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1 General introduction

1.1 Theoretical background

Since the pioneering studies of Justus von Liebig (1840), it is known that major macronutrients 
such as nitrogen (N), phosphorus (P), but also carbon (C), sulphur (S), potassium (K), iron (Fe), 
and silicon (Si) are a prerequisite for living organisms to grow. The occurrence of these nutrients 
in the various parts, or ‘compartments’ of the earth system, such as the oceans, the atmosphere, 
soils, bedrock, lakes and rivers is governed by global cycles. The transport of matter between the 
compartments and the mechanical, chemical and biological transformations which take place 
within these compartments, have been more or less in balance up to the explosive growth of 
human activities. During the last 50 years, humans have changed the global cycles considerably. 
Vitousek et al. (1997a) argue that we live on a human-dominated planet and Crutzen et al. (2003) 
define the era we are living in as the ‘Anthropocene’. In this thesis, a contribution is made to 
our understanding of a small but environmentally important part of the N and P cycles. These 
two macronutrients are in most cases limiting biological productivity, and the most important 
compounds causing eutrophication of water bodies (Vollenweider, 1968). Therefore, knowledge 
about the controls on N and P fluxes in catchments is paramount.

1.1.1 Nutrient cycles

Nitrogen
Nitrogen occurs in nature in various chemical forms, which represent different oxidation 
states. The atmosphere is made out of 78 % of inert N2 gas. Normally, the global cycle of N2 
in the atmosphere on the one hand and the various forms of N in the terrestrial and oceanic 
environment on the other hand are approximately in balance (MEA, 2005; Reeburgh, 1997). NO 
and NO2 (usually referred to as NOx) from the biosphere is transferred to the atmosphere due 
to wildfires, while atmospheric N2 is fixed by plants of the Fabaceae family, whose members are 
capable of fixing N2 to ammonium (NH4

+) in root nodules in symbiosis with certain bacteria. 
This ammonium can be assimilated by plants. This flux consists of about 90-130 Tg yr-1 (Galloway, 
1998; 1 Tg = 1012 g). Assimilation by oceanic plankton amounts to 100-200 Tg yr-1 (MEA, 2005). 
Additionally, nitrogen enters the terrestrial or oceanic environment by atmospheric deposition 
(100-200 Tg yr-1). During and after fixation, nitrogen becomes part of organisms (assimilation) 
as organic N.

After the organisms or parts of them die, organic nitrogen, bound in complex organic molecules, 
is usually oxidized by bacteria to ammonium, which is a part of the nitrogen pool in the soil 
and part of the dissolved N in the aquatic environment. It can be transformed by Nitrosomonas 
bacteria into nitrite (NO2

-) and, subsequently, by Nitrobacter bacteria to nitrate (NO3
-) in a 

process called nitrification. The rate of this process depends on the availability of oxygen, the 
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temperature and the pH (Van der Perk 2006). In contrast to ammonium, the intermediate 
product nitrite (NO2

-) and the end product nitrate (NO3
2-) are mobile and can be transported by 

soil-, ground- and surface water to the oceans (about 36 Tg yr-1). On a geological time scale of 
millions of years, a part of the nitrogen in the oceans is trapped in sediments (14 Tg yr-1). This can 
only enter the cycle again on a very long time scale (millions of years) by weathering (5 Tg yr-1).

However, on its way to the oceans, nitrate can be transformed to atmospheric N2 again by a 
process called denitrification. This reaction is also performed by certain bacteria, and takes places 
in reduced, anoxic environments with sufficient availability of organic material (which then 
acts as an electron donor). These circumstances can typically exist in soils, aquifers, streambed 
sediments and ocean floors. The simplest expression for this reaction is (Van der Perk, 2006):

2NO3
- + 10e- + 12H+ → N2 + 6H2O (1.1)

This reaction proceeds through several intermediate steps. The end product N2, but also the 
intermediate products NO and N2O (which are notorious greenhouse gasses; Korom, 1992; 
Kroeze and Seitzinger, 1998) are volatile and return to the atmosphere.

In the aquatic environment, the nitrogen atoms of ammonium (NH4
+), nitrite (NO2

-) and nitrate 
(NO3

-) together comprise the so called Dissolved Inorganic Nitrogen (DIN). Typically, nitrate is 
the dominant compound, whereas nitrite can be almost ignored. Total Nitrogen (Ntot) refers to 
DIN together with dissolved N in organic molecules.

Human action has enhanced the global nitrogen cycle concisely described above with respect 
to a number of fluxes. First, the combustion of fossil fuels adds another 20-30 Tg yr-1 of N to 
the atmosphere. Second, the deliberate use of Fabaceae crops increases the natural fixation of N2 
from the atmosphere with another 40 Tg yr-1. Third, the invention of the Haber-Bosch chemical 
process in 1913 (Smil, 1999) has enabled the artificial (i.e. non-biological) fixation of atmospheric 
N2 to ammonium (NH4

+). This has enabled the production of artificial fertilizer to increase 
the primary production of food crops and fodder. Ultimately, this leads to increased disposal 
of sewage and manure. Moreover, the availability of cheap fertilizer has enabled the import of 
fodder crops from elsewhere and the decoupling of the location of livestock and fodder, which 
has severely disturbed local N balances. The global artificial nitrogen fixation rate has increased 
from about 5 Tg yr-1 just after the second World War to about 80 Tg yr-1 nowadays (Galloway et 
al., 1995; Vitousek et al. 1997a; Galloway, 1998). This means that nowadays more nitrogen is fixed 
artificially by humans than by natural fixation processes in terrestrial ecosystems (Vitousek et 
al., 1997b; Galloway et al. 2002; Crutzen, 2003). However, only a quarter of these 80 Tg yr-1 of 
fertilizer N is efficiently used by food crops (Crutzen 2003), whereas the remainder may leach 
to groundwater and surface water. Therefore, it is no surprise that the increased and inefficient 
inputs of nitrogen in the terrestrial environment ultimately causes elevated N concentrations in 
streams, rivers, lakes and coastal seas ( Jordan et al., 1996). According to MEA (2005), the global 
transport of nitrogen through rivers to the oceans has approximately doubled, from 36 Tg yr-1 to 
70 Tg yr-1, although Green et al. (2004) and Bouwman et al. (2005) give a lower estimate of only 
20 Tg yr-1 human-induced increase. According to Galloway et al. (2004) and Schlesinger et al. 
(2006), at least half of the nitrogen that enters the rivers appears to be lost on its way to the sea. 
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The share of the separate processes of denitrification, uptake by plants, or adsorption onto soils 
remains largely unknown (Van Breemen et al., 2002).

Phosphorus
The global phosphorus cycle is less complex than the nitrogen cycle, because phosphorus occurs 
in fewer and all non-volatile forms (Reeburgh, 1997; Van der Perk, 2006; MEA, 2005). The source 
of all phosphorus is the lithosphere, where apatite (Ca5(F,Cl,OH,PO4)3) is the most abundant 
phosphorus-containing mineral. This mineral decays easily by weathering. The resulting 
phosphorus mainly occurs – depending on the pH – as the four orthophosphate species H3PO4, 
H2PO4

-, HPO4
2- or PO4

3-. Dissolved Reactive Phosphorus (DRP) refers to the phosphorus that is 
directly taken up by algae. It consists largely of the orthophosphate species. Total phosphorus 
(Ptot) refers to DRP together with dissolved unreactive (mostly organic) and particulate 
phosphorus. The phosphorus compounds are poorly soluble and rather immobile, and therefore 
often the limiting compound for plant growth. In the natural P cycle, there is a dynamic balance 
between soil-bound phosphorus on the one hand and organisms on the other hand, with 60 Tg 
yr-1 being transported between these compartments (MEA, 2005; Reeburgh et al., 1997). 10 Tg 
yr-1 P is added to the soil by weathering, while 7-9 Tg yr-1 and 1 Tg yr-1 are transported by rivers 
and wind-blown dust respectively to lakes and oceans. As with nitrogen, oceanic phosphorus 
becomes part of the geological cycle through deposition on and burial in ocean floor sediments.

The main alterations to the phosphorus cycle due to human activity are the increase in 
weathering because of agricultural activity (from 10 to 15-30 Tg yr-1), and the mining of fossil 
phosphorus (20 Tg yr-1). The use of fossil phosphorus as artificial fertilizer, animal feed and 
industrial material causes the soil pool of phosphorus to increase. Depending on land use practice 
(Addiscott and Thomas, 2000) soil erosion by water and wind can bring phosphorus into the 
aquatic environment (Sharpley and Smith, 1990; Sharpley et al., 1995; Melack, 1995). After years 
of phosphorus application, under certain circumstances soils can get saturated and start to leach 
phosphorus: Both increased erosion and leaching have caused a rise in the global river transport 
from 7-9 to 17-32 Tg yr-1 (MEA, 2005).

1.1.2 Nutrient pathways

Point and diffuse emissions
The enhancement of the nitrogen and phosphorus cycles results in higher emissions than natural. 
The sources or emissions of nutrients in surface waters are usually classified as point sources 
and diffuse sources (Novotny and Chesters, 1981). Point sources can be industrial or public 
wastewater treatment outlets and sewage overflows. They discharge nutrients from industrial 
processes, human and livestock excrements, and detergents directly into the surface water. The 
location, magnitude and water quality effects of these point sources emissions can usually be 
assessed relatively easy.

Diffuse nutrient sources include dry and wet atmospheric deposition, weathering products 
from rocks, and manure, and artificial fertilizers applied in agriculture. An assessment of the 
magnitude and location of these diffuse emissions and their effect on surface waters is more 
difficult: First, it involves spatial mapping and often a search and interpolation of statistical 
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information on the farm or administrative unit level. Second, to assess the net input into the soil 
and water system at the landscape system (the soil surface surplus), N and P balances (Parris, 
1998; Hansen, 2000; Oenema et al., 2004) must be made. N and P are added to the soil as 
manure or artificial fertilizer and are partly used for assimilation by crops, which are harvested 
and thus remove nutrients from the system. Third, the response of the diffuse inputs into surface 
waters to the increased emissions at the soil surface is non-linear. On their way between the soil 
surface and the surface water network, the nutrients are delayed and partly lost due to transport 
and transformation processes.

Surface and subsurface pathways
Water is the main agent for the transport of nutrients in both dissolved and solid (i.e. absorbed 
or incorporated into inorganic or organic particles) form. This transport occurs through various 
hydrological pathways, depending on the landscape’s hydro-meteorological characteristics 
(summarized in: Cirmo and McDonnell, 1997; Haag and Kaupenjohann, 2001; Mitchell, 2001; 
Van der Perk, 2006). During transport, nutrients can be absorbed by solid particles, taken up by 
plants, or transformed by bacteria. This causes the nutrient export from a drainage basin via the 
surface water network to be substantially lower than the emissions within the drainage basin. In 
addition, the variability of and the complex interaction between the transport and transformation 
processes cause the response of the nutrient export to be different between different drainage 
basins.

In temperate regions, the main pathway of nitrogen transport is groundwater (Schilling and 
Zhang, 2004). Excess nitrogen leaches to the saturated zone, where especially the mobile NO2

-, 
NO3

-, and to a lesser extent NH4
+ starts to move with the direction of the surrounding water flow 

to the stream. The amount of N that is transported and ultimately reaches the stream depends 
on the history and magnitude of the emissions, the transit times of water within the aquifer, 
and the occurrence of zones with reducing conditions, which promote denitrification within the 
aquifer (e.g. Böttcher et al., 1989; Vissers, 2006). There are numerous studies about groundwater 
transport of dissolved matter, and especially nitrate and its controls (e.g. Hynes, 1983; Bleuten, 
1990; Hill, 1990; Böhlke, 2002; Puckett, 2004; Böhlke and Denver, 1995; Pieterse et al., 2005; 
Puckett and Cowdery 2002; Rozemeijer and Broers, 2007). In addition, throughflow and tile 
drainage flow are important for nitrogen transport. Examples of this in literature are the studies 
of Creed et al. (1996) and Petry et al. (2002).

Because most phosphorus resides in the soil or attached to organic molecules as very immobile 
orthophosphate ions, the role groundwater flow is less important for P transport in comparison 
to the role of groundwater in N transport. Soil erosion and throughflow are the most important 
pathways for P transfer from land to water (Heathwaite and Dils, 2002; Sharpley and Smith, 
1990), and the majority of P is transported as part of inorganic or organic solid molecules (75-90 
% (Sharpley et al., 1995) and the remainder in soluble form.

Hydrological connectivity and dynamics
In the past years, the concept of ‘hydrological connectivity’ has gained support (Cirmo and 
McDonnell, 1997; Mitchell, 2001; Haag and Kaupenjohann, 2001; Inamdar et al., 2004; Ocampo 
et al., 2006). Pringle (2003) defines it as ‘in an ecological sense to refer to water-mediated transfer 
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of matter, energy, and/or organisms within or between elements of the hydrologic cycle’. Hydrological 
connectivity is determined by the location of so-called critical source areas (Pionke et al., 2000), 
recharge and drainage areas, the occurrence of surface runoff and quick flow components 
through macropores, drainage tiles, and ephemeral streams, which all vary in both space and 
time. Moreover, the location and size of riparian vegetation ( Jordan et al., 1993; Haycock and 
Pinay, 1993; Mander et al., 1997; Burt et al., 2002; Viaud et al., 2004; Hefting and de Klein, 1998), 
engineered buffer strips (Mander et al., 2005), and wetlands (Gilliam, 1994; Jansson et al, 1994) is 
important.

In addition to spatial connectivity, the temporal dynamics are also important. Numerous studies 
have demonstrated that episodic hydrological events cause pulses of chemicals to enter streams 
particularly due to the increased activity of short and shallow pathways. Examples include the 
flushing of matter from thin soils in bedrock landscapes (e.g. Hornberger et al., 1994, Creed 
et al., 1996; Sickman et al., 2003; Burns, 2005), the flushing of chemicals through the shallow 
subsurface flow when snow melts on a frozen subsoil (Vasilyev, 1994; Andersson and Lepistö, 
1998), increased groundwater flow concentrations of nitrate when groundwater levels rise and 
nitrate-enriched zones of the soil are flushed (Van Herpe et al., 1998; Rozemeijer and Broers, 
2007), and activation of discharge source areas during and after rainfall events (Inamdar et al., 
2004; Wigington Jr et al., 2005).

1.1.3 In-stream processes

Transformation processes
Once nutrients have entered the surface water, they are prone to a variety of transformation 
processes ( Jansson et al., 1994), including biological uptake and transformation, settling of 
particulates onto the streambed, lake bed, or floodplain, and resuspension. During the last 
years, the importance of the so-called hyporheic zone (Edwards, 1998) is recognized: This zone 
refers to the bed sediment zones characterized by high biological activity, substantial quantities 
of organic material and thus the high retention capacity for nutrients and other contaminants. 
Groundwater-transported nutrients may already be retained in the hyporheic zone without 
reaching the stream at all.

Depending on water temperature and dissolved oxygen concentration, ammonium is transformed 
to nitrate by nitrification (Van der Perk, 1996). Nitrate is removed by denitrification, especially 
in the anoxic, organic material-rich bed sediments. Both nitrification and denitrification rates 
are temperature-dependent. Phosphorus is removed from the water column by chemical 
precipitation into various phosphorus-containing minerals such apatite and vivianite (Melack, 
1995, House and Denison, 1998; 2002; Mainstone and Parr, 2002).

Because all retention, uptake, and sedimentation processes are time dependent, the size, shape and 
flow velocity of streams (which are ultimately proxies for the residence time) determine the first-
order rate constant of these processes (Thomann and Mueller, 1987; Van der Perk, 1996). During 
the last years, tracer studies show that these processes must be regarded as ‘spiralling’, which 
means that on its way downstream, an N atom can change speciation several times, rather than 
being transformed only once (Kellman et al., 1998; Wollheim et al., 2001; Peterson et al., 2001).
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Eutrophication processes
In cases where retention, uptake, and sedimentation processes are not capable of lowering 
nutrient concentrations substantially, the elevated concentrations lead to eutrophication of 
surface waters. Eutrophication has been defined as the enrichment of surface waters with 
nutrients, characterized by a rapid growth of algae, diatoms and macrophytes followed by anoxia, 
fish kills, and a rapid deterioration of overall water quality (Mason, 1991, Smith et al. 1999; Hilton 
et al., 2006). It may have severe impact on the aquatic ecosystem: it decreases biodiversity and 
may damage the fishing and tourist economies and drinking water extraction possibilities.

In the 1960s, the problem of eutrophication was firstly recognized. An awareness-raising 
scientific milestone was the publication of the report by Vollenweider (1968), who for the first 
time pointed to the influence of the surrounding drainage basin on eutrophication of lakes. Until 
then, water bodies had been studied as ‘self-sufficient microcosms’. In addition, Vollenweider 
(1968) for the first time defined that N and P are the major cause of the eutrophication process, 
of which P is the most important. The growing consciousness of pollution and its effects, fuelled 
amongst others by the report of the Club of Rome (Meadows et al., 1972) has lead to a similar 
growth in research into the origin, processes and effects of N and P in the landscape. An example 
of this is the work on Hubbard Brook’s catchment in the Eastern U.S.A. since 1963 (Bormann 
and Likens, 1979), which continues up to today (Likens and Bormann, 1995; Likens and Buso, 
2006). Another example is the publication of the book by Novotny and Chesters (1981), in which 
the problem of non-point or diffuse pollution was addressed for the first time. The development 
of this research subject has increased by worries about the increasing occurrence of acid rain 
(e.g. Likens et al., 1972; 1974; 1996; Schindler, 1988) and eutrophication phenomena, especially 
in the developed part of the world (OECD, 1982; Stanners and Bourdeau 1995; EEA 2003). 
Examples of eutrophication phenomena are the seasonal occurrence of anoxia in the Gulf of 
Mexico, which are attribute to Mississippi nutrient loads (Turner and Rabalais, 1994; Rabalais et 
al., 2001), the ecological state of the river Rhine and the North Sea, and eutrophication-caused 
algal blooms in the Baltic Sea (Larsson et al., 1985). In recent years, global biogeochemical cycles 
have increasingly received attention by scientists and policy makers, and the fate of N and P 
is now regarded within the context of global climate change through the assessments of the 
Intergovernmental Panel on Climate Change (IPCC, 2008).

In the last decade, it has been increasingly acknowledged that eutrophication is a complex 
phenomenon, which cannot simply be related to the influx of nutrients into the water body 
only (e.g. Smith et al. 1999; Willén, 1992). Despite nutrient loads have been decreased in many 
aquatic systems, eutrophication phenomena still exist. Scheffer et al. (2001) demonstrated the 
occurrence of alternative stable states in lake ecosystems, which cause totally different water 
turbidity conditions for the same nutrient loadings, dependent on the dominating ecosystem 
state. This has shifted attention to internal loading. This involves the process of recycling of 
nutrients, especially phosphorus, from bed sediments (Van der Molen and Boers, 1994; Van der 
Perk et al. 2006) caused by the changed equilibrium between concentrations in sediment pore 
water and the water column and resuspension of bed sediments due to wind action, lake level 
fluctuations, and biological activity (e.g. Sønderaard et al., 1992; Nõges et al., 1998). However, 
some eutrophication phenomena such as algae blooms may also occur under natural conditions, 
as paleobotanical research in the Baltic has shown (Bianchi et al., 2000).
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1.1.4 Policies to prevent high nutrient loads
In the developed part of the world, eutrophication problems have prompted governments 
to set up legislation to mitigate high nutrient emissions into surface waters. International 
transboundary commissions were formed in which countries have made agreements about how 
to reduce nutrient loads to shared waters. Examples are the International Commission for the 
Protection of the Rhine (ICPR; founded after the Sandoz chemical spill disaster in Basel in 
1986), the OSPAR commission for the protection of the northeast Atlantic, and the Helsinki 
Commission (HELCOM) dealing with the protection of the Baltic Sea.

In general, policy for the prevention of excess nutrient loads in rivers is based on tackling 
sources, by the restriction of nutrient surpluses in agriculture, the improvement of sewage water 
treatment plants, and the prevention of transfer, which is achieved by, for instance, conserving or 
developing riparian buffer zones, contour ploughing, and increasing hydraulic residence times to 
enhance retention.

In addition to national legislation and transboundary agreements, directives were made at 
the European level. The first water directives of the EU focussed on minimum standards for 
drinking water, but later, more comprehensive environmental goals were set with the adoption 
in 1991 of the Nitrates Directive and the Urban Waste Treatment Directive (EU, 1991a; EU, 
1991b; Goodchild, 1998), which focus on the decrease of diffuse and point emissions, respectively. 
The latest EU water quality directive was proposed in 1998: the Water Framework Directive, 
WFD (EU, 2000), which incorporates – amongst others – the previously mentioned directives. 
Within the key aims are the expansion of the scope of water protection to all waters, including 
surface waters and groundwaters, a catchment or river basin approach, and more involvement for 
citizens. The general requirements for surface waters include ‘good ecological status’ and ‘good 
chemical status’ for surface waters and strict protection of groundwater. Moreover, an integrated 
approach is proposed, with integrated river basin management, instead of isolated actions on 
administrative unit level. This means that cooperation is required between governmental bodies 
from different regions and countries. They have to form transboundary commissions and set 
up river basin management plans, in which detailed accounts must be given of water quantity 
and quality objectives, timescales to reach these objectives, river basin characteristics, the human 
impact on waters, and the effect of policy on water. Meanwhile, countries agree on measures in 
for instance the Convention on Biological Diversity (CBD, 2008), and through the Millennium 
Ecosystem Assessment (MEA, 2008).

