
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4. SUMMARY OF THE RESULTS
4.1. Water geochemistry alterations in a hydropower regulated river
Regulation was shown to have distinct effects on the hydrogeochemistry of the Lule River.
Differences in the geochemical patterns observed between the regulated Lule and pristine Kalix
Rivers were shown to be more affected by the regulation than by other differences between
the catchments.
The runoff pattern of the Lule River has been drastically changed by storage of the water in
the reservoirs, resulting in diminished spring peak and increased winter discharge (Figure 10).
The highest and the average annual maximum fluxes (based on daily average) were almost
halved while the lowest and the average annual minimum were about 2.5 times higher than
prior to the regulation. The ratio between fluxes during spring snow melt (May-June) and
during the rest of the year for the Kalix River was almost 3.0, while for the Lule River it
changed from around 1.8 before the regulation (modelled) to around 1.4 after regulation.

Figure 10. Monthly averaged discharge with confidence interval for the Kalix River (20-years
measured 1990-2009; monitoring period 1991-1992) and the Lule River (20-years measured
and pre-regulated modeled 1990-2009; monitoring period 2000-2001) (Vattenweb 2013).
Monthly averaged values (n = 20) were used to calculate confidence interval (95%) for the 20years data series (shaded). Standard deviation for the pre-regulated discharge denoted by error
bars.
Consequently almost all investigated chemical species showed a lower spring transport fraction
in the Lule River than in the Kalix River. The portion of the spring element transport in the
Lule River was about half of that in the Kalix River while the portion of the winter transport
was up to three times larger in the Lule River (Figure 11). The pattern was similar for
suspended Mn, Si, Al and dissolved Si, Al, Ca, Mg and K, although not always equally distinct.

21

Provided that the findings for the Lule River are representative for other regulated rivers
discharging into the Gulf of Bothnia, the combined change of total and seasonal delivery of
nutrients to the Gulf of Bothnia may noticeably affect its biogeochemical status. Additionally,
an increased discharge of fresh river water during winter may favour seasonal stratification in
the Gulf of Bothnia (Carlsson & Sanner 1996). The risk of biogeochemical alterations of the
recipient is enhanced due to supply of older organic matter to the Gulf of Bothnia during the
growing season, when higher particulate C/N ratios in the Lule River prevail.

Figure 11. Bar diagrams of TOC, Mn, Fe, Si, Al, Ca, Mg, K, and particulate P seasonal
transport (% of total). Pie charts show the relation between total annual transport (t yr-1) of the
Lule (left part of the pie) and the Kalix Rivers (right). Standard deviation for all species is
shown with error bars. The difference between the rivers was statistically significant (CI =
95%) for spring and winter transport of TOC, suspended Mn, Si, Al and for dissolved Si, Al,
Ca, Mg, and K.
Furthermore, regulation of the Lule River led to dilution of the fraction of the base flow in
reservoirs, thus lowering Fe concentrations during winter. Longer residence times in reservoirs,
compared to in natural lakes, imply efficient mixing of surface and groundwater, favouring P
adsorption on Fe-oxyhydroxides. Plankton growth was possibly attenuated as particulate P did
not increase during summer compared to the Kalix River. Trapping of water in the reservoirs
appears to result in aging of organic material mirrored in high particulate C/N ratios in the
river water, which is likely to affect the biological community of the river and of the Gulf of
Bothnia.
Sampling in the two rivers was performed during different years, but both covered a complete
annual cycle. Although we know that geochemical patterns can vary from one year to another,
especially in the Lule River, where the discharge partly depends on the electricity demand, we
believe that radical seasonal changes in the geochemistry of the Lule River can be detected
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using the Kalix River as a reference. Seasonal geochemical patterns of the Kalix River are
virtually undisturbed by human activities and would, therefore, follow similar annual cycles
each year. Furthermore, meteorological variables during the studied years were comparable in
both rivers.

4.2. Effects of regulation on the hyporheic exchange in the Lule River
Previous work related to modification of the river water flow patterns and its geochemistry by
hydropower regulation was here extended to the effects of river regulation on the hyporheic
zone. Non-natural exchange between the Lule River and the subsurface was observed
simultaneously with a clogging layer at the river bed, likely promoted by a diminished spring
peak and a smoothed seasonal discharge with frequent oscillations, which altogether restricted
water movement between the river and the aquifer.
Frequent river level oscillations temporally reversed the flow across the river-aquifer interface
and thus also influenced the size of the hyporheic zone. Even though unregulated rivers in
Northern Sweden remain gaining most the year, the Lule River recharged the aquifer during
10% of the time and the flux across the river-aquifer interface was negligible around 2% of the
time. The flow volume towards the aquifer was 3% of the total flow across the interface.
Fluxes based on hydraulic conductivity and gradient orthogonal to the river (Figure 12) were
similar to those based on seepage measurements (e.g. 0.004±0.001 and 0.007±0.004 m d-1,
respectively). Oscillating river levels (typically twice a day ±0.15 m) were reflected in
groundwater stages 25 m away from the river with a time lag of 3-4 hours.

Figure 12. Water level in the Lule River and orthogonal water flux across the river bed and
the riparian plain during June-October 2012 based on the hydraulic gradient between L5 and
the river (KE = 0.13 m d-1) and L5 and L25 (K = 0.15 m d-1). Positive fluxes indicate flow
towards the river.

23

Seepage fluxes varied laterally between 0.003 and 0.045 m d-1 (Figure 13) at one occasion,
being larger at the sandy/gravel outwash upstream and closer to MSL, and lower in deeper and
vegetated areas. All seepage fluxes were positive during the measurement occasion; the average
flux from the devices No. 4-10 (closest to the monitoring transect) was 0.006 m d-1.

Figure 13. Lateral variations of seepage flux and equivalent hydraulic conductivity (m d-1)
obtained on 2012-10-08 along the monitoring reach (using ∆h/∆x=0.02 measured at the
transect for determination of KE). Average flux with standard deviation (10-3 m d-1) obtained
from all measurements together with number of measurements (#) and location of the wells L1
and L2 are shown. Natural neighbor interpolation method used for interpolation of the values.
Temperature observations in the hyporheic zone showed no effect of the variable flow
directions across the river bed suggesting that conductive heat transfer dominated over
advective transfer. However, the electrical conductivity in the hyporheic zone was influenced
by the river level variations and decreased during the falling stages. This is described using a
conceptual sketch (Figure 14) and a simple linear model:

𝑑𝐸𝐶

𝑑𝐸𝐶 𝑑𝑅𝑊𝑆
=
𝑣𝑎𝑟 + 𝑖 ∗ 𝐶
𝑑𝑡
𝑑𝑡

where ( 𝑑𝑡 ) is changes in electrical conductivity, (

𝑑𝑅𝑊𝑆
𝑑𝑡

(7)

) is changes in the river water stage, i is

the hydraulic gradient between the river and the groundwater (L5), and var is a variable that
increased from 0 to 35 during the period (as a first assumption this increase was attributed to
higher biological activity due to increased temperature in the hyporheic zone during the
period from July to September).
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Average portions of surface water in the hyporheic zone as a result of river water intrusions
were 31%, 14%, and 2% at 1, 2 and 5 m distances from the river, respectively, and the portions
varied temporally. This was in contrast to natural systems where the river water volume in the
subsurface is more stable with time than in regulated rivers.

Figure 14. Conceptual model of river water intrusion into the hyporheic water as a result of
increased river water level followed by its decrease. Shades of grey stand for different electrical
conductivity: dark – high, bright – low.

4.3. Discussion
Studies of surface water and groundwater should be performed utilizing multiple methods. In
this thesis two interrelated compartments, i.e. surface water and hyporheic zone, are shown to
be affected by obstruction of the river water by dams. River discharge variations, in regulated
rivers, force also the direction of the water flow between the river and the aquifer to change
frequently. This, together with the altered surface river water geochemistry, implies severe
stress on the ecosystem. Although it is not possible in this study to evaluate the effects on the
geochemistry of the hyporheic zone of the Lule River, presence of the clogging layer,
extended residence time, and increased electrical conductivity suggest deficient oxygen supply
(or enhanced oxygen consumption) and presence of “hot spots” (McClain et al. 2003; Stelzer et
al. 2011). Artificially reduced conditions imply alterations of the geochemical functions of the
hyporheic zone, which can provoke further changes in surface water geochemistry posing
ecosystem’s health to risk, especially in areas where regulated rivers flow across protected
natural landscapes and/or are used for drinking water supply. Vast hydropower use and high
pressure on natural ecosystems bring interfaces between rivers/lakes and aquifers into a modern
research/management focus. Their importance can no longer be neglected and must be
considered during restoration, engineering, and related environmental (research) projects at
various scales.

4.4. Conclusions
Regulation of the Lule River caused a range of hydrological and geochemical changes that
may have severe implication for a wide range of ecosystem functions. The most pronounced
impacts evaluated in this study are:
•
•

River water discharge alterations: maxima were halved while minima increased 2.5
times compared to the unregulated scenario.
Shift of geochemical transport from spring to winter implying changes in nutrient
supply regime for the Gulf of Bothnia.
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•

•
•
•
•
•

Decreased iron concentrations throughout the year (mainly dissolved) demonstrating
effects of dilution in reservoirs and possible alterations of the river-groundwater
exchange.
Elevated suspended C/N ratio indicating transport of older organic material in the
river.
Deteriorated river bed conditions due to the formation of a clogging layer.
Frequently variable river discharge and presence of a clogging layer alter the hyporheic
exchange.
Modified hyporheic exchange affects the extent, the hydrologic regime, and the
geochemical balance of the hyporheic zone and thus poses a threat to hyporheos.
Modified hyporheic exchange may have severe implications for the biogeochemistry of
the river.
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5. FUTURE WORK
Hydrogeochemical status of the surface water and water exchange between the river and the
aquifer provided a basis for investigations of geochemical processes within the hyporheic zone.
The geochemical data that was collected in the river and the groundwater at the two sites
(regulated and pristine) from June 2010 until September 2011 will be analyzed. Sample
collection included dissolved phase of major and trace elements, dissolved and particulate
organic carbon, NH4, NO3, total N, PO4, and total P. Preliminary results corresponded to the
electrical conductivity and showed increased metal concentrations and deficient nitrate (and
thus oxygen) in the hyporheic zone of the Lule River. This was in contrast to the hyporheic
zone of the neighboring pristine Kalix River, which was depleted in metals and enriched in
oxygen.
Topography of the river bed plays a key role in the river hyporheic exchange. Spring floods in
natural rivers redistribute sediments on the river bed and thus modify the hyporheic exchange
pattern. In regulated rivers, this may occur in response to the frequently variable discharge
pattern. A sediment transport study is planned in the Lule and Kalix Rivers to investigate the
effects of hydropower regulation on the sediment distribution on the river bed, and thus the
hyporheic exchange.
Initial work was previously performed on developing a groundwater flow model on the riveraquifer interface. Now, when additional information on the spatial variation of hydraulic
conductivity is available, simulations of hyporheic processes (water fluxes, heat, and mass
transport) using FEFLOW can be completed.
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Abstract
Using hydrogeochemical analysis of two boreal rivers (pristine Kalix and regulated Lule River)
discharging into the Gulf of Bothnia we investigated effects of regulation on river
geochemistry. For the Lule River, the average maximum runoff was almost halved, while the
average minimum was tripled as a result of the regulation. The fraction of winter transport of
total organic carbon, Fe, Si, suspended Mn and P in the Lule River was, according to a
conservative estimate, two to three times higher than in the pristine river. During summer, the
suspended C/N ratio in the regulated river was 10-20 compared to <10 for the pristine,
suggesting presence of predominantly old organic material. This is supported by a virtually
constant suspended P/Fe ratio throughout the year in the Lule River, indicating low
abundance of phytoplankton. Hence, a pronounced impact on the ecosystem of the river and
the Gulf of Bothnia is expected.

