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Abstract 
The impacts of current forest management methods on surface water quality, especially in 
northern parts of Sweden, are largely unexplored. In this review reports linked to logging 
impacts on catchment biogeochemistry, (with special emphasis on boreal ecosystems) has 
been assessed. Logging disturbances in boreal forest catchments can change biogeochemical 
processes in soils by alter transpiration, soil conditions, temperature, soil microbial activities 
and water fluxes. Combined these changes can cause increased soil nutrient leaching to 
receiving waters. In the studies reviewed, dissolved organic carbon (DOC) concentrations and 
export generally increased after logging. Similar responses followed for phosphorous (P), but 
to a lesser extent for nitrogen (N). Streamflow and peakflow and the export of suspended 
matter (SM) can also be altered after logging. Removal of streamside vegetation may result in 
increased stream water temperatures and potentially affect lake water temperature, deepen 
the epilimnion and deplete oxygen (O2) concentrations. Increased wind exposure can 
resuspend sediments and potentially release bioavailable P. Affected lake water concentrations 
of N can be considered negligible after logging, whereas tot-P concentrations has shown to 
increase to an almost twofold level in some studies. The overall impact on the pelagic 
productivity are therefore most likely those connected to increased DOC and SM 
concentrations. The general impact on fish biomass can be considered insignificant. In 
conclusions, to improve future forest management and for further understanding concerning 
the biogeochemical environmental impacts that forestry might have on freshwaters, additional 
studies are still required. 
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1 Introduction and aim 
 
 
1.1 Introduction 
The boreal forest belt spans in a wide band across North America and Eurasia. It is the second 
largest biome, constituting 33% of the earth's forest cover (FAO 2001) and contains millions 
of lakes (France et al 2000). In Sweden, the boreal forest represents about 70% of the Swedish 
land area, and approximately 80% of this forest is productive (tree volume growth > 1m3 ha-1 

yr-1), which equals to ~23 million ha (Swedish Forestry agency 2008). The Swedish national 
economy depends to a large extent on forestry, and in 2007, the export of forest related 
products constituted 11% of the total export income, which in turn corresponded to 4% of the 
gross national product (Statistics Sweden 2009, National Board of Forestry 2010). Moreover, 
the increasing demand for biofuels are predicted to increase future market prices and, thus 
affect the economic value of the Swedish forest stock. Besides the economic value, there is a 
general consensus among scientists regarding the ecological impact that forest operations 
induces. One of the main issues discussed by scientists today are the potential loads of 
nutrients; i.e. nitrogen (N), phosphorous (P), carbon (C), and suspended matter (SM) exported 
from terrestrial-to aquatic ecosystems. Recent models of the N- and P export from Swedish 
land to the Baltic Sea, Kattegat and Skagerrak (Helsinki Commission 2009) indicates that 32% 
and 27% of the nutrient loads, respectively, originates from forest land (Brandt et al 2008). 
However, only 7% and 2% of the N and P loads (in that order) from forest land were estimated 
to be endorsed by clear-cutting (Figure 1) (Brandt et al 2008). Moreover, forestry not only 
affects nutrient loads to lake ecosystems, but might also affect a number of physical 
parameters, such as geo-hydrological conditions, water temperature, oxygen concentrations, 
wind exposure, and affect the pelagic food web (UNEP/WHO 1996). 
 
At the moment, policy documents that relate to the water management coupled with Swedish 
forestry cover areas such as planning at the landscape level, the use of forest buffer strips 
(Figure 1) next to surface waters, protective measures to prevent soil damage, ditching adapted 
to site conditions, ditch maintenance, and road constructions to reduce environmental impact, 
as well as the use of temporary bridges at stream-bed crossings (Swedish Forest Agency 2000, 
Swedish Forest Stewardship Council 1998). A study from Scotland by Nisbet et al (2002) 
signifies that modern forest operations, in agreement with the Forestry Commission´s Forests 
and Water Guidelines should limit soil disturbances and have a low impact on the freshwater 
environment. However, surprisingly little has been conducted to quantify the effects of forest 
operations in the boreal landscape (Laudon et al 2009). 
 

 
Figure 1. Typically clear-cut area in northern Sweden. Picture shows that a ~15 m buffer strip is left next to the 
surface water. Photo taken by: Daniel Karlsson. 
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1.2 Impacts of forestry 
Forest streams and headwater lakes obtain most of the energy that fuels their ecology from 
their terrestrial catchments (allochtonous sources). Energy inputs in the form of C to lake 
ecosystems in the northern hemisphere are preliminary in the structures of DOC and thus 
contributing sources from particulate organic matter, such as leaf litter, branches and other 
woody debris are relatively small (Wallace et al 1997, Laudon et al 2011). DOC and nutrients 
contribution from the terrestrial landscape are derived from biogeochemical processes in 
riparian and forest soils, and are transferred to receiving waters via surface and subsurface 
pathways (Kreutzweiser et al 2008 a). 
 
Clear-cutting and other forest activities can considerably disturb natural biogeochemical 
processes in soils, change water- and nutrient fluxes and their pathways to receiving waters 
(Kreutzweiser et al 2008 b). Vegetation plays a key role in the water balance, not least in boreal 
forests (Andréassian 2004). By removing trees the uptake of water and the transpiration are 
reduced, which in turn, increases the ground water table, the runoff and peak flows patterns 
(Lundin 1979, Bosch and Hewlett 1982, Rosen et al 1996, Sørensen et al 2009, Schelker et al 
2013). Nutrients are also disposed to leach after clear-cutting as a result of less nutrient uptake 
by vegetation (Finér et al 2003, Palviainen et al 2005). Removal of forest also results in the 
removal of important C, N and P sources that sits bound in vegetation biomass. 
 
An increase of nutrient export from deforested catchments are initially connected with 
enhanced microbial activity in upper soil layers on the forest floor. This microbial activity 
convert nutrients from non-mobile to mobile forms and, thus, exported to receiving waters as 
water tables rises and soil saturation occurs (Hornberger et al 1994, Creed et al 1996, Bosh and 
Helwett 1982, Lundin 1979, Buttle et al 2005). These biogeochemical processes can therefore 
influence changes in water quality and can have a large impact on ecological processes, and 
biotic communities in receiving aquatic environments (Lamontagne et al 2000, Putz et al 
2003, Steedman et al 2004, Kreutzweiser et al 2003). Soil preparation further increases the 
peril of nutrient leaching because it amplifies decomposition (Lundmark-Thelin and 
Johansson 1997), damage ground vegetation (Palviainen et al 2007) and interfere with the soil 
structure which may affect soil hydrology and terrestrial nutrient runoff (Mäkitalo 2009). 
 
1.3 Lake catchment characteristics role in export rates and quantity 
Runoff and stream flow increases with precipitation and snowmelt (France et al 2000). 
Surficial geology has a strong influence on the specific hydrologic flow path and quality of water 
and waterborne nutrients as they may move through soils to receiving waters (Nichols and 
Verry 2001, Prepas et al 2006). Fine grain soils have low water infiltration rates and clear 
cutting and enhanced runoff can therefore contribute to enhanced soil erosion and export of 
nutrients being adsorbed to soil particles (Whitson et al 2003). Coupled with surface geology, 
landscape topography also has a strong connection to the concentration of dissolved nutrients 
exported to surface waters. A number of studies (i.e. Pennock et al 1994, Thompson and Moore 
1996, Dillon and Molot 1997, Prepas et al 2001 and Hazlett and Foster 2002 have addressed 
and reviewed this topic in forest catchment and have demonstrated the influence of topography 
on the quality and movement of forest soil water to surface water. They suggests that catchment 
slope affects groundwater residence time. In general, catchments with lower slope gradient 
have longer water residence time and generates larger areas with saturated soils, resulting in 
higher dissolved carbon- and nutrient concentrations (effects of weathering and microbial 
processes). These lower slope catchments normally exports more DOC, dissolved organic 
nitrogen (DON) and P in comparison to higher slope gradients with more rapid hydrological 
flows and, thus shorter residence periods and limited time for weathering- and biological 
processes to occur (Dillon et al 1991, Rasmussen et al 1989, Atkinhead-Peterson et al 2003). 
 
Forest catchments with higher frequency and areas of wetlands result in higher nutrient 
exports, especially of DOC to receiving waters (Eckhardt and Moore 1990, Koprivinjak and 
Moore 1992, Findlay and Sinsabaugh 1999, Elder et al 2000, Creed et al 2003). This implies 
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that a catchment with a greater percentage of wetlands will be at higher risk of logging impacts 
on nutrient export and receiving water quality, as caused by changed hydrology in the wetlands 
(Creed et al 1996, Hill and Devito 1997, Devito et al 2000). 
 
Lake percentage (LP) of the catchment area has an immense effect on how fast and strong the 
response will be on the receiving lake. Hence, a small lake in relation to a large drainage area 
will result in a stronger chemical- and physical pulse in comparison with an opposed 
relationship, i.e. a big lake in relation to a small drainage area (Jeppersen et al 2009). 
 
1.4 Forestry direct effects on suspended matter, temperature, O2 

concentrations and wind exposure 
Increases in erosion and export of suspended matter (SM) (organic and minerogenic particles) 
caused by deforestation have been reported for centuries. In general, rates of change following 
harvesting are highly variable and generally dependent on geomorphological characteristics of 
the basin (Harr and Fredriksen 1988). As a physical pollutant, suspended matter cause 
increased levels of turbidity. High levels of turbidity limit penetration of sunlight into the water 
column, thereby limiting or prohibiting growth of organisms depending on photosynthesis 
(FAO 1994). 
 
The role of suspended matter as a chemical polluter is coupled to the particle size of sediment. 
Fractions of sediment which is smaller than 63µm (silt + clay) attracts P to ionic exchange sites 
on clay minerals, but also exchanged with iron (Fe) and aluminium (Al) ions (FAO 1994). The 
distribution of P in freshwaters are especially associated with organic matter (Wetzel et al 2001 
a) that is transported as a part of the sediment load in streams and rivers (FAO 1994). 
 
An important effect of the removal of trees is increased insolation and consequently increased 
soil temperature. This in turn can benefit microbial activity and mineralization of organic 
matter and nitrification in the upper soil layer (Gundersen et al 2006). Moreover, deforestation 
exposes forest streams to direct solar radiation, cause significant increases in stream water 
temperatures during clear days, and leads to important physical and chemical changes in the 
aquatic ecosystems. As water temperature increase, its oxygen (O2) holding capacity decrease, 
rates of chemical/biological processes are accelerated, and biological oxygen demand increases 
(Harr and Fredriksen 1988). 
 
Deforestation can expose lake surface to stronger winds (i.e. change the fetch) whose effect 
could change temperature stratification in lakes and change the epilimnion depths (Schindler 
1990, France 1996). Increased wind action can also affect the amount of light available for 
photosynthesis and induce resuspension of undisturbed sediments (Häder et al 2003, Tyler 
1961, France 1996, Søndergaard et al 1992).  
 
1.5 Importance of study 
Headwater systems in forest landscapes have strong ecological linkages to their surrounding 
terrestrial catchments (Kaushik and Hynes 1971, Hynes 1975). Today, clear-cutting is the most 
common way to conduct forestry in Sweden (Hagner 1999). Even though, clear-cut areas are 
smaller, soil preparation lighter, and riparian buffer zones are mandatory along watercourses 
(in comparison to the 1970:s and 1980:s), reckless forestry can within one decade influence 
large areas of small lake catchments (<100 ha), and destructively affect the surface water 
quality and the physical conditions in connected freshwaters (Grip 1982, Wiklander et al 1991, 
Rosén et al 1996, Ahtiainen and Huttunen 1999, Kreutzweiser 2008 b). 
 
Currently there is a lack of whole lake catchment studies coupled to forest operations and clear-
cuttings in northern Sweden. As forest products are predicted to be of greater value in the 
future, studies about the impacts of forestry on the natural environment are of a major concern 
for future understandings on whole lake catchment response to different forest operations. 
 



4 
 

1.6 Aim 
The aim of this study is to make a preliminary attempt to summarize the literature relevant to 
forestry's effects on land-water linkage and biogeochemical effects on terrestrial and aquatic 
ecosystems, with emphasis on northern boreal forests. Biogeochemical processes linked to 
emissions of greenhouse gases from soil and water can be an important driver for future 
climate change (Aufdenkampe et al 2011, Tranvik et al 2009), but will however not be discussed 
in this report. Focus will be on DOC, N and P and various physical parameters as well as on the 
pelagic food web. The report has been divided into 4 sections and are presented as follows: 
 
i)   Forest harvesting - Effects on terrestrial soil nutrient cycling and potential export 
ii)  Forest harvesting - Effects on streams 
iii) Forest harvesting - Effects on lake ecosystems 
iv) Forest harvesting - Impacts on the structure and function of the pelagic food web  
 
2 Material and Methods 
 
 
To summarize literature for this report the main part of the information are obtained from 
scientific articles as well as governmental reports, NGO:s and statistical databases. 
Illustrations and modification of figures are executed by using Adobe Photoshop 12. 
 
3 Forest harvesting - Effects on terrestrial soil nutrient 
cycling and potential export 
 
 
3.1 Soil carbon cycling and terrestrial export 
Soil carbon is by far the largest terrestrial C pool on earth, and the forest floor is the most 
dynamic of the soil C pool (Yanai et al 2003). The global carbon cycle has for the past decade 
been a topic of great interest, since the atmospheric increase of carbon dioxide (CO2) (a 
potential greenhouse gas) is known to play a basal role in global climate change (Kurz and Apps 
1995, Apps and Price 1996, Seely et al 2002, Tranvik et al 2009). In nature C is fixed by plants 
and other autotrophs and is cycled in forest soils by decomposition of organic matter. By 
autotrophs- and/or heterotrophs, respiration of organic C can either be converted 
(mineralized) into inorganic forms and lost to the atmosphere as CO2, or transported as 
dissolved inorganic C (CO2, H2CO3, HCO3-, CO32-) to receiving water. Some of the organic C pool 
can be exported as DOC and consists mainly of fulvo- and, humic acids, and can serve directly 
as an external energy and C substrate for bacterial growth (by heterotrophic assimilation) and 
other microfauna (Tranvik and Jansson 2002, Kreutzweiser et al 2008 b). 