1.1.5 Nutrient transport modelling
Driven by both scientific and policy-related interest, many more or less successful attempts 
have been made to compare water quality monitoring data with catchment characteristics. In 
general, these studies found positive relations between the magnitude of emissions and stream 
concentrations (Baker, 2003). These relations have been quantified in many regression studies at a 
range of spatial scales (e.g. Hill, 1978; Caraco, 1995; Herlihy et al. 1998; Jarvie et al., 2002; Davies 
and Neill 2004; Rantakari et al., 2004). To include the dependency of stream concentrations and 
loads on landscape characteristics and hydrological conditions, some of these studies have taken 
local geology, topographical variables and climatological variables into account (Thornton and 
Dise, 1998; Norton and Fisher, 2000; Jones et al., 2001; Sliva and Williams 2001; Griffith 2002), 
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or agricultural management practices, such as the timing of ploughing and fertilizer application 
(e.g. Neill, 1989). From regression relations, export coefficient approaches have been developed, 
in which loss or delivery factors (in mass nutrient export per unit area per unit time) are derived 
for certain land classes based on land cover, land management, or landscape physiography. These 
approaches range from relatively simple GIS overlays of factors resembling the USLE erosion 
risk assessments (Frink 1991; Johnes 1996; Worall and Burt 1999), to more complex studies that 
take proximity to the stream ( Johnes and Heathwaite, 1997; Mander et al., 2000), critical sources 
areas (Pionke et al., 2000; Heathwaite, 2003), or in-stream retention (Wickham et al., 2003) 
into account. The primary goal of many of these approaches is to determine the contribution 
of various land cover/physiography classes or input sources to the total nutrient load at the 
catchment outlet (e.g. Grizzetti, et al., 2005; Smith et al., 1997; Grimvall and Stålnacke, 1996; 
Alexander et al., 2002).

Besides the empirical approaches discussed above, a vast number of process-based modelling 
approaches have been developed over the last decades for the simulation of nutrient emissions, 
retention and transfer in drainage basins. The development of this kind of models was accelerated 
by the increasing capabilities of computers and geographical information systems (GIS). Current 
models include the full range of scales, from point scale to global scale models.

Nutrient behaviour can be described at the plot or field scale, as a function of amounts of input, 
soil characteristics, biochemical and meteorological factors and hydrology. These models comprise 
complex mathematical descriptions of a wide range of nutrient pools, species and transformation 
processes and, therefore, usually require a lot of input data. Examples are SOILN (Eckersten and 
Jansson, 1991), ANIMO (Rijtema and Kroes, 1991), and the model of van der Peijl and Verhoeven 
(1999).

To describe and predict the transport and fate of nutrients within the spatial context of a small 
size catchment (up to tens of square kilometres) or a river section, nutrient emissions are often 
coupled to hydrological fluxes from GIS-based catchment-scale models. These models are mainly 
applied for relatively short periods or hydrological events and need detailed information about 
morphology of the terrain, rainfall, soil properties, land cover, and land management. Examples 
are the AGNPS model (Young et al., 1989), and the SHETRAN model (Ewen et al., 2000). A 
separate category of models are the ‘classical’ water quality models that evolved from aquatic 
chemistry and ecology. These models have been developed to simulate in-stream chemical and 
biological transformation processes, rather than to predict diffuse emission transfer processes. 
Examples are QUASAR (Whitehead et al., 1997) and the Biebrza river model by Van der Perk 
and Bierkens (1997).

Examples of models being used at the drainage basin scale (> approximately 10000 km2) are 
SWAT (Arnold et al. 1998), SWIM (Krysanova et al., 1998), HBV-N (see Arheimer and Brandt, 
1998), RIVERSTRAHLER (Billen and Garnier, 2000), MONERIS (Behrendt et al., 2002), 
INCA (Whitehead et al., 1998), PolFlow (De Wit, 2001), and the work of Seitzinger et al. 
(2002). Examples of modelling approaches at the continental (> approximately 500000 km2) and 
global scale are the studies of Howarth et al. (1996) for the North Atlantic Ocean, and the global 
studies of Kroeze and Seitzinger (1998), Seitzinger and Kroeze (1998), Caraco and Cole (1999), 
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Van Drecht et al. (2001; 2003), Bouwman et al. (2005), Seitzinger et al. (2005), and the NEWS 
family of models (e.g. NEWS-DIN; Dumont et al., 2005).

When developing or applying a model, there should be a balance between data availability, scale 
of the model, and its complexity (De Wit and Pebesma, 2001, Dumont, 2007). The use of models 
with a high data demand is limited to small time periods or short meteorological events, for 
which they produce simulations on a daily or maybe hourly basis. Application of these models 
for large areas and long time periods is not possible, and often also not desired. At the drainage 
basin scale level, we are usually not interested in all detailed processes and their causes, but in the 
long-term nutrient fluxes, which are controlled by other processes and factors (see Allan et al., 
1997; Quinn, 2004). Therefore, models at this scale often use a coarser resolution (e.g. 1 km2) and 
typically simulate nutrient loads for one to five-year periods.

1.2 Problem definition and research framework

1.2.1 Gaps in our understanding
From the previous sections it is clear that the transfer of nutrients depends on various factors, 
which vary in space and time. In many cases, it is not easy to separate the contribution of the 
nutrient input from diffuse and point sources and various hydrological pathways (e.g. Arheimer 
et al., 1996; Andersson and Lepistö, 1998; Bechtold et al., 2003). Unravelling the relative share 
of pathways and processes by coupling biogeochemical and hydrological models is considered 
to be one of the major research challenges in catchment hydrology and hydrochemistry (Haag 
and Kaupenjohann, 2001; Mitchell, 2001, Burns, 2005; Burt, 2005; Neal and Jarvie, 2005). Neal 
and Jarvie (2005) stressed the importance of these issues with respect to the implementation of 
legislation such as the Water Framework Directive (EU, 2000). In addition to these issues, they 
identified the need for more knowledge on the eutrophication processes itself, within-stream 
processes, and strategies how to deal with the delay in reaction of surface waters to emission 
changes due to soil and groundwater transit times and pools. This last point is particularly 
relevant, because legislation usually includes ambitions for improvement within the relative short 
timeframe of ten years (see also Oenema et al., 2004). More understanding about this delay is 
also vital for improved predictions of the effect of climate change on water quality.

The importance of knowledge about the delay in reaction of stream nutrient concentrations to 
emission and climate change has been illustrated by the developments in Central and Eastern 
Europe during the last decades. After the fall of communism in 1989, large scale decreases 
in agricultural nutrient input occurred, because of land use changes and reduced fertiliser 
application and livestock numbers (Goetz et al., 2001). Tonderski (1997), De Wit (1999), Grimvall 
et al. (2000), Löfgren et al. (1999) and Stålnacke et al. (2003; 2004) demonstrated that reduced 
nutrient loads in the region’s rivers only occur after a period of several years, whereas in some 
rivers there are mixed trends or even no trends at all. It is doubtful whether we have sufficient 
knowledge incorporated in our current models to adequately simulate the effect of the past 
nutrient input changes. Increasing this knowledge is not only essential to understand the above 
described changes and their impacts on the environment; it is also highly relevant for assessing 
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the impact of other possible future developments, such as global climate change, or new drastic 
changes in agriculture.

Although there have been many nutrient transfer studies at a range of scales, relatively few of 
them have focussed on the regional catchment scale (100-10000 km2). This is probably because 
of the difficulties in obtaining hydrological and hydrochemical data as data collection at regional 
scales is difficult, time-consuming, and therefore, expensive compared to data collection at 
smaller scales, such as fields or small catchments. Furthermore, the identification of factors 
controlling nutrient transfer at this scale is usually more difficult, because the variability of 
nutrient inputs and outputs is less than at larger scales. In addition, few studies have been set 
up to intensively synoptically sample a catchment at the regional catchment scale (e.g. Grayson 
et al., 1997; Salvia et al., 1991). However, understanding the effect of regional-scale processes on 
the transport and fate of nutrients at the catchments and drainage basin scale is indispensable, 
because at this scale, the relations between possible key factors, such as emissions, hydrological 
pathways and connectivity, and stream nutrient concentrations emerge (Quinn, 2004). Moreover, 
management practices to prevent high nutrient loads are typically developed at this scale.

1.2.2 The MANTRA-East project
Filling the gaps in our understanding of nutrient transfer as described in the previous section is 
especially relevant for Central and Eastern Europe. The agricultural emission decreases in this 
area were particularly strong in the Eastern Baltic region. The popular uprising at the end of 
the eighties, known as the ‘singing revolution’, led to the August 1991 independence declaration 
of the three Baltic States Estonia, Latvia and Lithuania from the Soviet Union (Kiaupa et al., 
1999). The dissolution of the Union caused the re-establishment of the borders between Baltic 
States and the Russian Federation. On both the Baltic States’ and the Russian side, former 
economically and agriculturally strong regions became marginal. The large lake system of Peipsi/
Chudskoe, from then on marks the border of Estonia and the Russian Federation, and its 
drainage basin is now a transboundary one, straddling Russia, Estonia and Latvia.

The MANTRA-East project (2001-2004; Contract number: EVK-CT-2000-00076; see 
Gooch and Stålnacke, 2006) was funded through the European Commission’s fifth Framework 
Programme, and devoted to ‘Integrated Strategies for the Management of Transboundary 
Waters on the Eastern European Fringe’. It involved researchers from Estonia, Sweden, Norway, 
Russia, Poland and the Netherlands in research relevant to the implementation of the EU Water 
Framework Directive (EU, 2000). The focus was on the management of transboundary waters in 
Europe, which are shared by the new EU member states and their neighbours. The Lake Peipsi/
Chudskoe drainage basin in the Baltic States and Russia was chosen as a pilot study area. The 
first research module of the project was devoted to eutrophication problems in Lake Peipsi/
Chudskoe itself, and to the further development of modelling tools for estimating nutrient fluxes 
in the drainage basin. The other two modules were devoted to environmental information for 
policy- and decision makers, and policy instruments and institutional mechanisms, respectively. 
The research on nutrient transfer in the drainage basin of the lake, described in this thesis, 
emerged out of, and was partly performed, within this project.
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1.3 Research aims

The general aim of this thesis is to identify and quantify the controls on the transfer of the 
nutrients N and P in northeastern European lowland catchments. This general aim translates 
into the following more specific research aims:

1. To quantify nutrient transfer, loads, and concentrations in the Lake Peipsi/Chudskoe 
drainage basin in past, present and future;

2. To quantify the spatial distribution and seasonal variation;
3. To identify the key factors controlling these spatial and temporal patterns.

These aims contribute to filling the gaps in our understanding as mentioned in section 1.2.1. 
More specifically, they contribute to the improvement of methods for the separation of point 
and diffuse sources, to increased knowledge about in-stream processes, and the identification 
of processes and factors governing the delay in reaction of surface water quality to emission 
changes.

1.4 Thesis outline

This general introduction is followed by a description of the Lake Peipsi/Chudskoe drainage 
basin, which comprised the study area (chapter 2). Special attention is paid to nutrient emissions 
and emission history and the consequences for water quality in the area. In addition, the pilot 
catchment of the Ahja Jõgi (Ahja River) is introduced. This catchment is situated in the Estonian 
part of the Lake Peipsi/Chudskoe drainage basin and has been studied in more detail in the 
chapters 4 through 6.

Chapter 3 aims to contribute to the first research aim by quantifying the past and possible future 
changes of N and P emissions as a result of economic changes, and assessing the impact of these 
changes on long-term N and P inputs in to Lake Peipsi/Chudskoe.

Chapter 4 contributes to fulfil the second and third research aims. The aim of this chapter is 
to quantify the spatial and seasonal variability of nutrient transport in the Ahja River pilot 
catchment, and to identify the influence of land cover and landscape structure on this variability.

Chapter 5 is also dedicated to the second and third research aims. It describes a novel 
hydrological model to aid diffuse pollution modelling in lowland catchments. By comparing 
magnitude and extent of simulated hydrological pathways and transit times with measured 
stream DIN concentrations, the influence of hydrology on nutrient transport is quantified.

Chapter 6 also contributes to fulfil the second and third research aims by quantifying the spatio-
temporal dynamics of nitrogen emissions, transfer pathways, and in-stream retention in the Ahja 
River catchment in order to assess the reasons for the observed delayed or even absent response 
of river water quality to the decrease in nutrient emissions during the 1990s.
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Finally, chapter 7 (Synthesis) discusses and integrates the results of the previous chapters. A 
conceptual model of the importance of key factors controlling nutrient transfer in northeastern 
European lowland catchments throughout the year is proposed. In addition, the sensitivity of 
nutrient transfer to emission and climate change is discussed.
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2 Study area

2.1 Lake Peipsi/Chudskoe

Lake Peipsi/Chudskoe is shared by Estonia and Russia and, together with the Russian lakes 
Ladoga and Onega and the Swedish Lake Vänern, it is one of the four greatest lakes in Europe 
(Nõges et al., 1996; Jaani, 2001). In fact, it rather is a lake system, which measures 3555 km2 

altogether, and is usually divided into three parts that each has its own character. The northern 
part is Lake Peipsi (Estonian) or Lake Chudskoe (Russian) sensu stricto (2611 km2; mean depth: 
7.1 m). The southern part is called Lake Pihkva or Lake Pskovskoe, referring to the city of Pskov 
just south of it (708 km2; mean depth: 3.8 m) Finally, the small strait in-between is known as 
Lake Lämmi or Lake Teploe, which means ‘warm’ in both Estonian and Russian language. This 
strait measures 236 km2 is 2.6 m deep on average. The deepest point of the lake system is situated 
here (15.3 m). The average elevation of the lake surface is 29 m asl. It drains to the Gulf of 
Finland through the 77 km long Narva River ( Jaani, 2001), which has a mean discharge of about 
400 m3 s-1. Because of the considerable size of its drainage basin, the Narva River is an important 
freshwater and nutrient input of the Finnish gulf and thus the Baltic Sea (Stålnacke et al., 1999).
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There has been a long tradition of hydrological, hydrochemical and biological research in the 
area (see Nõges et al., 1996; Jaani, 1996; Nõges, 2001; Miidel and Raukas 1999; Pihu et al., 2001). 
Fish stocks of Lake Peipsi/Chudskoe have always remarkably high (Pihu, 1996), which makes 
it economically important for both commercial and amateur fishermen. Moreover, the lake and 
its direct surroundings are considered an ecosystem of international importance: Areas on both 
the Estonian and Russian side are considered wetlands of international importance, especially 
for migrating birds, and therefore included in the list of the Ramsar Convention on Wetlands 
(Ramsar, 2008).

From a Western European perspective, the lake and its surroundings seem relatively undisturbed. 
Nevertheless, it has since long been sensitive to eutrophication (Heinsalu et al., 2007), and can 
be classified as a eutrophic lake (Nõges et al., 1996). Eutrophication phenomena mainly consist 
of late-summer blue-green (Cyanobacteria) algae blooms (Nõges et al., 2004) that are toxic 
and lead to deterioration of overall water quality and episodic late summer fish kills. The most 
important factor enhancing eutrophication is the high nutrient and organic matter load from 
the drainage basin. As will be clarified in the next sections, during the 1990s the general trend 
of nutrient inputs across the drainage basin has been downwards. However, the occurrence of 
summer and autumn algae blooms increased. At first sight this might be surprising, but there 
are several factors explaining this paradox (Kangur et al. 2003, Nõges et al., 2004; 2005). First, 
the response of the river nutrient loads to the decreased nutrient emissions in the catchment 
has been delayed and limited. Second, the N loads into the lake have decreased more than P 
concentrations which has caused the N:P mass ratio in the lake water to decrease from 20-30 in 
the 1980s to below 20 at present (Nõges et al. 2004). In general, a lower N:P ratio is believed to 
promote cyanobacteria blooms (Nõges et al., 2007). Third, the lake is shallow and characterized 
by large fluctuations in water level ( Jaani, 1996), which is favourable for resuspension of lake 
bed sediments and associated nutrients during windy weather conditions and summer lake level 
minima. Fourth, the shallow lake has its own food web structure and nutrient dynamics. For 
instance, Nõges et al. (2004) showed that the cyanobacteria species Gloeotrichia echinulata has an 
advantage above other algae in cases where the N:P mass ratio is relatively low, because it can fix 
N from the atmosphere and take up P from bottom sediments. During warm summers, after the 
bloom of these cyanobacteria, the water column is enriched in P, which, in turn, promotes the 
growth of other toxic algae species.

2.2 The Lake Peipsi/Chudskoe drainage basin

2.2.1 Location and hydrography
The drainage basin of Lake Peipsi/Chudskoe measures 45541 km2 and, since 1991, it is controlled 
by Russia (59 %; almost entirely within the Pskov region), Estonia (33 %), Latvia (8 %) and, for 
a negligible part, by Belarus (0.3 %). The three main rivers in the drainage basin are the Velikaya 
River (literally meaning ‘big’), the Emajõgi or Ema River (literally meaning ‘mother river’), 
and the Võhandu river. The Velikaya River drains the largest part of the Russian and Latvian 
shares of the basin and discharges into Lake Pihkva/Pskovskoe. The Emajõgi drains the majority 
of the Estonian part of the basin and discharges into Lake Peipsi/Chudskoe sensu stricto. The 
Võhandu River is also located in Estonia and discharges into the southern part of Lake Lämmi/
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Teploe. The drainage basin is rich in lakes, which are usually smaller than 10 km2, except for Lake 
Võrtsjärv in the Emajõgi catchment. This lake lies at an elevation of 47 m asl, has a surface area 
of 270 km2, and has a mean depth of 2.8 m. It has a similar ecology as Lake Peipsi-Chudskoe 
(Nõges et al., 1998; Nõges and Järvet, 1998; Haberman et al. 1998).

The entire drainage basin is characterized by a glacial landscape with elevations ranging from 
29 m asl at the shore of the lake to 296 m asl (figure 2.2), including the lowlands that are a part 
of the lake depression, plateaus covered by glacial deposits, and uplands at the drainage basin 
boundary.
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2.2.2 Bedrock geology
Geologically, the drainage basin is part of the Southern slope of the Fenno-Scandian shield that 
dips gently towards to the south (Raukas, 1995; Miidel and Raukas, 1991; Aunap, 2004). In the 
study area, this Proterozoic crystalline shield is covered by Paleozoic sedimentary rocks, whose 
thickness varies from 150-200 m in the north towards more than 800 m in the south of the 
drainage basin ( Jõeleht and Kukkonen, 2002). Although on the northern coast of Estonia and 
the Russian coast of the Finnish gulf Cambrian rocks crop out, the oldest rocks in the Lake 
Peipsi/Chudskoe drainage basin are of Ordovician origin, which consist of limestones and marls 
formed under marine and perimarine circumstances (Raukas, 1995) and have a thickness of 
70-180 m. Together with similar Silurian deposits (maximum thickness: more than 400 m), they 
cover an area with a southern limit roughly following the line from the northern Gulf of Riga 
via the Northern shore of Võrtsjärv to the most western shore of Lake Peipsi/Chudskoe. South 
of this line, Middle Devonian rocks can be found, which have a more lagoonal and terrestrial 
origin. They form the typical South-Estonian red sandstone, which dips towards the south with 
a 2.1-2.2 m km-1 gradient (Miidel et al. 2001) and is 450 m thick in Southern Estonia (Raukas, 
1995). Its southern limit approximately coincides with an imaginary line between Pskov and Riga. 
South of this line, Upper Devonian rocks, consisting of an alternation of limestones, sandstones, 
siltstones, and marls can be found towards the southern boundary of the drainage basin.

2.2.3 Quaternary geology, geomorphology and soils
Almost the entire area is covered by quaternary deposits, which are dominated by glacial and 
glacially related sediments from the last (Weichselian) ice age (e.g. by Raukas and Gaigalas, 1993; 
Raukas et al., 1995; Raukas, 1995). During the Weichselian period, the glaciers caused erosion in 
the northern part of the drainage basin. In the central part of the area, their action has produced 
alternating erosive and accumulative relief of drumlins and eskers. In the southern part, they 
were mainly accumulative. This has resulted in a Quaternary cover of less than 5 m in the north, 
sometimes even lacking. On the contrary, the south of the area is characterized by glacial tills 
with a thickness of tens of metres, culminating in more than 100 m on insular heights and even 
more than 200 m in some buried valleys. The glacial material predominantly consists of basal till 
consisting of a matrix of sand, silt or clay, mixed with material from Northern Estonia (carbonate 
rocks) and the Fenno-Scandian shield (crystalline rock fragments, stones and boulders) and local 
erosion products (Raukas, 1995)

The insular heights (see figure 2.2 and figure 2.3a), which constitute the highest hills of the study 
area, are a unique glacial phenomenon of the Baltic region (Raukas et al. 1995; Rattas and Kalm, 
1999; Karukäpp, 2004). They are characterized by hummocky relief, probably due to stagnant ice 
(Raukas and Karukäpp, 1994), and were formed because of relatively stable areas between the 
various main ice lobes that moved through the area, and consist of a thick sequence of various 
kinds of glacial and fluvio-glacial materials. Examples of these insular heights or ‘Otepeas’ 
(Karukäpp, 2004) are the Otepää and Haanja uplands in Estonia and the Luga and Sudoma 
uplands in Russia, all on the drainage divide of the Lake Peipsi/Chudskoe drainage basin.

The period shortly after the last glaciation has shaped the current topography and hydrography. 
Deglaciation occurred roughly between 13500 and 11600 BP (Raukas, 1995) and is defined by 
four phases (Aunap, 2004): Haanja (13500 BP), Otepää (12600 BP), Pandivere (12100 BP), and 
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Palivere (11600 BP). According to Miidel and Raukas (1991), most of the current primeval valleys 
incised in a relatively short period just before the Allerød interstadial (around 13000 BP). During 
the deglaciation, the typical primeval valleys in the area were formed. The formation of these 
valleys probably followed older valley systems that had been defined by previous glaciations and 
bedrock characteristics (Bitinas, 1999). During the deglaciation, proglacial lakes occurred in the 
glacio-isostatic depression that had been formerly covered by ice. This lake system served as an 
erosion basis of the rivers, but its shape changed episodically. Lakes emptied rapidly, sometimes 
because of deglaciation, sometimes because of tectonics arising from glacio-eustatic movements 
of the Earth’s crust (Miidel and Raukas 1991). This resulted in a sudden lowering of the erosion 
basis and large quantities of water that incised deeply into the landscape. These valleys are usually 
several hundreds of metres wide (figure 2.3b). Most higher order streams follow the primeval 
valleys, characterized by their steep sides and elevation differences with the surrounding plateau 
(figure 2.3c) between 30 and 60 m.