1. Introduction
Hydropower has for many years been considered a green source of energy (Abbasi and Abbasi
2011). However, negative effects of river regulation on aquatic and terrestrial ecosystems are
becoming evident (Renöfält et al. 2010). Surface water regulation raises general environmental
issues such as flow transformations (Koch 2002), river-bed modification, intense sedimentation
in the reservoirs (Osmundson et al. 2002), and harmful effects on aquatic and riparian
ecosystems (Jansson et al. 2000).
Although the effect of hydropower regulation on the river flow regimes is well documented,
studies on changes of dissolved and particulate major and trace element transport are few.
Assessment of spatial and temporal geochemical variations in regulated rivers has been
performed in the large Tibetan rivers (Huang et al. 2009), in boreal rivers of Canada (Rondeau
et al. 2005) and Scandinavia (Brydsten et al. 1990). However, diverse effects of hydropower
regulation on the river element transport are still poorly understood (Humborg et al. 2008).
Nearly all major rivers in Scandinavia are regulated for hydropower purposes (Dynesius and
Nilsson 1994). The Lule River is the largest regulated river in Northern Europe in terms of
produced energy. The hydrology, geochemistry and ecology of the river were studied
previously, exemplifying the effects of hydropower on a variety of natural processes (Carlsson
and Sanner 1994; Jansson et al. 2000; Jonsson and Wörman 2005).
The silicon transport from the headwaters (the upstream mountainous areas mainly above the
tree line, 800 m.a.s.l.) was found to be lower in the Lule than in the neighboring pristine Kalix
River, despite higher specific discharge of the former (around 20%), and similar geological and
climatological conditions in both catchments (Humborg et al. 2002; Humborg et al. 2006).
This confirmed earlier results by Brydsten et al. (1990) and Conley et al. (2000), who
independently compared outlet Si concentrations of regulated and unregulated rivers in
Scandinavia and attributed the changes in regulated rivers to sedimentation in reservoirs,
promoted diatom growth and decreased erosion due to the smoothed discharge pattern.
Construction of large reservoirs in the Lule River inundated thousands of hectares of
productive riparian forests and wetlands adjacent to the former river channel (Carlsson and
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Sanner 1994) and this was considered one of the dominant factors affecting the riverine
transport of Si and TOC (Smedberg et al. 2009). A reconstruction of pre-regulation conditions
in the Lule River using a deterministic model showed both smoothing of nutrient loads
throughout the year and a 25% reduction of total silicon fluxes in the dammed versus
undammed scenario (Sferratore et al. 2008).
The current paper extends previous knowledge about transport of mainly Si and TOC in the
regulated Lule and pristine Kalix Rivers to other nutrients and trace metals. We show that
transport of major chemical constituents has shifted from spring, for pre-regulation conditions,
to winter after regulation, with far-reaching impact on riverine geochemistry.

2. Study area
Starting in the Caledonides in northern Sweden, the Lule River flows south-eastwards into the
Gulf of Bothnia in the Baltic Sea (Figure 1). It has two branches, the Big and the Little Lule
Rivers, which merge approximately 120 km upstream of the river mouth. Located towards the
north-east, the catchment of Kalix River, one of the last large pristine rivers in Europe, is used
as a reference in this study.

Figure 1. Map of the Lule and Kalix River catchments.
2.1. Climate and topography
The climate is boreal sub-arctic, with hardly any permafrost. Monthly average temperatures are
similar in the catchments, and range from -15oC in January to +14oC in July (Raab and Vedin
1995). The Lule River is ice-covered from December to April, while the Kalix River freezes
several weeks earlier and remains frozen slightly longer. Rainfall within both catchments
gradually decreases from the Caledonides towards the Gulf of Bothnia, on average from 1 500
to 400 mm yr-1 (Carlsson and Sanner 1994). The evapotranspiration rate averages between 100
and 450 mm yr-1 with higher rates towards the Gulf (Eriksson 1981). Approximately 50% of
the annual precipitation falls as snow; thus the major hydrological event within both
catchments is the spring snowmelt (Ingri et al. 2005). The Lule River watershed is slightly
steeper than the pristine one. A quarter of the regulated catchment and 10% of the pristine is
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situated above the tree line where mean annual precipitation exceeds 1 000 mm (Sferratore et
al. 2008).
2.2. Geology
The north-western part of both catchments is located in the 0.4 Ga-old Caledonides, where
the bedrock is dominated by schist, quartzite and amphibolite with minor intercalations of
dolomite and limestone. The 1.8-1.9 Ga-old Precambrian basement east of the Caledonides
covers most of the catchment and consists mainly of volcanic and plutonic rocks (Gaal and
Gorbatschev 1987). In upstream parts of the Lule River intercalations of marble occur (Kulling
1982), with sparse dolomite and limestone outcrops in the vicinity of Torneträsk. No major
differences were observed between the bedrock types of the two catchments with respect to
their chemical influence on water composition (Humborg et al. 2004; 2006). The Quaternary
sediments of the two catchments are mainly composed of till with well-developed podzol
profiles (Fromm 1965).
2.3. Vegetation and land cover
Both rivers are located in the boreal zone with predominant taiga-type vegetation (deciduous
shrub) in the upstream part, and mainly coniferous and birch forests in the downstream
woodland area. Forests cover 48% and wetlands 14% of the Lule River catchment with slightly
higher percentages for the Kalix River (Table 1). The headwaters are sparsely vegetated and
covered with thin soils. For the Lule River, part of the biologically highly productive
headwater areas covered by wetlands (11%) and deciduous forests (37%) became inundated or
bypassed as a result of the regulation. These areas constituted 3% (Humborg et al. 2002;
Smedberg et al. 2009) to 1.5% (Carlsson and Sanner 1994) of the total catchment area.
2.4. Hydrology
The major human impact on the hydrological cycle of the Lule River is obstruction of the
flow by dams, which reduces the spring peaks and increases the winter flow. Large reservoirs
are located in the upper section of the river, while reservoirs closer to the Gulf of Bothnia are
comparably small (Forsgren 1990). The degree of regulation (i.e., the portion of the total
annual runoff that can be stored in the reservoirs) is more than 70% (Figure 2) and the
residence times in the reservoirs vary from less than a day to almost a year. The 25 300 km2
Lule River catchment has a mean annual discharge of around 500 m3 s-1 (Table 1). The Kalix
River receives approximately 57% of its water through the Tärendö bifurcation from the
pristine Torne River (Figure 1). The area of the combined catchment is approximately 23 600
km2 and the mean annual discharge is slightly above 300 m3 s-1.
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Figure 2. Daily discharge rates for the Lule (lower panel) and Kalix Rivers (upper panel)
(Vattenweb 2013). Degree of regulation for the Lule River is shown on the time axis
(Forsgren 1990).
Table 1. Major catchment characteristics of the Lule and Kalix Rivers (data for the studied
years are shown in parenthesis).
Previous studies

Vattenweba and this study

Lule River

Kalix River

Lule River

Kalix River

25 110b

23 600b

25 300

23 600

25b

10b

-

-

Till (%)

48c

53c

46d

51d

Forest (%)

48b

65b

46d

55d

Wetland (%)

14b

20b

-

-

-

2.9c

4a

4a

Average soil depth (m)

6.0e

7.6e

-

-

Total lake area (incl. reservoirs) (%)

7.8c

2.9c

10a

4a

Average annual discharge rate (m3 s-1)

538b

320b

486 (557)f

319 (335)f

Specific discharge (L km-2 s-1)

21.4

13.5

21.1 (24.1)

11.2 (11.8)

Drainage area (km2)
above vegetation line (%)

Natural lakes (%)

a

Vattenweb (2013); b Sferratore et al. 2008; c Humborg et al. 2004; 2006 (based on the Kalix River
watershed area of 17 994 km2); d European Environmental Agency (2012); e Smedberg et al. (2009); f
The studied years covered 14 months and the annual average discharge was determined using the
averages for the initial and last two months.

Before the regulation natural lakes covered about 4% and 6% of Kalix and Lule River
catchments, respectively (Table 1). After the regulation of the Lule River, the total lake
fraction (including reservoirs) increased to 10%. Of the remaining 4% natural lakes, more than
half are located upstream of the headwater reservoirs (Carlsson and Sanner 1994; Vattenweb
2013).
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Both rivers are thus fairly similar with respect to their original hydrological, meteorological,
land use, vegetation and geological characteristics (even if the precipitation and thus the runoff
of the Lule River are larger) and are therefore suitable for comparison.

3. Materials and methods
3.1. Runoff
Runoff data from Vattenweb (2013) were used to: a) assess long-term trends for the rivers; b)
seasonal differences in flow pattern between them; c) differences between the average year and
the years with geochemical observations; d) differences between pre and post regulation for the
Lule River. For a), data from Räktfors (Kalix River) and from Boden power station (Lule
River) during 1937-2010 were used; for b)-d), 20 years of measurements (1990-2009) from
the river mouths were used together with pre-regulation modeled data for the Lule River.
3.2. Sampling
The seasonal variations of the geochemical parameters in the Lule River were studied at Boden
power station, and in the Kalix River at Kamlunge, both located approximately 30 km from
the mouth (Figure 1). The sampling campaigns in the two rivers were designed during
different time periods and thus differ slightly in their procedures. Annual geochemical cycles
were investigated from May 2000 to June 2001 in the Lule River (Collomp 2001; Drugge
2003) and from May 1991 to June 1992 in the Kalix River (Ingri 1996; Ingri et al. 2005).
Thus, the sampling programs in the two rivers covered a complete annual cycle (14 months).
Sampling was performed weekly during the spring flood period (May – June) and bi-weekly
during the rest of the year. Dissolved constituents were collected after filtration performed in
the field, with two filters mounted in parallel (Millipore filters with a diameter of 142 mm and
a pore size of 0.22 µm in the Lule River and 0.45 µm in the Kalix River, locked in Geotech
polycarbonate filter-holders). The samples for dissolved constituents were collected in acidleached polyethylene bottles before filter clogging, and conserved with suprapur HNO3.
3.3. Geochemical analytical methods
Temperature, pH, electrical conductivity and dissolved oxygen (DO) were measured in-situ
with a Hydrolab Surveyor II water quality probe. Major dissolved elements (Ca, Mg, Na, K)
and S were analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
High-resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS) was used for all
other elements. Concentrations of Cl, NO3, NH4 and PO4 were determined by ion
chromatography.
For suspended major elements, two filters with the suspended fraction of the river water
(>0.22 µm for the Lule River and >0.45 µm for the Kalix River) were wet-ashed in
concentrated suprapur HNO3 in platinum crucibles at 75oC, and then dry-ashed at 550oC. The
ashed inorganic matter was weighed with a precision of +/-10%, and fused with lithium
metaborate in graphite crucibles at 1 000oC. The formed beads were dissolved in 10% suprapur
HNO3 (Burman et al. 1978), and Si, Fe, Mn, and P were then determined by ICP-AES. The
same procedures were applied to blanks in order to detect any contamination. Blank values for
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the sampling period in the Lule River were always less than 5% of the measured
concentrations. Analytical errors were less than 10% expressed as standard deviation (EPA
200.7 and EPA 200.8).
Samples (12.5 mL) for total organic carbon (TOC) collected in Falcon plastic tubes were
acidified with 100 μL 2 M HCl and subsequently analyzed using a Shimadzu TOC-5000 hightemperature combustion instrument. For particulate organic carbon (POC), 25 mm glass
microfiber filters (Whatman GF/F, pore size 0.7 μm) mounted in a stainless steel filter holder
were used. Analyses for POC were performed with a Carlo Erba 1108 high-temperature
combustion elemental analyzer at a temperature of 1 030ºC.
3.4. Normalization
Filtered phase
To avoid dilution effects that may complicate the interpretation of processes in river
catchments, normalization with Mg can be used (Ingri et al. 1997). Dissolved Mg is mainly a
product of silicate weathering, and is assumed to be hydrogeochemically conservative in the
studied environment (Ingri et al. 2005). Fairly uniform levels of Mg are also maintained due to
its low biological demand compared to availability in natural waters (Ponter et al. 1992). Thus,
Mg-normalization was applied to show temporal variations in the dissolved (filtered) phase not
related to dilution effects.
Suspended phase
Suspended matter in rivers is a mixture of detrital particles, organic matter and authigenic
phases (e.g., Fe-Mn oxyhydroxides). Both rivers showed a strong linear correlation between
suspended concentrations of Al and Ti. The Al/Ti ratio (0.063) was close to the one for local
till (0.079, Öhlander et al. 1991) and for “average particulate world river” (0.06, Martin and
Whitfield 1983), indicating that these elements reflect the detrital phase. In this study, Al is
therefore used as a normalizing element for the suspended phase.
3.5. Transport calculations
River transport was estimated as concentrations multiplied by the river discharge for the same
period. Monthly transport was derived by averaging sampling occasions during respective
months, where equal weights were assigned for each sample. Total transport is the sum of all
months during the sampling period. Seasonal transport was calculated based on subdivision of a
year as follows: spring was assigned for May-June, summer – July through October, winter –
November through April. Note that hereafter autumn months are merged with summer.
Specific transport was derived as the total transport divided by the catchment area.
3.6. Data analysis methodology
Hydrological and geochemical data were processed using Mann-Whitney non-parametric twosample rank test to compare medians of the sample populations and calculate corresponding
confidence intervals. The two data sets were independent, random and assumed having equal
variances (Mann and Whitney 1947; Wilcoxon 1945). This test was chosen due its robustness
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and the fact that the spacing between the values of geochemical data could not be assumed
constant (Conover 1980). This testing showed statistical difference between most of the
geochemical time series from the two rivers (Table 2).
Table 2. Summary of the non-parametric two-sample Mann-Whitney rank test with 95%
confidence interval for major parameters analyzed in this study. CI – confidence interval, n –
number of samples, Q – discharge, L – Lule River, K – Kalix River.
n