Even though, terrestrial export of DOC to receiving waters is considered small in comparison 
to other C fluxes (Neff and Asner 2001), the inputs of DOC are a significant source to aquatic 
ecosystems (Steinberg et al 2006). Inputs of dissolved organic matter (which consists of 
approximately 50-95% DOC) have been shown to support microbial metabolism and 
production in forest streams and lakes (Kaplan and Bott 1985, Kreutzweiser and Capell 2003), 
as well as boost growth rate of organisms due to increased water temperatures (Meyer 1994, 
Schindler and Gunn 2004, Brady 1984, Brady and Weil 1996, Tranvik and Jansson 2002, 
Wetzel et al 2001 a). Elevated DOC concentrations are also recognized to protect aquatic 
organisms from damaging UV radiation (Schindler and Curtis 1997), but supplementary 
important, to change the depth and light climate of/ in the epilimnion (Wetzel et al 2001 a). 
Logging impacts on boreal forest soil C appear to be limited. However, early studies on the fate 
of C associated with harvesting suggests a substantial reduction (up to 50% over a 20 year post-
harvest period) in upper soil layer. This was mainly attributed to the removal of biomass, 
increased decomposition and reduced litter input (Covington 1981). However, as a 
counterweight to Covington (1981), a more recent study by Yanai et al (2003) demonstrated 
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much lower losses of C from forest floors after logging. They also suggested that a number of 
processes that were already thought to enhance C losses actually helped retaining C in the 
forest soil. Among one of them, the mechanical mixing of organic matter into the mineral soils 
and the increased leaching of DOC into mineral soils where it is adsorbed and stabilized. 
Similar conclusion was drawn by Piirainen et al (2002) (see below). Furthermore, a review of 
73 North American studies by Johnson and Curtis (2001) on soil C pools among various types 
of forests indicated that C losses after logging was generally small (often <10% rarely >15% ) 
compared to reference years. To cover a broad spatial effect of forestry, a summary of 14 key 
North American boreal forests was reviewed by Pennok and van Kessel (1997). The review 
concluded that only 24 % of the investigated forest sites showed negative changes in soil C 
concentration or content. The export of DOC to receiving waters is proposed to be a 
consequence of disturbances in the carbon cycle after harvesting. In situ measured DOC 
concentrations in soil water from logged catchments are found to increase ~2-5 times shortly 
after logging, with decreasing concentrations after 3-5 years (Planondon et al 1982, Hintonn 
et al 1997, Startsev et al 1998). In several of these cases, the increased DOC concentrations in 
ground water and further, export to surface water was a result of lower evapotranspiration after 
logging leading to saturation of organic rich upper soil, leaching from logging slash, as well as 
increased decomposition of organic matter induced by increased forest floor temperatures. 
Piirainen et al (2002) showed a nearly 5 fold increase in DOC concentrations in Finnish boreal 
forest soils after harvesting, but concluded that most of this DOC was retained by 
immobilization and mineralization in mineral soil and thus rather small fluxes were measured 
out from the catchment. 
 
3.2 Soil nitrogen cycling and terrestrial export 
Nitrogen (N) is a key forest nutrient. In general boreal forests have a tendency to be N limited, 
with strong nutrient recycling patterns and limited N losses (Tamm 1991, Piiranen et al 2002, 
Palviainen et al 2004). The amount of N loadings to streams and receiving waters from 
atmospheric sources has generally been considered as minor in comparison to direct N 
loadings from terrestrial runoff (Likens and Bormann 1972, Elser et al 2009). However, rising 
fossil fuel combustion, agricultural intensification and forest fertilization (Galloway and 
Crowling 2002) have elevated the atmospheric N deposition to an almost 10 fold increase 
during the 20th century (Galloway and Cowling 2002). N emissions can be transported long 
distances and influence environments far away from their direct emission sources (Holland et 
al 2005). However, the distance from the source and precipitation amounts often gives rise to 
deposition gradients and hence affect the background levels in different areas. The wet N (DIN) 
deposition gradient in Sweden ranges from 800 kg N km-2 yr-1 in the southernmost part to 
negligible (< 100 kg N km-2 yr-1) in the northernmost part (Bergström et al 2008). 
 
Most forest soil N is cycled from trees to litter layers and surface soils. Macrofauna (organisms 
< 0.5 mm) starts decomposition of litter by fragmentation, ingestion, and excretion to release 
organic N, which is subsequently mineralized by microbial activity into inorganic N in the form 
of ammonia (NH4+). Nitrification processes by additional microbial activity transform NH4+ to 
nitrate (NO3-). Both the NH4+ and NO3- forms of inorganic N are readily available for 
autotrophic and heterotrophic soil- and water organisms, such as phytoplankton and bacteria. 
NO3- is highly mobile and is mostly lost from forest soils by leaching. In addition to previous 
mentioned transformations, inorganic N in wet soils can then be transformed by microbes into 
nitrite (NO2-) and nitrogen gas (N2), and emit to atmosphere (denitrification) (Attiwill and 
Adams 1993, Brady Weil 1996, Aber et al 1998) (Figure. 2). 
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Figure 2. A conceptual model of N cycling in temperate and boreal forest ecosystem (Modified from Schmidt et al 
1996). 
 
Increased soil N availability and export after forest operations (e.g. increased mineralization 
and increased nitrification) can potentially alter N leaching to receiving waters, and may result 
in enhanced N losses from forest soils (Schmidt et al 1996). Nevertheless, in studies of boreal 
forests, results of the impact of logging and further N leaching have been inconsistent (Preppas 
et al 2006). Although, it appears that clear-cutting in boreal forests drainage basins can 
increase soil temperature and moisture conditions, increase water table levels (soil saturation), 
enhance decomposition, rates, reduce leaf/needle litter and throughfall inputs by tree removal, 
and reduce nutrient uptake by trees. Above mentioned changes in environmental conditions 
can consequently affect N uptake rates, mineralization, nitrification, denitrification and 
mobilization processes, which in turn can mobilize bioavailable N forms to aquatic ecosystems 
(Grenon et al 2004). 
 
For total N concentrations and retention, 73% of the soil horizons studied in 13 reviewed 
papers from a selection of Canadian clear-cut areas showed no change after logging 
(Kreutzweiser et al 2008 b). An increase of NH4+ and NO3- concentrations were reported only 
for recent (<5 years old) clear-cuts in 25% of the studies. In one case, Walley et al (1996) found 
a 2-fold increase of upper soil NO3- concentrations of clear-cut boreal forests in Saskatchewan, 
and suggested that these resulted from reduced plant uptake shortly after logging, and from 
increased NH4+ availability through decomposition and mineralization and, thus, increased 
nitrification. 
 
Pennock and van Kessel (1997) compared total N storage in Saskatchewan forest soils between 
1-3 year old clear-cuts and 6-20 year old clear-cuts to undisturbed reference sites. Results 
showed rather small effects in total soil N concentrations after 1-3 years but showed about 27% 
less total soil N in the 6-20 year old clear-cuts. Brais et al (2002) additionally showed that the 
total N pools were lower in the organic layer in clear-cut sites 15 years after whole-tree logging 
(northwestern Quebec) in comparison to undisturbed sites, but not significantly different in 9-
year old clear-cuts. Both Pennock and van Kessel (1997) and Brais et al (2002) attributed the 
lower N concentrations to reduced litter inputs combined with reduced litter decomposition 
from lower fall soil temperatures (less heat retention when canopies are removed), and 
subsequent decreases in N mineralization. 
 
Leaching of NO3-and NH4 as an explanation of lower tot N concentrations after logging is 
described by Schmidt et al (1996) who presents a study indicating a ~1.5 time’s reduction of 
NO3- and ~2 times reduction of NH4+ respectively due to leaching. Rosén and Lundmark-Thelin 
(1987) reported that N exports increased from logged Scandinavian boreal forest sites and that 
the increase was often linked to leaching from decomposition of logging slash (tree tops and 
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branches). In contrast to these two studies, work done in Finland by Piirainen et al (2002) 
concluded that effects of boreal forest clear-cutting overall on increased N export would be 
negligible. 
 
3.3 Soil phosphorous cycling and terrestrial export 
After N, phosphorus (P) is the second most important forest soil nutrient. As a significant 
nutrient, P plays a major role in metabolism of organisms in the biosphere. P occurs in soil as 
inorganic and organic P compounds. Most of the soils contains a relatively low amount of total 
phosphorus (tot-P), and only a small fraction of the tot-P is readily available to plants. Most P 
compounds in soils have low water solubility. P in soils generally occurs as the anions H2PO4- 
or HPO42-(here in after PO4-P). P reaction is pH dependent. In acid soils, soluble phosphorus 
in the soil solution reacts with iron (Fe3+), and aluminium (Al3+) to form low solubility Fe- and 
Al-phosphates. In calcareous soils, soluble P in the soil solution reacts with calcium (Ca) to 
form low solubility Ca-phosphates (Vincent et al 2012). The atmospheric P deposition (wet + 
dry) is very low in the boreal belt (Persson and Olsson 1992). In northern Sweden, series of 
measurements of atmospheric P deposition flawed because the deposition has usually been 
below the detection limit (<33 µgP L-1), and for that reason the direct atmospheric contribution 
to northern Swedish ecosystems is considered to be negligible (IVL 2001). Natural sources of 
P originates therefore exclusively from the geology (i.e. coupled to soil and bedrock conditions) 
(Mainstone and Parr 2002). Inorganic P is weathered from primary minerals and bedrock near 
soil surface (Schoenau et al 1989, Attiwill and Adams 1993, Smeck 1973, 1985). Apatite is the 
most abundant P mineral, and includes in most igneous rock types, such as granite and gneiss. 
P concentrations in different rock- and soil species varies between 0.1-5%, thus, the 
background contribution from geological sources will affect the quantity and effectiveness of P 
cycled (Mainstone and Parr 2002). 
 
The cycling of P (Figure 3) in forest soils is complex, but is generally affected by many of the 
same site conditions that influence N cycling. 
 

 
Figure 3. A conceptual model of P cycling in temperate and boreal forest ecosystem (adapted from Whitson et al 
2003). 
 
Similar as for N, changes in soil moisture and temperature, litter and throughfall, forest 
removal, soil saturation, microbial activity, mineralization, will affect P leaching/movement, 
and will therefore not be repeated in this section. However, at least three additional processes 
can contribute and favour P movement and leaching from disturbed logging areas. 



8 
 

1) Land disturbance from forest machinery can momentarily damage soil-cover resulting in 
increased weathering from exposed mineral soils, as well as damage (decrease) soil porosity 
and prohibit infiltration of water and hence affect the hydrology and runoff (Evans et al 2000). 
 
2) Adsorption to particulates is an important sink for dissolved inorganic P and, hence, any 
changes in hydrology or processes that mobilize particles through surface- or subsurface 
pathways can excess P loads to aquatic streams and lakes (Hall et al 2002, Whitson et al 2003). 
Export of P bound to particles is particularly important in clay-rich soils (Prepas et al 2006), 
such as various glacial and postglacial deposits. These types of soil are commonly found and 
identified in the boreal belt (Liu 1990). Chemisorption to Iron (Fe) and Aluminium (Al) 
components creates strong P-Fe and P-Al complex and can be negligible as a substrate for 
biological uptake by aquatic organisms (McLaughlin et al 1977, Bowman et al 1978). 
 
3) P losses from forest soils can be accelerated by co-leaching with DOC (Qualls et al 1991, 
Donald et al. 1993). This linkage to DOC therefore confers a direct positive correlation between 
DOC and total phosphorous (Tot-P) in forest streams and lakes (Devito et al 2000). Logging 
impacts on P recycling and export from forest soils have not been studied as comprehensive as 
those for N. This is most likely because boreal forests are considered to be mainly N-limited 
(Lupi et al 2013). Although, twelve reviewed studies from the Canadian boreal shield showed 
in 81% no change in soil tot-P from clear-cut sites. In few cases where increased or decreased 
P levels did occur it was almost exclusively in the organic soil horizon of the forest floor 
(Kreutzweiser 2008 b). However, others have reported decreased soil P concentrations and 
storage. Schmidt et al (1996) reported a ~1.5-2 time lower tot-P in forest floor layers two years 
after logging in Alberta. Pennok and van Kessel (1997) measured up to a 15% less accumulation 
of soluble organic P, but no difference in soluble inorganic P in sites that had been logged 6-20 
years prior to measurement in Saskatchewan, Canada. They suggested that this was an effect 
of leaching losses of soluble forms of P with increased soil water movement at logged sites. In 
addition, Devito et al (2000), Lamontagne et al (2000), Prepas et al (2001) and Pinel-Alloul et 
al (2002) suggests that increased movement of soluble P from forest soils after logging are 
likely to decrease forest productivity and result in increasing P loading to boreal streams and 
lakes. 
 
4 Forest harvesting - Effects on streams 
 
 
Stream water quality can be associated to many factors, depending on the biogeochemical key 
processes that are of current environmental interest. In this study, water quality refers to such 
parameters that can affect biogeochemical processes in downstream lake ecosystems. 
 
4.1 Forest harvesting effects on stream flow and suspended matter 
A well-known effect of forest harvesting at temperate and high latitude regions is an increase 
in both annual runoff (Buttle et al 2005) and peakflows (Guillemette et al 2005). This is caused 
by reduced evapotranspiration and greater accumulation of snow in open clear-cut areas 
(Pomeroy and Granger 1997). However, effects of forest harvest on streams are often highly 
variable (Miller et al 1997). Runoff changes from several hundred clear-cuts have been 
presented, with a span ranging from 12-700 mm in annual runoff change (Bosch and Hewlett 
1982). Despite the wide span, Bosch and Hewlett (1982) through an examination of 94 
Canadian boreal shield catchment experiments suggested some generalizations about the 
relationship between percent cover removal, vegetation type, and annual stream flow increase 
(Figure 4). Based on the data in figure 4a, Bosch and Hewlett (1982) noted following 
relationship: coniferous cover are related with a ~40 mm change in annual water flow per 10% 
change in forest cover. Reductions in forest cover of less than 20% cannot be detected by 
measuring streamflow only. Streamflow response to deforestation depends on both the areas 
being clear-cut, the mean annual precipitation and its intensity under the year of logging 
treatment/practises (Bosch and Hewlett 1982). Changes are most profound in areas with high 
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precipitation (rain), However, effects are also shortest lived in such areas due to faster 
regrowth of vegetation. Furthermore, similar data from British Columbia are expected to be 
influenced by changed patterns of seasonal snowfall, snow melt and surficial runoff in spring 
(Church 1997). Figure 4b shows a summary from the same 94 boreal shield lakes (Bosh and 
Hewlett 1982) with emphasis on changes after clear-cutting of conifer trees as a function of 
annual precipitation. 
 

 
Figure 4a) Streamflow increases following changes in vegetation cover: approximated slopes, and  b) distribution 
of water yield changes after clear-cutting as a function of mean annual precipitation: generalized relationships (both 
figures adapted from Bosch and Hewlett 1982). 
 
Numerous studies in North America and in other parts of the world have shown that peakflows 
tend to increase after logging activities (Blackburn et al 1990, Hicks et al 1991). However, 
changes in streamflow peaks are extremely variable and depends not only on the type logging 
operation and on basin characteristics, but also on whether the flow occurs in response to rain, 
or to rain on snowpack (Harr 1986), or to spring snowmelt (Golding 1987). Several studies in 
the Pacific Northwest of the United States have shown either an increase in peakflows (Harr 
and Fredriksen 1988, Hicks et al 1991) or no significant change (Harr 1986). 
 