The current lakes Peipsi/Chudskoe and Võrtsjärv are relicts of the proglacial lake of the the 
deglaciation period. They were formed about 12000 years ago in over-deepened meltwater valleys 
(Miidel et al., 2001), which had contained the main ice lobes. The region is still under influence 
of neotectonics resulting from the last glaciation. The equilibrium line between isostatic uplift 
(north) and subsidence (south) runs approximately from St. Petersburg to Riga. It crosses right 

Figure 2.3 Landscapes of the study area. a) Uplands near Otepää; b) Primeval valley of the Ahja 
River; c) Plateau landscape in the Ahja River catchment; d) Estonian shore of Lake Lämmi/
Teploe.
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through Lake Peipsi/Chudskoe sensu stricto (Kakkuri and Chen 1992; Vallner et al., 1988). The 
northern coast of the lake system is rising at a rate of 0.2-0.4 mm yr-1, while the southern part 
is sinking at a rate of 0.8-1.2 mm yr-1 (Vallner et al., 1988; Tavast and Raukas, 1996, Tavast and 
Raukas, 2002). This means that the surroundings of the southern part of the lake system (figure 
2.3d) are prone to flooding. This can be observed in the Emajõgi and Velikaya River deltas, as 
well as in the submerged valleys at the coast, such as Värska bay near the Estonian-Russian 
border. Here, the water level has risen 10 m in the past 8000 years (Tavast and Raukas, 2002).

During the Holocene, peat has grown in the depressions around the lakes Peipsi/Chudskoe 
and Võrtsjärv, on the drainage divides, and at locations where the subsoil lithology prevents 
infiltration or surrounding topography inhibits drainage. The start of extensive peat growth was 
around 8500-8000 BP (Raukas, 1995). Peat lands occupy about a quarter of the Estonian surface 
area and even more in the Russian part of the drainage basin. Other Holocene deposits originate 
mostly from local relocation of materials, such as alluvial deposits.

The formation of current soils started after the last ice age. The main soils according to the 
FAO-UNESCO classification (see Driessen and Dudal, 1991) are Leptosols on calcareous rocks, 
Cambisols and Luvisols on Calcareous glacial tills, Podzoluvisols on heavy texture tills and 
Podzols on coarser sandy or loamy non-calcareous tills and fluvioglacial deposits (Raukas, 1995; 
Aunap, 2004). In river valleys, Fluvisols are abundant, as well as Histosols. The latter are also the 
main soils found in the lake depression and the peat bogs on the watersheds.

2.2.4 Climate and hydrology
Climatically, the region marks the transition from the Atlantic to the continental climate, 
characterized by warm summers and moderately mild winters (Raukas 1995). For the 
meteorological station Tirikoja, on the North-western shore of Lake Peispi/Chudskoe sensu 
stricto, 1923-1998 data show that the coldest month is February (mean temperature: -7.1 °C) and 
the warmest month is July (mean temperature: 16.8 °C; Keevallik et al., 2001). The annual average 
temperature is 4.6 °C and the annual precipitation amounts to 550-750 mm. The long-term mean 
monthly precipitation is about 25-35 mm in February and March, after which it increases to 
about 75 mm in July and August. After the summer, it decreases again to the February value. 
A considerable part of the precipitation is snow. The snow cover typically lasts for 100-120 days 
( Jaagus, 1997). Lakes freeze in winter: Lake Peipsi/Chudskoe is usually covered by ice from 
December to April (5 months), but it can be shorter in some years ( Jaani, 1996).

The mean discharge of the Velikaya River is 195 m3 s-1. The mean discharge of the Emajõgi is 68 
m3 s-1. Subtracting the long-term river discharge from the long-term precipitation results in an 
average runoff coefficient of 0.36, assuming that there are no soil and aquifer storage differences 
(Aunap, 2004). The seasonal cycle of accumulation of snow in winter and melting in spring 
results in a typical river discharge pattern, which is shown in figure 2.4 for two representative 
rivers in the region (the Emajõgi and Ahja River). April is generally the month with the highest 
discharge, which is typically about a factor two higher than during the summer and winter 
months, although the variation between the years is high. During the snowmelt period, most 
of the melt water does not infiltrate into the soil because this is inhibited by the snow pack or 
the soil is still frozen or saturated (Vasilyev, 1994). This results in a considerable contribution of 
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overland flow to total runoff. Moreover, groundwater discharge also increases. Figure 2.4 shows 
that periods of high discharges also occur during other seasons; these are generally caused by 
rainfall events. Note that the discharge of the Emajogi (figure 2.4a) diminishes slower towards 
the summer than the discharge of the Ahja Jõgi (figure 2.4b). This is mainly due to the delaying 
effect of Lake Võrtsjärv with its long ice cover melting period.

During summer and winter, and mostly during autumn, river discharge largely consists of 
groundwater. This originates from various aquifers. Depending on its texture, the uppermost 
aquifer in the region is the quaternary cover. The Silurian and Ordovician limestones, which crop 
out in the north of the region and dip towards the south, are aquifers, as well as the Devonian 
sandstones in the middle of the drainage basin (Vallner, 2003; Perens, 1998). Depending on the 
location on the north-south dipping bedrock, underlying aquitards, local relief, and specific 
location, makes that the aquifers which influence surface waters have a total thickness between 
50 and 200 m.
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2.2.5 Land cover
The main land cover classes are forest (61 %) and agricultural land (28 %), the latter concentrated 
in Estonia and around the city of Pskov (BALANS, 2008; see figure 2.5). The rest of the land 
cover consists of peat bogs and built-up area. Population is relatively sparse from a European 
perspective; the total amount of inhabitants is about 811000 (after Statistikaamet 2008). Major 
towns are Pskov (201517 inhabitants), Ostrov (23884 inhabitants), both situated in Russia, and 
Tartu (Estonia; 100844 inhabitants; all data from World Gazetteer, 2008). The remainder of the 
towns has less than 20000 inhabitants. The agricultural land is mostly used for cereal farming 
and hay.
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2.2.6 Nutrient emissions and concentrations in past and present
Since World War II, the nutrient emission history of the Baltic States and northwestern Russia 
can roughly be characterized by 1) a rapid increase from 1945-1990; 2) a sudden decrease between 
1991-2000; 3) a small increase since 2000.
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The rapid increase in emissions started soon after the occupation of the Baltic States by the 
Soviet Union in 1940, and the consequent large-scale collectivisation during the 1940ies, in which 
farmers were forced to unite in collective and state farms (kolkhozes and sovchozes; Kiaupa et al., 
1999). The northwestern part of the Union, and the Baltic States in particular, became one of the 
most intensively used farming regions (Goetz et al., 2001). Livestock numbers were large, because 
the area was one of the meat production areas. Artificial fertilisers were cheap and the fertiliser 
application rates were high. The Soviet farming system was highly inefficient with regard to 
nutrient inputs: there were no measures to keep the nutrient inputs and output balanced. 
Concentration of livestock production on large farms, field scale increase, land amelioration like 
drainage and levelling, peat reclamation and the use of heavy machinery resulted in enhanced 
concentrations of N and P in soils, aquifers, and rivers (Mander et al. 1994; Loigu and Leisk, 
1996). Moreover, like in Western Europe, large-scale urbanisation of the rural population took 
place, but appropriate wastewater treatment was not present in several larger cities and many 
villages (Loigu and Leisk, 1996), and untreated or insufficiently treated sewage effluents were 
discharged directly into the rivers. Even nowadays, significant amounts of households in both 
urban and rural areas are still not connected to sewage systems.

The break-up of communism in 1991 not only caused the independence of the Baltic States, but 
also an economic crisis in the region. Privatizations of state and collective led to chaos in the rural 
economy (Unwin, 1997). Until 1991, the Baltic States had always been a supplier of agricultural 
goods for the nearby Russian cities, especially the city of Leningrad (now St. Petersburg) with 
more than five million inhabitants. However, following independence of the Baltic States, the 
borders with Russia were closed, and since then, tariff restrictions have inhibited the export of 
agricultural goods to Russia (Kwiecinski and Vojtech, 1996; Unwin, 1997; Goetz et al., 2001). As 
a result of these developments, agricultural production declined (figure 2.6b), livestock numbers 
decreased, many arable lands were abandoned, and, consequently, fertiliser application rates 
dropped significantly (figure 2.6a; Peterson and Aunap 1998).

Since 2000, a slow recovery has been taken place. Estonia and Latvia have become member of 
the European Union in 2004. Since then, agriculture must fulfil EU requirements.

The development of emissions has led to more or less noticeable changes in river water quality. 
Nutrient concentrations rose until the 1980s and then decreased, but not everywhere to the 
same extent: some rivers show clear decrease in both total phosphorus and total nitrogen 
concentrations, while other rivers show a less apparent decrease of concentrations (Grimvall et al., 
2000; Loigu and Leisk, 1996; Löfgren et al., 1999; Mander et al., 2000; Iital et al., 2005; Stålnacke 
et al., 2004). As an example, figure 2.6c shows the measured Ntot and Ptot concentrations in the 
Emajõgi at Tartu, whose catchment area encompasses a large share of the Estonian part of the 
drainage basin (7828 km2). Although the maximum Ntot concentrations seem to have decreased 
since the early 1990s, no obvious decreasing trend for Ptot can be discerned.
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2.3 The Ahja jõgi (Ahja River) pilot catchment

The second part of this thesis focuses on a subcatchment of of the Lake Peipsi/Chudskoe 
drainage basin, namely the Ahja Jõgi (Ahja River) catchment. The choice for this pilot catchment 
was based on several reasons: First, the Ahja River has several tributaries which have different 
land cover and topography characteristics. Second, the catchment is well accessible and the Ahja 
River is being monitored in the Estonian national monitoring program, so daily discharge and 
monthly nutrient concentration data at downstream locations were available. This makes the 
Ahja River catchment an ideal study area to investigate the key factors controlling the spatial 
and temporal variation of regional-scale nutrient transfer.
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2.3.1 Physiography, land cover, and hydrology
The Ahja River catchment is situated in south-eastern Estonia (26º 36´-27 º 22´ E; 57º 54´-58º 
17´ N). It measures 901 km2 (upstream of Lääniste, see figure 2.7). The Ahja River joins the main 
central Estonian river Emajõgi just before it enters Lake Peipsi/Chudskoe.

The western part of the catchment straddles the flank of the Otepää heights (elevations from 
90 to up to 200 m asl), whereas the central and eastern parts are in the south-eastern Estonian 
moraine plain (‘Ugandi plateau’, Aunap, 2004; 50 to 90 m asl) and the northern area is a part of 
the Lake Peipsi/Chudskoe depression (lowest point: 36 m asl). The landscape was formed during 
the last (Weichselian) glaciation, when various glacial materials, predominantly basal tills, were 
deposited on top of the underlying Devonian sandstone bedrock of the Burtnieki stage (Raukas 
et al., 1995). In the Otepää heights, the subsoil consists of moraine and kame deposits (Mander 
et al. 2000), forming a hummocky terrain, whereas the moraine plain has a more flat topography. 
The thickness of the glacial deposits can reach up to more than 100-150 m in the western part of 
the catchment (Karukäpp, 2004), gradually diminishing to only a few meters in the north-east. 
The glacial deposits act as aquifers in cases where they are thick enough, but the underlying 
Devonian sandstone is the main aquifer (Perens, 1998). The aquitard underlying the Devonian 
sandstone consists of Middle-Devonian marls, dolomitic marls, and claystones and dips towards 
the south-south-east from -40 m asl in the north to -120 m asl in the south of the catchment 
(Perens, 1998). This means that the total thickness of the aquifer varies from 79 in the north to 
270 m in the southwest.

The landscape is intersected by primeval valleys of early Holocene origin (Miidel and Raukas, 
1991), which are 200-500 m wide and 20-40 m deep. At many places they cut into the sandstone. 
These valleys are occupied by the main streams. The streams are fed by groundwater seepage in 
the flat valley floors. The surrounding uplands are generally recharge areas, but still they contain 
some first-order streams fed by wet depressions, watershed bogs, and ditches that drain the 
agricultural areas. The valley rivers are bordered by forest and reed lands, characterized by pool 
and riffle systems and free meanders. Typical soil types include Podzoluvisols, Planosols and 
Podzols on sandy loams and loamy sands of the uplands (Aunap, 2004; Mander et al., 2000) and 
Histosols in the peaty seepage areas along the rivers and peat bogs at the drainage divides.

About 58 % of the area is occupied by forests and other (semi-) natural areas (including the peat 
bogs on drainage divides), whereas 40 % is agricultural land (see figure 2.8). The agricultural land 
is concentrated on the higher and well-drained uplands and is dominated by hay land, perennial 
fodder grass and cereals, with some patches of vegetables and fruits close to villages, hamlets, or 
individual farmhouses. Like elsewhere in Estonia, agriculture has declined since the beginning 
of the 1990s, but since recently, it is slowly increasing again. Built-up land covers 2 % of the 
catchment area. The town of Põlva has 6500 inhabitants. Apart from some villages and hamlets, 
the rural population is uniformly spread over the catchment. The catchment has approximately 
18000 inhabitants (Statistikaamet, 2008). Only the sewage water of Põlva and some small villages 
is collected and treated mechanically (treatment by settling, filtering and aeration); most farms 
are not connected to this kind of systems.
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The mean annual precipitation (1960-1999) at Piigaste (see figure 2.8) is 593 mm (EMHI, 
unpublished), mostly falling in the summer months. The mean annual temperature is 5.4 ºC 
(mean for 1961-2000 in Võru, which is located 15 km south of the catchment). The monthly 
mean varies from -6.0 ºC in January to 17.1 ºC in July. Usually, a snow pack builds up between 
November and April, but if temperature is not low enough, it can be partly or totally absent. The 
mean discharge of the Ahja River at Lääniste (1960-1999) is estimated at 6.01 m3 s-1 (obtained 
by extrapolating the mean annual discharge of the upstream Ahja gauging station by assuming a 
same specific runoff ). The seasonal course is characterized by a pronounced spring peak discharge 
(mean April discharge; 12.9 m3 s-1), which is caused by the flow of snow melt water over the 
frozen or saturated soil, and a small secondary discharge peak caused by rainfall events in late 
summer and autumn (see figure 2.4b).
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Figure 2.9 Nitrogen transport of the Ahja River. a) Stream discharge at Ahja village; b) Ntot 
and DIN monthly concentrations at Lääniste; c) Daily DIN and organic N loads; d) Monthly 
DIN and organic N loads. The loads have been calculated by extrapolating stream discharge 
from Ahja village to Lääniste using the difference in catchment area, and linear interpolation 
of monthly concentrations to daily values according to HELCOM (1994). Source: EMHI 
(unpublished).
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Figure 2.10 Phosphorus transport of the Ahja River. a) Stream discharge at Ahja village; b) Ptot 
and DRP monthly concentrations at Lääniste; c) Daily DRP and organic P loads; d) Monthly 
DRP and organic P loads. The loads have been calculated by extrapolating stream discharge 
from Ahja village to Lääniste using the difference in catchment area, and linear interpolation 
of monthly concentrations to daily values according to HELCOM (1994). Source: EMHI 
(unpublished).
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2.3.2 Nutrient concentrations and loads
Figures 2.9 and 2.10 show an extract from the available stream discharge data (2.9a and 2.10b) 
and Ntot, DIN (Dissolved Inorganic Nitrogen), Ptot, and DRP (Dissolved Reactive Phosphorus) 
concentration data (2.9b and 2.10b) for a downstream location on the Ahja River (at the village 
of Lääniste) for the period 1992-2004. Figures 2.9c and d; 2.10c en d show the daily and monthly 
loads calculated from these data.

The Ntot concentrations fluctuate with the seasons and typically are between 0.5 and 3.0 mg l-1; 
Approximately 69 % of Ntot consists of DIN, the remainder is organic N. Daily loads of Ntot are 
typically between 50 and 4000 kg day-1, but sometimes for a short time, twice as high. Monthly 
loads are typically between 5 and 80 · 103 kg month-1. The Ptot concentrations also fluctuate with 
the seasons; normally they are between 0.01 and 0.12 mg l-1. Approximately 77 % of Ptot consists 
of DRP; the remainder is organic P. Daily loads of Ptot are typically between 20 and 250 kg day-1, 
but sometimes up to three times higher for a short time. Monthly loads are in general between 
0.2 and 6 · 103 kg month-1.

In the Ntot concentrations, slightly downward trends can be observed during the first half of 
the 1990s. For Ptot, concentrations decreased abruptly after 1998, the year in which the sewage 
treatment plant of Põlva was renovated and improved.
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3 Changes in nutrient emissions, fluxes 
and retention in a northeastern 
European lowland drainage basin

   Based on: Mourad, D.S.J., M. van der Perk, K. Piirimäe (2006). Changes in nutrient 
emissions, fluxes and retention in a North-Eastern European lowland drainage basin. 
Environmental Monitoring and Assessment (2006) 120, 415-448.

Abstract
Despite dramatic reductions in the 1990s of N and P emissions in the drainage basin, Lake 
Peipsi/Chudskoe (Estonia/Russia) is still suffering from algal blooms, probably caused by low 
N:P ratios of the lake water. To quantify the sources and changes of N and P inputs to the 
lake as a result of economic changes, we modelled emissions, transfer and in-stream retention 
using a GIS model. The model was calibrated using river monitoring data from the 1985-1999 
period, and used to simulate emissions and loads for five future scenarios for 2015-2019. During 
the 1985-1999 period, diffuse P emissions decreased relatively more than N diffuse emissions, 
but this was not reflected in the loads to the lake. P loads decreased relatively less than N loads, 
which caused a decrease in the N:P ratio of the rivers. About 30-45 % of diffuse N emissions 
and only 3-10 % of diffuse P emissions reaches the river network. In-stream retention reduces N 
and P loads to the lake by about 62 % and 72 %, respectively. Point sources contribute negligibly 
to the N load to the lake, but form about one-third of the P load. A target/fast development 
scenario is the most likely scenario for the 2015-2019 period, resulting in higher nutrient loads 
than in recent years. We conclude that effective load reductions can be achieved by focussing on 
diffuse N and P emissions close (< 50 km) to the lake and by upgrading P removal capacity in 
wastewater treatment plants of towns.

Keywords: Eutrophication, Lake Peipsi/Chudskoe, nitrogen, phosphorus, scenarios, geographical 
information systems, Estonia, Russia

3.1 Introduction and aim

Following the collapse of communism at the end of the 1980s, emissions of nitrogen (N) and 
phosphorus (P) from agricultural land to soil, water and atmosphere in Central and Eastern 
Europe have drastically decreased (Goetz et al., 2001; Unwin, 1997; Löfgren, 1999). These 
changes have been particularly evident in the drainage basin of Europe’s fourth largest lake, 
Lake Peipsi/Chudskoe, which is shared by Estonia, Latvia, and Russia (Iital et al., 2005). Since 
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the independence of the Baltic States in 1991, these countries have lost their former Russian 
export market for agricultural goods, especially meat and dairy products. This has caused a major 
abandonment of agricultural land and a decrease in the application of mineral fertilisers by 80-85 
% in Estonia between 1989 and 1994 (Löfgren et al., 1999). Meanwhile, the number of cattle 
has decreased by 44 % and the number of pigs by 61 %. The Latvian and, to a lesser extent, the 
Russian part of the drainage basin has undergone a comparable decline. Since the Baltic States 
have become members of the European Union, and Russia’s economy is steadily improving, the 
socio-economic conditions in this region continue to change. Consequently, nutrient emissions 
will continue to change further in the next years, but the direction and magnitude of these 
changes remain uncertain.

Despite the dramatic reduction of nutrient emissions in the drainage basin during the past 15 
years, Lake Peipsi/Chudskoe still suffers from recurrent summer eutrophication phenomena, 
particularly characterised by late-summer blue-green algal blooms (Cyanobacteria) that cause 
anoxia, fish kills, and a rapid deterioration of overall water quality (Nõges et al., 1996; Kangur 
et al., 2003; Nõges et al., 2004; 2005). The occurrence of algal blooms has even increased in 
recent years, especially in the southern part of the lake (Lake Pihkva/Pskovskoe; see figure 3.1). 
The possible causes of this paradox of decreasing emissions and increasing algal blooms are 
still unknown (e.g. Kangur et al., 2003; Nõges et al., 2004). It has become clear that changes in 
the internal nutrient loading of the lake due to meteorological conditions affecting the water 
level and temperature of the lake are important, as well changes of the ratios of nutrient loads 
entering the lake. In general, a sufficiently high lake P concentration combined with a low lake 
N concentration is advantageous for blue-green algae (Smith, 1983; Nõges et al., 2004; Nõges et 
al., 2005). Various studies have demonstrated a delayed decrease of nutrient loads in Central- and 
Eastern European rivers in response to the dramatic reduction in nutrient emissions in the late 
1980s and early 1990s (De Wit, 1999; Grimvall et al., 2000; Stålnacke et al., 2003; 2004; Iital 
et al., 2005). The reduction of river N loads relative to the reduction in N emissions has been 
more pronounced than the reduction of river P loads. The greater reduction of river N loads has 
decreased the N:P ratio of the water entering Lake Peipsi/Chudskoe. Following Smith (1999), 
besides internal lake processes, external nutrient loading from the drainage basin is a key factor 
in the development of lake eutrophication. Therefore, an assessment of changes in nutrient loads 
from the lake catchment is essential to understand and predict changes in the eutrophication 
processes in the lake. 