Median

CI

p-value

L

K

L

K

min

max

8193

8035

466

180

247

258

<0.0001

Discharge sampling days (m3 s-1)

36

92

683

421

195

383

<0.0001

Discharge monthly averaged (m3 s-1)

12

12

511

341

30

398

0.0346

Discharge regulated vs preregulated (m3 s-1)

269

264

470

345

78

159

<0.0001

EC (mS cm-1)

36

92

0.019

0.037

-0.02

-0.01

<0.0001

pH

36

92

7.00

7.00

0.03

0.18

0.0049

DO (mg L-1)

33

91

12.40

12.80

-0.97

0.36

0.2956

Temperature (oC)

36

85

5.30

6.50

-2.54

1.68

0.7125

Si/Mg

36

92

2.26

2.66

-0.56

-0.10

0.0064

Fe/Mg

36

92

0.22

0.44

-0.28

-0.15

<0.0001

Mn/Mg

36

92

0.007

0.009

-0.003

0.001

0.3361

Al/Mg

36

92

0.030

0.020

-0.005

0.008

0.7087

Ca/Mg

36

92

4.45

4.22

0.14

0.46

0.0003

Fe/Al

36

90

3.06

6.41

-5.68

-2.94

<0.0001

Mn/Al

36

90

0.09

0.15

-0.10

-0.04

<0.0001

P/Al

36

90

0.08

0.12

-0.09

-0.04

<0.0001

Si/Al

36

90

4.11

4.01

-0.35

0.19

0.6060

P/Fe

36

90

0.024

0.018

0.004

0.008

<0.0001

TOC (mg L-1)

36

81

4.20

4.65

-1.40

-0.10

0.0200

POC (mg L-1)

36

88

0.32

0.25

-0.03

0.09

0.3740

C/N

34

88

11.56

9.59

1.43

2.60

<0.0001

Discharge (m3 s-1)
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4. Results and discussion
4.1. Discharge alterations by regulation
The flow pattern for the Lule River has been severely altered by the regulation; water from
snow melt is stored in the reservoirs and later released, thus cutting the flow peaks and raising
the low flows. The Kalix River has remained undisturbed (Figure 2). The highest and the
average annual maximum fluxes (based on daily average) were almost halved, while the lowest
and the average annual minimum were about 2.5 times higher than prior to the regulation
(Table 3). The ratio between fluxes during spring snow melt (May-June) and during the rest of
the year for the Kalix River was almost 3.0 and for the Lule River it changed from around 1.8
before the regulation (modeled) to around 1.4 after regulation (Table 4).
Table 3. Lule River (1990- 2009) flow characteristic before and after regulation (Vattenweb
2013).
Pre-regulated (m3 s-1)

Regulated (m3 s-1)

Ratio

Highest discharge

2 150

1 190

0.5

Average annual highest
discharge

1 582

897

Average annual lowest
discharge

111

304

Lowest discharge

76

187

Type of discharge

0.6
2.7
2.5

Unfortunately, measurements from the two rivers were not available from the same year,
making a direct comparison between the transport of nutrients and metals complicated.
However, if the two compared years are “typical” years in terms of hydrology, such a
comparison can be justified.
For the Kalix River, the average flux for the studied period was about normal (+5%) (Figure 3;
Table 4). The flux for October-November was, however, outside of the confidence interval
and was 60-70% higher than normal. For the Lule River, the monthly average flux for the
studied period was 15% above the 20-year average and May-June exceeded it by 20%.
Modeled pre-regulation discharge of the Lule River was significantly higher (Figure 3; Table
2) in July-August and lower in December-April than the 20-years average. The fact that the
winter flux for the Kalix River and the spring flux for the Lule River are higher than normal
during the studied years is likely to lead to underestimation of seasonal differences in nutrient
and metal transport in the two rivers. Detailed comparison of nutrient transport in the two
rivers is thus not possible. Therefore, the main focus here is a comparison of seasonal
geochemical differences between the rivers.
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Table 4. Average river mouth fluxes (m3 s-1) for the Kalix and Lule Rivers on an annual basis,
during spring (May–June), and the rest of the year (July–August). Discharge data from
Vattenweb (2013).
Regulateda
Yearc

May to
June

Pristinea/pre-regulatedb

July to
April

Ratiod

(m3 s-1)

Year

May to
June

July to
April

(m3 s-1)

(-)

Ratiod
(-)

Lule River
Year 00/01

557

788

497

1.58

567

912

498

1.83

Average year

486

656

452

1.45

480

765

422

1.81

-

-

-

335

704

289

2.44

-

-

-

319

784

269

2.92

Kalix River
Year 91/92
Average year
a

Measured;

b

Modeled;

c

From May to May;

d

(May–June)/(July–April)

Figure 3. Monthly averaged discharge with confidence interval for the Kalix River (20-years
measured 1990-2009; monitoring period 1991-1992) and the Lule River (20-years measured
and pre-regulated modeled 1990-2009; monitoring period 2000-2001) (Vattenweb 2013).
Standard deviation for the pre-regulated discharge denoted by error bars.
4.2. Electrical conductivity, pH, DO and temperature
Electrical conductivity in the Kalix River followed a natural pattern reaching its peak right
before the snowmelt (Figure 4a). Groundwater, the primary source of water for the river in
winter, is rich in dissolved constituents and thus contributes to the high electrical conductivity
during winter. The Lule River had overall lower conductivities but showed no distinct
seasonal pattern. Lower electrical conductivity values in the Lule River were mainly the result
of a greater proportion of surface runoff, which diluted the groundwater component.
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Figure 4. Seasonal variation of electrical conductivity (a); pH (b); dissolved oxygen (c); water
temperature (d) in the Lule (2000-2001) and Kalix Rivers (1991-1992).
In the Kalix River pH was close to neutral throughout the year except for the drop during
spring flood (pH ∼6.5) and the summer maximum (pH ∼7.3). Organic acids that flush from the
mires and the riparian zone during snowmelt are responsible for the pH decrease during spring
flood (Ingri 1996). In the Lule River no obvious trend existed and pH ranged between 6.5 and
8.0 (Figure 4b), probably due to an inhibited flush from the riparian zone after snowmelt.
Dissolved oxygen was depleted (85–95% saturation) in both rivers during the winter flow.
Summer saturation exceeding 100% in the Lule River was likely to reflect intense primary
production in reservoirs (Figure 4c).
Temperature in the Kalix River reached a maximum in July (19°C) and was close to 0oC
during November-April (Figure 4d). The same general trend was seen in the Lule River.
However, temperature was slightly higher during winter and cooler during summer due to
discharge from the reservoirs with smaller annual temperature amplitude. Though, there was
no statistical difference (CI 95%) for dissolved oxygen and temperature in the two rivers (Table
2).
4.3. Major dissolved elements
In general, median concentrations of dissolved constituents in the Lule River were lower than
in the Kalix River (Figure 5), which is consistent with the lower electrical conductivity (Figure
4a).
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Figure 5. Box plots showing distribution of major element concentrations (µg L-1) in the Lule
and Kalix Rivers.
In the Kalix River most of the dissolved concentrations such as Ca, Na, K, S (data not shown),
and Mg and Si (Figure 6a, b) were diluted during the spring melt, with maximum levels
occurring during winter base flow. In contrast, concentrations in the Lule River showed much
less seasonal variation (Figure 6a, b). Iron and Mn peaked simultaneously with the increased
autumn discharge and spring and autumn lake turnover in both catchments. While Mn showed
fairly similar concentrations in both rivers (Figure 6d), Fe was significantly lower in the
regulated river (Figure 6c).
The Si/Mg ratio increased during spring flood in the Kalix River, which can be explained by
inflow of Si-enriched woodland water (Ingri 1996; Engström et al. 2010). This increase was
also visible in the Lule River during the maximum discharge (Figure 7a), indicating that
processes downstream the large reservoirs are similar to those in the pristine river. Autumn
depletion in Si/Mg ratio could be related to diatom growth in the downstream part of the Lule
River (House et al. 2001; Ingri et al. 2005), while Humborg et al. (2002) showed that Si
reduction through a diatom bloom in the headwaters can be ruled out. Longer water residence
times in reservoirs of the Lule River postponed the occurrence of Si minima.
A rise in the Si/Mg ratio in both rivers in late autumn was related to diatom degradation and
was lower in the regulated river, as confirmed by Sferratore et al. (2008). A relatively constant
Si/Mg ratio in the Kalix River during winter resulted from groundwater inflow, with
weathering as the main source of both Si and Mg. This is also confirmed by enrichment in
heavier Si isotopes prior to the spring flood (Engström et al. 2010), i.e. Si derived from nonbiogenic sources. In the regulated river, discharge of water from different sources (mixed in
different proportions in the reservoirs) kept the Si/Mg ratio oscillating during winter.
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Figure 6. Seasonal variations of filtered (dissolved) major (Mg, Si) and trace (Fe, Mn) element
concentrations in the Lule (2000-2001) and Kalix Rivers (1991-1992).
The Fe/Mg ratio (Figure 7b) was generally lower in the regulated river. Peaks of Fe/Mg
occurred in the two catchments during the spring flood, although they were less pronounced
in the Lule River. The major source of dissolved Fe during winter flow is oxygen-deficient
groundwater. Thus, the Fe concentration was lower in the Lule River due to mixing with a
larger portion of surface water resulting in dilution (Figure 6c and 7b). Lower dissolved Fe
concentrations might also be caused by precipitation of Fe-oxyhydroxides. Iron sulfide
formation in reservoir sediments is unlikely, as the entire water column in the large reservoirs
is well oxygenated (Humborg et al. 2004) and Mn-oxyhydroxides are enriched in the upper
sediment profile (Drugge 2003).
The Mn/Mg ratio showed double maxima during spring in both rivers (Figure 7c), indicating
flushing of Mn from the woodland mires (Ponter et al. 1992; Ingri 1996), and formation of a
colloidal fraction with Fe carriers prior to the spring flood (Ingri et al. 2005) and organic-rich
colloidal matter from the top soil during the spring flood (Dahlqvist et al. 2007). Summer and
autumn peaks of dissolved Mn occurred in both rivers and were attributed to the turnover of
lakes, when dissolved Mn from bottom waters was redistributed in the water column. The
slightly larger portion of lakes in the Lule River catchment would suggest a stronger Mn/Mg
peak during autumn. However, there was no statistical difference (CI 95%) between the rivers
(Table 2), suggesting that the signal is damped by the mixing effect in the reservoirs.
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Figure 7. Seasonal variations of Mg-normalised dissolved concentrations of Si, Fe, Mn, and Al
in the Lule (2000-2001) and Kalix Rivers (1991-1992).
Aluminum, a product of silicate weathering, similarly to Mn, forms colloids with both Fe and
C carrier phases and the main trend for the Al/Mg ratio was similar in both rivers (Figure 7d).
The multiple peaks in Al/Mg ratio in the Lule River in June was probably related to the
discharge of the Fe-rich water which corresponded to a single peak in the Kalix River during
May. Although non-parametric statistical analysis failed to show that Al/Mg ratios in both
rivers were different (Table 2), the irregular pattern in the Lule River suggests effects of
damming.
As indicated above, the geochemistry of the rivers is strongly related to the origin of the
recharge waters. Two main geochemically distinct water sources can be distinguished in the
catchments – the woodland and the mountainous (Caledonian) regions. The former is
dominated by wetlands, coniferous forests and peat cover, and has high a Si/Mg and a low
Ca/Mg ratio. The latter is dominated by bare rock, till above the tree line, lakes and carbonate
rocks, resulting in lower Si/Mg and higher Ca/Mg ratio (Humborg et al. 2004).
In the Kalix River the spring and summer waters were characterized by woodland and
mountain signatures, respectively, while both ratios (Si/Mg and Ca/Mg) were relatively high
during winter (Figure 8) (Ingri et al. 2005; Engström et al. 2010).
In the Lule River the water composition varied strongly within each season and the largest
spread was found during summer due to water discharge from different hydrological

53

compartments (Figure 8). Still, a pronounced input of mountain water was noticeable due to
the larger fraction of headwater areas (Figure 1).