Harr and Fredriksen (1988) investigated a small watershed in Bull Run watershed, Oregon, 
and noted small changes in suspended matter concentrations following clear-cutting. They 
attributed this to the natural stability of the soils in that area and the low topography (relief) 
of the catchment. Furthermore, Besctha (1978) found annual mean concentrations of 
suspended sediment increase from 10-30 mg/l to 60-150 mg/l during the first four years after 
clear-cutting. Thus, watersheds were more vulnerable to soil erosion and sediment loss after 
clear-cut harvesting when mineral soil was exposed and before plants re-vegetated the cut area. 
Blackburn (1990) further concluded that those treatments that left a greater percentage of 
vegetation resulted in lower sediment increases in streams. 
 
4.2. Linkage between clear-cutting and changes in stream water chemistry 
Increased carbon (C), nitrogen (N) and phosphorous (P) exports in streams have often been 
detected after clear-cutting of boreal forests (Grip 1982, Rosén et al 1996, Athiainen and 
Huttunen 1999, Lamontagne et al 2000, Laudon et al 2009). This is mainly due to increased 
stream-water runoff, increased nutrient concentrations or those two combined. Nutrient 
export are usually most profound during the first years after clear-cutting, but it can take up to 
20 years until nutrient loads is returned back to pre-cutting levels (Rosén et al 1996, Athiainen 
and Huttunen 1999). 
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In a paired catchment approach from eastern Finland, Palvianien et al (2014) investigated the 
long term impact of logging on three (one reference, and two treated streams) first order boreal 
streams. In short, concentrations and loads of substances during reference years were low in 
all catchments, indicating closed nutrient cycling and small leaching losses from the three 
catchments, respectively (Mattsson et al 2003). The annual runoff significantly increased (4-
102 mm or 1-30%) post-harvest in one stream. The lack of an increased runoff in the second 
stream was in accordance with studies by Bosh and Hewlett (1982), Stednick (1996) and Ide et 
al (2013), i.e. most likely due to the smaller proportion of clear-cut areas (8 vs. 56%) in this 
catchment. The catchments displayed differences in topography (7 and 2%) and, thus, it was 
suggested that this differences in slopes consequently enhanced runoff during spring peak 
flows due to snowmelt (Kreutzweiser et al 2008 b, Ide et al 2013, Schelker et al 2013). Clear-
cutting and soil preparation increased stream water PO4-P concentrations by 0.8-2.2 µg L-1 

(0.2-0.4 %) and NO3-N concentrations by 14-39 µg L-1 (182-512 %), respectively, in one stream 
only. The general increase in PO4-P export was endorsed to altered geohydrological conditions, 
whereas the latter was attributed to lack of N retention, greater snow accumulation on clear-
cut areas, reduced nutrient uptake by trees and understory vegetation and increased 
nitrification in the litter layer (Piiranen et al 2002, Varhola et al 2010, Finér et al 2003, 
Palviainen et al 2004, 2005, 2007). The small proportion of harvested area and relatively long 
distance to the stream was explained as a cause of no significant change in the leaching of 
nutrients from the second catchment (Palviainen 2014). Additionally, the second clear-cut 
catchment were separated from the stream by pristine peatlands and, thus, it was concluded 
in line with Saari et al (2009) that the high ground water table and anaerobic conditions in the 
peat buffer zone can promote denitrification and further decrease NO3-N concentrations and 
export from catchments to streams.  
 
The increased PO4-P stream export was proposed to be an effect of faster decomposition of 
litter, branches and other woody residues, and, thus, rapid release of P. Elevated ground water 
levels and more surficial flow paths after clear-cutting was, however, the main argue to explain 
the increased PO4-P export in streams (Palviainen et al 2004, 2007, Piirainen et al 2004, 2007, 
Kreutzweiser et al 2008 b). Hence, solubility increased and potentially increased transport to 
the stream via changed flow path ways. However, the PO4-P export did not significantly differ 
from the second catchment. The author’s states that this is a consequence affected by the 
presence of the same peat buffer zone as mentioned above and subsequent high peat retention 
capacity will therefore result in different behaviours between these two catchments (Palviainen 
et al 2014, Nieminen and Jarva 1996). 
 
Unlike in some other studies (Lamontagne et al 2000, Laudon et al 2009, Schelker et al 2012), 
Palviainen et al (2014) did not find increased exports of DOC after clear-cutting. Lamontagne 
et al (2000) presents a twofold to threefold DOC increase when between 25-75% of the forest 
was harvested in eastern Canada. Laudon et al (2009) studied two streams affected by 
harvesting 70 km west of Umeå, northern Sweden and found a significant increase in stream 
water DOC levels with an average annual increase of 51% post harvesting. Schelker et al (2012) 
found a significant net annual DOC increase of 3.0 mg L-1. However, site preparation increased 
DOC levels from 20.4 to 27.6 mg L-1. When comparing these C fluxes (183 kg C ha-1 yr-1) after 
clear-cutting, and (280 kg C ha-1 yr-1) after site preparation this underlines the large impact of 
forestry operations on stream water quality and DOC leaving managed boreal forests. All three 
studies exhibited the highest stream water DOC concentrations between 1 to 3 years after clear-
cutting and soil preparation and the authors concluded that the main driver behind increased 
DOC concentrations were those connected to increased runoff. Moreover, numerous studies 
(France et al 2000, Eckhardt and Moore 1990, Koprivnjak and Moore 1992, Findlay and 
Sinsabaugh 1999, Elder et al 2000, Creed et al 2003) additionally signify the importance of 
wetlands for the excess load of nutrients including DOC from forested catchments. 
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4.3 Temperature changes in streams 
Harr and Fredriksen (1988) noted increases of 2-3°C in annual maximum water temperatures 
following clear-cutting. Due to rapid growth of shade-producing vegetation nearby the stream, 
Harr and Fredriksen noted that increases in annual maximum water temperatures had 
decreased to less than 1°C above predicted temperatures within six years after logging. Hicks 
et al (1991) also noted increases in annual stream water temperatures due to clear-cutting. 
However, Hicks et al (1991) concluded that increases resulted from increases in summer 
stream temperatures due to reduced base flow (lower water volume). 
 
As a stream flows through a clear-cut area the level of increased heating will be a function of 
the length of its light exposure, i.e. its exposed area of stream surface. Figure 5 shows a typical 
horizontal profile of stream water temperatures as affected by clear-cutting (Miller et al 1997). 
 

 
Figure 5. Generalized horizontal profile of stream temperature showing the effect of a clear-cut exposed segment 
(modified from Miller et al 1997). 
 
5 Forest harvesting- Effects on lake ecosystems 
 
 
Overall, combined natural and anthropogenic processes in terrestrial environments will reflect 
the direct effects and further aquatic response in receiving lake ecosystems. As known from 
previous chapters, logging operations can disturb and change nutrient cycling in the terrestrial 
part of the catchment and increase export of some key nutrients as well as affect important 
physical parameters such as water temperatures, wind- and light conditions (Bourque and 
Pomeroy 2001, Ensign and Mallin 2001). The extent to which direct lakeside harvesting has 
on these various processes and the aquatic response is a matter subjected to relative little 
research. In this section, physical- and chemical effects, as well as direct responses to lake 
ecosystems will be presented as a generalized overview. A detailed description and sum up 
linked to the potential impact on the pelagic food web structure follows in chapter 6. 
 
5.1 Seasonal flow patterns and lake levels 
The majority of the literature available predominantly examine the effects of harvesting on 
peakflows and annual runoff in streams. Changes in peakflows may affect the timing of 
maximum spring lake levels (Nikolaus et al 2009) and to which extent this effect will render 
correlates with basin morphometry and catchment size. Thus, small shallow lakes with large 
catchments and deficient outlets will be at higher risk to variations in volume and timing of 
inflows. Deep lakes with small catchments will therefore consequently be less affected (Miller 
at al 1997). Some researchers has focused on the influence of water level fluctuations for the 
survival of larvae and juvenile fish. Dzienkonska (1956), Winfield et al (2004) and Kahl et al 
(2008) propose that if the water level increases before or during fish spawning, then 
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availability for pristine shallow littoral spawning substrates can be lost and further increase 
egg and larvae mortality due to increased exposure from predators. 

5.2 Lake temperatures, wind and changed stratification patterns  
Elevated lake temperatures might be expected as a result of increased stream temperatures, 
removal of lake riparian vegetation, or increased DOC and SM input (Morris et al 1995, Melina 
et al 2002, McNamee et al 1987). For all four parameters, the degree of these effects will be a 
consequence of both lake volume and catchment size (cf. above; Jepperssen et al 2009). 
Generally, a reduction of lateral riparian vegetation is not likely to affect epilimnion 
temperatures if not a significant portion of the lake surface was previously shaded by the 
surrounding forest (McNamee et al 1987). However, it is possible that riparian deforestation 
would expose lake surface to stronger winds (i.e. changed fetch lengths) whose effect could 
consequently deepen the thermocline (France 1996), and affect the spring and autumn 
turnover in dimictic lakes (Wetzel et al 2001 b). Logging 50% of a catchment around a small 
boreal lake in southern Finland was shown to increase the epilimnion depth within one year 
due to increased wind action caused by removal of tall protecting trees (Rask et al 1993). A 
small lake catchment destroyed by wildfire in north-western Ontario, Canada, was assumed to 
have contributed to a deepening of the thermocline with up to 2 m (Schindler et al 1990). In 
small boreal lakes water clarity can be seriously affected by SM (Mazmunder and Taylor 1994, 
Tyler 1961). The concentration and effect of SM (further described in section 5.3) on the 
adsorption of light are very marked. Thus, absorption of short wavelengths (400-700 
nanometres) results in a significant heating effect (i.e. and stronger stratification) and shifting 
underwater light climates (Morris et al 1995). Whatever these effects will result in, it is likely 
to be most pronounced in small lakes (<1 ha) or in parts of larger lakes such as bays (Miller et 
al 1997). Increased temperatures might as well affect pelagic production (zooplankton, bacteria 
and phytoplankton), as increased temperatures are known to boost the growth rate of 
organisms (Wetzel et al 2001 b). 
 
5.3 Suspended matter (SM) as a physical pollutant 
Generally, road constructions, the use of temporary bridges at stream-bed crossings and 
timber harvesting (section 4.1) will result in direct increased sediment loads to lakes (Swedish 
Forest Agency 2000, Swedish Forest Stewardship Council 1998, Miller et al 1997). Sediments 
added directly to lakes via riparian processes or through stream loadings are expected to have 
both biological and chemical effects on different processes and dynamics of lake ecosystems 
(Miller et al 1997). Whether the SM is supplied via streams or directly from lakeside activities 
might also affect spawning areas as the lake floor acts as a sink (Cederholm and Reid 1981, 
McNamee et al 1987). Moreover, increases in fine sediments are concluded by McNamee et al 
(1987) to reduce lake-floor gravel beds and consequently influence macro-invertebrate 
habitats and survival. Increases in SM within lakes are additionally most likely to impact 
littoral growing vegetation. In general, absence of long-term increases of SM the effects on 
littoral vegetation may be insignificant. In systems with higher degree of excess loads of SM, 
and during longer periods of time, it is the flora of the deepest waters that is most likely to be 
affected (McNamee et al 1987, Horppila and Nurminen 2003). In this zone, where light 
penetration is limited, decreased light penetration due to increased SM input may turn already 
sensitive habitats inappropriate for aquatic macrophytes as they already are light limited at 
such depths (Koch 2001). Moreover, the most profound effect on pelagic ecosystems regards 
decreased light climate for photosynthetically dependent autotrophs (Jones 1998).  
 
5.4 Oxygen concentrations 
Supplementary loads of nutrients (if that occurs) would affect primary lake productivity, which 
in turn could have considerable negative effects on oxygen concentrations. In general, where 
the supply of nutrients or sediment load are increased, the overall result is increased oxygen 
loss in the epilimnion and the hypolimnion, respectively. There is both a sediment oxygen 
demand and water column oxygen demand, where the latter attributes to changes in primary 
productivity and subsequent increased bacterial respiration which consumes O2 (Charlton 
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1980). Small, shallow lakes with small water volumes are usually the most vulnerable to oxygen 
depletion (McNamee 1987). Rask et al (1993) noted changed oxygen conditions following 
forest operations in eastern Finland. The depth of the oxygenated stratum decreased compared 
to pre-treatment depth (from 3.5-4.5 m in 1979-1981, to 2.5 m in 1982-1984) with a low of 1 m 
directly following burning of logging waste. The authors concluded that immediate released 
nutrients associated with the burning event increased oxygen consumption within the lake 
ecosystem. Additionally, oxygen solubility and concentrations are strongly correlated with 
water temperature, and increased lake water temperatures are known to decrease oxygen 
concentrations and, thus, promote less oxygen availability for aerobic productivity (Vega et al 
1998, Pörtner and Knust 2007).  
 
5.5 Nutrient fluxes in lake waters 
In relation to the relatively rich supply of DOC, N and P is least abundant and commonly limit 
or co-limit production in fresh water ecosystems (Kalff 2002, Elser et al 1990, Bergström et al 
2013). A common method to estimate the nutrient and eutrophication status in lakes is by 
measure the total nutrient concentrations, consisting of both dissolved inorganic and organic 
forms and to some degree consequently occurred as suspended particulate matter (Juday et al 
1927, Ohle 1938, Wetzel et al 2001 b). The scientific interest in DOC has been accentuated in 
recent years by the general increase in the concentrations and total fluxes of DOC across large 
parts of the northern latitudes (Monteith et al, 2007, Evans et al 2006, Erlandsson et al 2008). 
Carbon is a key element for the development of biomass, and as much as 30-70 % of the carbon 
content in all aquatic organisms at all tropic levels can be of allochtonous origin in northern 
lakes (Jansson et al 2007) and disruption in soil C cycling processes after logging can underpin 
the terrestrial export of DOC to receiving lake waters (Kreutzweiser et al 2008 b). A number of 
research teams from a broad range of DOC monitoring projects, reports increased DOC 
concentrations in boreal lakes (usually ~2 to 5 times) after clear-cut logging, even when 
riparian buffer zones were preserved along lake and stream shores (Caringan et al 2000, 
France et al 2000, Lamontagne et al 2000, Steedman et al 2004, Pinel-Alloul et al 2002, 
O'Driscoll et al 2006, Bertolo and Magnan 2007). Winkler et al (2009) investigated the short 
term (1 yr) effect of logging in a paired lake study in Quebec and complementary observed a 
significant before/after increase of DOC (7.9-13.1 mg L-1). Consistent for these studies is the 
author’s consensus regarding the changes in geo-hydrological conditions as the central driver 
behind enhanced terrestrial DOC runoff, and increased concentrations in receiving water-
bodies. 
 