Computer models of nutrient transport and dynamics have proven to be adequate tools for 
relating changes in nutrient emissions to nutrient loads and retention (i.e. storage or decay) at 
the catchment scale and to apportion these loads to the various point and diffuse nutrient sources 
in the catchment. Recent examples of such models are HBV-N (Arheimer and Brandt, 1998), 
MONERIS (Behrendt et al., 2000), and PolFlow (De Wit, 2001). In general, these models are 
straightforward and parsimonious in the use of input data. This is advantageous if environmental 
data are sparse, as is the case for the countries of the former Soviet Union. However, these 
models provide little spatially explicit information about the location of the nutrient sources 
or the contribution of these sources via the various hydrological pathways to the nutrient load 
in downstream areas. Such information is crucial to identify and spatially delineate the critical 
regions that contribute most to the nutrient loads in a drainage basin.
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This study aims to quantify the past and future changes of N and P emissions as a result of 
economic changes, and to assess their impact on long-term N and P inputs into Lake Peipsi/
Chudskoe. Moreover, we aim to map the main nutrient sources, and transport and retention 
pathways within the drainage basin of the lake. For these purposes, we used an adapted version 
of the geographical information system (GIS) PolFlow model (De Wit, 2001), to simulate 
the spatial distribution of nutrient emissions, retention and fluxes for the past period of 
1985-1999 and for the future period of 2015-2019. To account for uncertainties about the future 
economic development, we applied five integrated scenarios of the future development of this 
transboundary region.

3.2 Study area

Lake Peipsi/Chudskoe is a large shallow lowland lake (surface area: 3555 km2) formed during the 
most recent ice age (Weichselian) by over-deepening of meltwater valleys (Miidel et al., 2001). Its 
drainage basin (Figure 3.1) measures 45541 km2 (excluding the lake area). Since the independence 
of the Baltic States in 1991, it is shared by Russia’s Pskov region (59 %), Estonia (33 %), Latvia (8 
%), and Belarus (almost 0 %). Lake Peipsi/Chudskoe is usually divided in three parts ( Jaani and 
Raukas, 1999; see figure 3.1): the northern part is the actual Lake Peipsi (Estonian)/Chudskoe 
(Russian) (2611 km2; mean depth: 12.9 m), the southern part is called Lake Pihkva/Pskovskoe 
(708 km2; mean depth: 3.8 m), and the strait in-between is known as Lake Lämmi/Teploe (236 
km2; mean depth: 2.5 m).

The drainage basin is comprised of glacial lowlands with elevations ranging from 29 m to 338 m 
asl, with a mean of 91 m asl. The subsoil consists almost entirely of Palaeozoic sedimentary rocks 
dipping to the south (Raukas, 1995; Jõeleht and Kukkonen, 2002). The oldest rock outcrops can 
be found north of the imaginary line between the most western shore of Lake Peipsi/Chudskoe 
and the northern shore of Lake Võrtsjärv (see figure 3.1). They consist mainly of Ordovician and 
Silurian carbonate rocks. South of this line, Devonian clastic rocks crop out, mainly consisting 
of red sandstone. The bedrock is usually covered by various glacial deposits varying in thickness 
from 0-10 m in most areas, to up to 100 m in the glacial uplands that form the highest hills 
in the region (Raukas, 1995). Soils are typically loamy to sandy on the glacial tills, alternated 
by peat areas, which are estimated to comprise roughly 20 % the territory of Estonia (Raukas, 
1995), and even more in the Russian and Latvian parts of the drainage basin. Typical land cover 
classes are forest (61 %) and agricultural land (28 %), which are spatially arranged in a patchy 
landscape pattern. Population is relatively sparse from a European perspective; the total number 
of inhabitants is about 811000 (estimated using data from Statistikaamet, 2008). Major towns 
are Pskov (201500 inhabitants), Ostrov (26500 inhabitants), both situated in Russia, and Tartu in 
Estonia (98695 inhabitants). All other towns have less than 20000 inhabitants. 

The study region marks the transition of the Atlantic to the continental climate, characterised by 
warm summers and moderately mild winters (Raukas, 1995). According to Keevallik et al. (2001), 
the coldest month is February (mean temperature: -7.1 °C) and the warmest month is July (mean 
temperature: 16.8 °C). The annual average temperature is 4.6 °C. The yearly precipitation amounts 
to 550-750 mm, of which a considerable part falls in the form of snow. The snow cover typically 
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lasts for 100-120 days ( Jaagus, 1997). The main rivers discharging into lake Peipsi/Chudskoe are 
the Velikaya from Russia (mean discharge at Piatonovo, just upstream of Pskov: 127 m3 s-1) and 
the Emajõgi (mean discharge at Tartu: 55 m3 s-1), which drains most of the Estonian part of the 
basin, including Lake Võrtsjärv. During spring floods at the end of the snow cover period, river 
discharges are typically 3-4 times higher than average. Lake Peipsi/Chudskoe discharges to the 
Narva River (mean discharge: 322 m3 s-1), which flows towards the Gulf of Finland.
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Figure 3.1 a) Location of the Lake Peipsi/Chudskoe drainage basin. b) Simplified land cover map 
of the drainage basin.
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Since the Second World War, the history of nutrient emissions in the Baltic states and North-
western Russia can roughly be characterised by 1) a steady increase from 1945-1990; 2) a sudden 
decrease after 1991 with low emissions lasting until 2000; 3) a small increase since 2000. The 
increase in emissions started soon after the Second World War with large-scale collectivisation 
at the end of the1940s, in which farmers were brought together in collective farms (kolkhozes) 
and state farms (sovchozes). Concentration of livestock production at large farms, field scale 
increase, land amelioration, peat reclamation and the use of heavy machinery resulted in elevated 
concentrations of N and P in soils, aquifers, and rivers (Mander et al., 1994; Loigu and Leisk, 
1996). Moreover, during these years, large-scale urbanisation of rural population took place, while 
appropriate sewage treatment works were not always present in several larger cities and many 
villages (Loigu and Leisk, 1996) and untreated or insufficiently treated sewage was discharged 
directly into the rivers. At present, many households in both urban and rural areas have still not 
been connected to sewage treatment works. Privatisation of state and collective farms following 
the independence of the Baltic States in 1991 led to instability in the rural economy and a rapid 
decline of agricultural production (Unwin, 1997), and abandonment of fields (Peterson and 
Aunap, 1998). The enormous decrease in fertiliser application rates, livestock amounts, crop 
production, area under crop and the neglect of agricultural drainage systems caused a general 
decrease in nutrient emissions. In the recent past, the accession of Estonia and Latvia to the 
European Union and the slow but steady growth of the Russian economy have caused a slight 
increase in total emissions. The sudden decrease in agricultural emissions during the beginning of 

Table 3.1 Development of yearly total N and total P loads and mean yearly discharge for ten 
Estonian river locations in the Lake Peipsi/Chudskoe drainage basin. The data are averaged for 
three periods between 1985 and 1999. Loads were calculated following HELCOM (1994) from 
monthly concentration and daily discharge measurements provided by the EMHI (Estonian 
Meteorological and Hydrological Institute).

River and 
measurement 
location

Catchment sizea 1985-1989 1990-1994 1995-1999

Qb Ntotc Ptotc Qb Ntotc Ptotc Qb Ntotc Ptotc

Emajõgi-Tartu 7828 70.1 9106.6 118.7 66.8 5320.2 95.9 52.6 3245.1 88.2
Emajõgi-Rannu-
Jõesuu

3374 28.1 3248.0 38.3 28.6 1824.3 33.0 23.7 820.8 37.9

Võhandu-Räpina 1144 10.1 1286.2 32.9 9.6 666.2 25.3 9.0 370.2 25.1
Väike Emajõgi-
Tõlliste

1054 9.2 - - 9.4 588.2 26.8 8.4 534.0 27.2

Pedja-Tõrve 776 7.0 1218.7 19.7 6.9 926.0 12.0 5.7 543.5 10.2
Avijõgi-Mulgi 366 3.6 - - 3.6 - - 3.1 317.6 3.9
Rannapungerja-
Roostoja

313 3.2 - - 2.8 - - 2.8 258.9 3.0

Õhne-Tõrva 266 2.5 - 4.2 2.8 146.7 4.6 2.5 113.8 4.5
Tagajõgi-Tudulinna 252 2.4 - - 2.3 - - 2.1 192.4 3.9
Alajõgi-Alajõe 140 1.6 58.2 2.7 1.6 - - 1.3 121.7 1.7

a in km2; data according to EMHI (Estonian Meteorological and Hydrological Institute)
b in m3 s-1

c in 103 kg yr-1
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the 1990s has had a clear effect on river nutrient loads, which is illustrated for two major rivers in 
the Estonian part of the drainage basin (Emajõgi and Võhandu) in table 3.1. Total N loads have 
decreased almost simultaneously with the emissions, whereas the effect of emission decreases on 
total P loads is less clear or even nearly absent.

3.3 Nutrient emissions and loads model

We used the PolFlow modelling approach of De Wit (2001), which was specially designed for 
spatially distributed modelling of nutrient fluxes in large drainage basins, for the simulation 
of nutrient fluxes into Lake Peipsi/Chudskoe during 1985-1999 and five future scenarios for 
2015-2019. River nutrient loads and long-term changes are modelled at a spatial resolution of 
1 km2 in time steps of 5 years as a function of point source and diffuse emissions, and soil and 
landscape factors. The nutrients considered include total (i.e. inorganic and organic) dissolved 
N, further referred to as Ntot, and total dissolved P (further referred to as Ptot). The modelling 
approach consists of a fully raster GIS-embedded set of submodels, programmed in the 
PCRaster GIS dynamic modelling language (Wesseling et al., 1996). PolFlow has successfully 
been applied to a number of European drainage basins in various climate regions (De Wit, 
1999; De Wit and Bendoricchio, 2001; de Wit et al., 2002; Darracq et al., 2005). For this study, 
we adapted the modelling approach to take account of data-poor areas in Russia and also to 
compute future scenarios (Mourad and Van der Perk, 2004; Mourad et al., 2005).

The model can be summarized by the basic equation:

ΔLx  = a*(DIx + (b*SSSx)) (3.1)

where ΔLx is the 5-year increase in average river load of a substance, in this case Ntot or Ptot, in 
grid cell x (kg yr-1), DIx is the 5-year average direct input of the substance into the river network 
in x (kg yr-1), SSSx is the 5-year average surplus of the substance at the soil surface in grid cell 
x (kg yr-1). Parameter a represents the losses due to retention processes in the river network 
(-), while parameter b represents the losses in the soil/groundwater system (-). The values of 
parameters a and b are calculated as a function of the residence times in the various hydrological 
compartments (soil surface, shallow groundwater, and deep groundwater) in each grid cell. The 
increase in loads ΔLx is accumulated downstream over the drainage network. Figure 3.2 shows 
the various successive submodels involved, which are further explained in the context of this 
study. For a more detailed description of the modelling approach we refer to De Wit (1999; 2001) 
and De Wit et al. (2000).

The first submodel (emissions) includes the spatial mapping of past average diffuse and point 
source emissions for the three five-year periods: 1985-1989, 1990-1994, and 1995-1999 using 
agricultural and population statistics for administrative regions (cf. De Wit, 1999). These statistics 
have been spatially disaggregated by using a land cover map. The net diffuse emissions of N and 
P, also referred to as the soil surface surplus, are calculated as the sum of atmospheric deposition, 
natural background releases (both distributed over all areas), fertiliser inputs, livestock excretion, 
two third of the sewage from population not connected to wastewater treatment plants (De Wit, 
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1999), and N and P export due to agricultural yields (all distributed over agricultural areas). Point 
source emissions were estimated based on population statistics, wastewater connection rates, and 
the level of wastewater treatment. One third of the sewage from population not connected to 
wastewater treatment systems was considered a point source. Although the model resolution is 
1 km2, the emissions were initially mapped at a spatial resolution of 10000 m2 (1 ha), allowing 
for the patchy land cover structure of the drainage basin and the availability of land cover data 
at this detailed resolution. Subsequently, the point source and diffuse emissions were spatially 
aggregated to the model resolution of 1 km2.

The second submodel (hydrology) comprises the modelling of the water fluxes at the soil surface, 
and in shallow and deep groundwater, as defined by De Wit et al. (2000). For this purpose, a 
straightforward static hydrological submodel was set up to estimate the distribution of the 
5-year average total runoff (i.e. precipitation minus evapotranspiration), in the three hydrological 
compartments based on soil and landscape factors (terrain slope, soil type, land cover, drainage 
network density, and aquifer type) following the method described by De Wit et al. (2000). 
Evapotranspiration is estimated as function of land cover class. The outcome of this submodel 
consists of the water fluxes and residence time in the three hydrological compartments.

The third model step (soil and groundwater fluxes) consists of the estimation of the distribution 
of the soil surface surplus of N and P in the three hydrologic compartments, the retention and 
losses of N and P in these compartments, and the subsequent N and P transfer to the river 
network for each gridcell. Figure 3.3 gives an overview of the submodel. The parameter values 
are taken according to De Wit (2001). The maximum storage capacities (Smax) in soil for N 
and P were estimated based on the background inventories of N and P in soil, which was, in 
turn, estimated based on soil type. The nutrient leaching from soil to shallow groundwater 
(represented by ft,1) is calculated as a function of the ratio between the actual nutrient content 
of the soil and the maximum storage capacity of the soil. The proportion of the nutrients 

SSSx
Soil Surface Surplus: 
Diffuse sources

DIx
Direct Inputs: 
Point sources

Submodels

Hydrology: fluxes and residence times

Diffuse inputs into
surface water

b: Retention and losses 
in the soil and groundwater

a: Retention and losses in the river network

3. Soil and groundwater 
fluxes

4. Transport and retention 
in the river network

2. Hydrology

1. Emissions

Lx
River load at location x

69
96

Figure 3.2 Overview of the modelling approach.
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transferred from shallow to deep groundwater was assumed to be equal to the ratio between 
deep and total groundwater fluxes. The nitrogen loss factors (fl,1, fl,2,and fl,3) were estimated based 
on literature values for denitrification rates in soil and groundwater as function of soil type and 
aquifer type. The nutrient runoff factors for surface runoff (fr,1) were estimated as functions of 
the proportion of surface water runoff. The nutrient runoff factors for shallow groundwater (fr,2) 
and deep groundwater (fr,3) were estimated as functions of the average water residence times in 
these compartments. The sum of the nutrient runoff from the three hydrological compartments 
corresponds to the nutrient transfer to the river network.

In contrast to the first two submodels, the third submodel requires dynamic modelling to account 
for temporary storage of nutrients in the soil and groundwater compartments. To minimise the 
effects of the initial conditions on the period of interest (period from 1985 and onwards), the 
submodel was run from the 1945-1949 period. Diffuse emissions were assumed to be zero at the 
start of this time period and to increase linearly until the 1985-1989 period. Initial values for 
the nutrient inventories in the hydrological compartments in the 1945-1949 period were set to 
background levels based on soil and aquifer type according to De Wit (1999).

The fourth submodel (transport and retention in the river network) comprises the routing of the 
nutrient inputs from both diffuse sources and direct point sources through the river network. 
Retention and losses in the river network is accounted for by using transport fraction factors for 
Ntot and Ptot, which represent the proportion of nutrients transferred from a grid cell to the 
next grid cell downstream. The transport fraction factors are assumed to be related to discharge 
and slope gradient (De Wit, 1999) as:
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Figure 3.3 Overview of the soil and groundwater fluxes submodel to estimate the distribution of 
the soil surface surplus of N and P in the three hydrologic compartments as defined by De Wit 
et al. (2000).
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  (3.2)

where tf is the transport fraction (-) of the grid cell, S is the slope gradient (-) and Q is the 
average annual discharge (m3 s-1). The parameters rn1 (s m-3) and rn2 (-) have different values for 
Ntot and Ptot. This transport factor approach is not suitable as a retention estimate for large 
lakes, such as the Estonian Lake Võrtsjärv (270 km2, see figure 3.1). Assuming retention to be a 
factor of lake geometry and residence time is neither a good approach for this shallow lake that is 
characterized by extreme water level changes (mean depth: 2.8 m; annual mean amplitude: 1.4 m). 
According to Nõges et al. (1998), retention in 1995 in lake Võrtsjärv was 53 % and 28 % for Ntot 
and Ptot respectively. However, these retention percentages are not constant throughout the years 
(P. Nõges, personal communication). During low water years, sediment is resuspended, causing 
the release of P into the water column, and the lake behaves as a source of P. Simultaneously, 
N is brought into contact with anoxic sediments, causing enhanced denitrification, and the 
lake behaves like an efficient N trap. In high water years, the effect is reversed. We assumed 
that retention factors were constant for five-year average periods. These factors were calibrated 
together with other the calibration parameters.

3.4 Inputs and outputs in the nutrient emissions and loads model

3.4.1 Basic input
The basic input maps were taken from the Lake Peipsi/Narva basin GIS database (Hannerz 
et al., 2002). This database consists of a collection of raster and polygon maps developed for 
large-scale environmental assessment and modelling according to the requirements of the EU 
Water Framework Directive (EU, 2000). The relevant maps used for this study were converted 
to the PCRaster format for modelling. The database was complemented with agricultural 
data, hydrometeorological data, and data about the wastewater connection rates and the level 
of wastewater treatment. We distinguished five levels of wastewater treatment: not connected, 
connected without treatment, mechanical treatment, biological treatment, and tertiary treatment 
(additional P removal). Table 3.2 gives an overview of the type, resolution, and origin of the 
data used for modelling of the three past 5-year periods (1985-1989, 1990-1994, 1995-1999). For a 
number of periods, the input data for emission modelling were not entirely complete for Russia 
and Latvia. The missing data were replaced by extrapolation from other periods or regions, 
based on expert judgement. In table 3.3, relevant estivmates for the point sources input data are 
given, together with fertilizer use, atmospheric deposition, and background emissions. Livestock 
numbers of cattle and cereal yields are listed as two representative examples. The development 
of other livestock numbers (pigs, sheep, goats, horses, and poultry) and crop yields (buckwheat, 
legumes, industrial crops, potatoes, vegetables, fodder roots, hay and green fodder) during the 
three simulation periods are comparable.

3.4.2 Definition of future scenarios
To assess the effect of economic changes on future nutrient emissions and river loads, five 
plausible scenarios were developed for 2015-2019 (Mourad et al., 2005). According to figure 
3.4, two key variables influence the possible future economic development of the region: 
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economic development and transboundary cooperation. If those key factors are plotted as 
two axes, and the extremes of both factors are considered, four possible scenarios for future 
economic development on the Baltic-Russian border emerge, each defined as a combination 
of a low or a high score on the axes of the two key factors: I) Business as usual; II) Target/fast 
development; III) Crisis; IV) Isolation. Because it is plausible that development will be uneven 
on each side of the European-Russian border, another scenario has been added: V) Uneven 

Table 3.2 Type, resolution and origin of input data used for modelling nutrient emissions in the 
Lake Peipsi/Chudskoe drainage basin.

Data Spatial resolution Source

Emission modelling
Administrative units (map) Country, county and 

municipality level
Hannerz et al. (2002)

Land cover (map) 1 ha (10000 m2) Hannerz et al. (2002)
Population numbers County, municipality level Statistikaamet (2008); CSB (1998); PRCSS 

(2000)
Daily average human nutrient 
excretion

Entire drainage basin Various sources, in de Wit (2001)

Wastewater connection rates Entire drainage basin , 
Separate estimations for 
the towns of Pskov and 
Tartu 

Statistikaamet (2008), Andersen et al. (2001), 
Stålnacke et al. (2001), Loigu (1990)

Wastewater treatment efficiency Entire drainage basin De Wit (1999)
Fertiliser use (kg · ha-1 · yr-1) Country level Statistikaamet  (various years); FAOSTAT 

(2008); Löfgren et al. (1999)
Livestock numbers County level Statistikaamet (various years), PRCSS 

(unpublished data)
Excretion coefficients of nutrients 
(kg nutrient animal-1 yr-1)

Entire drainage basin Hansen (2000); Brouwer et al. (1995); 

Crop yields (kg yr-1) County level Statistikaamet  (various years); Statistikaamet 
(1999); PRCSS (unpublished data)

Crop coefficients, (kg nutrient · 
kg crop-1 yr-1)

Brouwer et al. (1995) ; De Wit (2001)

Atmospheric deposition Entire drainage basin Stålnacke et al. (2001)
Hydrological and transport modelling
Land cover (map) 1 km2 Hannerz et al. (2000)
Digital elevation model (DEM) 
(map)

1 km2 Hannerz et al. (2000)

Slope (map) 1 km2 Derived from DEM
River network (map) 1 km2 Hannerz et al. (2000)
Drainage direction (map) 1 km2 Derived from DEM
Hydrogeology (map) 1:1000000 Hannerz et al. (2000)
Five-year average annual 
precipitation  1960-1990 (map)

0.5 degree × 0.5 degree Leemans and Cramer (2002)

Soil types and textures (map) 1 km2 Hannerz et al. (2000)
Average year and winter 
temperatures

Entire drainage basin Keevallik et al. (2001)

Average drainage density Entire drainage basin Estimated from Regio (1991)
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development, which is a combination of the Target/fast development scenario in Estonia/Latvia 
and the Crisis scenario in Russia. With the help of local experts, qualitative scenario storylines 
were developed for each of these five scenarios (Mourad et al., 2005). The qualitative storylines 
were translated into quantitative changes in a number of input driving forces of the emissions 
submodel between the periods 1995-1999 and 2015-2019. These driving forces include population, 
wastewater treatment connection rate, fertiliser use, livestock amount, crop yields, atmospheric 
deposition and amount of agricultural land (Mourad et al., 2005). Table 3.4 defines the five 
scenarios and gives an overview of the changes in the driving forces of the model. We assumed 
that the emissions changed linearly between the 1995-1999 and the 2015-2019 periods. For 
modelling the hydrological fluxes in the 2015-2019 period, we used the long-term average values 
for precipitation and evapotranspiration for the period 1960-1990. This implies that the model 
results for the various scenarios are not influenced by hydroclimatology: They reflect emission 
changes only.