Figure 8. Mg-normalized ratios of Si and Ca for both rivers plotted together with average
monitoring data from 1985-1992 (Swedish Environmental Protection Agency) from stations
representing woodland (Övre Lansjärv) and mountainous (Jukkasjärvi) regions. Data are
grouped into spring (May-June), summer (July-October) and winter (November-April) flows.
Analysis of the dissolved phase data suggested that the differing filter pore sizes in the two
studied rivers did not affect the filtrate concentrations of the major elements. Filtrate collected
from the Kalix river (<0.45 µm) could have incorporated more colloidal particles of Al, Fe and
Mn than that in the Lule River (<0.22 µm). The elevated content of Al, Fe and Mn in the
filtered samples is governed by a colloidal carrier phase that varies depending on the season
(Dahlqvist et al. 2007). Complexation of Al is as favorable as that for Fe, and much higher than
that of Mn. We would thus expect Al/Mg in the Lule River to be lower than in the Kalix
River and mimic the behavior of the Fe/Mg ratio. The Al/Mg ratios were similar, however,
suggesting that the colloidal fraction is comparable for the filtered phase of both rivers (Figure
7c, d). Although Al and Fe colloids possibly contributed to the filtered phase, the immediate
filtration and acidification of the filtrate in the field in both studies should have reduced the
risk of particle formation (Kennedy et al. 1974).
4.4. Particulate Fe, P, Mn and Si
There was a marked difference between temporal variations of the suspended Fe/Al ratio in
the two rivers (Figure 9a). In the Kalix River there was an increase in suspended Fe during
winter when the river was fed by anoxic groundwater precipitating Fe-oxyhydroxides (Ingri et
al. 1997). For the Lule River a large proportion of winter river runoff diluted the groundwater
and the suspended Fe/Al ratio did not show any marked seasonal variations (Figure 9a).
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Figure 9. Seasonal variations in suspended Fe/Al (a), Mn/Al (b), and scatter plot of suspended
Fe and P (wt-%) of ashed suspended load (c).
The seasonal variations in the suspended Mn/Al ratio were rather similar in both rivers (Figure
9b), with a lower summer peak for the Lule River. Variation of the Mn/Al ratio is
temperature dependent, and the phase shift between filtered and suspended Mn corresponded
to a temperature change in the Lule (Figure 10a) and Kalix Rivers (Ingri et al. 2005). At
temperatures about 12–14ºC during summer, suspended Mn/Al increased and filtered Mn/Mg
decreased, which was attributed to precipitation of Mn-oxyhydroxides catalyzed by the activity
of Mn-oxidizing bacteria (Pontér et al. 1992). The opposite phase switch occurred in October.
The suspended P/Al ratio for both rivers decreased during spring flood and peaked in February
to April (data not shown). The average P/Al ratio in the Kalix River was twice as high as that
in the regulated Lule River and was highly correlated to Fe/Al ratio (Kalix: R2 = 0.90; Lule:
R2 = 0.88), suggesting adsorption of phosphorus on Fe-oxyhydroxides (Ingri and Widerlund
1994). Suspended Fe and P, for different seasons, showed a clear correlation in the Lule River,
while in the Kalix River data were more scattered (Figure 9c). In both rivers, suspended P and
Fe concentrations were low during spring flood and high during winter. Elevated P values
were registered during summer in the Kalix River; a possible indication of plankton growth
not visible in the Lule River. Even though winter and spring flow data were fairly well
grouped for the Lule River (Figure 9c), summer values were spread and integrated into the rest
of the year. Sorption of P to Fe-oxyhydroxides was supported by high suspended P/Fe ratio in
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the Lule River in March-April (Figure 10b). In the Kalix River, with its much higher
concentration of suspended Fe during winter (Figure 9a), P/Fe ratio showed a minimum from
January to May (Figure 10b).

Figure 10. Seasonal co-variation of filtered Mn/Mg and suspended Mn/Al ratio and water
temperature in the Lule River (a); time-series of suspended P/Fe ratio in the Lule and Kalix
Rivers (b); phase changes of Si in the Lule River (c) and the Kalix River (d).
Diatom growth during summer usually results in increase of suspended and decrease of filtered
Si concentrations (Humborg et al. 2006), and these changes between phases were visible in
both rivers (Figure 10c, d). Slightly higher Si/Mg in the Kalix River during winter suggests
larger portion of groundwater rich in Si during base flow, while in the Lule River discharge
dominated by the stored summer runoff, with lower Si/Mg ratio.
Different filter pore sizes used (0.22 µm Lule River; 0.45 µm Kalix River) could also affect the
particulate concentrations of Al, Fe and Mn (Kennedy et al. 1974). However, comparison
between dissolved Al, Fe and Al showed no distinct difference between the two rivers,
suggesting the results from different filter pore sizes are comparable. Filtration on site in both
studies reduced the risk of particle formation in the solution prior to filtration, and a higher
flow rate due to the large filter area (diameter 142 mm) decreased the time the solution was in
contact with the filter and particulate matter on it (Horowitz et al. 1992).
4.5. Organic carbon and nitrogen
Total organic carbon is usually the major component in boreal rivers, with the dissolved
fraction being dominant (Pekka 2004; Ingri et al. 2005). Small stream catchments are usually
organic-rich in their upper hyporheic zones and contribute TOC at high groundwater levels
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during spring and autumn floods (Laudon et al. 2011; Lyon et al. 2011). A similar pattern was
found in the Kalix River, with clear TOC peaks in spring and in autumn, but not in the Lule
River (Figure 11a). Changed seasonal and diurnal river flow pattern periodically withholds and
activates fluxes from the riparian soils to the river and thus modifies riparian processes
(Humborg et al. 2002; 2004).

Figure 11. Seasonal variations of TOC (a), POC (b), POC/TOC (c) and C/N molar ratio (d)
in the Lule and Kalix Rivers.
Particulate organic carbon showed similar seasonal variations in both rivers, with slightly larger
fluctuations during summer in the Lule River (Figure 11b; Table 2). The POC/TOC ratio
suggests a larger portion of organic carbon in the Lule River to be in the particulate phase
compared to the pristine Kalix River (Figure 11c). The pattern for PON (data not shown) was
almost identical to that of POC in both rivers.
Particulate C/N ratios can be used to identify different sources of particulate organic matter in
natural waters (Thurman 1985). Allochthonous material is generally nitrogen-poor with higher
C/N ratio compared to autochthonous organic matter. Thus, winter ratios are usually higher
in natural boreal waters, consistent with the observed winter (above 10) and summer (about 8)
values for the Kalix River (Figure 11d). This suggests that degradation of autochthonous
organic matter occurs mostly in the Gulf of Bothnia (van Dongen et al. 2008). However, for
the Lule River the winter ratio was about 12 and the summer ratio oscillated between 10 to
17, suggesting that old particulate organic matter dominated in the river throughout the year,
supported by longer residence time (Vonk et al. 2008) and the observed lack of suspended P
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originating from summer plankton (Figure 9c). The Lule River has shifted from delivering
mainly autochthonous organic matter in summer to allochthonous organic matter throughout
the year, which likely influences the ecosystems of both the river and the Gulf of Bothnia.
4.6. River transport of TOC, Fe, Mn, Si, Al, Ca, Mg, K and particulate P
The flow alterations in the Lule River are reflected in the modified annual and seasonal
element transport in the river. The standard deviation of the calculated monthly averaged
fluxes did not exceed 20% of the total annual transport for the Kalix and 15% for the Lule
River, being the largest for suspended Al, Mg and K in both cases.
Higher specific transport of suspended Al and Si was observed in the Lule River than in the
Kalix River (Figure 12) which might be a result of higher shoreline erosion rates in the Lule
River reservoirs (Humborg et al. 2002; Humborg et al. 2004). A similar pattern was observed
for Ca, Mg and K. In contrast, no clear difference between the rivers could be seen for specific
transport of the filtered Si, being in good agreement with the study by Sferratore et al. (2008).
The Lule River showed lower transport of Fe in both phases, probably due to dilution of the
groundwater winter input (Figure 7b and 9a).
The larger specific transport of TOC in the Lule River than in the Kalix River was not
consistent with the results obtained by Smedberg et al. (2009). However, they did not include
the basin area connected through the bifurcation junction and thus overestimated the specific
TOC transport for the pristine Kalix River. The specific transport of dissolved Al, Mn, and
suspended P and Mn were similar for the two rivers.
The major effect of the river regulation on element transport in the Lule River becomes
obvious when different seasons are compared (Figure 13). The transport of TOC in the Lule
River, expressed as % of total annual transport, was three times higher during winter and
almost 20% lower during spring flood than that in the Kalix River. Similar patterns, not always
equally distinct, with larger fractions of winter transport in the Lule River, were found for
suspended Mn, Si, Al and dissolved Si, Al, Ca, Mg and K.
In our subdivision of the year into seasons, the spring season is defined as May–June. However,
the differences in seasonal flow before and after regulation for the Lule River would have been
even larger if we had included July in the spring season (Figure 3; Table 4). The observation
years had higher summer flow than normal for the pristine Kalix River and higher winter flow
than normal for the regulated Lule River. The resulting differences in seasonal transport are
therefore smaller than in the case of a year with normal flow and can be regarded as
conservative.
The shift in time when suspended matter, dissolved elements and nutrients are delivered to the
Gulf of Bothnia may have an effect on the biogeochemical conditions and nutrient availability
in the Gulf and in the river itself. Additionally, the increased discharge of fresh river water
during winter may favor stratification in the Gulf of Bothnia (Carlsson and Sanner 1995). The
risk of biogeochemical alterations of the Gulf is enhanced due to older organic matter supply
during the growing season, when a higher C/N ratio prevails in the Lule River.
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Figure 12. Box-plot of specific transport of Al, Fe, Mn, Si, Ca, Mg, K, particulate P and TOC
in the Lule and the Kalix Rivers (g yr-1 m-2); s – denotes suspended phase, d – dissolved.
The perturbed discharge pattern of the regulated river may cause accumulation of fine material
on the river bottom due to weak spring flushes (Blaschke et al. 2003). The resulting colmation
and reduction of connectivity between the river and the aquifer (Calles et al. 2007) implies
further alterations of the geochemistry of the river and the adjacent groundwater.
Analysis of river runoff under climate change scenarios by Graham et al. (2007) showed
increased water discharge, enhanced hydropower potential, larger amplitude and more
frequent discharge fluctuations, as well as one month earlier snow melt. A warmer climate will
also alter the demand for electricity, with increased demand for summer cooling and decreased
need for winter warming. A likely scenario is thus even more smoothed seasonal river water
discharge in regulated rivers and additional modifications of the geochemistry, less transport
during spring flood and more transport during the rest of the year.
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Figure 13. Bar diagrams of TOC, Mn, Fe, Si, Al, Ca, Mg, K, and particulate P seasonal
transport (% of total). Pie charts show the relation between total annual transport (t yr-1) of the
Lule (left part of the pie) and the Kalix Rivers (right). Standard deviation for each season and
specie is shown with error bars. The difference between the rivers was statistically significant
(CI = 95%) for spring and winter transport of TOC, suspended Mn, Si, Al and dissolved Si,
Al, Ca, Mg and K.