Several studies have documented logging-induced elevated exports of different N forms in 
streams (Palvianien et al 2014, Lamontagne 2000, Carignan et al 2000 and more). However, 
only a few setups has been conducted with emphasis on forest harvesting effects on lake N 
concentrations. Winkler et al (2009) found no significant difference in the tot-N (organic + 
inorganic N forms) lake concentrations between treatments and the periods before/after in 
eastern Canada, hence no impact of logging could be detected. The unaffected lake N 
concentrations detected coincides with Lamontagne et al (2000) who, however, found an 
increased export of tot-N in stream water post-harvest (eastern Canada), but no significant 
difference in lake water concentrations. The two latter research teams explains this by that 
readily available N sources (NO3- and NH4+) is rapidly utilized (since the system is naturally 
nutrient limited) by benthic algal and macrophytes in the littoral zone as the stream water 
enters the lake. Mullholand et al (1985) shows that this process already occurs in streams and 
that the nutrient concentrations gradually reduces within relatively short distances from a 
logged area, and, thus, no impact on the overall N concentrations in the recipients. 
Furthermore, Steedman (2004) monitored three small headwater lakes in Ontario post-
logging, and found a slight increase of tot-N by the third year after logging. However, the 
limited water quality change observed were concluded to be of a magnitude unlikely to induce 
important changes in lake productivity. 
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A variety of studies support the hypothesis that removal of forest cover may affect the export 
of P to lake basins (Palviainen et al 2004, 2007, Piirainen et al 2004, 2007, Kreutzweiser et al 
2008 b). Winkler et al (2009) detected an increase (6.7 to 8.0 µg L-1) in tot-P concentration in 
the pelagic zone after harvesting in four paired boreal catchments in the province of Québec. 
Carignan et al (2000) investigated thirty-eight thermally stratified headwater lakes in eastern 
Québec and found yearly tot-P averages to be significantly higher in cut lakes than in reference 
lakes. The increase was explained to be a combined function of the area cleared, lake 
percentage of total catchment area, slope (differences in retention time) and proportion of 
wetlands. Similar conclusions have (i.e. before and after studies) been drawn by Bormann and 
Likens (1979) and Rask et al (1993). Peatland export rates of P are likely higher than the uptake 
rates of P in streams, suggesting that a considerable share of P exported from mires to streams 
(or mires in direct contact to lakes) will enter lakes and, thus, the proportions of wetlands will 
highly influence the P loads to lakes after harvesting. Hence, logging changes the hydrology in 
wetlands (Löfgren et al 2009, Lepistö et al 1995). The important role of SM as a carrier of P 
was early addressed (Ahl 1988, Persson 2001). Several studies have shown that tot-P in humic 
waters are linked to DOC, Fe and Al (De Haan and De Boer 1986, Melli 1992) and that tot-P in 
humic lakes may be associated with suspended C, Fe or Al complexes (Jones et al 1998, 
McLaughlin et al 1977, Bowman et al 1978). Those fractions can however encounter different 
fates in the receiving lake, as they can either be directly utilized by aquatic organisms (Jansson 
et al 2012, Schindler 1977), or be comprised in sedimentation processes. 
 
5.6 Nutrient exchange between lake sediments and the lake water column 
In the early sixties it became clear that only part of the N and P compounds entering lakes 
appeared in the outlets. In shallow boreal lakes, very little or nothing could be detected in the 
outlets (i.e. lakes functions as net sinks for nutrients), suggesting that lake sediments were the 
cause behind P retention in lakes. Thus, the major P losses was recognized to be due to 
chemical fixation and exchange processes in the sediments (Golterman 2001, Jansson and 
Broberg 1994). Biochemical N losses from lakes is mainly coupled to denitrification processes 
and atmospheric emissions (N2O, N2). Consequently, only a minor part of N accumulates in 
the sediment. However, in eutrophic systems, accumulation of large amounts of N can be 
stored in the sediment and serve as a direct net source for several years (Jansson and Broberg 
1994). 
 
As previously described (chapter 1.4 and 5.2), deforestation can expose a lake surface to a 
stronger overwater wind. This can consequently enhance wave impact at previously 
undisturbed lake bottom surfaces to shear stress, leading to potential sediment resuspension 
and excess nutrient release (France 1996, Søndergaard et al 1992). The wavelength (λ) of a 
continuously travelling wave is defined as the length between two wave crests, whereas the 
depth on which the wave can stress the underlying substrate is termed  λ/2 (Pinet 2008). If the 
wind speed increases and subsequently the wavelength (λ), this implies that the depth of which 
a wave can stress the lake bottom (λ/2) increases as well (Figure 6). 
 

 
Figure 6. Theoretical situation on a natural lake bottom influenced by enhanced wind action due to logging 
activities.  The  post  logging  (wave  1)  has  longer  wavelength  (λ)  and can affect the bottom at a greater depth (d 1) 
than the pre-logging (wave 2) (d 2). Wave 1 can cause resuspension of previously undisturbed sediments whereas 
wave 2 is reaching further (d 2) into the reedbed without bottom friction. This wave loses force within the reedbed 
and becomes more harmful to disturbances of the lake bottom. 
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Wind-induced sediment resuspension may influence the chemical and biological processes in 
lakes through effects on turbidity (Grippel 1989) and redistribution of nutrients to the internal 
lake nutrient loading (Bengtsson et al 1990, Hamilton and Mitchell 1988). Given that many 
boreal lakes has morphological basins characterized of relatively large shallow areas with 
gentle slopes towards the deep (Jyväsjärvi et al 2009), large undisturbed areas can function as 
an significant supplementary nutrient source for the internal nutrient cycling, especially when 
dimictic lakes are stratified in spring and summer (Jansson and Broberg 1994). Laboratory 
studies has shown that PO4-P is released during frequently increased wind-induced 
resuspension of (oligotrophic water) sediments. The P release caused by sediment 
resuspension can theoretically be of a magnitude 20-30 times greater that the release from 
undisturbed sediments (Søndergaard et al 1992), whereas wind-induced N release mainly 
attributes to hypereutrophic lakes and reservoirs (Reddy el al 1996). 
 
6 Forest harvesting – Impacts on the structure and 
function of the pelagic food web  
 
 
6.1 Pelagic food web structures and trophic mobilization of energy and 
nutrients 
Pelagic food webs (Figure 7) are generally strongly size-structured with larger predators 
feeding on smaller prey in the open water habitat (Sheldon et al. 1972, Azam et al. 1983, Wikner 
and Hagström 1988, Jennings et al. 2002, Samuelsson and Andersson 2003). Nevertheless, 
production at higher trophic levels is based on the mobilization and availability of energy (C) 
and nutrients (N, P) at the base of the food web. Here phytoplankton uses dissolved inorganic 
carbon (DIC) as a carbon source, inorganic N and P as nutrients, and light as an energy source 
to produce biomass. In contrast, bacteria utilize DOC as their corresponding carbon and energy 
substrate and inorganic N and P as their nutrient source. Therefore both phytoplankton and 
bacteria (e.g. basal energy producers) strongly compete for the same N- and P-pool of inorganic 
nutrients (Jansson et al 2000, 2007, Karlsson et al 2002) and the pelagic pathway for energy 
and nutrients accounts for two separate systems, the autotrophic (by phytoplankton) and the 
heterotrophic (by bacteria). The heterotrophic pathway is longer (bacteria-protozoans-
metazoans) than the autotrophic one (phytoplankton-metazoans), and for that reason less 
efficient, and more energy will be lost in respiration (Jansson et al. 2007). Regardless whether 
the autotrophic or the heterotrophic system dominates production at the base of the food web, 
zooplankton serves as an important link (e.g. of energy and nutrients) to the next trophic level, 
the fish. The zooplankton communities in the pelagic food web of most lakes are dominated by 
cladocerans and copepods. Cladocerans are mentioned as mainly non-selective filter-feeders, 
grazing to a large extent on the smallest members of the plankton family including bacteria. By 
contrast, copepods feed selectively on larger phytoplankton, flagellates and ciliates and are 
unable to feed on bacteria directly (Sommer and Sommer 2006, Jansson et al 2007). 
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Figure 7. Principle for carbon and nutrient fluxes in the pelagic lake food web (modified from Jansson et al 2007) 
 
Generally, bacteria are often considered to be P-limited in humic and clear water lakes 
(Jansson et al 1998, Karlsson et al 2001) and exhibit lower C:P ratios, whereas phytoplankton 
shows lower C:N ratios and higher C:P ratios and are typically N-limited in lakes situated in 
areas with low N-deposition and P-limited in lakes situated in areas with high N-deposition 
(Elser et al 1990, Bergström et al 2008, 2013). Environmental impact on pelagic productivity 
may be direct via increased water temperature or changed light climate, but also by indirect 
catchment processes that determines export of DOC and nutrients (Karlsson et al 2005, Ask et 
al 2009). 
 
6.2 Responses on the pelagic productivity 
Owing to the large pool of organic matter, boreal lakes are physically and chemically different 
from clear-water lakes and these properties affect the metabolism, dynamics, and structures of 
the pelagic food web (Wetzel 1983, Karlsson et al 2009). Because of rapid light adsorption in 
DOC-rich waters primary production is confined to shallow surface layers (Eloranta 1978, 
Jones and Arvola 1984, Ask et al. 2009). High humic water favours bacterial growth as their 
energy substrate often are abundant (Tranvik 1989, Moran and Hodson 1990, Tulonen et al 
1992, Jansson et al. 2001). Thus, excess DOC loads via streams (figure 8) promotes increased 
lake water concentrations, and can consequently boost heterotrophic production after clear-
cut logging. Increased additional loads of nutrients can yet also support phytoplankton 
production (Nürnberg and Shaw 1998, Kreutzweiser 2008 b). Moreover, decreased light 
intensity due to increasing concentrations of SM and DOC (figure 8) can possibly endorse 
bacterial production, as they are better adapted to utilize energy and nutrients at such low-
light conditions (Daniel et al 2005, Kamjunke et al 2008). Furthermore, SM and DOC adsorbs 
light and, thus, renders in increased water temperatures which may also result in increased 
growth rate of organisms (Meyer 1994, Schindler and Gunn 2004, Brady 1984, Brady and Weil 
1996, Tranvik and Jansson 2002, Wetzel et al 2001 a) (figure 8). However, photosynthetically 
dependent phytoplankton will most likely deprives by reduced insolation and the pelagic food 
web in such conditions (DOC and SM fluxes) tend to be pushed towards stronger heterotrophy 
(Cotner and Biddanda 2002). 
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Figure 8. Altered Physical and chemical factors that can determine responses on the pelagic productivity caused by 
forestry. 
 
Obtaining information that specifically assess enhanced N fluxes and eventual effects on the 
pelagic food web appears difficult. Discussions regarding local and regional aquatic N 
eutrophication have mainly focused on costal and marine systems (Vitousek et al 1997, 
Howarth and Marino 2006), while freshwater lakes have been largely neglected, most likely 
because phytoplankton production in lakes has for long been regarded as being primarily P-
limited (Kalff 2002). However, Bergström et al (2005) and Bergström and Jansson (2006) 
showed that N-limitation of phytoplankton was found in in regions with low rates of N-
deposition (<250 kg N km-2 yr-1) such as unproductive lakes across substantial areas of Europe 
and North America. Nevertheless, many of the studies coupled to forest harvesting effects on 
lake production has mainly been performed in North America, where the P limitation 
paradigm (Kalff 2002) still refers to a topic of greater interest than that to N limitation (Sterner 
2008), Wherefore the link between forest operations and N impact on the pelagic food web is 
lacking and as a result little attention will be given to the role of N in this chapter.  
 
Winkler et al (2009) reported a significant increases in DOC and tot-P concentrations followed 
by a slight decrease in phytoplankton production post harvesting (eastern Canada). They 
adopted the theory by Planas et al (2000), suggesting that phytoplankton production in spite 
increased tot-P concentrations had been balanced out due to light limitation as a result of 
increased DOC, or possible, phytoplankton were already N-limited in those systems 
(Bergström et al 2005, Bergström and Jansson 2006). Although the study didn't detect any 
significant annual changes in phytoplankton abundance before/after logging, the inter-annual 
variability was altered with comparatively higher phytoplankton concentrations found in 
spring and fall. The latter concluded as a result of enhanced runoff due to thicker snowpack at 
open clear-cut areas and less water retention during fall precipitation events contributing to 
excess loads of inorganic nutrients. In three logged catchments from eastern Finland, mean 
annual phytoplankton biomass additionally remained relatively constant in the experimental 
lakes (Rask et al 1998). Furthermore, the same authors (Rask et al 1993) monitored 
populations of phytoplankton in a small southern Finnish lake post harvesting and found that 
the mean primary production of the phytoplankton in surface waters increased of a magnitude 
~3-6 times after clear-cutting. They attributed this increase to improved supply of direct 
bioavailable nutrients. A corresponding study in two small Swedish lakes recorded a slight 
increase in the phytoplankton biomass after forest operations in a peat-rich catchment 
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(Bergquist et al 1984). Allochthonous P fluxes when P is bound either to organic matter or in 
metal complexes can have different degrees of bioavailability as it enters the lake. Some 
observations even suggest that DOC-iron-PO4-P interactions may decrease phytoplankton 
biomass in humic lakes (Jackson and Heckey 1980). Humic lakes have relatively high 
concentrations of tot-P most likely due to formation of colloidal humus-metal-P complexes 
(Tipping 1981, De Haan and De Boer 1986). In spite these high P concentrations, humic lakes 
are often extremely unproductive in terms of primary production (Jones 1992, Karlsson et al 
2009). Consequently, humic lakes are a contradiction in terms of that many lakes can be 
classified as meso- to eutrophic by their concentration of P but extremely unproductive by their 
low primary production (Jansson et al 2012).Thus, the P fluxes due to logging (figure 8) 
remains uncertain as an utilizable substrate for primary producers. However, Jansson et al 
(2012) investigated two undisturbed first order streams (mire and forest) in northern Sweden 
and concluded that boreal terrestrial systems can be a substantial source for bioavailable P. 
Although, the influence of light and N-limitation cannot be considered negligible in terms of 
bacteria and phytoplankton production. 
 
Several mechanisms have been suggested to control the exchange of nutrients, especially P, 
across the sediment-water interface (Boström et al 1988, Forsberg 1989 Golterman 2004). 
Increased sediment resuspension (Figure 8) may play a key role in the nutrient dynamics of 
shallow lakes. Hence, several consequences could arise from sediment resuspension in this 
type of lake. Bioavailable P released during resuspension of sediments is highly determined by 
the lake specific chemical and physical status (Søndergaard et al 1992). The adsorption-
desorption kinetics of P bound to sediment particles, depends on whether the resuspended 
particles are over- or under saturated, redox (O2) and pH conditions. Thus, high tot-P, low pH 
and low O2 concentrations promotes desorption and, hence, P-bioavailability increases 
(Boström et al 1988, Søndergaard et al 1992). Consequently, P-bioavailability in such 
conditions may be high enough to support primary production at normally P-limiting 
conditions (Bonnie and Stanford 1988, Viner 1988). Besides increasing primary production, 
resuspension may also influence the summer succession of phytoplankton by favouring certain 
groups due to different nutrient and mixing conditions (Olrik 1981). The shaded environment 
caused by resuspension may again favour bacteria as they are better to utilize energy and 
nutrients at low light conditions (Reynolds 1987). The effects of logging on zooplankton density 
has been difficult to detect when less than 35% of the catchment has been logged (Rask et al 
1998). Recent studies from eastern Canada indicates there was a tendency towards decreased 
copepod biomass in logged catchment lakes relative to undisturbed catchments, indicating that 
decreased copepod biomass correlated well to decreased phytoplankton concentrations 
(Patoine et al 2002, Winkler et al 2009). Furthermore, land characteristics such as land use, 
geology and recreational shoreline disturbances of nineteen New-England lakes have been 
coupled with zooplankton community interference leading to various shifts in abundance and 
species richness (Stemberger and Lazorchak 1994). 
 