Table 3.3 Non-spatial input data for point sources and diffuse sources estimations (aggregated for 
simplicity).

1985-1989 1990-1994 1995-1999

Point sources
Big towns (wastewater emission in 103 kg yr-1)a

•	 Pskov	(201500	inhabitants)	wastewater	emissiona (Ntot/Ptot) 523/178 445/106 367/34
•	 Tartu	(98695	inhabitants)	wastewater	emissiona (Ntot/Ptot) 557/40 380/40 202/21
Small towns, villages, hamlets (477086 inhabitants)
•	 Human	excretion	(kg	day-1) (Ntot/Ptot) 0.013/0.004 0.013/0.004 0.013/0.004
•	 Connection	rates	to	various	types	of	treatment	(%)
	 •	 Connected,	not	treated	(0	%	N	removal,	0	%	P	removal) 9 6 3
	 •	 Primary	treatment	(15	%	N	removal,	15	%	P	removal) 37 30 25
	 •	 Secondary	treatment	(35	%	N	removal,	40	%	P	removal) 31 40 47
	 •	 Tertiary	treatment	(70	%	N	removal,	90	%	P	removal) 0 0 0
	 •	 Not	connected	(0	%	N	removal,	0	%	P	removal) 23 24 25

Diffuse sources
Example: amount of cattleb (106)
•	 Russia 312 244 127
•	 Estonia 269 213 96
•	 Latvia 59 43 19
Example: total cereals yieldc (106 kg yr-1)
•	 Russia 84 84 80
•	 Estonia 547 301 231
•	 Latvia 53 57 57
Fertilizer use (kg ha-2; Ntot/Ptot) 100/25 26/8.0 14/1.0
Atmospheric deposition (kg ha-2; Ntot/Ptot) 7.7/0.05 7.7/0.05 7.7/0.05
Background  (kg ha-2; Ntot/Ptot) 2.0/0.01 2.0/0.01 2.0/0.01

a  Pskov and Tartu were treated separately; their emissions were directly plotted on the map instead of modelled, because 
reliable emission data were available. These also include industrial emissions, which are assumed to be in these two towns 
only.	Next	to	these	emissions,	it	is	assumed	that	15	%	of	the	population	of	Pskov	and	Tartu	is	not	connected	to	the	sewage	
system; this is accounted for in the modelling

b sum of dairy cows, heifers, calves and bulls
c sum of  rye, wheat, barley, oat and mixed grains
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From the model output for the three time periods 1985-1989, 1990-1994, 1995-1999) and the five 
future scenarios for 2015-2019, the following information was extracted: 1) diffuse and point 
source N and P emission totals aggregated to the county level; 2) Ntot and Ptot loads (including 
N:P ratios) into the three major parts of the lake system; 3) source apportionment of the Ntot 
and Ptot loads, aggregated by country; 4) spatial distribution of discharge-weighted Ntot and 
Ptot concentrations in the river network for the 1995-1999 period; and 5) the contribution of the 
various hydrological compartments to nutrient runoff (summed for the entire drainage basin).

3.5 Model calibration

3.5.1 Method
Calibration of the model parameters in the hydrology submodel, the soil and water fluxes 
submodel and the transport and retention in the river network submodel (see figure 3.2) was 
carried out in two consecutive steps. The first step consists of the calibration of the hydrology 
submodel (2), using observed mean annual river discharges for the 1985-1999 for 20 locations 
within the river network (the locations of table 3.1, together with six Estonian and 4 Russian 
points). Correction factors for the long-term area average evapotranspiration for the different 
land cover classes were manually adjusted until the simulated discharges fitted the observed 
values.

The emissions submodel was not calibrated, but was solely used as a method to distribute 
spatially the emissions from diffuse and point sources on basis of administrative data and land 
cover. The output of the emissions submodel, which will be discussed in the next section, was 
used as input for the soil and water fluxes submodel. Calibration of this submodel comprised the 
second step of the calibration procedure. This was done by using observed 5-year average Ntot 
and Ptot river nutrient loads for the three periods between 1985 and 1999. These observed average 
Ntot and Ptot loads were derived from monthly river concentration data and daily discharge data 
for 10 gauging stations along Estonian rivers following the method described by HELCOM 
(1994). These loads are given in table 3.1. The following model parameters were calibrated: Ps, 
representing the ratio between Smax (see figure 3.3) and the initial background nutrient inventories 
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Figure 3.4 Five scenarios for future economic development in the Lake Peipsi/Chudskoe 
drainage basin. See table 3.4 for more details.
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in soil; Pr,1, representing the ratio between the nutrient runoff factor for surface runoff fr,1 (see 
figure 3.3) and the proportion of surface water runoff; Pt,1, representing the ratio between the 
nutrient leaching factor ft,1 and the nutrient inventory in soil relative to the maximum storage 
capacity of the soil; and the parameters rn1 and rn2  (see equation 3.2). In addition, the unknown 
retention of nutrients in Lake Võrtsjärv was also calibrated. The nonlinear parameter estimation 
package PEST (PEST, 2008) was used for the calibration.
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Figure 3.5 Calibration results: simulated versus observed discharges in the Lake Peipsi/Chudskoe 
drainage basin.

Table 3.5 Calibrated parameter values for Ps, Pr,1, Pt,1, rn1, and rn2 for Ntot and Ptot compared 
with values reported by De Wit (2001), and the calibrated nutrient retention in Lake Võrtsjärv.

Parameter Ntot Ptot

This study De Wit (2001) This study De Wit (2001)

Ps (-) 1.1 1.5 60.5 100
Pr,1 (yr-1) 0.0002 0.00075 0.0002 0.00075
Pt,1 (mm yr-1) 200 200 200 200
rn1 (s m-3) 49 50 20 6.5
rn2 (-) 0.9 0.5 0.5 0.9
Lake	Võrtsjärv	retention	(%) 83.5 - 54.4 -
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3.5.2 Results and discussion
Figure 3.5 shows the simulated and observed long-term annual average discharges for the 20 
locations in the Lake Peipsi/Chudskoe drainage basin. Both the squared Pearson correlation 
coefficient (r2) and the Nash-Sutcliffe efficiency coefficient (Nash and Sutcliffe, 1970) amount to 
0.995, which means that the long-term annual discharges were simulated well. The calibration of 
the nutrient transport submodels yielded optimised parameter values for Ps, Pr,1, Pt,1, rn1, and rn2. 
Table 3.5 shows that the values of these calibrated parameters were within a factor of two from 
the values reported by De Wit (2001) for the Rhine and Elbe river basins. The calibrated average 
long-term retention of nutrients in the shallow lake Võrtsjärv amounted to 83.5 % for Ntot and 
54.4 % for Ptot.
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Figure 3.7 Simulated and observed discharge-weighted average concentrations for Ntot and 
Ptot in rivers in the Estonian part of the Lake Peipsi/Chudskoe drainage basin (encircled area 
indicates outliers). 
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Figure 3.6 Calibration results: simulated versus observed river loads of Ntot and Ptot in rivers in 
the Estonian part of the Lake Peipsi/Chudskoe drainage basin.
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Figure 3.6 shows the simulated and observed Ntot and Ptot loads for the 10 monitoring stations 
in Estonia for the 1985-1989, 1990-1994, and 1995-1999 period. The squared Pearson correlation 
coefficient (r2) amounts to 0.997 for Ntot and 0.989 for Ptot. The Nash-Sutcliffe efficiency 
coefficient amounts to 0.997 for Ntot and 0.989 for Ptot. This shows that the model is able to 
simulate nutrient loads in the Lake Peipsi/Chudskoe drainage basin.

Obviously, the spatial variation in nutrient loads is in part controlled by the river discharge, which 
is relatively easy to simulate (see above) since it strongly depends on catchment size. For this 
reason, we also tested the performance of the calibrated model to simulate discharge-weighted 
average concentrations, i.e. the average annual load divided by the annual average discharge. 
Figure 3.7 shows the simulated and observed discharge-weighted average concentrations of Ntot 
and Ptot. The squared Pearson correlation coefficient (r2) amounts to 0.687 for Ntot and 0.134 
for Ptot. The Nash-Sutcliffe efficiency coefficient amounts to 0.56 for Ntot and –0.36 for Ptot. 
This implies that the model is able to simulate reasonably well the discharge-weighted average 
Ntot concentrations, whereas the model is less successful in simulating the discharge-weighted 
average Ptot concentrations. This is largely due to a number of locations for which the model 
underestimates the Ptot concentration (see figure 3.7, encircled points). Further inspection of 
these locations revealed that these locations represent relatively small rivers on the northern 
shore of Lake Peipsi/Chudskoe, which drain peaty areas.

3.6 Results 

3.6.1 Emissions
Table 3.6 lists the simulated development of the net diffuse N and P emissions (i.e. the soil 
surface surplus) for the three time steps between 1985 and 1999, and for the 2015-2019 period for 
the five scenarios. The simulated net diffuse emissions resemble the estimates by Loigu (1990) 
for the end of the 1980s and the estimates by Stålnacke et al. (2001) for the end of the 1990s. 

Table 3.6 Simulated soil surface surplus (106 kg yr-1) aggregated per country (Belarus is not 
included).

Past  periods Future scenarios (2015-2019)

1985-’89 1990-’94 1995-’99 I  (Business 
as usual)

II (Target/fast 
development)

III (Crisis) IV 
(Isolation)

V (Uneven 
development)

N
Russia 254 186 134 134 336 71 153 71
Estonia 143 6 25 33 131 33 37 131
Latvia 27 11 5 6 27 7 8 27
Total 425 253 164 173 494 111 198 229
P
Russia 49 34 20 21 52 4 20 4
Estonia 26 8 -1 -3 10 -1 -3 10
Latvia 5 1 -1 -1 1 0 -1 1
Total 80 43 18 17 63 3 16 15
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Between the 1985-1989 and the 1995-1999 period, net diffuse N emissions decreased by 47 % in 
the Russian part of the Lake Peipsi/Chudskoe drainage basin, and by 82 % in the Estonian part 
and 81 % in the Latvian part. For P, the development of diffuse emissions is similar, although 
the soil surface surplus became negative in Estonia and Latvia in the 1995-1999 period, which 
means that the soil P export due to agricultural yields exceeded the agricultural P inputs into 
soil. For the 2015-2019 period, none of the scenarios results in N emissions to be at the same level 
as in the 1980s, except for scenario II in Russia and scenario II and V in Latvia. Scenario III will 
result in the lowest emissions. For P, future emissions will also be highest under scenario II and 
lowest under scenario III. None of the scenarios will result in emissions comparable with the 
1980s levels, except for scenario II in Russia.

Table 3.7 lists the development in point sources emissions in the Lake Peipsi/Chudskoe drainage 
basin for both the simulated past periods and the future scenarios. The point source N emissions 
decreased by 20 % and the point source P emissions decreased by 10 % between the 1985-1989 
and 1995-1999 period. The N and P point source emissions generally continue to decrease under 
scenarios I (Business as usual) and II (Target/fast development). Under scenario III (Crisis), the 
point source emissions only continue to decrease in Estonia, whereas the emissions will increase 
in Russia due to the collapse of current wastewater treatment systems (see table 3.4). Under 
scenario IV (Isolation), the point source emissions will slightly decrease further due to slow 
improvement of treatment levels.

3.6.2 Loads into the lake
Table 3.8 lists the simulated total loads of Ntot and Ptot into the three parts of the lake system 
for both the three past periods and the 2015-2019 period for the five scenarios. For the entire 
lake system, Ntot loads were reduced by 42 % from the 1985-1989 to the 1995-1999 period, and 
the Ptot loads by 21 %. These reductions in loads are smaller than the reduction of the respective 
emissions for Ntot and Ptot between these periods (see tables 3.6 and 3.7). For Ntot, Scenario II 
is the only future scenario in which total loads will be similar to the 1980s. In all other scenarios, 

Table 3.7 Simulated total point source emissions (103 kg yr-1) aggregated per country (Belarus is 
not included).

Past  periods Future scenarios (2015-2019)

1985-’89 1990-’94 1995-’99 I  (Business 
as usual)

II (Target/fast 
development)

III (Crisis) IV 
(Isolation)

V (Uneven 
development)

N
Russia 1590 1496 1400 1354 1260 1604 1400 1604
Estonia 1379 1177 954 870 828 754 795 828
Latvia 176 170 166 152 174 124 166 174
Total 3145 2843 2520 2376 2262 2482 2361 2606
P
Russia 502 423 488 330 379 478 344 478
Estonia 307 279 243 218 236 185 227 236
Latvia 53 50 49 45 52 37 49 52
Total 862 752 780 593 667 700 620 766
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Table 3.8 Simulated total loads of Ntot and Ptot and N:P ratios into the three parts of Lake 
Peipsi/Chudskoe (103 kg yr-1). 

Period Scenarios (2015-2019) 

 1985-’89 1990-’94 1995-’99 I II III IV V

1. Lake Peipsi/Chudskoe

Ntot 16696 10947 7706 6485 15766 8192 8659 15474

Ptot 288 226 187 148 206 141 161 192

N:P ratio 58 48 41 44 77 58 54 81

2. Lake Lämmi/Teploe      
Ntot 3103 2087 1461 1082 2279 1302 1404 2032

Ptot 72 60 53 41 47 38 39 42

N:P ratio 43 35 27 26 49 34 36 48

3. Lake Pihkva/Pskovskoe      
Ntot 29304 23954 19318 14375 31375 9955 16089 11398

Ptot 556 470 484 350 585 345 353 349

N:P ratio 53 51 40 41 54 29 46 33

Total lake system
Ntot 49103 36987 28484 21942 49419 19450 26152 28904

Ptot 915 757 725 539 837 524 553 583

N:P ratio 54 49 39 41 59 37 47 50

I

II

III

IV

V

2015-2019 scenarios

period

I

II

III

IV

V

2015-2019 scenarios

period

106 kg yr-1 105 kg yr-1 
Simulated total N loads Simulated total P loads
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Figure 3.8 Summed contributions of point and diffuse source emissions from Russia, Estonia, 
and Latvia to nutrient loads into lake Peipsi/Chudskoe for 1985-1999 and the five future 
scenarios (2015-2019) for Ntot and Ptot.
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Figure 3.9 The relative contribution (%) of provinces (and Pskov, Tartu, Lake Võrtsjärv and 
Lake Peipsi/Chudskoe) to the total point source loads and the total diffuse source loads into 
Lake Peipsi/Chudskoe (1995-1999): a) Ntot – point source loads; b) Ntot – diffuse loads; c) 
Ptot – point source loads; d) Ptot – diffuse loads. N.B.: Point source emissions from Pskov are 
responsible for 48.3 % of the point source Ptot loads and 23.3 % for the point source Ntot loads 
to the lake. Tartu contributes 5.2 % to point source Ptot loads and 10 % to point source Ntot 
loads.
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Ntot loads are about the same or less as in the 1990s. Ptot loads under scenario II are likely to be 
the same as in the 1990s, but decrease under all other scenarios.

The Southern Lake (Pihkva/Pskovskoe) receives most of the total Ntot (39-68 %) and Ptot 
load (60-70 %) to the entire lake system, mainly through the Velikaya River from Russia. The 
Northern Lake Peipsi/Chudskoe receives 30-51 % of the total Ntot load and 25-33 % of the total 
Ptot load, mainly through the Emajõgi River from Estonia and a number of small rivers from 
both Estonia and Russia. Lake Lämmi/Teploe in the middle of the lake system only receives 
approximately 5-7 % of the total Ntot load and approximately 6-8 % of the total Ptot load. For 
the entire lake system, N:P input ratios have considerably decreased during the 1985-1999 period. 
For the future, N:P ratios will only decrease further under scenario III (Crisis), whereas the N:P 
ratios will increase again under the other scenarios. Scenario II and V will result the highest N:P 
ratios. The N:P ratios will develop to considerable lower values in Lake Lämmi/Teploe and Lake 
Pihkva/Pskovskoe than in Lake Peipsi/Chudskoe under all scenarios.

3.6.3 Contribution of diffuse and point sources
Figure 3.8 depicts the contribution of the diffuse and point sources in Latvia, Estonia, and Russia 
to the nutrient load to Lake Peipsi/Chudskoe (entire lake system). Figure 3.8 shows that Ntot 
loads to the lake are almost completely controlled by diffuse emissions in Russia and Estonia 
and that point sources contribute only a minor proportion of Ntot loads in all periods and under 
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Figure 3.10 The relative contribution (%) of point sources to the total river nutrient loads 
(1995-1999) in the Lake Peipsi/Chudskoe drainage basin for Ntot and Ptot.
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all scenarios. In contrast, point sources formed a significant part (33 to 38 %) of the Ptot load 
in the past periods and will continue to be responsible for 23 to 48 % of the loads into the lake 
under the different scenarios, depending on the improvement of wastewater treatment plants. In 
general, differences in Ptot loads from Russian diffuse and point emissions account for most of 
the variation in Ptot loads to the lake system between the various scenarios.

3.6.4 Spatial origin of loads
Figures 3.9 through 3.11 depict model results for further analysis of the spatial origin of the 
nutrient loads in the Lake Peipsi/Chudskoe drainage basin. The figures refer only to the 1995-1999 
period, but the general pattern is valid for all periods and scenarios, although the absolute values 
may differ. Figure 3.9 shows the relative contribution (%) of areas in the drainage basin to both 
point source loads and diffuse loads into the lake. Load contributions were aggregated over rayons 
(Russia and Latvia) and counties (Estonia). In addition, the Lake Peipsi/Chudskoe and Võrtsjärv 
lake surfaces and the cities Pskov and Tartu (including the surrounding municipality) were 
regarded as separate contributing areas. The contribution of both point sources and diffuse sources 
to Ntot and Ptot loads is particularly large for the areas within a radius of about 50 km from the 
lake. In these areas, population densities are relatively high and the short distance of these areas 
to the river mouths limits the possibilities for in-stream retention. Areas farther away from the 
lake contribute only marginally to the nutrient loads to the lake. The influence of the two large 
towns on the point source loads is evident: Point source emissions from Pskov are responsible for 
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Figure 3.11 Discharge-weighted concentrations (mg l-1; 1995-1999) in the Lake Peipsi/Chudskoe 
drainage basin for Ntot and Ptot.
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48.3 % of the point source Ptot loads and 23.3 % for the point source Ntot loads to the lake. Tartu 
contributes 5.2 % to point source Ptot loads and 10 % to point source Ntot loads.

Figure 3.10 shows the relative contribution of point sources to the total load for the major river 
reaches that have a catchment area greater than 50 km2. In general, the contribution of point 
sources to the total river load is greater for Ptot than for Ntot. The contribution from point 
sources is less than 10 % for Ntot at most river outlets into the lake, including the Velikaya and 
Emajõgi rivers, whereas the contribution from point sources is in general greater than 20 % for 
Ptot at the river outlets. The average relative contribution from point sources into the lake is 4 % 
for Ntot and 38 % for Ptot.

The discharge-weighted average concentrations are shown in figure 3.11 for all major river reaches 
(catchment area > 50 km2). The discharge-weighted average concentration of water entering the 
lake is 2.42 mg l-1 for Ntot and 0.061 mg l-1 for Ptot. The rivers with high Ntot concentrations 
correspond to the areas with high Ntot emissions, i.e. areas with intensive agriculture, such as the 
northern Estonian provinces, and the rayons around Pskov in Russia. In general, concentrations 

Table 3.9 Nutrient fluxes along the various hydrologic pathways in the Lake Peipsi/Chudskoe 
drainage basin for 1985-1999 and the five scenarios for 2015-2019.

Period/
scenario

SSSa  

(106 kg)
b·SSSb (106 kg) DIc   

(106 kg)
Ld  

(106 kg)
Total Surface 

runoff
Shallow 
groundwater 
runoff

Deep 
groundwater 
runoff

Ntot
1985-1989 425 133.3 13.6 114.1 5.7 3.1 49.1
1990-1994 253 98.9 12.7 80.0 6.1 2.8 37.0
1995-1999 164 73.0 12.5 54.2 6.3 2.5 28.5
I 173 60.9 11.3 42.3 7.2 2.4 21.9
II 493 146.8 15.4 121.0 10.4 2.3 49.4
III 111 46.9 14.2 26.2 6.5 2.5 19.4
IV 198 69.0 14.4 47.1 7.5 2.4 26.2
V 229 81.5 14.7 59.4 7.4 2.6 28.9

Ptot
1985-1989 79.65 2.50 1.50 0.94 0.06 0.86 0.92
1990-1994 42.15 2.15 1.37 0.70 0.07 0.75 0.76
1995-1999 17.87 1.86 1.32 0.47 0.07 0.78 0.73
I 16.26 1.67 1.15 0.43 0.09 0.59 0.54
II 63.25 2.72 1.35 1.23 0.14 0.67 0.54
III 3.13 1.29 1.11 0.11 0.07 0.70 0.84
IV 16.20 1.67 1.15 0.43 0.09 0.62 0.52
V 15.65 1.50 1.18 0.24 0.07 0.77 0.55

a Soil Surface Surplus
b Total inputs into the surface water from the soil-groundwater system
c direct inputs into the surface water
d Total load into Lake Peipsi/Chudskoe
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decrease downstream direction due to dilution and in-stream N losses. Ptot concentrations 
are also related to areas with intensive agriculture, but point sources are also important for the 
development of locally higher Ptot concentrations. Next to the intensively farmed areas in the 
north of the Estonian part and around Pskov, Ptot concentrations are elevated downstream 
of most population centres. Like Ntot, the Ptot concentrations decrease downstream due to 
in-stream P retention.