5. Conclusions – major effects of river regulation
Differences in the hydrogeochemical patterns between the regulated Lule and the pristine
Kalix Rivers are mainly a result of the Lule River regulation.
The runoff pattern of the Lule River has been changed drastically by storage of the water in
the reservoirs, resulting in diminished spring peak and increased winter discharge, which has
also shifted much of the river transport from spring to winter. This implies severely altered
element concentration patterns and material transport to the Gulf of Bothnia.
For the unregulated Kalix River, concentrations of dissolved major elements, suspended Fe
and P fall drastically during the spring flood and then increase gradually during the rest of the
year. For the Lule River, no pronounced seasonal variation was observed as a result of water
storage in the reservoirs from different hydrological events and sources. Generally lower
concentrations of major and trace dissolved elements were registered in the regulated river
compared to the pristine one. The summer season discharge of the Lule River was dominated
by older organic material with C/N ratio above 10. Longer residence time in the reservoirs of
the Lule River likely promoted enhanced adsorption of P on colloidal Fe. Plankton growth (or
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its signal) was possibly attenuated, as particulate P showed no increase during summer relative
to Fe.
Almost all investigated species showed a lower spring transport fraction in the Lule River than
in the Kalix River. The portion of spring element transport in the Lule River was about half
of that in the Kalix River, while the portion of winter transport was up to three times larger in
the Lule River. Provided that the findings for the Lule River are representative for other
regulated rivers discharging into the Gulf of Bothnia, the combined change of total and
seasonal delivery of nutrients to the Gulf of Bothnia may noticeably affect its biogeochemical
status.
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Abstract
Although widespread river regulation was acknowledged to modify river-aquifer interaction
and the hyporheic zone, influencing entire watersheds, knowledge of the hyporheic flowpath
along regulated rivers is limited. In the heavily regulated Lule River in Northern Sweden,
hydraulic conductivities of the river bed and the aquifer, water levels, and seepage were
measured to characterize water fluxes across the river-aquifer interface during one summer.
While pristine rivers in the area are gaining, the Lule River was recharging the aquifer during
10% of the time. During ~2% of the time the velocities across the river bed were negligible
(≤10-4 m d-1) and negative fluxes constituted ~3% of the total flux. Oscillating river levels
(typically twice a day ±0.15 m) stimulated frequent variation of the water fluxes across the
river bed and was also reflected in groundwater 25 m away. A clogging layer at the river bed,
likely formed due to the modified river discharge, restricted the river-aquifer exchange. The
hyporheic zone had higher electrical conductivity than that of a neighboring similar pristine
river and distant groundwater, and occasionally decreased following the falling river water
levels. Overall, hydropower regulation severely alters hydrological regime of the hyporheic
zone.

1. Introduction
Pristine rivers in Northern Sweden remain gaining throughout most of the year and corridors
adjacent to these rivers are thus mainly characterized by groundwater. This creates fairly
uniform conditions with relatively stable temperature, redox and pH gradient in the hyporheic
zone, an area just under and along the river where most of the exchange between river and
groundwater takes place (Boulton et al. 1998; Wondzell 2011) and fraction of surface water
exceeds 10% (Triska et al. 1989). Natural floods may drastically change the flow pattern in the
hyporheic zone, increasing the portion of river water in the subsurface. Good connectivity
between pristine rivers and groundwater is maintained by the prevailing groundwater outflow
into the river and by the distinct snow melt flow peaks that remove fine particles from the
river bed (Hancock 2002; Hanrahan 2008).
The connectivity can be severely altered when river water as a result of short time regulation is
pumped in and out the aquifer in unnatural manner (Arntzen et al. 2006) and when the spring
flood is damped by seasonal regulation of the river water. In Scandinavia only 16% of rivers
with mean annual discharge above 40 m3 s-1 and globally roughly a third remain unregulated
(Dynesius and Nilsson 1994; Nilsson et al. 2005). This turns regulation and fragmentation by
dams into the most widespread impacts on the world’s rivers (Jansson et al. 2000) and their
ecosystems to among the world’s most threatened (Renöfält et al. 2010). Additional pressure
on rivers through a hydropower boost can be expected as a result of the ambitions to reduce
emission of greenhouse gases by phasing out fossil fuels (Zhao et al. 2012) which in turn will
lead to further disturbances of the hyporheic processes (Humborg et al. 2008).
The conditions in the hyporheic zone differ from the conditions in the river and in the
adjacent aquifer. The interaction between surface water and groundwater occurs in response to
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e.g. variations in bed topography, in river water discharge, and in hydraulic conductivity of the
river bed and the aquifer. Hyporheic processes in natural rivers were rather well documented
during the last decades and it has been shown that the extent of the hyporheic zone varies with
e.g. stream order, season, morphology and characteristics of the river (Boulton et al. 1998;
Howard et al. 2006; Wondzell 2011) and is an important habitat for hyporheos, i.e.
invertebrates, stygobites, salmonid etc. (Dole-Olivier 2011). Hyporheic water exchange plays a
crucial role in controlling the hyporheic assemblage by dampening physico-chemical variations
that are functions of sediment permeability, oxygen concentration, nutritive status, and thermal
conditions (Murray et al. 2008). A larger area that represents the transition between aquatic and
terrestrial ecosystems is termed the riparian zone (Gundersen et al. 2010), which is usually
characterized by high water table and can be defined using vegetative or topographic criteria
(Nilsson and Berggren 2000).
Studies of hyporheic processes along regulated rivers are however rare (Hanrahan 2008) and
most of them are fairly recent (Arntzen et al. 2006; Sawyer et al. 2009; Gerecht et al. 2011;
McDonald 2012). Hyporheic exchange in regulated environments was acknowledged to be
heterogeneous due to the unnatural flow pattern (Hancock and Boulton 2005; Hanrahan 2008;
Gibbins et al. 2009). Overall deterioration of vertical connectivity, temporally unstable extent
of the hyporheic zone, alteration of groundwater tables and flow directions were also
documented for regulated rivers (Calles et al. 2007; Francis et al. 2010), and were dependent on
changes in river discharge (Arntzen et al. 2006; Sawyer et al. 2009; Francis et al. 2010; Gerecht
et al. 2011) and groundwater flux towards the river (Howard et al. 2006). Pumping of surface
water across the river-aquifer interface by river regulation favors high variability in water flow,
heat and nutrients/oxygen transport through the hyporheic zone (Arntzen et al. 2006; Sawyer
et al. 2009) which endangers hyporheos and spawning processes (Soulsby et al. 2001; Geist et
al. 2008; Hanrahan 2008). Hyporheic biogeochemical processes may also be affected by
increased residence time in the hyporheic zone which was recently related to frequent lowamplitude river discharge fluctuations (Maier and Howard 2011). As a whole, regulation of
rivers generally promotes degradation of the river floodplain, its riparian and hyporheic zones
(Zhao et al. 2012).
Since the effects of river regulation on the hyporheic zone only recently have attracted
research interest, background material in this field for the planned revision of the European
Commission’s Groundwater Directive (Directive 2006/118/EC) is missing. This study is part
of the large-scale integrated EU-project GENESIS (Klöve 2008) aiming to provide scientific
basis and technical guidance for the update of the European groundwater directive (Directive
2006/118/EC).
The current study was performed in the boreal part of Northern Sweden, where spring
snowmelt causes the highest discharge peaks in natural rivers, and winter base flow is
dominated by groundwater. The flow pattern of the studied heavily regulated Lule River
implies, however, relatively low spring peaks and high winter flow with frequent short-term
water level fluctuations. As mentioned, this altered river discharge is likely to deteriorate the
river-aquifer connectivity, favoring formation of a clogging layer (a stratum of dense fine
grained particles) (Brunke and Gonser 1997; Hancock 2002; Calles et al. 2007) through
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changes in shear stress, suspended load, grain-size distribution, and direction of the seepage
flow (Blaschke et al. 2003).
Although river regulation exposes riparian aquifers and hyporheic zones to risks (Nilsson and
Berggren 2000; Hanrahan 2008), with potential environmental impacts along the entire
watershed (Sawyer et al. 2009), there does not seem to exist any detailed studies on the effects
of river regulation on water fluxes across the river bed in regulated northern boreal rivers.
Given the lack of previous work, the purpose of this study is thus to assess and quantify
hyporheic hydrological processes in the heavily regulated Lule River. The results of this study
suggest important implications on the biogeochemical functioning of the entire riverine
ecosystem.
River basin
The regulated Lule River originates in the Scandinavian Caledonides in Northern Sweden and
flows southeast towards the Bothnian Bay in Baltic Sea (Figure 1). The climate is sub-arctic
with annual precipitation gradually decreasing from 1000-1500 mm to 400-700 mm along the
river flow (of which ~45% falls as snow) while the annual evapotranspiration increases from
100 mm in the Caledonides to 300 mm at the coast (Raab and Vedin 1995). The river is 460
km long, with a catchment area of 25110 km2, and a mean annual discharge of 506 m3 s-1. The
ice covered period is typically 5 months from November to April (SMHI 2010).

Figure 1. Map with location of the study site in the Lule River
The Lule River is obstructed by 15 dams and more than 70 % of its annual runoff can be
stored in reservoirs. This is the highest live storage (water volume that can be used for
regulation) among Eurasian rivers (Dynesius and Nilsson 1994). The discharge pattern is
characterized by a diminished spring peak, postponed about one month, elevated water release
during winter, and daily water level fluctuations in response to higher electricity demand
during daytime (Wörman 2012). The regional groundwater regime in the catchment has its
minimum just prior to and maximum after snowmelt (May), and decays continuously from
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mid-summer to late spring (April). However, close to the coast an autumn peak may occur due
to rain events (Aneblom et al. 2005).
Monitoring site
The monitoring site was located 100 km upstream from the river mouth below Laxede power
station (Figure 1) (N66o11.67’ E20o52.32’). Daily water release from the power station causes
typically river water level variations within ±0.5 m at the site. Glaciofluvial and alluvial
sediments with layers of loam dominate in the hyporheic zone at the site, with coarse sand at
the deeper horizons (Figure 2). The average thickness of the alluvial sediment sequence was
~10 m. At the test site, the river was approximately 300 m wide and 10 m deep, with the
gently sloping river bed mainly composed of ~0.3 m thick silty material likely formed as a
result of colmation processes induced by the regulation (Blaschke et al. 2003; Rehg et al. 2005;
Nogaro et al. 2010). Large pebbles and boulders were common within the river bed sediments.

2. Material and methods
Equipment of the monitoring site
A measurement profile orthogonal to the river was established with five monitoring stations:
one in the river and four groundwater wells at 1, 2, 5 and 25 m from the mean shore line
(MSL) (Figure 2). Time series, using dataloggers recording momentary data every 15 minutes,
of water level, temperature, and electrical conductivity were collected in the river and L5 and
L25, while only temperature and electrical conductivity in L1 and L2. Measurement sensors
(Table 1) were installed approximately 0.1 m above the bottom of the wells. Recorded
temperature and electrical conductivity were checked against a manual water quality probe
(Hydrolab Surveyor II) and were calibrated twice during the monitoring period from June to
October 2012.

Figure 2. Monitoring site for the Lule River. Short dashed line – maximum observed river
water and groundwater levels; long dashed line – mean river and groundwater levels; solid line
– ground surface. Well numbers (L1 – L25) stands for distance from the mean shore line (MSL)
in m. Places where temperature profiles, seepage meters, and direct-push piezometer were
installed are shown.
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Table 1. Sensors used for continuous monitoring with accuracy according to manufacturer
Parameter

Operating range
(OR)

Accuracy

Sensor

0 to 5 m

±3.1 mm

STS PTM/N

Sensor Technik
Sirnach AG

0 to 200 µS/cm
-5 to 70oC
-20 to 50oC

±0.1 µS
±0.01oC
<±0.4°C

WQ-Cond-1

Global Water

UA-001-64

Onset Hobo
Dataloggers

Water level
Electrical conductivity
Temperature gw wells
Temperature depth
profiles

Manufacturer

Two vertical profiles with temperature sensors distributed at 0.2 to 0.3 m intervals down to 1.0
and 2.7 m depth were installed in the river bed 2 m from the MSL and inland 5 m from the
MSL, respectively. They were used to monitor the temperature variations with depth at 15
min intervals both in the river bed and in the aquifer (Figure 2).
Hyporheic zone characterization
In order to characterize the hyporheic exchange we used the hydraulic conductivity of the
river bed and of the aquifer, variations in the hydraulic gradients across the river bed, in
temperatures and in electrical conductivities of the river and the aquifer.
The hydraulic conductivity of the aquifer Kaq (m d-1) was determined by slug test using
Hvorslev (Hvorslev 1951) and Bouwer and Rice methods (Bouwer 1989) (Figure 3).
The hydraulic conductivity of the clogging layer Kcl (m d-1) was determined by a varying
pressure head infiltration method using a direct-push piezometer (Figure 3) (Hvorslev 1951;
Ronkanen and Klove 2005). The test was performed on the river bed at two occasions, with a
0.1 m depth interval down to 0.7 m depth. The measurements were made in the river bed at
1.0 and 2.5 m from the MSL and hydraulic conductivity was determined by:
𝐻0 − ℎ 𝜋𝑅 2
𝐾𝑐𝑙 = 𝑙𝑛 �
�
𝐻0 − 𝐻 𝐹𝑡

(1)

where H (m) is the initial water level in the reservoir, h (m) is the water level at the time t (s),
H0 (m) is the distance from the river water surface to the tip of the piezometer, and R (m) is
the radius of the reservoir (Figure 3). The shape factor F (-) was calculated as 𝐹 ≈ −5.5 ∙ 𝑟,
where r is radius of the piezometer (Hvorslev 1951).
For the flow through the aquifer and the clogging layer, having different hydraulic
conductivities, an equivalent hydraulic conductivity KE (m d-1) was calculated:
𝐾𝐸 =

∆𝑥𝑐𝑙 + ∆𝑥𝑎𝑞
∆𝑥𝑐𝑙
𝐾𝑐𝑙

+

∆𝑥𝑎𝑞
𝐾𝑎𝑞
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(2)

where K (m d-1) and ∆x (m) are hydraulic conductivities and the flow distances through the
clogging layer (cl) and the aquifer (aq), respectively. The equivalent hydraulic conductivity was
further assessed using seepage devices adjusted for operation in flowing water (Kalbus et al.
2006; Rosenberry 2008) (Figure 4a,b):
𝐾𝐸 = 𝑣𝑠𝑒𝑒𝑝

∆𝑥
∆ℎ

(3)

where ∆h (m) is the average difference in hydraulic heads between the river and the aquifer
(L5) during the measurement period and ∆x (m) is the length of the flowpath between L5 and
the river.