Patione et al (2002) investigated the short -term effects (1-3 yr) of logging (eastern Canada) on 
zooplankton species richness and did not detect any significant changes between before and 
after logging activities. Two possible conclusions were drawn. First, the change in 
zooplankton´s habitat may not have been substantial enough to significantly alter zooplankton 
communities. Second, significant habitat changes related to catchment disturbances can peak 
several years after harvesting. The generation time for zooplankton are several months (Wetzel 
1983), wherefore a few years might not be sufficient enough for zooplankton communities to 
adapt to changes in environmental conditions (Patione et al 2002). Logging could, however, 
have indirect long-term effect on zooplankton communities. Road constructions coupled with 
forestry can lead to increased fishing activities and consequently affect zooplankton structures 
(Gunn and Sein 2000). In contrast, Rask et al (1998) noted an increased abundance in 
zooplankton communities in southern Finland, linked to increased phytoplankton and 
cyanobacteria bloom (indicating a slight eutrophication), suggesting that the overall 
productivity of the lake ecosystem increased temporarily after logging.  
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Typically for small humic lakes in Scandinavia is lack of food, slow growth rates and 
intraspecific food competition for fish (Alm 1946, Nyberg 1979). Increased food supply due to 
shifting zooplankton availability has shown to change feeding behaviour in planktivorous 
perch communities, but nevertheless not affect the overall growth. In a reference lake after 
clear-cutting, the diet of perch was reported unusual, thus, many perch larger than 30 cm had 
their stomach full of mainly large cladocerans (cf. Rask et al 1998). As perch can succeed in 
dark coloured waters (Sumari 1971, Rask 1989), an increased trend in DOC will most likely 
have negligible effects (post harvesting) on its success as a predator (Sumari 1971). Thus, perch 
are common species best adapted to the special conditions and rapid environmental shifts that 
characterizes humic lakes at northern latitudes (Tonn et al 1990). Since perch can carry out 
their full lifecycle in littoral waters and don't need gravel substrates for spawning or oxygenated 
cool water for egg survival, impacts from increased sediment loads and oxygen depletion 
processes are most likely those to affect other fish species such as Whitefish (Coregonus sp.), 
salmonids and burbot (Lota lota)(Ranta and Lindström 1990, Tonn et al 1990). 
 
7 Summary 
 
 
From a large-scale perspective forest operations can have a minor effect on the net change in 
nutrient loads to the marine environment. One reason for this low impact of forestry is that 
annually rendered forest operations are applied to only a small fraction of the total productive 
forest stock. In Sweden, 217 000 ha (<1%) of the forested area were logged in 2006. 
Considering the areas affected by forest management and the modest leaching potential it is 
therefore likely that any large-scale effects are limited. However, from the local- and down to 
the single catchment scale effects of logging activities, both processes promoting leaching of 
nutrients and altered physical conditions might affect streams and lakes in a numerous ways 
and to different extents.  
 
By comparing several studies, the general consensus among the authors regarded the changed 
hydrological conditions as the central driver behind increased DOC export to receiving waters. 
Tot-P was opposed from N the only nutrient investigated indicating increased concentrations 
in both streams and lakes. Nitrogen, however, occasionally displayed increased concentrations 
in streams but was suggested to be directly utilized by benthic macrophytes as it entered the 
lake, or was already utilized within the stream. DOC and SM seemed to have the most profound 
impact on lake ecosystem, as they adsorbs light and promotes increased water temperatures 
as well as changed underwater light climate. Further, excess loads of DOC might underpin 
heterotrophic bacteria since their pool of carbon and energy source increases. These overall 
fluxes in nutrients and light conditions did not seem to affect the overall phytoplankton 
zooplankton, or fish communities. Although, it has to be kept in mind that many of the studies 
presented in this review have been monitoring effect of clear-cutting only a few years (1 to 5 
years) after harvesting. It is probable so that longer monitoring periods are needed until all 
changes in lake ecosystems to catchment manipulations may become obvious, or can be 
neglected. Since many research teams still focuses on the P-limitation paradigm, it remains to 
be researched and explored the complete role of enhanced N availability linked to forestry in 
freshwaters. Hence, it is necessary to widen the perspective and include N in forestry and clear-
cut studies. This is mainly because several studies advocates N-limitation for primary 
producers in areas with low N-deposition.  
 
Although, policy legislations and frameworks states that forest operations should limit soil 
disturbances and the overall impact on the freshwater environment it is important to gain 
further knowledge so that all operators included in the forest industry can contribute with the 
best available techniques and knowledge to prevent the eventual impacts that forestry might 
cause.  
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One can understand that forestry in Sweden are a significant income source for a broad spectra 
of stakeholders. However, when reviewing different papers from a broad range of studies it is 
never taken in consideration that the profit from logging can be balanced out by the eventual 
environmental cost that forestry might induce. For example, excess loads of N and P to 
recipient streams and lakes can led to concentrations levels over the reference values and cause 
eutrophication. Supplementary DOC input can render in respiration of C and enhanced CO2 
production in aquatic freshwater systems and, thus, enhance the emission of greenhouse gases 
to the atmosphere, which in a future perspective can give rise to severe global economic effects. 
 
8 Acknowledgements 
 
 
First and foremost. Thank you Anki Bergström for your supervising and guidance through my 
writing process. To my family: Thanks for hosting me so well during the final wrap up of this 
work. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



21 
 

9 References 
 
 
Aber, J., McDowell, W., Nadelhoffer, K., Magill, A., Berntsson, G., Kamakea, M., McNulty, S., 
      Currie, W., Rustad, L. and Fernandez, I. 1998. Nitrogen saturation in temperate forest   
      ecosystems: hypotheses revisited. Bioscience 48:921-934. 
Ahl, T. 1988. Background yield of phosphorus from drainage area and atmosphere: An   
      empirical approach. Hydrobiologia 170:35-44 
Ahtiainen, M. and Huttunen, P. 1999. Long-term effects of forestry managements on water 
      quality and loading in brooks. Boreal Environment Research 4:101–114. 
Alm, G. 1946. Reasons for the occurrence of stunted fish populations with special reference to 
      the perch. Institute for Freshwater Research, Drottningholm 25:1-146. 
Andréassian, V. 2004. Water and forests: from historical controversy to scientific debate.  
      Journal of Hydrology 291:1-27. 
Apps, M.J. and Price, D.T. (Editors). 1996. Forest ecosystems, forest management and the  
      global carbon cycle. NATO series, Series 1: Global Environmental Change. Vol 40. 
      Springer, Netherlands.  
Ask, J., Karlsson, J., Persson, L., Ask, P., Byström, P. and Jansson, M. 2005. Terrestrial organic  
      matter and light penetration: Effects on bacterial and primary production in lakes.  
      Limnology and Oceanography 54:2034-2040. 
Atkinhead-Peterson, J.A., McDowell, W.H. and Neff, J.C. 2003. Sources, production and   
      regulation of allochtonous dissolved organic matter inputs to surface waters. In Aquatic   
      ecosystems, interactivity of dissolved organic matter. Edited by S.E.G. Findley and R.L.  
      sinsabaugh. Academic press, San Diego, California. pp.26-70.  
Attiwill, P.M. and Adams, M.A. 1993. Nutrient cycling in forests. New Phytologist 124:561- 
      582. 
Aufdenkampe, A.K., Mayorga, E., Raymond, P.A., Melack, J.M., Doney, S.C., Alin, S.R., Aalto,   
      R.E. and Kyungsoo, Y. 2011. Riverine coupling of biogeochemical cycles between land,   
      oceans, and atmosphere. Frontiers in Ecology and the Environment 9:53-60. 
Azam, F., Fenchel, T., Field, J.G., Gray, J.S., Meyer-Reil, L.A. and Thingstad, F. 1983. The   
      ecological role of water-column microbes in the sea. Marine Ecology 10:257-263. 
Bengtsson, L., Hellstrom, T. and Rakoczi, L. 1990. Redistribution of sediments in three   
      Swedish lakes. Hydrobiologia 192:167-181. 
Bergström, A-K., Blomqvist, P. and Jansson, M. 2005. Effects of nitrogen deposition on  
      nutrient limitation and phytoplankton biomass in unproductive Swedish lakes.  
      Limnology and Oceanography 50:987-994. 
Bergström, A-K. and Jansson, M. 2006. Atmospheric nitrogen deposition has caused   
      nitrogen enrichment and eutrophication of lakes in the northern hemisphere. Global  
      Change Biology 12:635-643.  
Bergström, A-K., Jonsson, A. and Jansson, M. 2008. Phytoplankton responses to nitrogen  
      and phosphorus enrichment in unproductive Swedish lakes along a gradient of   
      atmospheric nitrogen deposition. Aquatic Biology 4:55-64. 
Bergström, A-K., Faithfull, C., Karlsson, D. and Karlsson, J. 2013. Nitrogen deposition and   
      warming–effects on phytoplankton nutrient limitation in subarctic lakes. Global Change   
      Biology 19:2557-2568. 
Bergquist, B., Lundin, L. and Andersson, A. 1984. Effects of wetland drainage on hydrology   
      and hydrogeology. The basin Siksjöbäcken. University of Uppsala, Institute of Limnology,   
      116 pp. 
Bertolo, A. and Magnan, P. 2007. Logging -induced variation in dissolved organic carbon  
      affect yellow perch (Perca flavescens) recruitment in Canadian Shield lakes. Canadian   
      Journal of Fisheries and Aquatic Sciences 64:181-186.  
Besctha, R.L. 1978. Long-term patterns of sediment production following road construction  
      and logging in the Oregon Coast Range. Water Resources Research 14:1011-1016. 
Blackburn, W.H., Knight, R.W., Wood, J.C. and Pearson, H. A. 1990. Stormflow and   
      sediment loss from intensively managed forest watersheads in east Texas. Journal of the   



22 
 

      American Water Resources Association 26:465-476. 
Bonnie, K. E. and Standford, J.A. 1988. Phosphorus bioavailability of fluvial sediments   
      determined by algal assays. Hydrobiologia 160:9-18. 
Bormann, F.H. and Likens, G.E. 1979. Pattern and process in a forested ecosystem. 253 pp 
Bosch, J.R. and Hewlett, J.D. 1982. A review of catchment experiments to determine the   
      effect of vegetation change on water yield and evapotranspiration. Journal of Hydrology   
      55:3-22. 
Boström, B., Andersen, J.M., Fleischer, S. and Jansson, M. 1988. Exchange of phosphorus   
      across the sediment-water interface. Hydrobiologia 170:229–244. 
Bourque, C.P.A. and Pomeroy, J.H. 2001. Effects of forest harvesting on summer stream   
      temperatures in New Brunswick, Canada: an inter-catchment, multiple-year comparison.   
      Hydrology and Earth System Sciences 5:599-613. 
Bowman, R.A., Olsen, S.R. and Watanabe, F.S. 1978. Greenhouse evaluation of residual   
      phosphate by four phosphorus methods in neutral and calcareous soils .Soil Science  
      Society of America Journal 42:451-454. 
Brady, N.C. 1984. The nature and properties of soils. 9th edition. Mcmillian Publishing. New   
      York. 750 pages. 
Brady, N.C. and Weil, R.R. 1996. The nature and properties of soil. 11th edition. Prentice hall,  
      New Jersey.  
Brais, S., Paré, D., Camiré, C., Rochon, P. and Vasseur, C. 2002. Nitrogen net mineralization   
      and dynamics following whole-tree harvesting and winter windrowing on clayey sites of  
      northwestern Quebec. Forest Ecology and. Management 157:119-130. 
Brandt, M., Ejhed, H. and Rapp, L. 2008. Waterborne Nitrogen and Phosphorus load on the   
      Swedish Coastal Waters for the HELCOM PLC5 Fifth Pollution Load Complication.  
      Swedish Environmental Protection Agency report 5815, 95 pp. (in Swedish with English   
      summary).  
Buttle, J.M., Creed, I.F. and Moore, R.D. 2005. Advances in Canadian forest hydrology. 1999- 
      2003. Hydrological Processes 19:169-200. 
Carignan, R.D., Arcy, P. and Lamontagne, S. 2000. Comparative impacts of fire and forest   
      harvesting on water quality in Boreal Shield Lakes. Canadian Journal of Fisheries and   
      Aquatic Sciences 57:105-117. 
Cederholm, C.J. and Reid, L.M. 1981. Impact of Forest Management on Coho Salmon  
      (Oncorhynchus kisutch) Populations of the Clear water River, Washington: A Project    
      Summary. Pp. 373-398 in Salo, E. O. and T. W. Cundy (eds.). Streamside Management:  
      Forestry and Fisheries Interactions. Institute of Forest Resources Contribution Number  
      57. Seattle, WA: University of Washington.  
Charlton, M.N. 1980. Hypolimnion oxygen consumption in lakes: discussion of productivity  
      and morphometry effects. Canadian Journal of Fisheries and Aquatic Sciences 37:1531-  
      1539. 
Church, R.M. 1997. Hydrochemistry of Forested Catchments. Annual Review of Earth and   
      Planetary Sciences 25:23-59. 
Cotner,  J.B.  and  Biddanda,  B.A.  2002.  Small  Players,  Large  Role:  Microbial  Influence  on     
      Biogeochemical Processes in Pelagic Aquatic Ecosystems. Ecosystems 5:105-212. 
Covington, W.W. 1981. Changes in the forest floor organic matter and nutrient content  
      following clear cutting in northern hardwood. Ecology 61:41-48.  
Creed, I.F., Band, L.E., Foster, N.W., Morrison, I.K., Nicolson, J.A., Semkin, R.S. and Jeffries, 
      D.S. 1996. Regulation of nitrate-N release from temperate forests: a test of N flushing   
      hypothesis. Water Resources Research 32:3337-3354. 
Creed, I.J., Stanford, S.E., Beall, F.D., Molot, L.A. and Dillon, P.J. 2003. Cryptic wetlands:   
      integrating hidden wetlands in regression models of the export of dissolved organic   
      carbon from forested landscapes. Hydrological Processes 17:3629-3648. 
Daniel, C., Gutseit, A.M. and Graneli, W. 2005. Microbial food webs in the dark:  
      independence of Lake Plankton from recent algal production. Aquatic Microbial Ecology   
      38:113-123. 
De Haan, H. and De Boer, T. 1986. Geochemical aspects of aqueous iron, phosphorus and   
      dissolved organic carbon in the humic lake Tjeukemeer, the Netherlands. Freshwater   