3.6.5 Fluxes and retention in hydrological pathways
Table 3.9 lists the total nutrient fluxes to the river network via the three hydrologic compartments. 
These values represent aggregated fluxes for the entire drainage basin. For N, the reduction in the 
soil surface surplus between the 1985-1989 and the 1995-1999 period was reflected by the decrease 
in N transfer to the river network via the surface runoff and shallow groundwater pathways. In 
these periods, 31 % to 45% of the N soil surface surplus reaches the river network. The shallow 
groundwater pathway is the most important in all periods and decreased most, whereas the deep 
groundwater pathway slightly increased. The shallow groundwater pathway also accounts for 
most of the differences in the soil surface surplus of N between the different scenarios. For all 
periods and scenarios, the retention of Ntot in the river network, accounting for the difference 
between the sum of diffuse (b·SSS) and point source (DI) inputs to the surface water and the 
load to the lake (L), amounts to about 64 %. Between 1985 and 1999, 3 % to 10 % of the diffuse 
emissions of P reaches the river network. The surface runoff pathway is the most important for 
P transfer to surface water and accounts for about two third of the P transfer to surface water. 
However, the relative reduction of the P transfer via the surface runoff pathway in response 
to the decrease in the soil surface surplus has been slow. The shallow groundwater pathway is 
responsible for a quarter to one third of the P transfer to the river network. As with N, the P 
transfer via the shallow groundwater pathway decreased by about 50 % between the 1985-1989 
and the 1995-1999 period. The deep groundwater pathway is not important for the transfer of P. 
For all periods and scenarios, the retention in the river network is about 74 %.

3.7 Discussion and conclusions

3.7.1 Model performance and calibration
In this study, we analysed the past and possible future changes in long-term nutrient emissions 
and river loads using a spatially explicit model that accounts for nutrient emissions, transfer to 
the river network through soil, shallow and deep groundwater, and in-stream nutrient losses and 
retention. The hydrological as well as the nutrient submodels could easily be calibrated using 
observed discharges and nutrient loads. The calibrated model was also capable of reasonably 
well simulating the discharge-weighted concentrations, except for a number of small headwaters 
that drain peaty areas. The model particularly underestimates the discharge-weighted Ptot 
concentrations in these streams, probably due to an underestimation of the release of dissolved 
organic nutrients from peaty soils. Leisk and Loigu (2001) show that one third of Ntot and 
Ptot in Estonian rivers typically consists of dissolved organic nitrogen (DON) and organic P 
respectively. In rivers draining peaty areas and at lake outlets, this share can increase to up to 75 
%. Because the discharges in these peat-draining streams are relatively low, the underestimation 
of their Ptot concentrations has only a small effect on the Ptot loads at the drainage basin scale.
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The calibrated model parameters controlling the distribution of the soil surface surplus in the 
three hydrologic compartments (Ps, Pr,1, and Pt,1) indicate that both the maximum soil storage 
capacity for N and P and the contribution of surface runoff to the nutrient transfer to the river 
network are generally smaller in comparison with the values reported by De Wit (1999) for 
the Rhine and Elbe drainage basins. The smaller value for the maximum soil storage capacity 
parameter Ps found in this study (see Table 3.5) is likely to be due to the abundance of sandy soils 
and in particular organic soils in the study area, which are, on average, less capable of retaining 
nutrients than the typical soils of the Rhine and Elbe drainage basins. Organic soils are even 
releasing dissolved organic nutrients. Also, the abundance of lakes could have caused Ps to be 
smaller, at least for Ptot, because lake sediments often release phosphorus stored in previous 
periods of high inputs, causing an apparent decrease in retention efficiency. This process was not 
taken account in this study, but could be important here in view of the area’s emission history. The 
lower value for Pr,1 that represents the ratio between the nutrient runoff factor for surface runoff 
and the proportion of surface water runoff may be attributed to the generally lower nutrient 
concentrations in the topsoil and the lower relief energy of the study area in comparison with 
the Rhine and Elbe basin. The values of the calibrated model parameters for in-stream nutrient 
retention (rn1 and rn2) suggest that the rivers in the Lake Peipsi/Chudskoe drainage basin are 
more efficient in retaining nutrients than the Rhine and Elbe rivers and their tributaries. This 
can probably be related to the relatively undisturbed nature of the streams and the presence of 
many riparian wetlands along the stream channels in the study area. Van der Perk (1996), who 
compared nutrient removal rates for the undisturbed Biebrza River in northeast Poland with 
those for other streams, reported a similar finding.

Table 3.10 Contribution of different countries to the lake into lake Peipsi/Chudskoe, according 
to various studies. The values of this study correspond to figure 3.8.

Sources Loigu 
and 
Leisk 
(1996)

Nõges 
et al. 
(2004)

This 
study

Nõges 
et al. 
(2004)

This 
study

Blinova 
(2001)

Stålnacke 
et al. 
(2001, 
2002)

Nõges 
et al. 
(2004)

This 
study

Period 1985-’89 1985-’89 1985-’89 1990-’94 1990-’94 1993-’98 1995-’98 1995-’99 1995-’99
Ntot (103 kg yr-1)
Estonia 16240 11300a 17579 9900a 10812 6703 - 6660a 7178
Russia 39110b - 29296 - 24802 - - 20401
Latvia - 2228 - 1373 - - 905
Total 55350 - 49103 - 36987 23350c - 28484

Ptot (103 kg yr-1)
Estonia 389 297a 311 238a 245 241 - 238a 206
Russia 774b - 585 - 498 - - 506
Latvia - 18 - 14 - - 12
Total 1163 - 915 - 757 928d - 725

a approximate value, estimates based on graphs
b Latvian part (almost all in Velikaya drainage basin) added to Russia
c composed of: Velikaya 12000; Emajõgi 4500; other rivers 4000; atmospheric deposition onto the lake 2850
d composed of: Velikaya 610; Emajõgi 150; other rivers 150; atmospheric deposition onto the lake 18
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3.7.2 Emissions and fluxes
Reliable earlier Ntot and Ptot diffuse emission estimates are scarce. Comparisons can only be 
made with point source estimates from Estonia. According to Vassiljev et al. (2001), Ntot point 
emissions have decreased from 471 to 340 103 kg yr-1 and Ptot from 80 to 57 103 kg yr-1 from 
1995 to 1998. Our estimates for Estonia in the 1995-1999 period (table 3.7) are about three times 
higher. We simulated point emissions by taking into account all sources (i.e. households), and 
their wastewater connection rates and degree of treatment, including one third of the households 
not connected at all, whereas the estimates of Vassiljev et al. (2001) are deducted from national 
statistics based on irregular sampling of only major wastewater discharges into main rivers.

Table 3.10 lists earlier estimates of loads into the lake for various periods, together with the 
results of this study for the entire 1985-1999 period. Our estimations are generally within the 
range of the other studies (all based on monitoring data of monthly or bimonthly concentration 
measurements combined with daily discharge measurements). Deviations can arise from input 
data and model errors, but also from the interpolation of measured concentration data for days 
without measurements, and from the extrapolation of calculated nutrient export rates from 
catchments to ungauged areas next to them. These areas are often situated close to the lake, and 
as figure 3.9 stresses, proximity to the lake increases the export to the lake, because the retention 
potential is low due to the short travel distance. This probably explains our relatively high Ntot 
load estimation for 1995-1999.

3.7.3 Pathways and retention
In the period between 1985 and 1999, both Ntot and Ptot loads to Lake Peipsi/Chudskoe 
decreased in response to the decreased nutrient emissions. Although diffuse P emissions 
decreased relatively more than N diffuse emissions, the Ptot loads into the lake decreased 
relatively less than the Ntot loads, which confirms the reported decrease of the N:P ratio of 
the river water entering the lake during the 1990s (Nõges et al., 2004; 2005). The difference in 
response between N and P may generally be attributed to the greater susceptibility of P for 
retention along the hydrological pathways between the soil surface and the lake. 31 % to 45 % 
of diffuse N emissions between 1985 and 1989 reached the river network, largely via the shallow 
groundwater pathway, while this was only 3 % to 10 % of the total diffuse P emissions, mainly 
via the surface pathway. The difference in values of rn1 and rn2 for Ntot and Ptot and the spatial 
distribution of discharge-weighted Ntot and Ptot concentrations (Figure 3.11) show that Ptot 
retention in the river network is also more pronounced than Ntot retention. The greater retention 
of P in soil and river network in comparison with N causes a greater relative importance of 
point source emissions for Ptot loads. The strong P retention in the river network causes the 
contribution of areas far away from the lake to be negligible. A considerable part of the Ptot 
loads into Lake Peipsi/Chudskoe has its origins in point sources in the vicinity of the lake, in 
particular Pskov in Russia and Tartu in Estonia.

3.7.4 Fluxes and consequences for the lake system
Modelling results for the scenarios between 2015 and 2019 show that nutrient loads into Lake 
Peipsi/Chudskoe vary with the emissions in its drainage basin, but the magnitude and rate 
of the response differ for N and P due to the reasons given above. Since all scenarios assume 
that economic growth results in larger diffuse emissions, it is likely that reduction in long-term 
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diffuse loads to the lake will not be achieved for the 2015-2019 period. Nevertheless, the N:P ratio 
of the nutrient input into the two biggest parts of the lake system increases for all scenarios in 
comparison to that for the 1995-1999 period, except for the Crisis scenario (scenario III) and the 
Uneven development scenario (scenario V), particularly for Lake Pihkva/Pskovskoe. Improvement 
of wastewater treatment in the economic growth scenarios with regard to wastewater connection 
rates and N removal could be favourable for local river water quality, but the effect on the Ntot 
loads to the lake is negligible. This is due to the fact that the connection of a larger part of the 
population to the waste water treatment plants partly counteracts the gain of better purifying 
mechanisms, but also because of the small contribution of point sources to the total N load. 
In contrary, improvement of wastewater treatment with regard to P removal will significantly 
reduce the Ptot loads to the lake, because the Ptot loads to the lake are substantially controlled 
by point source emissions. Moreover, reduction of point source emissions of P would also have 
an advantageous effect on the N:P ratio of the water entering the lake (Nõges et al., 2005). This 
particularly applies to wastewater discharges from the city of Pskov. Untill now, Lake Pihkva/
Pskovskoe receives the major part of the total nutrient inputs into the lake system, mainly from 
the Velikaya River, while its surface area and mean depth is much smaller than Lake Peipsi/
Chudskoe sensu stricto. Moreover, N:P ratios of  the river input into this part of the lake system 
are also lower, mainly due to emissions from Pskov. This explains why the eutrophication 
problems have been most apparent in Lake Pihkva/Pskovskoe.

Considering the recent and current developments in Estonia and Russia, the Target/fast 
development scenario (scenario II) is the most likely scenario for the 2015-2019 period. This 
scenario results in the largest nutrient emissions and loads to Lake Peipsi/Chudskoe, though 
these are smaller than those that occurred during the 1985-1989 period. To counteract the adverse 
effects on the lake ecosystem, further incentives are needed to put a brake on the increase of 
nutrient loads from the drainage basin. The most effective way to achieve this is to focus on 
the sources that contribute most to the nutrient loads to the lake. This study demonstrates that 
diffuse source emissions from agriculture within about 50 km from the lake comprise the most 
important source for both Ntot and Ptot loads. Reduction of diffuse loads from these areas could 
be achieved by retarding the growth of agricultural emissions or by specific countermeasures that 
reduce the nutrient transfer to the river network or promote in-stream retention of nutrients, 
such as the construction of buffer strips or riparian wetlands (Mander et al., 1997). Semi-natural 
rivers should be preserved where possible. Because point source emissions from towns (especially 
Pskov) contribute substantially to the P load to the lake, reduction of Ptot emissions from this 
town by upgrading the wastewater treatment plants to tertiary treatment should be given high 
priority.
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4 Spatio-temporal patterns of 
nutrient concentrations and export 
in a lowland catchment

   Daniël S.J. Mourad and Marcel van der Perk
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Abstract
In 2002-2004 we undertook six sampling campaigns during representative hydrological stages 
in a 901 km2 Estonian lowland catchment to quantify the spatial and seasonal variability of 
in-stream Dissolved Inorganic Nitrogen (DIN) and Dissolved Reactive Phosphorus (DRP) 
concentrations and to identify the influence of land cover and landscape structure. Using a 
synoptic approach we mapped concentrations in all stream orders. Using linear regression, the 
relations between the share of agricultural land and log-transformed in-stream concentrations 
were explored. Both the share of agricultural land in the entire ‘area of influence’ upstream 
from a sampling location, as well as the share in a 150 m buffer around the stream were used 
as linear regression input variables. Log-transformed DIN and DRP concentration variability 
was highest for lower order streams, while it averaged out in higher order streams during all 
seasons. Between-season variation in export can mainly be attributed to discharge variation. 
In extremely dry periods, there are no significant relations between land cover/structure and 
in-stream ln(DIN) concentrations and only weak relations for ln(DRP) concentrations. In other 
seasons, the share of agricultural land in the upstream area can explain concentrations in higher 
order streams better than in lower order streams. The prediction of ln(DIN) concentrations in 
lower order streams can be improved by using the share of agricultural land in a 150 m buffer as 
an input variable. This indicates that hydrological connectivity must be taken into account for 
lower order streams, while land cover shares are enough to explain concentrations for higher 
order streams.

Keywords: Connectivity, Estonia, landscape structure, land cover, linear regression, nutrients

4.1 Introduction

Increased export of the nutrients nitrogen (N) and phosphorus (P) from catchments has become 
problematic during the second half of the twentieth century, because of eutrophication effects 
in downstream rivers, lakes, bays and shallow seas (OECD, 1982; Stanners and Bourdeau, 1995; 
EEA, 2003). Eutrophication phenomena include rapid growth of algae, diatoms and macrophytes 
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followed by anoxia, fish kills, and a rapid deterioration of overall water quality (Mason, 1994). 
Enhanced nutrient concentrations originate from point emissions such as domestic and 
industrial effluent discharges, and diffuse emissions caused by the application of fertilizers and 
livestock manure on agricultural land. Whereas point sources can be inventoried relatively easily, 
quantification of the transfer N and P from diffuse sources is particularly complex (e.g. Beven et 
al., 2005). Obviously, in-stream N and P concentrations are in general positively correlated with 
the magnitude and spatial extent of emissions in the upstream catchment (Baker 2003). This has 
been quantified in many studies (e.g. Herlihy et al., 1998; Davies and Neill, 2004; Rantakari et al., 
2004). However, the transfer of nutrients is also highly dependent on landscape characteristics 
and their influences on hydrological processes (Cirmo and McDonnell, 1997; Haag and 
Kaupenjohann, 2001). Therefore, some studies accounted for the effects of landscape metrics, 
geological and climatological factors (e.g. Thornton and Dise, 1998; Norton and Fisher, 2000; 
Sliva and Williams, 2001; Griffith, 2002), or even agricultural management practices, such as the 
timing of ploughing and fertilizer application (e.g. Neill, 1989). For assessment studies, export 
coefficient approaches have been developed, in which loss or delivery factors (in mass nutrient 
export per unit area per unit time) are usually assigned to certain land cover, land management 
or landscape physiography classes. These approaches range from relatively simple geographical 
information systems (GIS) overlays (Frink, 1991; Johnes, 1996; Worall and Burt, 1999) to more 
complex studies that take into account proximity to the stream ( Johnes and Heathwaite, 
1997; Mander et al., 2000b), critical sources areas (Pionke et al., 2000; Heathwaite, 2003), and 
in-stream retention (Wickham et al., 2003).

Research has increasingly focused on the role of hydrological processes in nutrient transfer 
from land to water. Various researchers found that nutrients are ‘flushed’ out of the landscape 
during hydrologically active periods, while they are retained in drier periods (Creed et al., 1996; 
Sickman et al., 2003; Burns, 2005; Rozemeijer and Broers, 2007). Other authors focused on the 
‘hydrological connectivity’ (Pringle, 2003), which refers to the spatially and temporally variable 
hydrological pathways along which matter is transferred from the land surface to the catchment 
outlet (Mitchell, 2001; Haag and Kaupenjohann, 2001; Inamdar et al., 2004). The functioning of 
riparian vegetation and natural or intentionally engineered ‘buffer strips’ of forest, shrub or reed, 
has received special attention (Lowrance et al., 1985; Mander et al., 1997; Hefting et al., 2003).

In contrast to abundant field or small subcatchment scale (up to 100 km2) studies on the one 
hand, and drainage basin, continental and global scale (from 10000 km2) studies on the other 
hand, relatively few water quality studies have focused on medium-sized catchments at the 
regional scale (100-10000 km2).To study water quality at this scale, a so-called ‘snapshot’ or 
synoptic water quality sampling scheme should be applied. Most snapshot studies have been 
performed under stable baseflow conditions (Walling and Webb, 1975; 1978; Grayson et al., 1997; 
Thornton and Dise, 1998; Salvia et al., 1999, Gburek and Folmar, 1999; Buck et al., 2004, Van der 
Perk et al., 2007) but rarely under different hydrological conditions (Thornton and Dise, 1998). 
Probably, it is often not feasible to collect synoptic monitoring or sampling data because of the 
vast size of the study area.

This study aims to quantify the spatial and seasonal variability of nutrient transport in a medium-
sized lowland catchment and to identify the influence of land cover and landscape structure on 
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this variability. For this purpose, we adopted a snapshot approach to map the concentrations 
and export coefficients of dissolved inorganic nitrogen (DIN) and dissolved reactive phosphorus 
(DRP) in a 901 km2 catchment in Estonia. During two years, we sampled the surface waters of 
the catchment six times. The six sampling periods are representative for the typical hydrological 
conditions of the area. The relations between land cover and landscape structure on the one 
hand and in-stream DIN and DRP concentrations on the other hand were explored using linear 
regression analysis.

4.2 Study area

4.2.1 Location and physiography
The 75 km long Ahja jõgi (Ahja River) is situated in south-eastern Estonia. Its catchment (26º 
36´-27º 22´ E; 57º 54´-58º 17´ N) measures 901 km2 (upstream of Lääniste, see figure 4.1a) and 
is part of the drainage basin of Lake Peipsi/Chudskoe, the fourth largest lake in Europe (3555 
km2), which drains into the Finnish gulf through the Narva Rriver. The Ahja River joins the 
main central Estonian river Emajõgi just before it enters the lake. Its headwaters come from 
the flank of the Otepää heights, with elevations from 90 up to 200 m asl in the western part 
of the catchment. The central and eastern part of the catchment extend over the southeastern 
Estonian moraine plain (‘Ugandi plateau’) with elevations from 50 to 90 m asl (Aunap, 2004). 
The northern part is situated in the Lake Peipsi/Chudskoe depression (36 to 90 m asl; lowest 
point at 36 m asl). The present landscape was formed during the last (Weichselian) glaciation, 
when various glacial deposits, predominantly basal tills, were deposited on top of the underlying 
Devonian sandstone bedrock of the Burtnieki stage (Raukas et al., 1995). The thickness of the 
glacial deposits can reach up to more than 100-150 m (Karukäpp, 2004) in the western and south-
western part of the catchment, to only some meters in the north and east of the catchment. 
Typical soils according to the FAO-UNESCO classification (see Driessen and Dudal, 1991) are 
Podzoluvisols, Planosols, and Podzols on sandy loams and loamy sands (Aunap, 2004; Mander 
et al., 2000a). Locally, Histosols predominate, especially in peaty seepage areas along the streams 
and in raised peat bogs on the drainage divides.

The topography of the Ahja River catchment is characterized by primeval valleys of early 
Holocene origin (Miidel and Raukas, 1991). In general, these valleys are 200-500 m wide and 
are characterized by a pronounced height difference of up to 20-40 m with the plateau. At many 
places they cut into the sandstone. The meandering rivers in the valleys have pool and riffle 
sequences. The flat valley bottoms can be regarded as seepage areas, whereas the surrounding 
plateaus are recharge areas. Some smaller headwater streams have their origin on the plateaus 
and are fed by wet depressions and artificial drainage ditches in the agricultural areas.

4.2.2 Land cover and nutrient emissions
About 58 % of the area is occupied by forests and (semi-) natural areas (including the peat bogs 
on drainage divides and the forests and reed beds in the valleys), while 40 % is agricultural land. 
The agricultural land is concentrated on the higher and well-drained plateaus and is mainly 
used for the production of hay, perennial (fodder-) grass and cereals, with some patches of 
vegetables and fruits close to villages and hamlets or individual farmhouses. Agriculture has been 
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Figure 4.1 The Ahja River catchment. a) Land cover and main rivers and streams; b) Elevation 
and measurement locations.
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Figure 4.2 a) Discharge of the Ahja River at Lääniste, extrapolated from the discharge at Ahja 
Village by multiplying the Ahja Village discharge with 900.63 km2/877.3 km2 (the ratio of 
the upstream areas belonging to these two river locations); b) Daily load (kg day-1; left y-axis) 
and export coefficient (kg km-2 day-1; right y-axis) of DIN and c) of DRP at Lääniste. All data 
plotted data are from January 1992-June 2004 (Source: EMHI, unpublished).
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decreasing since the beginning of the 1990s, when Estonia returned to free market economy 
after nearly fifty years of Soviet economy. This chaotic transition resulted in the neglect of many 
fields, deterioration of subsurface drainage systems and a decrease in cropland (Mander, 1994; 
Unwin, 1997; Peterson and Aunap, 1998), accompanied by a significant decrease in nutrient 
emissions and a subsequent improvement of water quality (Loigu and Leisk, 1996; Mander et 
al., 2000a; Stålnacke et al., 2002; Iital et al., 2005; Mourad et al., 2005; Mourad et al., 2006). The 
current, scattered, agricultural activities result in a highly variable fertilizer input on the different 
agricultural fields. Built-up land cover consists of 2 %. The town of Põlva has 6500 inhabitants. 
Apart from some villages and hamlets, rural population is regularly spread over the catchment. 
The catchment has approximately 18000 inhabitants (Statistikaamet, 2008). Only the sewage 
water of Põlva and some small villages is collected and treated mechanically; most farms are not 
connected to this kind of systems.