Figure 3. Devices used for determination of hydraulic conductivities (K): a) slug test for the
aquifer (Kaq); b) direct-push piezometer for the clogging layer (Kcl).
The seepage velocity vseep (m d-1) was estimated from changes in water volume in the plastic bag
∆V (m3), the radius of the gauge Rs (m2) and the time ∆t (s):
𝑣𝑠𝑒𝑒p =

∆𝑉

𝜋∆𝑡𝑅𝑠 2

(4)

The seepage devices were deployed for 24 hours prior to the first measurement and visually
inspected at every measurement occasion; collection bags were tested for leakage and secured
with barrels to protect from water current and wave influence and the installation places were
free from boulders. The measurements were repeated up to five times at some of the locations
to ensure good reproducibility.
The temporal variations in average flux (q) per unit area (m3 d-1 m-2, or m d-1) between the
river and the well (L5) and in the riparian zone between and L5 and L25 were determined by
Darcy’s law, assuming 1-D flow:
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∆ℎ
(5)
∆𝑥
where ∆h (m) and ∆x (m) are the differences in water level between the locations and the flow
paths between them respectively. For the flux across the river bed the equivalent KE based on
the K of the clogging layer and the aquifer (Eq. 2) was used.
𝑞(𝑡) = −𝐾

Figure 4. a) Device used for assessment of spatial variation in seepage flow and determination
of average equivalent hydraulic conductivity for the aquifer and the clogging layer; b) locations
of the seepage devices and the observation wells L1 and L2.
The river water level changed frequently, with intermittent increases and decreases, but the
river still remained gaining during most of the time. The number of changes in flow direction
across the river bed is scale dependent. Very close to the river even short and small changes in
river level might alter the flow direction, but further away rather long periods of high level
changes are required to alter the flow direction. The ratio between the times when the river
was gaining and losing (measured at five meters distance from the MSL) was determined along
with the number of shifts in water flow direction across the river bed. These shifts were based
on the difference between the average flow during two consecutive hours (a shift was made
when the sign of the difference changed). Flows with absolute value lower than 10-4 m d-1
were considered as zero.
Temporal variations in the river water fraction RWF (%) of the hyporheic zone can be
determined from the electrical conductivity of the river water (ECR, µS cm-1), of the hyporheic
zone (ECH) and of the groundwater (ECGW) following Triska et al. (1989) as:
𝑅𝑊𝐹 = 100

𝐸𝐶𝐻 − 𝐸𝐶𝐺𝑊
𝐸𝐶𝑅 − 𝐸𝐶𝐺𝑊

(6)

A prerequisite for this relationship is that ECGW and ECR are fairly stable and that the values for
ECH lie between them representing a mixture of the river water and the groundwater.
However, in this case the latter condition was not met since ECH was normally much higher
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than ECGW, which may be due to reduced conditions and intense biogeochemical processes in
the hyporheic zone. Nevertheless, very distinct drops in ECH were registered at L1 and L2, and
ECGW was therefore replaced by a sinusoidal curve fitting the periods that lack visible river
water intrusions and thus representing an undisturbed seasonal trend.
The river water quite often had a clear diurnal temperature variation with warmer days and
colder nights, and sometimes also longer periods with varying mean temperatures. These
temperature variations could also be observed in the river bed due to heat conduction and
possible water advection. The penetration depths of temperature pulses can be used as
indicators of advection. A theoretical penetration depth d37 (m) of a conductive wave that
represents 37% of the initial driving signal amplitude (Blasch et al. 2007) can be calculated
based on thermal diffusivity of the material (here the clogging layer) Dt (m2 d-1) and the period
of the wave ϕ (d-1):
𝑑37 = �

𝐷𝑡 𝜑
𝜋

(7)

Thermal signal of the surface water in the riparian aquifer would be observed farther than as
determined by eq. (7) if advection was present. Penetration depths were determined both for
daily and weekly pulses using literature values of clogging layer thermal diffusivity (Table 2).
Table 2. Parameters used for characterization of the hyporheic exchange
Parameter
Aquifer thickness
Flow distance aquifer
Flow distance clogging layer
Clogging layer thermal diffusivity

Notation

Units

Value

b
∆xaq
∆xcl
Dt

m
m
m
m2 d-1

10
5.0
0.3
0.11

Reference
Al Nakshabandi & Kohnke 1965

3. Results
Hydraulic conductivity
The hydraulic conductivity of the river bed varied with depth. The clogging layer at the
surface of the river bed had an average hydraulic conductivity (± standard deviation) of
0.04±0.01 m d-1 (Table 3), and was underlain by layers of both higher and lower conductivity
(Figure 5). The different methods to determine the hydraulic conductivity of the aquifer gave
similar results (Table 3), with no statistical difference between the average hydraulic
conductivity of the aquifer measured with the direct-push piezometer and the slug test (conf.
int. = 95%, p = 0.056, for number of samples see Table 3).
Equivalent hydraulic conductivity based on slug test for the aquifer and direct-push piezometer
for the clogging layer was estimated to 0.13±0.05 m d-1 (Eq. 2). The seepage measurements
(Eq. 3) varied in space, hence revealing preferential upwelling zones at the reach. Devices No.
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4-10 were judged most representative for the transect where hydraulic gradient was
determined (Figure 4b) and were thus used for estimation of the equivalent hydraulic
conductivity resulting in KE = 0.32±0.19 m d-1.
Table 3. Hydraulic conductivities (m d-1) with standard deviation determined by different
techniques for the clogging layer (Kcl) and the aquifer (Kaq). KE – equivalent hydraulic
conductivity. Average values are given in italics.
Method
Grain size distribution and sedimentation
Slug test; Hvorslev
Slug test; Bouwer and Rice
Direct-push piezometer

Number of
samples
5
3
3
4

Kcl

Kaq

KE

0.13±0.08
0.10±0.09
0.04±0.01 0.24±0.07
0.04±0.01 0.15±0.08*

0.13±0.05
Seepage measurements
0.32±0.19
* Mean standard deviation was estimated as a square root of mean variance of individual standard
deviations

Figure 5. Depth profiles of the sediment sequence and average hydraulic conductivities at the
monitoring transect. Soil profiles based on the visual inspection during drilling of L5 and L25
are shown.
Water fluxes
The monitoring period was characterized by two different types of river discharge patterns.
The first part was dominated by frequent discharge oscillations of low and medium amplitude,
which could be referred to short-term river regulation. The later part of the observation period
was subjected to less frequent but larger discharge peaks, which may depend on storage levels
in the reservoirs and precipitation (Wörman 2012). The irregular river level fluctuations
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induced unnatural water flow patterns at the river-aquifer interface, although the reach
remained gaining during 90% of the observation period (Figure 6). The riparian plain between
L5 and L25 responded similarly, where flux changes were 0.5-4.0 hours delayed and one order
of magnitude lower than the flux across the river bed.

Figure 6. Water level in the Lule River and orthogonal water flux across the river bed and the
riparian plain during June-October 2012 based on the hydraulic gradient between L5 and the
river (KE = 0.13 m d-1) and L5 and L25 (K = 0.15 m d-1). Positive fluxes indicate flow towards
the river.
The water fluxes across the river bed were varied from -0.004 to 0.015 m d-1, with an average
of 0.003 m d-1. Negative fluxes indicated infiltration of the river water into the aquifer and
constituted ~3% of the total fluxes (or ~10% of the time) across the monitoring reach. During
~2% of the time there was negligible or no flow across the river-aquifer interface. The
direction of flow across the river bed changed on average about twice per week, with a
maximum of six changes in one week (not all of them can be visible from Figure 6 with
current resolution).
Seepage fluxes on October 8th varied laterally between 0.003 and 0.045 m d-1 (Figure 7), being
larger at the sandy/gravel outwash upstream and closer to MSL, and lower in deeper and
vegetated areas (Figure 4b). All seepage fluxes were positive during the measurement occasion;
the average flux from devices No. 4-10 (closest to the monitoring transect) were 0.006 m d-1
while those obtained from the hydraulic gradient (Eq. 5) during the same time period were
0.003 m d-1.
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Figure 7. Lateral variation of seepage flux and equivalent hydraulic conductivity (m d-1)
obtained on October 8th along the monitoring reach (using ∆h/∆x=0.02 measured at the
transect for determination of KE). Average flux with standard deviation (10-3 m d-1) obtained
from all measurements together with number of measurements and location of the wells L1
and L2 are shown. Natural neighbor interpolation method used for the figure.
Groundwater temperature as indicator of river-groundwater exchange
A temperature profile in the river bed (for location see Figure 2) showed that river water heat
wave propagation was visible down to 0.8 m depth (Figure 8), while around 25% of the river’s
amplitude reached 0.2 m depth for the weekly waves, and 21% for the diurnal waves. A similar
depth (0.2 m) was obtained for penetration of 37% of the diurnal temperature signal (Eq. 7),
assuming conduction to be the main driver and using the diffusivity of the clogging layer
(Table 2). These results suggest mainly conductive transfer of heat from the river into the
aquifer at the observation site with a time lag of up to one week. The temperature monitoring
in L1 also suggests mainly conductive heat transfer, with no river water intrusion observed
(data not shown).
Groundwater temperature of the depth profile 5 m inland from the MSL increased until
August for shallow and until September for deeper horizons. No influence of the river water
was detected, but several simultaneous temperature drops at depths from -90 to -170 cm were
observed during periods of rising river discharge (Figure 8). This indicates upwelling of deeper
colder groundwater during rising river levels.
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Figure 8. Daily average temperature profiles in the river bed 2 m (left) and inland 5 m from
MSL (right). Lines across the time-series connecting temperature minima to groundwater
stages demonstrate effect of conduction in the river bed and upwelling of colder groundwater
at L5 during rising river levels. Note that short-term variations are not visible.
Electrical conductivity
The electrical conductivity (µS cm-1) in the river was low and very stable (19-25) with slightly
higher values during July-September. The values in the groundwater wells at 5 and 25 m
distance were more than twice as large and also fairly stable (L5: 40-80 µS cm-1; L25: 50-70 µS
cm-1) (Figure 9). A very different pattern was observed in the wells closest to the river where
the values in general ranged between 70 and 130 µS cm-1. Both in L1 and L2 large abrupt
drops in the electrical conductivity often occurred in conjunction with lowering of the river
water levels and increases were mostly associated with increases in river water levels. However,
the responses to the changes differed depending on time during the season and regulation
pattern (short or long term variations), which were lower during June-July and increased later
on in response to increased river water levels.
For the first part of the summer (June-July) with many quick changes in water stages most of
𝑑𝐸𝐶

the changes in electrical conductivity ( 𝑑𝑡 ) could be calculated as a function of changes in the
river water stage (

𝑑𝑅𝑊𝑆
𝑑𝑡

), the gradient (i) between the river and the groundwater level in L2

and an variable (var) that increased from 0 to 35 during the period (as a first assumption this
increase was attributed to higher biological activity due to increased temperature in the
hyporheic zone):
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Figure 9. Time series (4 hours averaged) of electrical conductivity (Lule River, L1, and L2), water levels (Lule River, L5 and L25), water flux
across the river bed, and precipitation (daily). Negative water flux indicates periods of higher river water levels than the groundwater. Dry season average river water level 18.0 m, wet season - 18.3 m

𝑑𝐸𝐶 𝑑𝑅𝑊𝑆
=
𝑣𝑎𝑟 + 𝑖 ∗ 𝐶
𝑑𝑡
𝑑𝑡

(8)

A time step dt of four hours and a constant C = 600 were used for the calculations.
Result from the simulations using only changes in the river water levels (first term of Eq. 8)
and both the gradient and changes in the river water level (Eq. 8 with all terms) illustrates that
the models capture most of electrical conductivity variation in L1, though not completely and
the improvement by adding the last term is minor (Figure 10, Table 4).