23 
 

      Biology 16:661–672. 
Devito, K.J., Creed, I.F., Rothwell, R.L. and Prepas, E.E. 2000. Landscape controls on   
      phosphorous loading to boreal lakes: Implications for the potential impacts of forest   
      harvesting. Canadian Journal of Fisheries and Aquatic Sciences 57:1977-1984. 
Dillon, P.J., Molot, L.A. and Scheider, W.A. 1991. Phosphorous and Nitrogen export from   
      forested stream catchments in central Ontario. Journal of Environmental Quality   
      20:857-864. 
Dillon, P.J. and Molot, L.A. 1997. Effect of landscape form on export of dissolved organic   
      carbon, iron, and phosphorus from forested stream catchments. Water Resources   
      Research 33:2591-2600. 
Donald, R.G., Anderson, D. W. and Stewart, J.W.B. 1993. Potential role of dissolved organic   
      carbon in phosphorous transport in forested soils. Soil Science Society of America  
      Journal 57:1611-1618. 
Dziekonska, J. 1956. Studies  on  embryonic  development  of  fish.  I.  Observations  on  the    
      spawning and the embryonic development of bream in the Vistula Lagoon. Polskie 
      Archivum Hydrobiologii 3:291–305. 
Eckhardt, B.W. and Moore, T.R. 1990. Controls on dissolved organic carbon concentrations   
      in streams, southern Quebec. Canadian Journal of Fisheries and Aquatic Sciences    
      47:1537-1544.  
Elder, J.F., Rybicki, N.B., Carter, V. and Weintraub, V. 2000. Sources and yields of dissolved   
      carbon in northern Wisconsin stream catchments with differing amounts of peatland.   
      Wetlands 20:113-125. 
Eloranta, P. 1978. Light penetration in different types of lakes in Central Finland. Ecography   
      1:362-366. 
Elser, J.J., Marzolf, E.R. and Goldman, C.R. 1990.Phosphorus and nitrogen limitation of   
      phytoplankton growth in the freshwaters of North America—a review and critique of   
      experimental enrichments. Canadian Journal of Fisheries and Aquatic Sciences  
      47:1468–1477. 
Elser, J.J., Andersen, T., Baron, J. S., Bergström, A-K., Jansson, M., Kyle, M., Nydick, R.K.,  
      Steger, L. and Hessen, D.O. 2009. Shifts in lake N:P stoichiometry and Nutrient   
      Limitation Driven by Atmospheric Nitrogen Deposition. Science 326:835-837. 
Ensign, S.H. and Mallin, M.A. 2001. Stream water quality changes following timber harvest    
      in a coastal plain swamp forest. Water Research 35:3381-3390. 
Erlandsson, M., Buffman, I., Folster, J., Laudon, H., Temnerud, J., Weyhenmeyer, G.A. and   
      Bishop, K. 2008. Thirty-five years of synchrony in the organic matter concentrations of   
      Swedish rivers explained by variation in flow and sulphate. Global Change Biology   
      14:1191-1198. 
Evans, J.E., Prepas, E.E., Devito, K.J. and Kotak, B.G. 2000. Phosphorus dynamics in   
      shallow subsurface waters in an uncut and cut subcatchment of a lake on the boreal plain.   
      Canadian Journal of Fisheries and Aquatic Sciences 57:60-72. 
Evans, C.D., Chapman, P.J., Clark, J.M., Monteith, D.T. and Cresser, M.S. 2006. Alternative  
      explanations for rising dissolved organic carbon export from organic soils. Global Change    
      Biology 12:2044-2053.  
FAO. 1994.Introduction à la gestion conservatoire de l'eau, de la biomasse et de la fertilité des   
      sols (GCES).R. Roose. Bulletin Pédologique de la FAO No. 70. FAO, Rome. 
FAO 2001.Production yearbook 1999.Food and agricultural Organisation of the United   
      Nations, vol 53, Statistical series no. 156. FAO, Rome. 
Findlay, S.E. and Sinsabaugh, R.L. 1999. Unravelling the sources and bioavailability of   
      dissolved organic matter in lotic aquatic ecosystems. Marine and freshwater Research   
      50:781-790. 
Finér, L., Mannerkoski, H., Piirainen, S. and Starr, M. 2003. Carbon and nitrogen pools in an  
      old-growth, Norway spruce mixed forest in Eastern Finland and changes associated with   
      clearcutting. Forest Ecology and Management 174:51–63. 
Forsberg, C. 1989. Importance of sediments in understanding nutrient cycling in lakes.   
      Hydrobiology 176:263–277. 



24 
 

France, R. 1996. Land-water linkages: Influences of riparian deforestation on lake 
      thermocline depth and possible consequences for cold stenotherms. Canadian Journal of  
      Fisheries and Aquatic Sciences 54:1299-1305. 
France, R., Steedman, R., Lehmann, R. and Peters, R. 2000. Landscape modification of DOC  
      concentration in boreal lakes: Implications for UV-B sensitivity. Water, Air and Soil   
      Pollution 122:153-162. 
Galloway, J.N. and Crowling, E.B. 2002. Reactive nitrogen and world: two hundred years of   
      change. Ambio 31:64-71. 
Gippel, C.L. 1989. The use of turbidimeters in suspended research. Hydrobiologia 177:465- 
      480. 
Golding, D.L. 1987. Changes in streamflow peaks following timber harvest of a costal Brittish  
      Colombia watershed. Forest Hydrology and Watershed management. Proc. Vancouver   
      Symposium. Publication no. 167. 
Golterman, H.L. 2001. Fractional and bioavailability of phosphates in lacustrine sediments: A  
      review. Limnetica 20:15-29. 
Golterman, H.L. 2004. The chemistry of phosphate and nitrogen compounds in sediments.   
      Kluwer Academic Publishers, Dordrecht. 
Grenon, F., Bradley, R.L., Joanisse, G., Titus, B.D. and Prescott, C.E. 2004. Mineral N   
      availability for conifer growth following clearcutting: responsive versus non-responsive   
      ecosystems. Ecological Management 188:305-316.  
Grip, H. 1982. Water chemistry and runoff in forest streams in Kloten. UNGI Report 58.  
      Division of Hydrology, Department of Physical Geography, Uppsala University. 
Guillemette, F., Plamondon, A.P., Prévost, M. and Lévesque, D. 2005. Rainfall generated  
      stormflow response to clearcutting a boreal forest: Peak flow comparison with 50-  
      worldwide basin studies. Journal of Hydrology 302:137-153. 
Gundersen, P., Schmidt, I.K. and Raulund-Rasmussen, K. 2006. Leaching of nitrate from  
      temperate forests-effects of air pollution and forest management. Environmental Reviews   
      14:1-57. 
Gunn, J.M. and Sein, R. 2000. Effects of forestry roads on reproductive habitat and  
      exploitation of lake trout (salvelinus namaycuch) in three experimental lakes. Canadian   
      Journal of fisheries and Aquatic Sciences 57:97-104. 
Hagner, S. 1999. Forest management in temperate and boreal forests: current practices and  
      the scope for implementing sustainable forest management. FAO/FPIRS/03.FAO. Rome,  
      Forest policy and planning division: 57. 
Hall, R.O., Bernhardt, E.S. and Likens, G.E. 2002. Relating nutrient uptake with transient  
      storage in forested mountain streams. Limnology and Oceanography 47:255-265. 
Hamilton, D.P. and Mitchell, S.F. 1988. Effects of wind on nitrogen, phosphorus, and  
      chlorophyll in a shallow New Zealand lake. Verh. int. Ver. Limnol 23:624-628. 
Harr, R.D. 1986. Effects of clearcutting on rain on-snow runoff in Western Oregon: a new  
      look at old studies. Water Resources Research 27:1095-1100. 
Harr, D.R. and Fredriksen, R.L. 1988. Water quality after logging small watersheds within  
      the Bull Run watershed, Oregon. American Water Resource Association 24:1103-1111.    
Hazlett, PW. and Foster, N.W. 2002. Topographic controls of nitrogen, sulfur and carbon  
      transport from a tolerant hardwood hillslope. Water, Air and Soil Pollution 2:63-80. 
Helsinki Commission, The Fifth Baltic Sea Pollution Load Complication (HELCOM PLC-5).  
      2009. www.helcom.fi/Lists/Publications/BSEP128.pdf , accessed 20 may 2014 
Hicks, B.J., Beschta, R.L. and Harr, R.D. 1991. Long-term changes in streamflow following  
      logging in Western Oregon and associated fisheries implications. Water Resources  
      Bulletin 27:217-225.  
Hill, A.R. and Devito, K.J. 1997. Hydrologic-chemical interactions in headwater forest  
      wetlands: Ecology and management. Edited by C.C. Trettin, F. Jurgensen, D.F. Grigal,  
      M.R. Gale, and J. Jeglum. Lewis Publishers, Boca Raton, Fla. pp 217-233. 
Hintonn, M.J., Schiff, S.L. and English, M.C. 1997. The significance of storms for the  
      concentration and export of dissolved organic carbon from two precambrian Shield  
      catchments. Biogeochemistry 36:67-88.  
Holland, E.A., Braswell, B.H., Sulzman, J. and Lamarque, J-F. 2005. Nitrogen deposition  



25 
 

      onto the United States and western Europe: Synthesis of observations and models.  
      Ecological Applications 15:38-57. 
Hornberger, G.M., Bencala, K.E. and McKnight, D.M. 1994. hydrological controls on  
      dissolved organic carbon during snowmelt in the Snake River near Montezuma, Colorado.  
      Biogeochemistry 25:147-165. 
Horppila, J. and Nurminen, L. 2003. Effects of submerged macrophytes on sediment  
      resuspension and internal phosphorus loading in Lake Hiidenvesi (southern Finland).  
      Water research 37:4468-4474. 
Howarth, R.W. and Marino, R. 2006. Nitrogen as the limiting nutrient for eutrophication in   
      coastal marine ecosystems: evolving views of three decades. Limnology and   
      Oceanography 51:38-57.  
Hynes, H.B.N. 1975. The stream and its valley. Verth. Int. Ver. Theor. Angew. Limnol 19:1-15. 
Häder, D.P., Kumar, H.D., Smith, R.C. and Worrest, R.C. 2003. Aquatic ecosystems: effects  
      of solar ultraviolet radiation and interactions with other climatic change factors.  
      Photochemical and Photobiological Sciences 2:39-50.  
Ide, J., Finér, L., Laurén, A., Piirainen, S. and Launiainen, S. 2013.Effects of clear-cutting on  
      annual and seasonal runoff from a boreal forest catchment in eastern Finland. Forest  
      Ecology and Management 304:482–491. 
IVL. 2001.Phosphorus in precipitation. Results  from  measurements  during  the  1990’s.report   
      B 1442, 28 pages. 
Jackson, T. A. and Hecky, R.E. 1980. Depression of primary productivity by humic matter in  
      lake and reservoir waters of the boreal forest zone. Canadian Journal of Fisheries and  
      Aquatic Sciences 37:2300–2317. 
Jansson, M. and Broberg, A. 1994. Abiotiska  faktorers  karaktäristika,  funktion och  
      omsättning  i  sötvatten.  Uppsala  University  (Department  of  Limnology)  76 pp. 
Jansson, M. 1998. Nutrient limitation and bacteria-phytoplankton interactions in humic  
      lakes, p. 177–196. In L. J. Tranvik and D. O. Hessen [eds.], Aquatic humic substances:  
      Ecology and biogeochemistry. Springer-Verlag. 
Jansson, M., Bergström, A.-K., Blomqvist, P. and Drakare, S. 2000. Allochthonous organic  
      carbon and phytoplankton/bacterioplankton production relationships in lakes.    
      Ecology 81:3250-3255. 
Jansson, M., Bergström, A-K., Drakare, S. and Blomqvist, P. 2001. Nutrient limitation of  
      bacterioplankton and phytoplankton in humic lakes in northern Sweden. Freshwater   
      Biology 46:653-666. 
Jansson, M., Persson, L., De Roos A. M., Jones, R. I. and Tranvik, L. J. 2007. Terrestrial 
      carbon and intraspecific size-variation shape lake ecosystems. Trends in Ecology and  
      Evolution 22:316-322. 
Jansson, M., Berggren, M., Laudon, H. and Jonsson, A. 2012. Bioavailable phosphorus in  
      humic headwater streams in boreal Sweden. Limnology and Oceanography 57:1161-1170. 
Jennings, S., Pinnegar, J.K., Polunin, N.V.C. and Warr, K.J. 2002. Linking size-based and  
      trophic  analyses of benthic community structure. Marine Ecology Progress Series  
      226:77–85. 
Jeppesen, E., Kronvang, B., Meerhoff, M., Søndergaard, M., Hansen, K.M., Andersen, H.E.,  
      Lauridsen, T.L., Liboriussen, L., Neklioglu, M., Özen, A. and Olesen, J.E. 2009. Climate  
      Change Effects on Runoff, Catchment Phosphorus Loading and Lake Ecological State, and  
      Potential Adaptations. Alliance of crop, soil and Environmental Science Societies  
      38:1930-1941. 
Johnson, D.W. and Curtis, P.S. 2001. Effects of forest management on soil C and N storage:  
      meta analysis. Forest Ecology and Management 140:227-238. 
Jones, R.I. and Arvola, L. 1984. Light penetration and some related characteristics in small  
      forest lakes in southern Finland. Verh. Int.Ver. Theor. Angew. Limnol 22:811-816. 
Jones, R.I. 1992. The influence of humic substances on lacustrine planktonic food chains.  
      Hydrobiologia 229:73–91. 
Jones, R.I. 1998. Phytoplankton, primary production and nutrient cycling, p. 145–175. In L.   
      J. Tranvik and D. O. Hessen [eds.], Aquatic humic substances: Ecology and biochemistry. 
      Springer-Verlag. 