4.2.3 Hydrology and nutrient export
The mean annual temperature is 5.4 ºC (EMHI, unpublished; mean for 1961-2000 in Võru, just 
15 km from the south of the catchment). The monthly mean varies from -6.0 ºC in January 
to 17.1 ºC in July. Usually, a snow pack can build up between November and April. The mean 
annual precipitation (EMHI, unpublished; 1960-1999) at Piigaste (for location see figure 4.1a) is 
593 mm, mostly falling in the summer months. The mean discharge of the Ahja River (EMHI, 
unpublished; measured at Lääniste; 1960-1999) is estimated at 6.01 m3 s-1 The seasonal course is 
characterized by a pronounced spring peak discharge (mean April discharge; 12.9 m3 s-1), caused 
by snowmelt water, and a small secondary discharge peak, caused by rainfall in late summer and 
autumn.

Figure 4.2b and c show that DIN and DRP loads and export (calculated from daily discharges 
and interpolated monthly concentration measurements) are also characterized by a rather large 
variation throughout the year. Daily DIN loads roughly vary between 120 kg day-1 (0.13 kg km2 
day-1) in summer baseflow to around 3000 kg day-1 (3.33 kg km-2 day-1) and sometimes even up 
to 5000-7000 kg day-1 (5.6-7.8 kg km-2 day-1) during winter and spring. Daily DRP loads usually 
vary between 5 kg day-1 (0.0056 kg km-2 day-1) in summer baseflow to around 150 kg day-1 (0.17 kg 
km-2 day-1) and sometimes even up to more than 250 kg day-1 (0.28 kg km-2 day-1) during winter 
and spring.

4.3 Methods

4.3.1 Field sampling and laboratory analysis
Stream water samples were collected and stream discharge was measured during six sampling 
campaigns between summer 2002 and spring 2004. The sampling focussed on three seasons: 1) 
summer (2002, 2003) with primarily baseflow conditions; 2) autumn (2002, 2003) with frequent 
occurrence of rainfall-runoff events; and 3) spring (2003, 2004) with typically increased runoff 
due to snowmelt. During the winter seasons, no sampling campaigns were undertaken because 
the streams were frozen and snow cover hampered access to the sampling locations. Figure 4.3 
shows the sampling periods in relation to the discharge of the Ahja River at Lääniste. Note that 
both the summer 2002 and the autumn 2002 sampling campaign were characterized by a period 
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of baseflow discharge (about 4.1 m3 s-1), after a typical spring peak (compare the discharge of the 
Ahja River in figure 4.2a). The spring 2003 sampling campaign was performed at the time of 
one of the spring snowmelt events. Summer 2003 and autumn 2003 sampling campaigns were 
mainly characterized by a baseflow situation which was (more than in 2002) interrupted by 
runoff events. The last sampling campaign (spring 2004) was performed during the decreasing 
limb of the snowmelt hydrograph.

Approximately 100 stream locations were selected across the Ahja River catchment. Most 
sampling locations were situated at easily accessible places, such as bridges, fords or culverts. 
Depending on the accessibility that varied between the seasons, 44 to 112 locations were sampled 
during each ten-day (summer 2002: 26 days) sampling period. At about half of the sampling 
locations, discharge was estimated by measuring the cross sectional area of the stream and flow 
velocity at maximally 0.9 m intervals using an electromagnetic flow meter (SENSA, Aqua Data, 
Great Britain).

Water samples were collected near the centre of the stream. Simultaneously with the collection 
of the water samples, pH, Electrical Conductivity and water temperature were measured 
using a WTW pH96 measurement device. Each water sample was filtered through a 0.45 µm 
cellulose filter (Schleicher and Schuell) and stored in two 50-ml acid-washed polyethylene 
bottles, which were entirely filled and stored in the dark before further processing. Within 8 
hours after sampling, the water sample in one of the two bottles was analysed for alkalinity by 
means of acidimetric titration using an alkalinity test kit (Merck 11109). The water sample in the 
other 50-ml bottle subsamples was apportioned into two acid-washed 12-ml polyethylene tubes. 
To conserve the subsamples, one subsample was acidified to pH = 1 using 0.5 ml 25 % nitric 
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acid (HNO3) and the other subsample was acidified to pH= 1 using 0.5 ml 25 % sulphuric acid 
(H2SO4). The subsamples were stored at 4 °C until analysis in the laboratory.

Within one month after sampling, the subsamples acidified with HNO3 were analysed for 
the concentrations of the Ca, Mg, Na, K, Al, Fe, Mn, P, and S ions by Inductively Coupled 
Plasma Atomic Emission Spectrometry (ICP-AES) (SPECTROFLAME M, Spectro, Kleve, 
Germany). The subsamples acidified with H2SO4, were analysed for Cl, Dissolved Reactive 
Phosphorus (DRP), NH4, and NO3 concentrations using a continuous flow autoanalyser 
(Skalar SanPlus system with four Skalar 6010 photometers, Skalar, Breda, the Netherlands). The 
Dissolved Inorganic Nitrogen (DIN) concentration was calculated as the sum of NO3-N and 
NH4-N concentrations. All samples were checked for the ionic charge balance. Samples with an 
ionic charge imbalance of greater than 10 % were excluded from further processing.

4.3.2 Data analysis
A geographical information system (GIS) database was constructed, which includes the 
concentration data and discharges at the sampling locations, a river network map, land cover 
map, and a Digital Elevation Model (DEM). Land cover (differentiated between forest and 
semi-natural areas, agricultural land and built-up land) was extracted from digitally available 
topographical maps (Baaskaart 1: 50000; Eesti Kaardikeskus, various years). The land cover map 
was complemented by field observations during the summer 2003 field campaign and using 
publicly available Landsat-ETM satellite images for the year 2000 (NASA, 2000). Streams and 
lakes were extracted from the same 1:50000 topographical maps. The DEM was derived from 
these maps as well using both 10 m contour lines and individual height points of hilltops and 
depressions. All maps were gridded to 100 m × 100 m resolution maps for further analysis.

All DIN and DRP concentrations (expressed in mg l-1 and µg l-1 respectively) were log-
transformed by taking their natural logarithms before further analysis, because the concentrations 
were positively skewed. Furthermore, locations that were strongly influenced by point sources 
were removed from the database (5 locations). Point source influence was checked in the field 
and always confirmed by elevated EC and concentrations of Cl, DRP and NH4. Moreover, 
sampling locations at the outflow of lakes were excluded (8 locations), the concentrations at 
these locations reflected internal lake process rather than the influence of emissions, land cover 
and landscape structure.

Export coefficients for DIN and DRP (expressed in kg km-2 day-1) were calculated for all 
sampling points for each sampling campaign. The export coefficient is defined as the load (i.e. 
concentration multiplied by discharge) divided by the upstream catchment area. As discharge 
proved to be proportional to the upstream catchment area, the export coefficient was estimated 
by multiplying the respective concentrations by the specific discharge (i.e. discharge per unit 
catchment area), which was estimated by fitting a linear regression model of discharge against 
upstream catchment area with a zero intercept.

Subsequently, the influence of upstream land cover was assessed by means of linear regression 
with the proportion agricultural land cover and built-up area in the upstream area as 
independent variable and the concentrations of DIN and DRP as dependent variables. Because 
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in-stream retention processes diminish the influence of land cover on nutrient concentrations 
in downstream direction, we established the relationships for a so-called ‘area of influence’ in 
the upstream area closest to the sampling location. This ‘area of influence’ was delineated based 
on estimated first-order rate constants k for the retention processes and spatially distributed 
stream flow velocities V: the ‘area of influence’ of a sampling location was defined as the entire 
catchment area upstream from the sampling location minus the catchment area of the streams 
at an accumulated distance equal to V/k upstream from the sampling location. This distance 
corresponds to the distance over which 63 % (=100 · (1-e-1)) of the substance has been removed by 
in-stream retention processes. For DIN we took a value of k equal to 1.75 day-1 (at 20°C) and for 
DRP a value of k equal to 1.25 day-1 as reported by Van der Perk (2006). These rate constants were 
measured in northern European river systems that are comparable to the Ahja River catchment 
with respect to geology, geomorphology and climate (see also Mourad et al., 2006). The first-
order rate constant for DIN removal was assumed to be temperature dependent according to 
(Thomann and Mueller, 1987):

kT = k20 θT-20 (4.5)

where kT is the temperature corrected rate constant (day-1), θ is the temperature coefficient (-), 
which is usually set to 1.08, and T is the water temperature (ºC). The rate constant for DRP 
retention was assumed to be independent from water temperature.

To estimate the stream flow velocities, we used an empirical equation derived by Jobson (1996; 
1997) for nearly hundred different rivers and streams in the USA, representing a wide range of 
geomorphological types. The stream velocity V is predicted using 1) the catchment area; 2) the 
local current and mean annual discharge and 3) the local slope gradient of the river following:

 (4.6)

in which D’a is the dimensionless drainage area (-):

 (4.7)

and Q’a is the dimensionless relative discharge (-):

 (4.8)

where S is the slope gradient of the river (m m-1) Da is the catchment area (m2), g is the 
acceleration of gravity (m s-2), Qa is the mean annual discharge (m3 s-1) at the most downstream 
measurement location, and Q is the discharge at that location during the sampling campaign 
(m3 s-1). The river slope gradient was derived from the DEM. The mean annual discharge and 
discharge during sampling campaigns were estimated from data from EMHI (unpublished).
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In addition to the bulk tests for the entire data set, we also tested the relationships between land 
cover in the ‘area of influence’ and the DIN and DRP concentrations at the sampling locations 
for different landscape classes. For this purpose, we divided the sampling locations into two 
classes that represent the typical physiographic characteristics of streams in the study area. The 
first class comprises ‘plateau locations’ that generally have a Strahler stream order (Strahler, 1952) 
of 3 or lower, and are situated on the plateau. Here the elevation difference between the stream 
and the surrounding landscape is limited to about 0-5 m. The second class comprises of ‘valley 
locations’ that have a Strahler stream order of 3 and higher and are situated in the primeval 
valleys. Here, there are significant elevation differences between stream and surrounding 
landscape (5 – 40 m). Figure 4.1b shows these two types of sampling locations.

Finally, we also tested the relationship between land cover within a 150 m buffer zone around the 
streams (i.e. the stream cell and one cell on each side of the stream cell) in the ‘area of influence’ 
and DIN and DRP concentrations, to explore the effect of landscape structure (i.e. the proximity 
to the steams of agricultural land) on nutrient concentrations (cf. Hunsacker and Levine, 1995; 
Norton and Fisher, 2000; Sliva and Williams, 2002). This regression analysis was performed both 
for the entire data set as well as for the separated plateau and river valley locations.

4.4 Results

4.4.1 Spatial and temporal variation in nutrient concentrations and export coefficients
Table 4.1 lists the descriptive statistics of the log-transformed DIN and DRP concentrations for 
the six sampling campaigns. DIN concentrations were significantly different between the seasons 
(α = 0.05). They were lowest during 2002 and 2003 summer periods and during autumn 2002, 
(baseflow conditions: see figure 4.3), modest during autumn 2003 and spring 2004, and reached 
the highest values during spring 2003. The mean DRP concentrations show no distinct seasonal 
pattern and an analysis of variance showed that the mean log-transformed DRP concentrations 
do not differ significantly (α = 0.05) throughout the seasons.

Figure 4.4 shows the export coefficients of DIN (figure 4.4a) and DRP (figure 4.4b) for the 
sampling points plotted against their catchment area. These figures clearly show that for each 

Table 4.1 Variation of the log-transformed concentrations of DIN and DRP during the six 
sampling campaigns.

Sampling period N Mean discharge Ahja 
River at Lääniste (m3 s-1)

ln(DIN) (mg l-1) ln(DRP) (μg l-1)

Mean St. dev. Mean St. dev.

Summer 2002 84 4.07 -0.4385 0.5445 3.4427 0.7804
Autumn 2002 37 4.09 -0.6978 0.5517 2.7244 0.9332
Spring 2003 76 14.81 0.7355 0.6083 3.4490 0.8299
Summer 2003 89 6.98 -0.2205 0.6348 3.4624 1.1266
Autumn 2003 90 6.28 0.2471 0.7839 3.8586 1.1537
Spring 2004 100 10.11 0.3613 0.7324 3.0912 1.0823
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sampling period, the variation in export coefficients for both substances is highest for the 
headwaters of the streams in the Ahja River catchment. The large variation in export coefficients 
in the headwaters diminishes in downstream direction until at an upstream catchment area 
of about 200 km2 a certain catchment average has been reached. From here on, the export 
coefficients for each season are more or less constant. For both DIN and DRP, the export 
coefficients are a factor of about 10 higher during spring flow than during baseflow. These 
seasonal differences in export coefficients are consistent across the catchment.

4.4.2 Relationships between nutrient concentrations and agricultural land use
Table 4.2 lists, for each sampling campaign, the catchment-average water temperatures, stream 
flow velocities, first-order rate constants for nutrient removal and areas of influence defined by 
the stream lengths over which 63 % of the nutrients are removed. The stream lengths defining the 
areas of influence are shortest during summer when the stream velocities are relatively low and 
the water temperature relatively high. As the maximum stream length in the catchment from 
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DRP.
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Table 4.2 Mean water temperature (Twater; measured), stream flow velocity (Vp; modelled), decay 
coefficients for DIN and DRP (kDIN, kDRP) and stream lengths defining the area of influence for 
the six sampling campaigns ((LDIN, LDRP).

Twater (ºC) Vp (m s-1) kDIN LDIN (km) kDRP LDRP (km)

Mean St. dev. Mean St. dev.

Summer 2002 16.7 3.2 0.21 0.08 1.36 13.3 1.25 14.5
Autumn 2002 2.7 2.4 0.21 0.08 0.45 40.3 1.25 14.5
Spring 2003 4.0 1.9 0.32 0.15 0.51 54.2 1.25 22.1
Summer 2003 16.1 1.8 0.25 0.10 1.30 16.6 1.25 17.3
Autumn 2003 3.1 1.7 0.24 0.09 0.48 43.2 1.25 16.6
Spring 2004 6.5 1.9 0.28 0.12 0.62 39.0 1.25 19.4

Table 4.3 Regression analysis results for DIN as a function of share of agricultural land in the 
area of influence. n.s. means non-significant.

All locations: ln(DIN) = a + b × % agricultural land

N a b R2 p-value

Summer 2002 84 -0.4386 n.s. n.s. n.s.
Autumn 2002 37 -0.6978 n.s. n.s. n.s.
Spring 2003 76 0.0095 0.0142 0.162 0.000
Summer 2003 89 -0.9517 0.0145 0.122 0.001
Autumn 2003 90 -1.0768 0.0265 0.287 0.000
Spring 2004 100 -0.9407 0.0261 0.357 0.000

Plateau locations: ln(DIN) = a + b × % agricultural land

N a b R2 p-value

Summer 2002 28 -0.5515 n.s. n.s. n.s.
Autumn 2002 5 -0.5527 n.s. n.s. n.s.
Spring 2003 34 0.8488 n.s. n.s. n.s.
Summer 2003 35 -0.0592 n.s. n.s. n.s.
Autumn 2003 37 -0.7240 0.0210 0.194 0.006
Spring 2004 44 -0.6717 0.0215 0.313 0.000

River valley locations: ln(DIN) = a + b × % agricultural land

N a b R2 p-value

Summer 2002 56 -0.3819 n.s. n.s. n.s.
Autumn 2002 32 -0.7205 n.s. n.s. n.s.
Spring 2003 42 -0.6637 0.0287 0.316 0.000
Summer 2003 54 -1.5613 0.0273 0.168 0.002
Autumn 2003 53 -1.8298 0.0426 0.442 0.000
Spring 2004 56 -1.8889 0.0468 0.475 0.000
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any source to the most downstream sampling location at Lääniste is 75 km, the area of influence 
consists of the entire upstream area for the majority of sampling locations during the cooler and 
wetter autumn and spring seasons. Only in the summer season the area of influence is often 
significantly smaller than the upstream area for most sampling locations.
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Figures 4.5 and 4.6 show the scatter plots of log-transformed DIN and DRP concentrations 
against proportion of agricultural and built-up land in the area of influence for all six sampling 
campaigns. From both figures, it can be seen that the proportion of agricultural and built-up 
land is much more variable for the plateau locations than for the valley locations. Generally, this 
proportion converges to a catchment-average value 42 % in downstream direction.

Figures 4.5 and 4.6 also distinguish between the valley locations and the plateau locations. If 
the relationship between the proportion of agricultural and built-up land and the nutrient 
concentration is significant (α = 0.05), the regression lines are depicted. The regression parameters 
are listed in table 4.3 (DIN) and table 4.4 (DRP). In general, the coefficients of determination 
(R2) and the regression coefficients b for DIN were higher for the hydrologically active periods 
(spring 2003, autumn 2004, and spring 2004) than for the dryer periods (summer 2002, autumn 
2002, summer 2003). For both summer and autumn 2002, the relationships between the DIN 
concentrations and the share of agricultural and built-up land use in the area of influence 

Table 4.4 Regression analysis results for DRP as a function of share of agricultural land in the 
area of influence. n.s. means non-significant.

All locations: ln(DRP) = a + b × % agricultural land

N a b R2 p-value

Summer 2002 84 2.6532 0.0159 0.095 0.004
Autumn 2002 37 1.0504 0.0357 0.233 0.002
Spring 2003 76 2.2533 0.0235 0.243 0.000
Summer 2003 89 2.2575 0.0242 0.114 0.001
Autumn 2003 90 2.7353 0.0228 0.105 0.002
Spring 2004 100 1.8834 0.0245 0.148 0.000

Plateau locations: ln(DRP) = a + b × % agricultural land

N a b R2 p-value

Summer 2002 28 2.8645 0.0136 0.150 0.042
Autumn 2002 5 3.2325 n.s. n.s. n.s.
Spring 2003 34 2.0987 0.0237 0.333 0.000
Summer 2003 35 3.8133 n.s. n.s. n.s.
Autumn 2003 37 4.0831 n.s. n.s. n.s.
Spring 2004 44 1.9808 0.0213 0.140 0.012

River valley locations: ln(DRP) = a + b × % agricultural land

N a b R2 p-value

Summer 2002 56 3.3227 n.s. n.s. n.s.
Autumn 2002 32 0.2591 0.0539 0.345 0.000
Spring 2003 42 1.6465 0.0396 0.239 0.001
Summer 2003 54 0.3911 0.0641 0.332 0.000
Autumn 2003 53 1.4570 0.0510 0.197 0.001
Spring 2004 56 1.0223 0.0451 0.212 0.000
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were not significant. For the plateau locations, the relationship between land use and DIN 
concentrations were only significant for autumn 2003 and spring 2004. For the same plateau 
locations the relationship between land use and DRP concentrations were only significant for 
summer 2002 and both spring seasons. On the other hand, regression analysis for only the valley 
locations resulted in higher values of R2 and the regression coefficients b than for the whole 
dataset.

The results of the regression analysis between the nutrient concentrations and the proportion 
of agricultural land and built-up area within 150 m from the streams in the upstream area of 
influence are given in table 4.5 (DIN) and 4.6 (DRP). Like the relationship between DIN 
and agricultural land use in the entire are of influence of all locations, the relationships are 
not significant for summer and autumn 2002. Nevertheless, the relationships for DIN for the 
other seasons are slightly stronger. This can largely be attributed to stronger relationships for the 
plateau locations; the regression analysis for the valley locations yielded lower values of R2 (see 
Table 4.6). For DRP, the proportion of agricultural land within 150 m from the streams in the 

Table 4.5 Regression analysis results for DIN as a function of share of agricultural land within 
150 m from the stream in the area of influence.

All locations: ln(DIN) = a + b × % agricultural land within 150 m 

N a b R2 p-value

Summer 2002 84 -0.4385 n.s. n.s. n.s.
Autumn 2002 37 -0.6978 n.s. n.s. n.s.
Spring 2003 76 0.0728 0.0161 0.281 0.000
Summer 2003 89 -0.7227 0.0123 0.127 0.001
Autumn 2003 90 -0.7724 0.0251 0.344 0.000
Spring 2004 100 -0.4792 0.0203 0.315 0.000

Plateau locations: ln(DIN) = a + b × % agricultural land within 150 m

N a b R2 p-value

Summer 2002 28 -0.5515 n.s. n.s. n.s.
Autumn 2002 5 -0.5527 n.s. n.s. n.s.
Spring 2003 34 0.1305 0.0145 0.251 0.003
Summer 2003 35 -0.7526 0.0133 0.173 0.013
Autumn 2003 37 -0.7906 0.0256 0.370 0.000
Spring 2004 44 -0.4112 0.0186 0.328 0.000

River	valley	locations:	ln(DIN)	=	a	+	b	×	%	agricultural	land	within	150	m

N a b R2 p-value

Summer 2002 56 -0.3819 n.s. n.s. n.s.
Autumn 2002 32 -0.7205 n.s. n.s. n.s.
Spring 2003 42 -0.2417 0.0258 0.334 0.000
Summer 2003 54 -0.3251 n.s. n.s. n.s.
Autumn 2003 53 -0.7020 0.0230 0.175 0.002
Spring 2004 56 -0.8052 0.0300 0.259 0.000



Patterns of nutrient transfer in lowland catchments  99

area of influence explains less variation in the log-transformed in-stream concentrations than the 
share of agricultural land in the entire area of influence (compare Tables 4.4 and 4.6).

4.5 Discussion and conclusions

The in-stream nutrient concentrations and export coefficients in the Ahja River catchment show 
a distinct seasonal variation. In general, the mean DIN concentrations and export coefficients are 
higher during spring and autumn, and lower during the summer seasons. This can be explained by 
the combined influence of increased biological activity and associated uptake and denitrification 
and decreased DIN transfer from land to water during summer. The rate of biological uptake and 
denitrification is largely controlled by water temperature. The decreased transfer of DIN during 
summer is largely due to a lower water table, which causes the streams to be hydrologically 
disconnected from the surrounding agricultural areas. In contrast, during hydrological active 
periods, a high water table results in short hydrological pathways and bypasses, such as tile drains, 
small ditches and streams, causing rapid transport of DIN from agricultural land, resulting 

Table 4.6 Regression analysis results for DRP as a function of share of agricultural land within 
150 m from the stream in the area of influence.