Figure 10. Measured and simulated EC values in L1 (Eq. 8) for the period June 22 to July 26
with only water level change and including groundwater gradient.
The high background (without river water intrusion) electrical conductivity in the hyporheic
zone likely resulted from biogeochemical processes. Occasional intrusion of surface water into
the hyporheic zone resulted in average portion of surface water (Eq. 6) in L1 – 31%, in L2 –
14% and L5 – 2%.
Table 4. Correlation coefficient, RMSE and Nash-Sutcliffe measures of fit between observed
and modeled EC for the period June 22 to July 26 for L1 using two versions of Eq. 8.
Correlation
Modeling approach
RMSE N-S
coefficient
Only changes in river water levels

0.77

18.13 0.40

Changes in river water levels and gradient between river and L5

0.81

13.86 0.46
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4. Discussion
The Lule River has been regulated for almost a century (Forsgren 1990). Obstruction of the
river by dams occurred stepwise and has been shown to influence the river water composition
and the bottom sediments (Drugge 2003; Sferratore et al. 2008; Smedberg et al. 2009).
Heterogeneity of hyporheic zone
At the monitoring site, the river bed was partially covered with a dense 0.3 m thick clogging
layer composed of fine sediments with hydraulic conductivity of 0.04±0.01 m d-1. Down to
0.7 m depth, high and low permeable strata occurred, suggesting inhomogeneity along the
hyporheic flowpath, which agrees well with findings from other regulated rivers (Hancock and
Boulton 2005; Hanrahan 2008; Gibbins et al. 2009). Even if the river bed contained boulders
and minor spots of unclogged sand and gravel, the spatial distribution of the clogging layer and
its thickness were not studied in detail and caused rather large uncertainties in the calculated
water fluxes. Presence of layers and spots of deficient conductance increases residence times
and creates a complex flowpath, thus having implications on biogeochemistry of the hyporheic
zone. This is in contrast to unregulated boreal river systems (e.g. the neighboring Kalix River
in Northern Sweden) where the river bed usually is flushed from fines during floods.
The equivalent hydraulic conductivity of the Lule River bed obtained from the seepage
measurements varied spatially from 0.12 to 1.74 m d-1. These variations could be due to e.g.
uneven thickness (or absence) of the clogging layer, variations in the river bed topography
and/or in vertical hydraulic gradient (not measured). Higher equivalent hydraulic conductivity
values were observed on open areas while low values were found further away from the shore
and sites with aquatic plants (macrophytes closer to the shore or Chara sp. at deeper waters)
which is in agreement with the findings of Rosenberry et al. (2000). Representativeness of the
seepage measurements was verified by application of several seepage devices over a small area.
However, the representativeness of the locations could not be guaranteed, and uncertainties in
seepage fluxes could be introduced during deployment/retrieval of the measurement bags.
Water flux across river bed
The fluxes estimated using hydraulic conductivity from the piezometer and slug tests were only
half of that obtained from the seepage devices. Neither slug nor piezometer tests, with their
scarce coverage, could describe all the heterogeneity of the subsurface. Higher fluxes obtained
with the seepage devices, which had better exposure over the monitoring stretch suggest
underestimation of fluxes based on the harmonic mean of the equivalent hydraulic
conductivity. Therefore, these results showed smaller fluxes and thus smaller difference with
unperturbed systems which would increase if larger KE was applied. Correct leveling of the
water level sensors improves quality of the flux estimates and was thus performed twice. Yet,
estimates of the gradient based on the 5 m distance could conceal small scale changes in flow
direction and orthogonal fluxes.
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Orthogonal fluxes from the river towards the aquifer across the bed of the Lule River were
estimated to 3% of the total fluxes, whereas those for the similar large hydropower regulated
Colorado River were around 20% (Sawyer et al. 2009). Absence of a clogging layer and higher
hydraulic conductivity of the river bed at their site could partially explain this difference
(Sawyer A.H, PhD, University of Kentucky, USA, personal communication, May 2012). For
the pristine Kalix River with gradual discharge variations, the fluxes remain directed towards
the river during the entire summer since the groundwater levels there always were higher than
the river water levels.
Multi-dimensions of hyporheic zone
Most of the observations in this study were limited to one (or two) dimensions and could
possibly overlook the real nature of processes occurring in 4-D (x, y, z and time). The gradient
(dh/dx) from the transect only provides indications of orthogonal fluxes, while the seepage
measurements include all three flux components (x, y and z). The flow velocity along the river
based on the local gradient (1.7∙10-5, from elevation at up- and downstream dams), and
hydraulic conductivity of the most permeable layer and of the arithmetic average of the river
bed, K = 100 and 0.15 m d-1 respectively (Figure 4 and Table 3) was 4.0∙10-3 and 6.0∙10-6 m d1
respectively. This can be compared to the average velocity orthogonal to the river (3.0∙10-3).
Note that flow velocities used here are defined as flux divided by area without taking effective
porosity into account, which would be needed when flow distances and residence times are
concerned. However, fluxes parallel to the river are likely to vary greatly with local variations
in river bed topography and hydraulic conductivity. The gradient along rivers is usually smaller
for regulated than for pristine rivers (e.g. for the nearby pristine Kalix River the gradient along
the river is 4.0∙10-5 at the same distance from the mouth as in the current study) since the
steepest parts of regulated rivers are replaced by tunnels and turbines and fluxes parallel to the
channel can therefore also be expected to be smaller. Future consideration of all existing
dimensions will increase the chances to reveal the highly variable character of the hyporheic
processes (e.g. Cox et al. 2007; Gerecht et al. 2011).
Temperature
Temperature monitoring showed that the heat exchange between the river and the aquifer was
mainly conductive since propagation of heat waves into the river bed were not linked to the
river stage fluctuations. This result differs from the study in the Colorado River where
temperature pulses were observed down to 1 m in the river bed for daily river level variations
>1.5 m and a hydraulic conductivity of 15.7 m d-1 (Gerecht et al. 2011). Therefore, heat
propagation into the hyporheic zone highly depends on the permeability of the river bottom
and the size and direction of the water level variations.
Electrical conductivity
As pointed out previously, gradual discharge variations in unperturbed systems form a
hyporheic zone with slow variations in size, temperature and water quality, whereas regulated
rivers are characterized by forced irregular water pumping through the river bed maintaining
temporally erratic hyporheic zone size and its water quality (e.g. Arntzen et al. 2006; Sawyer et
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al. 2009). Increasing river water levels pushes surface water into the aquifer which later returns
into the river during falling river levels (Figure 11). The groundwater table closest to the river
then follows the river water level. If the difference in electrical conductivity observed here
between surface and hyporheic waters allows for density stratification (Massmann et al. 2006),
then surface water being lighter tends to rest on top of the hyporheic water and follows the
decline of the groundwater table. The latter reduces electrical conductivity closest to the river
which was demonstrated with a simple model (Eq. 8). The model was tested only on the first
part of the dataset where the river water levels vary frequently but have lower magnitude and
electrical conductivity measurements are more reliable.

Figure 11. Conceptual model of river water intrusion into the hyporheic water as a result of
variable river water level. Shades of grey stand for different electrical conductivity: dark – high,
bright – low.
Fraction river water
The setup by Sawyer et al. (2009) was fairly similar to the one used here and showed 25% of
the surface water in a well 5 m from the river channel (≈600 m3 s-1), whereas that for the Lule
River (≈500 m3 s-1) was only 2%. Estimates for the pristine Kalix River (≈300 m3 s-1) indicated
approximately 25% of the surface water in the well 2 m from the channel. As seen, the
variations may be large and are highly dependent on local hydrogeological conditions.
Generally, increased electrical conductivity in L1 and L2 compared to the surrounding
groundwater suggests presence of a “hotspot”, area of excessively high reaction rates in the
hyporheic zone (McClain et al. 2003). Parts of the hyporheic zone at the study site presumably
remain relatively immobile with deficient oxygen access due to the overlaying clogging layer
and the frequent stage variations which slow down the hyporheic water movement; if that is
the case, the hyporheic zone is a subject to increased anaerobic microbial metabolism within
the hotspots. As for the unregulated Kalix River, the hyporheic zone maintains high level of
exchange with the river and thus remains oxygenated during the entire growing season
disfavoring stagnation.
Lack of measurements
Knowledge regarding the high variability in hyporheic water processes has until recently been
hampered due to lack of suitable equipment for continuous in situ monitoring (Malcolm et al.
2009). In situ online monitoring with simultaneous employment of several high resolution
techniques is advantageous when mapping hyporheic processes at various scales.
Apart from temperature and electrical conductivity, which are used in this and several other
studies, dissolved oxygen (Soulsby et al. 2009), electrochemical/optical/reactive surface sensors
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(Hanrahan et al. 2004), fiber-optics (Vogt et al. 2010), infrared imaging (Korkka-Niemi et al.
2012), electrical resistivity (Cardenas and Markowski 2011), ground-penetrating radar
(Brodsten et al. 2009), acoustic imaging (Bianchin et al. 2011) etc. were successfully employed
for studying hyporheic processes.
It is important that future studies in this field combine several different techniques with dense
coverage in both vertical and horizontal directions. In this study, geochemical parameters were
also measured and will later be used to further assess the hyporheic processes in the regulated
river and in the nearby pristine Kalix River.
Knowledge gaps about distribution and evolution of clogging layers in regulated rivers require
studies of differences in sediment transport between regulated and pristine rivers in order to
increase the understanding of the river-aquifer exchange in natural and regulated systems.
The results of this study have implications on biogeochemical functioning of regulated lotic
ecosystems and potential threats for their recipients, and provide a basis for future geochemical
research in regulated boreal environment and assessment of effects of regulation on riveraquifer exchange.

5. Conclusions
This work extended previous research on modifications of boreal river water flow patterns by
hydropower regulation to effects of river regulation on the hyporheic zone. Measurements of
the hydraulic conductivity of the river bed revealed presence of a clogging layer on the river
bed, its formation likely promoted by a diminished spring peak and a smoothed seasonal
discharge with frequent minor variations, which together restrict water movement between
the river and the aquifer. Frequent river level oscillations temporally reversed the flow across
the river-aquifer interface, and thus temporally varied the size of the hyporheic zone. Even
though unregulated rivers in Northern Sweden generally remain gaining throughout the year,
the Lule River recharged the aquifer during 10% of the time, while for 2% of the time the
flow across the river-aquifer interface was negligible and negative flows (towards the aquifer)
were 3% of the total flows. Oscillating river levels (typically twice a day ±0.15 m) were
reflected in groundwater 25 m away from the river with a time lag of 3-4 hours. Fluxes based
on hydraulic conductivity and gradient measurements were similar to those based on seepage
measurements (e.g. 0.004±0.001 and 0.007±0.004 m d-1, respectively). Temperature
observations showed no effect of variable flux across the river bed on the hyporheic water
suggesting conductive heat transfer from the river towards the aquifer. In contrast to
temperature, the river level variations influenced electrical conductivity in the hyporheic zone,
depleting it during the falling stages. This suggests intrusion of surface water into the aquifer
following the river water levels. Average portions of surface water in the hyporheic zone as a
result of intrusions were 31%, 14%, and 2% at 1, 2 and 5 m distances from the river
respectively. In natural systems, the river water volume in the subsurface is more stable with
time than in regulated rivers.

86

Acknowledgements
The work was carried out as part of the GENESIS project on groundwater systems
(http:/www.thegenesisproject.eu) financed by the European Commission 7FP contract
226536. Kempe foundation and Formas (project number 242-210-1187) are recognized for
financial support. We are much indebted to P. Ala-Aho and P. Rossi, University of Oulu,
Finland for loan of the direct-push piezometer for measuring hydraulic conductivity.