26 
 

Juday, C., Bridge, E.A., Kemmerer, G.I. and Robinson, R.J. 1927. Phosphorus content of  
      lake waters northeastern Wisconsin. Transactions of the Wisconsin Academy of  
      Sciences, Arts and Letters 23:233-248. 
Jyväsjärvi, J., Tolonen, K.T. and Hämäläinen, H. 2009. Natural variation of profundal  
      macroinvertebrate communities in boreal lakes is related to lake morphometry:   
      implications for bioassessment. Canadian Journal of Fisheries and Aquatic Sciences   
      66:589-601. 
Kahl, U., Hulsmann, S., Radke, R.J. and Benndorf, J. 2008. The impact of water level  
      fluctuations  on  the  year  class  strength  of  roach:  implications  for  fish stock management. 
      Limnologica 38:258–268. 
Kalff, T. 2002. Limnology - inland water ecosystems. Prentice-Hall, Engelwood Cliffs, NJ 
Kamjunke, N., Kohler, B., Wannicke, N. and Tittel, J. 2008. Algae as competitors for glucose   
      with heterotrophic bacteria. Journal of physiology 44:616-623. 
Kaplan, L.A. and Bott, T.L. 1985. Acclimation of stream-bed heterotrophic microflora:  
      metabolic responses to dissolved organic matter. Freshwater Biology 15:479-492. 
Karlsson, J., Jonsson, A. and Jansson, M. 2001. Bacterioplankton production in lakes along   
      an altitude gradient in the subarctic north of Sweden. Microbial Ecology 42:372–382. 
Karlsson, J., Jansson, M. and Jonsson, A. 2002. Similar relationships between pelagic  
      primary and bacterial production in clearwater and humic lakes. Ecology 83:2902-2910.   
Karlsson, J., Jonsson, A. and Jansson, M. 2005. Productivity of high-latitude lakes: climate  
      effect inferred from altitude gradient. Global Change Biology 11:710-715. 
Karlsson, J. and Byström, P. 2005. Littoral energy mobilization dominates energy supply for  
      top consumers in subarctic lakes. Limnology and Oceanography 50:538-543. 
Karlsson, J., Byström, P., Ask, J., Ask, P., Persson, L. and Jansson, M. 2009. Light limitation   
      of nutrient-poor lake-ecosystems. Nature 460:506–509. 
Kaushik, N.K. and Hynes, H.B.N. 1971. The fate of dead leaves that fall into streams. Archiv     
      fur Hydrobiologie 68:465-515. 
Koch, E.W. 2001. Beyond light: Physical, geological, and geochemical parameters as possible   
      submerged aquatic vegetation habitat requirements. Estuaries 24:1-17. 
Koprivnjak, J.F. and Moore, T.R.1992.Sources, sinks and fluxes of dissolved organic carbon   
      in subarctic fen catchments. Arctic Alpine Research 24:204-210.   
Kreutzweiser, D.P. and Capell, S.S. 2003. Benthic utilization of differential dissolved organic   
      matter sources in a forest headwater stream. Canadian Journal of Fisheries and Aquatic   
      Sciences 33:1444-1451. 
Kreutzweiser, D.P., Good, K.P., Capell, S.S. and Holmes, S.B. 2008 a. Leaf litter   
      decomposition and invertebrate communities in boreal forest streams linked to upland   
      logging disturbance. Journal of the North American Benthological Society 27:1-15. 
Kreutzweiser, D.P., Hazlett, P.W. and Gunn, J.M. 2008 b. Logging impacts in the   
      biogeochemistry of boreal forest soils and nutrient export to aquatic systems: A review.   
      Environmental Research 16:157-179. 
Kurz, W.A. and Apps, M.J. 1995. An analysis of future carbon budgets of Canadian boreal   
       forests. Water, Air and Soil Pollution 82:321-331. 
Lamontange, S., Carigan, R., DÁrcy, P., Praire, Y.T. and Paré, D. 2000. Element export in   
      runoff from eastern Shield drainage basins following forest harvesting and wildfires.   
      Canadian Journal of Fisheries and Aquatic Sciences 57:118-128. 
Laudon, H., Hedtjärn, J., Schelker, J., Bishop K., Sørensen, R. and Ågren, A. 2009. Response   
      of dissolved organic carbon following forest harvesting in a boreal forest. Ambio 38:381- 
      386. 
Laudon, H., Berggren, M., Ågren, A., Buffman, I., Bishop, K., Grabs, T., Jansson, M. and  
      Köhler, S. 2011. Patterns and Dynamics of Dissolved Organic Carbon (DOC) in Boreal 
      Streams: The Role of Processes, Connectivity, and Scaling. Ecosystems 14:880-893. 
Lepistö, A., Andersson, L., Arheimer, B. and Sundblad, K. 1995. Influence of catchment  
      characteristics, forestry activities and deposition on nitrogen export from small forested  
      catchments. Water, Air and Soil Pollution 2:81-102. 
Likens, G.E. and Bormann, F.H. 1972. Nutrient cycling in ecosystems. In J. A. Weins. ed.  
      Ecosystem Structure and Function. Oregon State University Pres. Corvallis. pp. 25-67. 



27 
 

Liu, K.B. 1990. Holocene Paleoecology of the boreal Forest and Great lakes-st. Lawrence Forest  
      in Northern Ontario. Ecological Monographs 60:179-212. 
Lundin, L. 1979. The effect of clear-cutting on soil moisture and ground water level. Swedish  
      University of Agricultural Sciences. Reports in Forest Ecology and Forest Soils 36, 35 pp. 
Lundmark-Thelin, A. and Johansson, M-B. 1997. Influence of mechanical site preparation on  
      decomposition and nutrient dynamics of Norway spruce (Picea abies (L.) Karst.) needle  
      litter and slash needles. Forest Ecology and Management 96:101–110.   
Lupi, C., Morin, H., Deslauriers, A., Rossi, S. and Houle, D. 2013. Role of Soil Nitrogen for  
      the Conifers of the Boreal Forest: A Critical Review. International Journal of Plant and  
      Soil Science 2:155-189.  
Löfgren, S., Ring, E., von Brömssen, C., Sørensen, R. and Högbom, L. 2009. Short-term  
      effects of clear-cutting on the water chemistry of two boreal streams in Northern Sweden:  
      A paired catchment study. Ambio 38:347-356. 
Mainstone, C.P. and Parr, W. 2002. Phosphours in rivers - ecology and management. 
      Science of The Total Environment 282-283:25-47. 
Mattsson, T., Finér, L., Kortelainen, P. and Sallantaus, T. 2003. Brook water quality and  
      background leaching from unmanaged forested catchments in Finland. Water, Air, and  
      Soil pollution 147:275–297. 
Mazmunder, A. and Taylor, W.D. 1994. Thermal structure of lakes varying in size and water   
      clarity. Limnology and. Oceanography 39:968-976. 
Meili, M. 1992. Sources, concentrations and characteristics of organic matter in softwater  
      lakes and streams of the Swedish forest region. Hydrobiologia 229:23–41. 
Melina, E., Moore, D.R., Hinch, S.G., Stevenson, M. and Pearson, G. 2002. Stream  
      temperature responses to clearcut logging in British Columbia: the moderating influences  
      of groundwater and headwater lakes, Canadian Journal of Fisheries and Aquatic Sciences  
      59:1886-1900.  
Meyer, J.L. 1994. The microbial loop in flowing waters. Microbial Ecology 28:195-199. 
McLaughlin, J.R., Reyden, J.C. and Syers, G.K. 1977. Development and evaluation of a kinetic  
      model to describe phosphate sorption by hydrous ferric oxide gels. Geoderma 18:295-307.  
McNamee, P.J., Jones, M.L., Grieg, L.A., Wedeles, C.H.R., Marmorek, D.R. and Rattie, L.P.  
      1987. Effects monitoring for resource protection guidelines in ontario. Final report for the  
      Ontario Ministry of Natural Resources., Environ and Social Syst. Analysts Ltd. 
Miller, L.B., McQueen, D.J. and Chapman, L. 1997. Impacts of forest harvesting on lake  
      ecosystems: a preliminary literature review. Wildlife Bulletin No. B-84. 48 pp. 
Monteith, D.T., Stoddard, J.L., Evans, C.D., De Wit, H.A., Forsius, M., Hogasen, T., Wilander,  
      A. and Skjelkvale, B.L. 2007. Dissolved organic carbon trends resulting from changes in  
      atmospheric deposition chemistry. Nature 450:537-540. 
Moran, M.A. and Hodson, R.E. 1990. Bacterial production on humic and nonhumic  
      components of dissolved organic carbon. Limnology and Oceanography 35:1744-1756. 
Morris, D.P., Zagarese, H., Williamson, C.E., Balserio, E.G., Hargreaves, B.R., Modenutti, B.,  
      Moeller, R. and Queimalinos, C. 1995. The attenuation of solar UV radiation in lakes and  
      the role of dissolved carbon. Limnology and Oceanography 40:1381-1391. 
Mulholland, P.J., Newbold, J.D., Elwood, J.W., Ferren, L.A. and Webster, J.R. 1985.  
      Phosphorus spiralling in a woodland stream: seasonal variations. Ecology 66:1012-1023. 
Mäkitalo, K. 2009. Soil hydrological properties and conditions, site preparation and the long- 
      term performance of planted Scots pine (Pinus sylvestris L.) on upland forest sites in   
      Finnish Lapland.Dissertationes Forestales 80: 71 pp. 
National board of forestry. 2010. Svenska statistiska årsboken av skogsbruk. 
Neff, J.C. and Assner, G.P. 2001. Dissolved organic carbon in terrestrial ecosystems:   
      Synthesis and a model. Ecosystems (N. Y., Print) 4:29-48. 
Nichols, D.S. and Verry, E.S. 2001. Stream flow and groundwater recharge from small  
      forested watersheds in north central Minnesota. Journal of Hydrology 245:89-103. 
Nieminen, M. and Jarva, M. 1996. Phosphorous adsorption by peat from drained mires in  
      southern Finland. Scandinavian Journal of Forest Research 11:321-326. 
Nikolaus, W., Stoll, S., Peters, L., Fischer, P. and Eckmann, R. 2009. Lake water level  
      increase during spring affects the breeding success of beam Abramis brama (L.).  



28 
 

      Hydrobiologia 632:211-224.  
Nisbet, T.R., Welch, D. and Doughty, R. 2002. The role of forest management in controlling  
      diffuse pollution from the afforestation and clearfelling of two public water supply  
      catchments in Argyll, West Scotland. Forest Ecology and. Management 158:141-154. 
Nyberg, P. 1979. Production and food consumtion of perch, Perca fluviatilis L. in two forest  
      lakes. Institute for Freshwater Research, Drottningholm 58:140-157. 
Nürnberg, G.K. and Shaw, M. 1998. Productivity of clear and humic lakes: nutrients,   
      phytoplankton, bacteria. Hydrobiologia 382:97-112. 
O'Driscoll, N.J., Siciliano, S.D., Peak, D., Carignan, R. and Lean, D.R.S. 2006. The influence  
      of forestry activity on the structure of dissolved organic matter in lakes: Implications for  
      mercury photoreactions. The Science of the. total environment 366:880-893. 
Ohle, W. 1938. Zul Vervolkommnung der hydrochemischen Analyse III. Die   
      phosphorbestimmung. Angewandte Chemie 51:906-911. 
Olrik, K. 1981. Succession of Phytoplankton in Response to Environmental Factors in Lake   
      Arresø, North Zealand, Denmark. Schweizer Zeitschrift für Hydrologie 43:6-19. 
Palviainen, M., Finér, L., Kurka, A-M., Mannerkoski, H., Piiranen, S. and starr, M. 2004.  
      Decomposition and nutrient release from logging residues after clear-cutting of mixed  
      boreal forest. Plant and Soil 263:53-67.  
Palviainen, M., Finér, L., Mannerkoski, H., Piirainen, S. and Starr, M. 2005. Changes in the  
      above- and below-ground biomass and nutrient pools of ground vegetation after clear-  
      cutting of a mixed boreal forest. Plant and Soil 275:157–167. 
Palviainen, M., Finér, L., Laurén, A., Mannerkoski, H., Piirainen, S. and Starr, M. 2007.   
      Development of ground vegetation biomass and nutrient pools in a clear-cut disc-plowed  
      boreal forest. Plant and Soil 297:43–52. 
Palviainen, M., Finér, L., Laurén, A., Launiainen, S., Piirainen, S., Mattsson, T. and Starr, M.   
      2014. Nitrogen, Phosphorus, Carbon, and Suspended loads from Forest Clear-Cutting and  
      Site Preparation: Long-Term Paired Catchment studies from Eastern Finland. Ambio  
      43:218-233.   
Patoine, B., Pinel-Alloul, B. and Prepas, E.E. 2002. Effects of catchment perturbations by  
      logging and wildfires on zooplankton species richness and composition in Boreal Shield  
      lakes. Freshwater Biology 47:1996-2014. 
Pennock, D.J., Anderson, D.W. and de Jong, E. 1994. Lanscapescale changes in indicators of  
      soil quality due to cultivation in Saskatchewan, Canada. Geoderma 64:1-19. 
Pennock, D.J. and van Kessel, C. 1997. Clear-cut forest harvest impacts on soil quality  
      indicators in the mixedwood forest of Saskatchewan, Canada. Geoderma 75:13-32. 
Persson, G. och Olsson, H. 1992. Eutrofiering i svenska sjöar och vattendrag: tillstånd, orsak   
      och verkan. SLU, Uppsala. SNV rapport 4134. 77 pp. 
Persson, G. 2001. Phosphorus in Tributaries to Lake Mälaren, Sweden: Analytical Fractions,  
      Anthropogenic Contribution and Bioavailability. Ambio 30:486-495.  
Piiranen, S., Finér, L., Mannerkoski, H. and Starr, M. 2002. Effects of forest clear-cutting on  
      the carbon and nitrogen fluxes through podzolic soil horizons. Plant and Soil 239:301-311. 
Piirainen, S., Finér, L., Mannerkoski, H. and Starr, M. 2004. Effects of forest clear- cutting  
      on sulphur, phosphorus and base cation fluxes through podzolic soil horizons.  
      Biogeochemistry 69:405–424. 
Piirainen, S., Finér, L., Mannerkoski, H. and Starr, M. 2007. Carbon, nitrogen and  
      phosphorus leaching after site preparation at a boreal forest clear-cut area. Forest  
      Ecology and Management 243:10–18. 
Pinel-Alloul, B., Planas, D., Carignan, R. and Magnan, P. 2002. Review of ecological impacts   
      of forest fires and harvesting on lakes of the boreal ecozone in Quebec. Revue Des  
      Sciences De Léau 5:371-395. 
Pinet, P.R. 2008. Invitation to Oceanography (5th ed.). Jones & Bartlett Publishers. pp. 237 
Planas, D., Desrosiers, M., Groulx, S.R., Panquet, S. and Carignan, R. 2000. Pelagic and  
      benthic algal response in eastern Canadian Boreal Shield lakes following harvesting and  
      wildfires. Canadian Journal of Fisheries and Aquatic Sciences 57:136-145. 
Planondon, A.P., Gonzalez, A. and Thomassin, Y. 1982. Effects of logging on water quality:   
      Comparison between two Quebec sites. In Proceedings of the Canadian Hydrological  



29 
 

      Symposium 82. National Research Council of Canada, Ottawa, Ont. pp. 49-70. 
Pomeroy, J.W. and Granger, R.J. 1997. Sustainability of the western Canadian boreal forest  
      under changing hydrological conditions. I. Snow accumulations and ablation. In: Snow  
      Accumulation and Ablation, in Sustainability of Waters Resources under Increasing  
      Uncertainty. Rosbjerg, D (eds). IAHS, Wallingford, pp. 237-242. 
Prepas, E.E., Planas, D., Gibson, J.J., Vitt, D.H., Prowse, T.D., Dinsmore, W.P., Halsey, L.A.,  
      McEachern, P.M., Paquet, S.,Scrimgeour, G.J., Tonn, W.M., Paszkowski, C.A. and  
      Wolfstein, K. 2001. Landscape variables influencing nutrients and phytoplankton  
      communities in Boreal Plain lakes of  northern Alberta: a comparison of wetland- and  
      upland-dominated catchments. Canadian Journal of Fisheries and Aquatic Sciences  
      58:1286-1299. 
Prepas, E.E., Burke, J.M., Whitson, I.R., Putz, G. and Smith, D.W. 2006. Associations  
      between watershed characteristics, runoff, and stream water quality: Hypothesis   
      development for watershed disturbance experiments and modelling in forest Watershed  
      and riparian Disturbance. Journal of Environmental Engineering and Science 5:27-37. 
Putz, G., Burke, J.M., Smith, D.W., Chanasyk, D.S., Preppas, E.E. and Mapfumo, E. 2003.  
      Modelling the effects of boreal forest landscape management upon streamflow and water  
      quality: basic concepts and considerations. Journal of Environmental Engineering and  
      Science 2:87-101. 
Pörtner, H.O. and Knust, R. 2007. Climate Change Affects Marine Fishes Through the  
      Oxygen Limitation of Thermal Tolerance. Science 315:95-97. 
Qualls, R.G., Haines, B.L. and Swank, W.T. 1991. Fluxes of dissolved organic carbon and  
      humic substances in a deciduous forest. Ecology 72:254-266. 
Ranta, E. and Lindström, K. 1990. Water quality versus other determinants of species- 
      specific yield of fish in northern Finnish lakes. Fisheries Research 8:367-379. 
Rask, M. 1989. Perch, Perca fluviatilis L., in small lakes: relations between population  
      characteristics and lake acidity. International. Review of Hydrobiology. 74:169-178. 
Rask, M., Arvola, L., and Salonen, K. 1993. Effects of catchment deforestation and burning on  
      the limnology of a small forest lake in southern Finland. Boreal environmental Research   
      25:525-528. 
Rask, M., Nyberg, K., Markkanen, S.L. and Ojala, A. 1998. Forestry in catchments: Effects on  
      water quality, plankton, zoobenthos and fish in small lakes. Boreal Environment  
      Research 3:75-86. 
Rasmussen, J.B., Godbout, L. and Schallenberg, M. 1989. The humic content of lake water  
      and its relationship to watershead and lake morphometry. Limnology and Oceanography  
      34:1336-1343. 
Reddy, K.R., Fisher, M.M. and Ivanoff, D. 1996. Resuspension and diffusive flux of nitrogen  
      and phosphorus in a hypereutrophic lake. Journal of Environmental Quality 25:363-371. 
Reynolds, C.S. 1987. Cyanobacterial Water-Bloms. Advances In Botanical Research  
      Incorporating Advances In Plant Pathology. 13:67-143 Academic Press, San Diego (CA).  
Rosén, K. and Lundmark-Thelin, A. 1987. Increased nitrogen leaching under piles of slash: a  
      consequence of modern forest harvesting techniques. Scandinavian Journal of Forest  
      Research 2:21-29.  
Rosén, K., Aronson, J-A. and Eriksson, H.M. 1996. Effects of clearcutting on streamwater  
      quality in forest catchments in central Sweden. Forest Ecology and Management 83:237– 
      244. 
Samuelsson, K. and Andersson, A .2003. Predation limitation in the pelagic microbial food  
      web in an oligotrophic aquatic system. Aquatic Microbial Ecology 30:239-250. 
Saari, P., Saarnio, S., Kukkonen, J.V.K., Akkanen, J., Heinonen, J., Saari, V. and Alm, J.  
      2009. DOC and N2O dynamics in upland and peatland forest soils after clear-cutting and  
      soil preparation. Biogeochemistry 94:217-231. 
Schelker, J., Eklöf, K., Bishop, K. and Laudon, H. 2012. Effects of forestry operations on     
      dissolved organic carbon concentrations and export in boreal first-order streams. Journal  
      of Geophysical research 117:1011-1029. 
Schelker, J., Kuglerova, L., Eklöf, K., Bishop, K. and Laudon, H. 2013. Hydrological effects of  
      clear-cutting in boreal forest—Snowpack dynamics, snowmelt and streamflow responses.  



30 
 

      Journal of Hydrology 484:105–114. 
Schindler, D.W. 1977. Evolution of phosphorus limitation in lakes. Science 195:260–262. 
Schindler, D.W., Beatty, K.G., Fee, E.J., Cruikshank, D.R., DeBruyn, E.R., Findlay, D.L.,  
      Linsey, J.A., Shearer, J.A., Stainton, M.P. and Turner, M.A. 1990. Effects of climatic  
      warming on lakes in the central boreal forest. Science 250:967-970. 
Schindler, D.W. and Curtis, P.J. 1997. The role of DOC in protection freshwaters subjected to  
      climate warming and acidification from UV exposure. Biogeochemistry 36:1-8. 
Schindler, D.W. and Gunn, J.M. 2004. Dissolved organic carbon as controlling variable in  
      lake trout and other Boreal Shield lakes. in Boreal Shield watersheds: Lake trout  
      ecosystems in a changing environment. Edited by. J. M. Gunn, R.J. Steedman. and R.A.  
      Ryder. Lewis Publishers, Boca Raton, Fla. pp 133-146. 
Schmidt, M.G., Macdonald, S.E. and Rothwell, R.L. 1996. Impacts of harvesting and  
      mechanical site preparation on soil chemical properties of mixed wood-wood boreal forest  
      sites in Alberta. Canadian Journal of Soil Science 76:531-540. 
Schoenau, J.J., Stewart, J.W B. and Bettany, J.R. 1989. Forms and cycling of Phosphorous in  
      prairie and boreal forest soils. Biogeochemistry 8:223-237.  
Seely, B., Welham, C. and Kimmins, H. 2002. Carbon sequestration in boreal forest  
      ecosystem: Results from the ecosystem simulation model. FORECAST. Forest Ecological  
      Management 169:123-135. 
Sheldon, R.W., Prakash, A. and Sutcliffe, W.H. 1972. The size distribution of particles in the  
      Ocean. Limnology and Oceanography 17:327-340  
Smeck, N.E. 1973. Phosphorus: an indication of pedogenetic weathering processes. Soil  
      Science 15:199-206. 
Smeck, N.E. 1985. Phosphorus dynamics in soils and landscapes. Geoderma 36:185-199.  
Sommer, U. and Sommer, F. 2006. Cladocerans versus Copepods: the cause of contrasting  
      top-down controls on freshwater and marine phytoplankton. Oceologia 147:183-194. 
Startsev, N A., McNabb, D.H. and Startsev, A.D. 1998. Soil biological activity in recent  
      clearcut in west-central Alberta. Canadian Journal of Soil Science 78:69-76. 
Statistics Sweden. 2009. http://www.scb.se (received 2014-03-25).  
Steedman, R.J. 2000. Effects of experimental clearcut logging on water quality in three small  
      boreal forest lake trout (Aslvelinus namaycush) lakes. Canadian Journal of Fisheries and  
      Aquatic Sciences 57:92-96. 
Steedman, R.J., Allan, C.J., France, R.L. and Kushneriuk, R.S. 2004. Land, water and human  
      activity on Boreal watersheds. In Boreal shield watersheds: Lake trout ecosystems in a  
      changing environment. Edited by J.M. Gunn, R.J. Steedman, and R.A. Ryder. Lewis  
      Publishers, Boca Raton, Fla. pp. 59-85. 
Stednick, J.D. 1996. Monitoring the effects of timber harvest on annual water yield. Journal  
      of Hydrology 176:79–95. 
Steinberg, C.E.W., Kamara, S., Prokhotskaya, V.Y., Manusadzianas, L., Karasyova, T A.,  
      Timofeyev, M.A., Jie, Z., Paul, A., Meinelt, T., Farjalla, V.F., Matsuo, A.Y.O., Burnison, B.  
      K. and Menzel, R. 2006. dissolved humic substances- Ecological driving forces from the  
      individual to the ecosystem level. Freshwater Biology 51:1189-1210. 
Stemberger, R.S. and Lazorchak, M. 1994. Zooplankton assemblages response to disturbance  
      gradients. Canadian Journal of Fisheries and Aquatic Sciences 51:2435-2447. 
Sterner, R.W. 2008. On the Phosphorus Limitation Paradigm for Lakes. International  
      Review of Hydrobiology 93:433-445. 
Sumari, O. 1971. Structure of perch populations of some ponds in Finland. Annales Zoologici  
      Fennici 8:406-421. 
Swedish Forest Agency. 2000. Guidelines and background for the Forestry Agencies work on  
      issues concerning forestry and water. Skogsstyrelsen Cirkulär 2000:5, 7 pp (In Swedish) 
Swedish Forestry Agency. 2008. Statistical yearbook of Forestry. Swedish Forestry Agency.  
      Jönköping, 337 pp. 
Swedish Forest Stewardship Council. 1998. http://www.fsc-sweden.org/Portals/0/Fsc- 
      eng.pdf_1.pdf (received 2014-04-01) 
Søndergaard, M., Kristensen, P. and Jeppersen, E. 1992. Phosphorus release from  
      resuspended sediment in the shallow and wind-exposed Lake Arresø, Denmark.  



31 
 

      Hydrobiologia 228:91-99. 
Sørensen, R., Ring, E., Meili, M., Högbom, L., Grabs, T., Laudon, H. and Bishop, K. 2009.  
      Forest harvest increases runoff most during low flows in two boreal streams. Ambio  
      38:357-363.  
Tamm, C.O. 1991. Nitrogen in terrestrial ecosystems: Questions of productivity, vegetational  
      changes, and ecosystem stability. In Ecological studies 81. Springer, Berlin. 
Thompson, J.C. and Moore, R.D. 1996. Relations between topography and water table depth   
      in shallow forest soil. Hydrological Processes 10:1513-1525.  
Tipping, E. 1981. The adsorption of aquatic humic substances by iron-oxides. Geochimica et  
      Cosmochimica Acta 45:191–199. 
Tonn, W M., Magnusson, J.J., Rask, M. and Toivonen, J. 1990. Intercontinental comparsion  
      of small-lake fish assemblages : the balance between local and regional processes.  
      American Naturalist 136:345-375. 
Tranvik, L.J. 1989. Bactrerioplankton growth, grazing mortality and quantitative  
      relationship to primary production in a humic and a clear-water lake. Journal of  
      Plankton Research 11:985-1000. 
Tranvik, L.J. and Jansson, M. 2002. Climate change-Terrestrial export of organic carbon.  
      Nature 415:861-862. 
Tranvik, L.J., Downing, J.A., Cotner, J.B., Loiselle, S.A., Striegl, R.G., Ballatore, T J., Dillon,  
      P., Finlay, K., Fortino, K. and Knoll, L.B. 2009. Lakes and reservoirs as regulators of  
      carbon cycling and climate. Limnology and Oceanography 54:2298-2314. 
Tulonen, T., Salonen, K. and Arvola, L. 1992. Effects of different molecular weight fractions  
      of dissolved organic matter on the growth of bacteria, algae and protozoa from a highly  
      humic lake. Hydrobiologia 229:239-252. 
Tyler, J.E. 1961. Scattering properties of distilled and natural water. Limnology and  
      Oceanography 6:451-456. 
UNEP/WHO. 1996. Water Quality Monitoring - A Practical Guide to the Design and  
      Implementation of Freshwater Quality Studies and Monitoring Programmes. Edited by  
      Jamie Bartram and Richard Ballance. 22 pp. 
Varhola, A., Coops, N.C., Weiler, M. and Moore, R.D. 2010. Forest canopy effects on snow  
      accumulation and ablation: An integrative review of empirical results. Journal of  
      Hydrology 392:219–233. 
Vega, M., Pardo, R., Barrado, E. and Debán, L. 1998. Assessment of seasonal and polluting  
      effects on the quality of river water by exploratory data analysis. Water Research 32:3581- 
      3592. 
Vincent, A.G., Schleucher, J., Gröbner, G., Vestergren, J., Persson, P., Jansson, M. and    
      Giesler, R. 2012. Changes in organic phosphorous composition in boreal forest humus  
      soils: the role of iron and aluminum. Biogeochemistry 108:485-499. 
Viner, A.B. 1988. Phosphorus on suspensoids from the Tongariro River (North Island, New  
      Zealand) and its potential availability for algal growth. Archiv für Hydrobiologie 111:481- 
      489. 
Wallace, J.B., Eggert, S.l., Meyer, J.L. and Webster, J.R. 1997. Multiple thropic levels of a   
      forest stream linked to terrestrial litter inputs. Science 277:102-104. 
Walley, F.L., van Kessel, C. and Pennock, D. J. 1996. Landscape scale variability of N  
      mineralization in forest soils. Soil Biology and Biochemistry 28:383-391.  
Wetzel, R. G. 1983. Limnology, 2nd edn. CBS College Publishing, New York. 
Wetzel, R.G. 2001 a. Limnology. Lake and River Ecosystems. Third Ed. Academic press.  
      Azam, F., Fenchel, T., Field, J. G., Gray, J. S., Meyerreil, L. A. and Thingstad, F. 1983. The  
      phosphorus cycle. Marine Ecology-Progress Series 10.239-288. 
Wetzel, R.G. 2001 b. Limnology. Lake and River Ecosystems. Third Ed. Academic Press.  
      Azam, F., Fenchel, T., Field, J. G., Gray, J. S., Meyerreil, L. A. and Thingstad, F. 1983. Fate  
      of heat. Marine Ecology-Progress Series 10. 71-92. 
Whitson, I.R., Chanasyk, D.S. and prepas, E.E. 2003. Hydraulic of Orthic Gray Luvisolic soils  
      and impact of winter logging. Journal of Environmental Engineering and Science 2:41- 
      49. 
Wiklander, G., Nordlander, G. and Andersson, R. 1991. Leaching of nitrogen from a forested  



32 
 

      catchment at Söderåsen in southern Sweden. Water, Air, and Soil pollution 55:263–282. 
Wikner, J. and Hagström, Å. 1988. Evidence for a tightly coupled nanoplanktonic predator- 
      prey link regulating the bacterivores in the marine-environment. Marine Ecology  
      Progress Series.50:137-145. 
Winfield,  I.J.,  Fletcher,  J.M.  and  James,  J.B.  2004.  Modelling  the  impacts  of  water  level   
      fluctuations  on  the  population  dynamics  of  whitefish  (Coregonus  lavaretus  (L.)  in   
      Haweswater, UK. Ecohydrology and Hydrobiology 4:409–416. 
Winkler, G., Leclerc, V., Sirois, P., Archambault, P. and Bérubé, P. 2009. Short-term impact  
      of forest harvesting on water quality and zooplankton communities in oligotrophic  
      headwater lakes of the eastern Canadian Boreal Shield. Boreal Environment Research  
      14:323-337. 
Vitousek, P.M., Abrer, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W.,  
      Schlesinger, W.H. and Tilman, D.G. 1997. Human alteration of the global nitrogen cycle:   
      sources and consequences. Ecological Applications 7:737-750. 
Yanai, R.D., Currie, W.S. and Goodale, C.L. 2003. Soil carbon dynamics after forest harvest:  
      an ecosystem paradigm reconsidered. Ecosystems 6:197-212.  
 
 



 



 

 
 
 
 
 
 

 

Dept. of Ecology and Environmental Science (EMG) 
S-901 87 Umeå, Sweden 
Telephone +46 90 786 50 00 
Text telephone +46 90 786 59 00 
www.umu.se 

  