References
Al Nakshabandi, G. & Kohnke, H. (1965). Thermal conductivity and diffusivity of soils as
related to moisture tension and other physical properties. Agricultural and Meteorology, 2:
271-279.
Aneblom, T., Thunholm, B., Rurling, S., & Gierup, J. (2005). Beskrivning till kartan över
grundvattnet i Norrbottens län [Description of the groundwater map in Norrbotten county]. SGU,
Uppsala.
Arntzen, E.V., Geist, D.R., & Dresel, P.E. (2006). Effects of fluctuating river flow on
groundwater/surface water mixing in the hyporheic zone of a regulated, large cobble bed
river. River Research and Application, 22: 937-946.
Bianchin, M.S., Smith, L., & Beckie, R.D. (2011). Defining the hyporheic zone in a large
tidally influenced river. Journal of Hydrology, 406: 16-29.
Blasch, K.W., Constantz, J., & Stonestrom, D.A. (2007). Thermal methods for investigating
ground-water recharge. In Stonestrom, D.A., Constantz, J., Ferre, T.P.A., & Leake, S.A.
(eds.). Ground-water recharge in the arid and semiarid southwestern United States. U.S. Geological
Survey, Professional Paper 1703, 351-373.
Blaschke, A.P., Steiner, K.H., Schmalfuss, R., Gutknecht, D., & Sengschmitt, D. (2003).
Clogging processes in hyporheic interstices of an impounded river, the Danube at Vienna,
Austria. International Review of Hydrobiology, 88: 397-413.
Boulton, A.J., Findlay, S., Marmonier, P., Stanley, E.H., & Valett, H.M. (1998). The
functional significance of the hyporheic zone in streams and rivers. The Annual Review of
Ecology, Evolution, and Systematics, 29: 59-81.
Bouwer, H. (1989). The Bouwer and Rice Slug Test – An Update. Ground Water, 27: 304309.
Brosten, T.R., Bradford, J.H., McNamara, J.P., Gooseff, M.N., Zarnetske, J.P., Bowden,
W.B., & Johnston, M.E. (2009). Multi-offset GPR methods for hyporheic zone
investigations. Near Surface Geophysics, 7: 244-257.
Brunke, M. & Gonser, T. (1997). The ecological significance of exchange processes between
rivers and groundwater. Freshwater Biology, 37: 1-33.
87

Calles, O., Nyberg, L., & Greenberg, L. (2007). Temporal and spatial variation in quality of
hyporheic water in one unregulated and two regulated boreal rivers. River Research and
Application, 23: 829-842.
Cardenas, M.B. & Markowski, M.S. (2011). Geoelectrical imaging of hyporheic exchange and
mixing of river water and groundwater in a large regulated river. Environmental Science and
Technology, 45: 1407-1411.
Cox, M.H., Su, G.W., & Constantz, J. (2007). Heat, chloride, and specific conductance as
ground water tracers near streams. Ground Water, 45: 187-195.
Directive 2006/118/EC of the European Parliament and of the Council of 12 December 2006
on the protection of groundwater against pollution and deterioration. Official Journal of the
European Union, L 372/19.
Dole-Olivier, M.J. (2011). The hyporheic refuge hypothesis reconsidered: a review of
hydrological aspects. Marine and Freshwater Research, 62: 1281-1302.
Drugge, L. (2003). Geochemistry of the Lule River, northern Sweden, before and after regulation.
Licentiate thesis, Luleå University of Technology, 2003:63, Lulea.
Dynesius, M. & Nilsson, C. (1994). Fragmentation and flow regulation of river systems in the
northern third of the world. Science, 266: 753.
Forsgren, N. (1990). Den effektfulla älven: stänk från Luleälvens kraftfulla historia [The powerful river.
A splash from the Lule River great history]. Vattenfall, Luleå.
Francis, B.A., Francis, L.K., & Cardenas, M.B. (2010). Water table dynamics and
groundwater–surface water interaction during filling and draining of a large fluvial island
due to dam-induced river stage fluctuations. Water Resources Research, 46: W07513.
Geist, D.R., Arntzen, E.V., Murray, C.J., McGrath, K.E., Bott, Y.J., & Hanrahan, T.P.
(2008). Influence of river level on temperature and hydraulic gradients in chum and fall
Chinook salmon spawning areas downstream of Bonneville Dam, Columbia River. North
American Journal of Fisheries Management, 28: 30-41.
Gerecht, K.E., Cardenas, M.B., Guswa, A.J., Sawyer, A.H., Nowinski, J.D., & Swanson, T.E.
(2011). Dynamics of hyporheic flow and heat transport across a bed-to-bank continuum in
a large regulated river. Water Resources Research, 47: W03524.
Gibbins, C., Soulsby, C., & Malcolm, I. (2009). Impact of artificial freshet releases on channel
hydraulics and the hyporheic zone of a gravel bed river. Geophysical Research Abstract, 11:
10800.
Gundersen, P., Laurén, A., Finér, L., Ring, E., Koivusalo, H., Sætersdal, M., Weslien, J.O.,
Sigurdsson, B.D., Högbom, L., & Laine, J. (2010). Environmental services provided from

88

riparian forests in the Nordic countries. AMBIO: A Journal of the Human Environment 39,
555-566.
Hancock, P.J. (2002). Human impacts on the stream-groundwater exchange zone.
Environmental Management, 29: 763-781.
Hancock, P. & Boulton, A. (2005). The effects of an environmental flow release on water
quality in the hyporheic zone of the Hunter River, Australia. Hydrobiologia, 552: 75-85.
Hanrahan, T.P. (2008). Effects of river discharge on hyporheic exchange flows in salmon
spawning areas of a large gravel‐bed river. Hydrological Processes, 22: 127-141.
Hanrahan, G., Patil, D.G., & Wang J. (2004). Electrochemical sensors for environmental
monitoring: design, development and applications. Journal of Environmental Monitoring, 6:
657-664.
Howard, K., Maier, H., & Mattson, S. (2006). Ground-surface water interactions and the role
of the hyporheic zone. In Baha et al. (eds.). Groundwater and ecosystems, 131-143.
Humborg, C., Smedberg, E., Medina, M.R., & Mörth, C.M. (2008). Changes in dissolved
silicate loads to the Baltic Sea – The effects of lakes and reservoirs. The Journal of Marine
Systems, 73: 223-235.
Hvorslev, M.J. (1951). Time lag and soil permeability in ground-water observations. 1-50.
Jansson, R., Nilsson, C., & Renöfält, B. (2000). Fragmentation of riparian floras in rivers with
multiple dams. Ecology, 81: 899-903.
Kalbus, E., Reinstorf, F., & Schirmer, M. (2006). Measuring methods for groundwater? surface
water interactions: a review. Hydrology and Earth System Science, 10: 873-887.
Klöve, B. (2008). GENESIS, an integrated research project to support groundwater systems
management. EU Groundwater Policy Development.
Korkka-Niemi, K., Kivimäki, A.L., Lahti, K., Nygård, M., Rautio, A., Salonen, V.P., &
Pellikka, P. (2012). Observations on groundwater-surface water interactions at River
Vantaa, Finland. Management of Environmental Quality: An International Journal, 23: 222-231.
Maier, H.S. & Howard, K.W.F. (2011). Influence of oscillating flow on hyporheic zone
development. Ground Water, 49: 830-844.
Malcolm, I., Soulsby, C., Youngson, A., & Tetzlaff, D. (2009). Fine scale variability of
hyporheic hydrochemistry in salmon spawning gravels with contrasting groundwater-surface
water interactions. Hydrogeology Journal, 17: 161-174.
Massmann, G., Simmons, C.T., Love, A., Ward, J., & James-Smith, J. (2006). On variable
density surface water-groundwater interaction: a theoretical analysis of mixed convection in
89

a stably-stratified fresh surface water-saline groundwater discharge zone. Journal of Hydrology,
329: 390-402.
McClain, M.E., Boyer, E.W., Dent, C.L., Gergel, S.E., Grimm, N.B., Groffman, P.M., Hart,
S.C., Harvey, J.W., Johnston, C.A., & Mayorga, E. (2003). Biogeochemical hot spots and
hot moments at the interface of terrestrial and aquatic ecosystems. Ecosystems, 6: 301-312.
McDonald, A.K., Sheng, Z., Hart, C.R., & Wilcox, B.P. (2012). Studies of a regulated
dryland
river:
surface-groundwater
interactions.
Hydrological
Processes.
doi:
10.1002/hyp.9340.
Murray, B.B.R., Zeppel, M.J.B., Hose, G.C., & Eamus, D. (2008). Groundwater‐dependent
ecosystems in Australia: It's more than just water for rivers. Ecological Management &
Restoration, 4: 110-113.
Nilsson, C. & Berggren, K. (2000). Alterations of riparian ecosystems caused by river
regulation. Bioscience, 50: 783-792.
Nilsson, C., Reidy, C.A., Dynesius, M., & Revenga, C. (2005). Fragmentation and flow
regulation of the world's large river systems. Science, 308: 405.
Nogaro, G., Datry, T., Mermillod‐Blondin, F., Descloux, S., & Montuelle, B. (2010).
Influence of streambed sediment clogging on microbial processes in the hyporheic zone.
Freshwater Biology, 55: 1288-1302.
Raab, B. & Vedin, H. (1995). Climate, lakes and rivers. Swedish National Atlas. Swedish
Meteorological and Hydrological Institute - SMHI.
Rehg, K.J., Packman, A.I., & Ren, J. (2004). Effects of suspended sediment characteristics and
bed sediment transport on streambed clogging. Hydrological Processes, 19: 413-427.
Renöfält, B., Jansson, R., & Nilsson, C. (2010). Effects of hydropower generation and
opportunities for environmental flow management in Swedish riverine ecosystems.
Freshwater Biology, 55: 49-67.
Ronkanen, A.K. & Klove, B. (2005). Hydraulic soil properties of peatlands treating municipal
wastewater and peat harvesting runoff. Suo, 56: 43-56.
Rosenberry, D.O. 2008 A seepage meter designed for use in flowing water. Journal of
Hydrology, 359: 118-130.
Rosenberry, D.O., Striegl, R.G., & Hudson, D.C. (2000). Plants as indicators of focused
ground water discharge to a northern Minnesota lake. Ground Water, 38: 296-303.
Sawyer, A.H., Bayani Cardenas, M., Bomar, A., & Mackey, M. (2009). Impact of dam
operations on hyporheic exchange in the riparian zone of a regulated river. Hydrological
Processes, 23: 2129-2137.
90

Sferratore, A., Billen, G., Garnier, J., Smedberg, E., Humborg, C., & Rahm, L. (2008).
Modelling nutrient fluxes from sub-arctic basins: Comparison of pristine vs. dammed rivers.
The Journal of Marine Systems, 73: 236-249.
Smedberg, E., Humborg, C., Jakobsson, M., & Mörth, C.M. (2009). Landscape elements and
river chemistry as affected by river regulation-a 3-D perspective. Hydrology and Earth System
Science, 13: 1597-1606.
SMHI. 2010. Swedish Meteorological and Hydrological Institute. Svenskt Vattenarkiv. 2012.
Soulsby, C., Malcolm, I., & Youngson, A. (2001). Hydrochemistry of the hyporheic zone in
salmon spawning gravels: a preliminary assessment in a degraded agricultural stream.
Regulated Rivers: Research and Management, 17: 651-665.
Soulsby, C., Malcolm, I., Tetzlaff, D., & Youngson, A. (2009). Seasonal and inter‐annual
variability in hyporheic water quality revealed by continuous monitoring in a salmon
spawning stream. River Research and Application, 25: 1304-1319.
Triska, F.J., Duff, J.H., & Avanzino, R.J. (1993). The role of water exchange between a
stream channel and its hyporheic zone in nitrogen cycling at the terrestrial-aquatic interface.
Hydrobiologia, 251: 167-184.
Triska, F.J., Kennedy, V.C., Avanzino, R.J., Zellweger, G.W., & Bencala, K.E. (1989).
Retention and transport of nutrients in a third-order stream: channel processes. Ecology, 70:
1877-1892.
Vogt, T., Schneider, P., Hahn-Woernle, L., & Cirpka, O.A. (2010). Estimation of seepage
rates in a losing stream by means of fiber-optic high-resolution vertical temperature
profiling. Journal of Hydrology, 380: 154-164.
Wondzell, S.M. (2011). The role of the hyporheic zone across stream networks. Hydrological
Processes, 25: 3525-3532.
Wörman A. (2012) Hydrological statistics for regulating hydropower. In: Hydropower - Practice
and Application (H. Samadi-Boroujeni, ed.). InTech.
Zhao, T., Richards, K.S., Xu, H., & Meng, H. (2012). Interactions between dam‐regulated
river flow and riparian groundwater: a case study from the Yellow River, China.
Hydrological Processes, 26: 1552-1560.

91