All locations: ln(DRP) = a + b × % agricultural land within 150 m

N a b R2 p-value

Summer 2002 84 3.4427 n.s. n.s. n.s.
Autumn 2002 37 2.7244 n.s. n.s. n.s.
Spring 2003 76 3.0490 0.0098 0.057 0.039
Summer 2003 89 2.9215 0.0132 0.046 0.044
Autumn 2003 90 3.0637 0.0199 0.105 0.002
Spring 2004 100 2.5094 0.0141 0.071 0.007

Plateau locations: ln(DRP) = a + b × % agricultural land within 150 m

N a b R2 p-value

Summer 2002 28 3.6826 n.s. n.s. n.s.
Autumn 2002 5 3.2325 n.s. n.s. n.s.
Spring 2003 34 3.4697 n.s. n.s. n.s.
Summer 2003 35 3.8133 n.s. n.s. n.s.
Autumn 2003 37 2.9822 0.0223 0.210 0.004
Spring 2004 44 3.1596 n.s. n.s. n.s.

River valley locations: ln(DRP) = a + b × % agricultural land within 150 m

N a b R2 p-value

Summer 2002 56 3.3227 n.s. n.s. n.s.
Autumn 2002 32 2.6450 n.s. n.s. n.s.
Spring 2003 42 3.4323 n.s. n.s. n.s.
Summer 2003 54 2.2297 0.0299 0.089 0.028
Autumn 2003 53 3.7019 n.s. n.s. n.s.
Spring 2004 56 2.0461 0.0290 0.105 0.015
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in higher in-stream concentrations (Creed et al., 1996; Sickman et al., 2003; Burns, 2005; 
Rozemeijer and Broers, 2007). The fact that the mean in-stream DIN concentrations during the 
different seasons were closely related to the discharge at the catchment outlet suggests that the 
effect of variation in hydrological connectivity on DIN concentrations prevails over the effect 
of temperature. For example, the dry autumn 2002 season showed the lowest mean DIN values, 
despite a relatively low temperature. Moreover, the absence of significant relationships between 
land cover and the log-transformed DIN concentrations in the two driest periods summer and 
autumn 2002 supports the inference that hydrological connectivity is a decisive factor controlling 
the seasonal variation in in-stream DIN concentrations. The positive relation between DIN 
concentrations and discharge for the different seasons amplifies the seasonal differences in the 
export coefficient for DIN (Figure 4.5a).

The mean log-transformed DRP concentrations do not differ significantly between the seasons. 
The increased export coefficients during the wetter seasons can therefore be largely attributed to 
increased discharges.

The variability in both DIN and DRP export coefficients is larger in lower order streams with 
small upstream areas than in higher order streams. In each season, the export coefficients 
converge to a constant value in downstream direction. This averaging out effect is common 
in ecological data and depends on the spatial scale of observation (cf. Wiens, 1989). The large 
variation in export coefficients can probably be attributed to local variations in nutrient 
concentrations due to differences in land use and management, including livestock densities and 
fertiliser application rates. In downstream direction these local variations are averaged out and 
the share of agricultural land approaches a more or less constant value. The size of the upstream 
catchment at which this catchment-average value is reached generally depends on the mosaic 
pattern of land use in the upstream catchment. In the Ahja River catchment, the proportion 
of agricultural land and built-up land is 42 % and is reached at an upstream catchment size of 
approximately 200 km2.

Except for the two driest seasons (summer 2002 and autumn 2002), we found significant 
relationships between in-stream nutrient concentrations and agricultural land use and built-up 
area in the so-called ‘area of influence’ for the valley river locations and all locations together. The 
‘area of influence’ had been defined a priori as the entire catchment area minus the catchment 
area of the streams at an accumulated distance upstream from each sampling location. This 
distance had been based on the stream flow velocities and rate constants of the in-stream 
retention processes. The absence of significant relationships between land cover and nutrient 
concentrations for the plateau locations in most of the seasons is likely also caused by local 
variations in land management. This effect of local variations seems to average out in downstream 
direction, resulting in stronger relationships between land use and nutrient concentrations 
for the downstream river valley locations. This apparently occurs despite the variation in the 
proportion of agricultural and built-up area decreases with increasing catchment size. The fact 
that significant land cover-nutrient concentration relationships were only found for higher-order 
streams fits in the observations by Buck et al. (2004), who concluded that the proportion of 
pasture related better to water quality in fourth than second order streams in three New Zealand 
catchments (size: 3.2-68.3 km2). Gburek and Folmar (1999) also found that agricultural land use 
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in the catchment could predict the water quality in larger streams better than in small headwaters 
of a small (7.3 km2) catchment in Pennsylvania (USA). This underlines the discussion by Baker 
(2003), who argued that land use-water quality relationships are in part a function of sampling 
strategy.

In general, the proportion of agricultural land use within 150 m from the streams in the ‘area of 
influence’ explained the variations in DIN concentrations at the plateau locations better than the 
proportion of agricultural land cover in the entire area of influence, except for the summer and 
autumn 2002. This improvement of the proportion explained variation for the plateau locations 
is probably due to the short hydrological pathways between agricultural land and the headwater 
streams on the plateaus where many agricultural fields adjoin the streams. In the relatively 
deeply incised river valleys, the streams are mostly adjoined by forests. Therefore, agriculturally 
contaminated groundwater from the surrounding plateaus often travels more than 150 m before 
it reaches the streams in the valleys. In contrast to DIN, the land use within 150 m from the 
streams did not explain the DRP concentrations better than the land use in the entire ‘area of 
influence’. This stresses the complexity of the transfer of phosphorus (Haygarth et al., 2006).

Different authors have reported contradictory conclusions about these land cover – nutrient 
concentration relationships in relation to proximity to streams. For example, Gburek et al. 
(2000) demonstrated that in a small (39.5 ha) catchment in Pennsylvania (USA), the in-stream 
DRP concentrations were more closely related to soils with high P concentrations in near-
stream areas (within 60 m) than in other areas of the catchment. On the other hand, Sliva and 
Williams (2001) found that for three catchments in Ontario, Canada (size between 102 and 333 
km2) whole-catchment land cover shares explained nutrient concentrations slightly better than 
buffer shares. Also Hunsacker and Levine (1995) found for two USA catchments (a 13500 km2 
catchment in Illinois and a 1798 km2 catchment in Texas) that a distinctly better relation between 
land cover and nutrient concentrations could be obtained by using whole catchment shares than 
by using 200 or 400 m buffer strip land cover shares. Our findings support the observations of 
the last two studies and show that accounting for land use proximity only improves the land use 
– nutrient concentration relationship in small headwater catchments.
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Abstract
Hydrological connectivity is nowadays recognized as a key factor controlling the transfer of 
nutrients throughout the landscape. At the regional (100 – 10000 km2) scale, current raster-
based nutrient transport models fail to describe hydrological pathways in both space and time, 
because their resolution is too low. We developed a novel modelling approach, which is based on 
a cell-by-cell water balance model and a GIS-implementation of existing equations describing 
groundwater storage and runoff as governed by recharge and landscape metrics and groundwater 
transit times. The model was applied to an Estonian lowland catchment measuring 901 km2 for 
the years 1991-2000 and calibrated using 7-days mean discharge at the catchment outlet. The 
value of the improved dynamic simulation of magnitude and spatial extent of both quick and 
slow hydrological pathways was successfully tested by exploring the relations between measured 
Dissolved Inorganic Nitrogen (DIN) concentrations and simulated ‘hydrological states’ of the 
catchments during a typical summer baseflow, in which we hypothesized that concentrations are 
governed by low transit times and agricultural areas, and during a typical spring flood, in which 
the share of quick runoff from agricultural areas seems dominant.

Keywords: Connectivity, Estonia, groundwater, hydrological pathways, regional scale, transit 
time, water balance

5.1 Introduction

Hydrological connectivity, used by Pringle (2003) ‘in an ecological sense to refer to water-
mediated transfer of matter, energy, and/or organisms within or between elements of the hydrologic 
cycle’ is gradually accepted as a key factor controlling the transfer of nutrients throughout the 
landscape (Cirmo and McDonnell, 1997; Mitchell, 2001; Haag and Kaupenjohann, 2001; 
Inamdar et al., 2004). Hydrological connectivity is determined by the location of groundwater 
recharge and discharge areas, and the occurrence of surface runoff and quick flow components 
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through macropores, drainage tiles, and ephemeral streams, which all vary in both space and 
time. Numerous studies have demonstrated that episodic hydrological events cause pulses 
of chemicals to enter streams particularly due to the increased activity of short and shallow 
pathways. Examples include the flushing of matter from thin soils in bedrock landscapes (e.g. 
Hornberger et al., 1994, Creed et al., 1996; Sickman et al., 2003; Burns, 2005), the flushing of 
chemicals through shallow subsurface flow when snow melts on a still frozen subsoil (Vasilyev, 
1994; Andersson and Lepistö, 1998), increased groundwater flow concentrations of nitrate when 
groundwater levels rise and nitrate-enriched zones of the soil are flushed (Van Herpe et al., 1998; 
Rozemeijer and Broers, 2007), and the emergence of new connections when streams and ditches 
intersect with the groundwater and suddenly start discharging during and after rainfall events 
(Wigington Jr et al., 2005).

Most of the authors mentioned above have quantified the effects of hydrology on matter 
transport at small scales, such as field or first-order catchment scale, where detailed time series 
of quick and slow flow components can be obtained. Few studies have quantified the effect 
of hydrological controls on nutrient and contaminant transport in lowland catchments at the 
regional scale (100-10000 km2) at week to seasonal time scale, although this is typically the 
scale where adverse effects of elevated input of man-made chemicals in general and nutrients in 
particular become manifested and river basin management issues arise.

At scales larger than 100 km2 most nutrient transfer model approaches are based on empirical 
relations between emissions and in-stream nutrient concentrations or exported loads. They range 
from relatively simple index and export coefficient approaches (e.g. Johnes, 1996; Johnes and 
Heathwaite, 1997) to more complex indices that account for topography and hillslope hydrology 
derived from this topography (e.g. Heathwaite et al., 2005) or other influencing factors (Hewett 
et al., 2004; Gburek et al., 2000; Garten and Ashwood, 2003; Poiani et al., 1996; Kull et al., 2005). 
In addition, distributed models have been developed, which are generally based on rainfall-
runoff models that are combined with emission estimates and connectivity proxies. These modes 
are usually calibrated on a limited amount of in-stream concentrations or loads (e.g. INCA – 
Whitehead et al., 1998; SWAT – Grizzetti et al., 2003; SWIM – Krysanova et al., 1996; HBV-N 
– Arheimer and Brandt, 1998 and POLFLOW – De Wit et al., 2000; De Wit, 2001).

Although most of these models can predict the loads at the catchment outlet reasonably well, 
they have some major shortcomings when applied at the regional scale (100-10000 km2). First, 
their resolution is too coarse to incorporate the spatial relations within the landscape, such as the 
configuration of valleys, depressions, uplands, riparian wetlands, streams and their hydrological 
connections. Second, current model approaches lack appropriate descriptions of groundwater-
surface water interaction. The importance of groundwater for surface water quality has since 
long been recognized (e.g. by Hynes, 1983) and it has generally been accepted that in temperate 
climate zones groundwater is responsible for transferring most diffuse N pollution to streams 
(e.g. Schilling and Zhang, 2004; Pieterse, 2004). However, the implementation of this interaction 
in diffuse water quality modelling is still in development (e.g. Modica et al., 1997; 1998; Kunkel 
and Wendland, 1997). There is a gap between the extensive data demand of hydrogeological 
models such as MODFLOW (McDonald and Harbaugh 1988) and the rather simple and 
conceptual representation of groundwater in most surface water models. Usually, these surface 
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water models do not take groundwater transit times into account. Theoretical studies (Vissers, 
2006; Haitjema, 1997; Böhlke and Denver, 1995; Modica et al., 1997, 1998; Boutt et al., 2001) 
stress that stream discharge is in fact a mixture of waters from different sources, with different 
transit times and different emission histories, which explain spatial and temporal variation of 
groundwater seepage concentrations.

Our aim is to develop a novel, straightforward GIS-based hydrological model for aiding nitrogen 
fluxes modelling in lowland catchments with a distinct groundwater discharge component at the 
regional (100 – 10000 km2) spatial scale using week to month time steps. It should simulate 
precipitation, evapotranspiration, snow accumulation and melt, overland flow, and groundwater 
runoff and travel times. The hydrological model is calibrated against a river location with known 
historical discharge time series and is subsequently applied to the catchment of the Ahja 
Jõgi (Ahja River) in Estonia, which is a typical Northern-European lowland river, for a ten-
year period (1991-2000). The added value of the improved temporal and spatial description of 
hydrological pathways and connectivity in the model approach is demonstrated by comparing 
the share of quick and slow runoff components from known high N emission areas to Dissolved 
Inorganic Nitrogen (DIN) concentrations at multiple locations throughout the area, which were 
measured during representative hydrological periods (see chapter 4).

5.2 Study area

The Ahja River catchment is situated in south-eastern Estonia (26º 36´-27º 22´ E; 57º 54´-58º 
17´ N). It measures 901 km2 (upstream of Lääniste, see figure 5.1) and is part of the drainage basin 
of Lake Peipsi/Chuskoe, the fourth largest lake in Europe (3555 km2), which drains to the Finnish 
gulf through the Narva river. The Ahja River joins the main central Estonian river Emajõgi just 
before it enters Lake Peipsi/Chudskoe.

The western part of the catchment straddles the flank of the Otepää heights (elevations from 
90 to up to 200 m asl), whereas the central and eastern parts are in the southeastern Estonian 
moraine plain (‘Ugandi plateau’, Aunap, 2004; 50 to 90 m asl) and the northern area is a part of 
the Lake Peipsi/Chudskoe depression (lowest point: 36 m asl). The landscape was formed during 
the last (Weichselian) glaciation, when various glacial materials, predominantly basal tills, were 
deposited on top of the underlying Devonian sandstone bedrock of the Burtnieki stage (Raukas 
et al., 1995). In the Otepää heights, the subsoil consists of a wide variety of moraine and kame 
deposits (Mander et al., 2000), forming a hummocky terrain, while the moraine plain has a more 
flat topography. The thickness of the glacial deposits can reach up to more than 100-150 m in the 
western part of the catchment (Karukäpp, 2004), gradually diminishing to only a few meters in 
the north-east. The glacial deposits act as aquifers in cases where they are thick enough, but the 
underlying Devonian sandstone is the main aquifer (Perens, 1998). The aquitard underlying the 
Devonian sandstone consists of Middle-Devonian marls, dolomitic marls, and claystones and 
dips towards the south-south-east from -40 m asl in the north to -120 m asl in the south of the 
catchment (Perens, 1998). This means that the aquifer thickness varies from 79 in the north to 
270 m in the southwest.
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The landscape is intersected by primeval valleys of early Holocene origin (Miidel and Raukas, 
1991), which are 200-500 m wide and 20-40 m deep. At many places they cut into the sandstone. 
These valleys are occupied by the main streams. The streams are fed by groundwater seepage in 
the flat valley floors. The surrounding uplands are generally recharge areas, but still they contain 
some first-order streams fed by wet depressions, watershed bogs, and ditches that drain the 
agricultural areas. The valley rivers are bordered by forest and reed lands, characterized by pool 
and riffle systems and free meanders. Typical soil types include Podzoluvisols, Planosols and 
Podzols on sandy loams and loamy sands of the uplands (Aunap, 2004; Mander et al., 2000) and 
Histosols in the peaty seepage areas along the rivers and peat bogs at the drainage divides.

About 58 % of the area is occupied by forests and other (semi-) natural areas (including the peat 
bogs on drainage divides), whereas 40 % is agricultural land (see figure 5.1). The agricultural land 
is concentrated on the higher and well-drained uplands and is dominated by hayland, perennial 
(fodder-) grass and cereals, with some patches of vegetables and fruits close to villages and 
hamlets or individual farmhouses. Agriculture has declined since the beginning of the 1990s, 
when Estonia made the transition to a free market economy (Unwin, 1997). Since a few years 
it is slowly increasing again. Built-up land cover consists of 2 %. The town of Põlva has 6500 
inhabitants. Apart from some villages and hamlets, rural population is regularly spread over the 
catchments. The catchment has approximately 18000 inhabitants (Statistikaamet, 2008).

The mean annual precipitation (1960-1999) at Piigaste (see figure 5.1) is 593 mm (EMHI, 
unpublished), mostly falling in the summer months (figure 5.2a). The mean annual temperature 
is 5.4 ºC (mean for 1961-2000 in Võru, just 15 km from the south of the catchment). The monthly 

0 5 km69
96

PõlvaPõlva

ErastvereErastvere

SavernaSaverna

Vastse-KuusteVastse-Kuuste

PõlgastePõlgaste

AhjaAhja

MoosteMooste

RasinaRasina

PiigastePiigaste

Lääniste

(Semi-) Natural/Forest

Agricultural land

Built-up

Peat bog

Stream

Lake
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Patterns of nutrient transfer in lowland catchments  111

mean varies from -6.0 ºC in January to 17.1 ºC in July. Usually, a snow pack can build up between 
November and April, but if temperature is not low enough it can be partly or totally absent. The 
mean discharge of the Ahja River (at Lääniste; 1960-1999) is estimated at 6.01 m3 s-1 (obtained 
by extrapolating the mean annual discharge of the upstream gauging point at Ahja Village by 
assuming a same specific runoff ). The seasonal course is characterized by a pronounced spring 
peak discharge (mean April discharge; 12.9 m3 s-1), caused by the flow of snow melt water over the 
saturated soil and through the fast runoff pathway (macropores and troughflow) to the rivers, and 
a small secondary discharge peak, caused by rainfall in late summer and autumn and decreased 

0

10

20

30

40

50

60

70

80

90

100

-10

-5

0

5

10

15

20

J F M A M J J A S O N D

M
on

th
ly

 p
re

ci
pi

ta
tio

n 
de

pt
h 

(m
m

)

0

2

4

6

8

10

12

14

J F M A M J J A S O N D

M
on

th
ly

 d
is

ch
ar

ge
 (m

3  
s-

1 )

M
on

th
ly

 m
ea

n 
te

m
pe

ra
tu

re
 (º

C
)

B

Monthly precipitation at Ahja Village (mm) Monthly temperature at Võru (°C)
1961-2000 modelling period 1991-2000 modelling period 1991-20001961-2000

Monthly discharge at Ahja
modelling period 1991-20001960-1999 69

96
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evapotranspiration during that period. Figure 5.2 shows tat the modelling period (1991-2000) 
is rather representative for the long-term climate; only discharges tend to be somewhat lower 
during winter, summer and autumn. This could be attributed to the lower agricultural activity 
during the 1990s.

5.3 Model description

5.3.1 Model set-up
The presented model approach is a novel implementation and combination of three grid-
based submodels, elucidated in figure 5.3: 1) a dynamic cell-by-cell water balance module; 2) 
a groundwater storage and discharge module; and 3) a groundwater transit time module. The 
submodels were implemented in the PCRaster environmental modelling language (Wesseling 
et al., 1996). The first submodel simulates the storages in and fluxes between the hydrological 
compartments in each grid cell. The most important output of this submodel is the groundwater 
recharge that becomes the slow flow component, and surface runoff and snowmelt runoff rates, 
that both become the quick flow component. The second submodel calculates the groundwater 
discharge rate in the streams. Both submodels use a computational time step of one day. The 
quick (surface runoff in the subcatchments of the rivers) and slow (groundwater discharge in the 
streams) runoff components are added to obtain the total river discharge. The total discharge is 
aggregated to time steps for 7-days periods. Assuming that the residence time of the river water 
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is less than 7 days, the model lacks a hydraulic routing module. The total catchment discharge is 
simply calculating by accumulating the quick and slow runoff components downstream through 
the river network. The third submodel is static and simulates the groundwater age distribution of 
the discharging groundwater.

5.3.2 Cell-by-cell water balance
The basic concepts of this module stem from the family of models that evolved out of the 
RHINEFLOW model (Kwadijk, 1993; Van Deursen and Kwadijk, 1993), which was originally 
developed to assess the impact of climate change on large (> 30000 km2) drainage basins. All 
models of this family are spatio-temporal, grid-based water balance models, in which a vertical 
water balance is calculated for each time step and for each grid cell, accounting for precipitation, 
snow accumulation and melt, evapotranspiration, surface storage, soil storage, and groundwater 
storage.

We roughly followed the approach of Dankers (2002), who developed the model version 
TANAFLOW for simulating discharge in the arctic Tana River (Dankers, 2002; Koster et al., 
2005). We simulated the water balance on the basis of an internal daily timestep and calibrated 
the model using the sum of discharge during periods of 7 days.

Precipitation and interception
We implemented a simple, straightforward interception description. On each precipitation day, a 
constant precipitation depth was subtracted for all vegetated areas:

Pn = P – I IF P ≥ I (5.1a)
Pn = 0  IF P < I (5.1b)

Pn is the net precipitation, P is the precipitation water equivalent, and I is the maximum net 
interception, all in mm. I was obtained by calibration (see section 5.4.2).

Snow accumulation and melt
We assume that net precipitation is rain if the daily mean temperature is above 0 ºC. If 
temperatures are below zero, precipitation becomes snow, which will accumulate over time 
and melt later. Complex energy balance models exist for snowmelt (based on the calculation 
of energy available for melt by balancing all vertical energy fluxes within, inside and outside a 
snow pack; Gray and Prowse, 1993), which are especially suitable for high latitude areas with 
extreme conditions, such as large exposed areas, and high albedo combined with low temperature 
(Dankers, 2002). However, under most conditions, especially in maritime, forested or cropped 
areas, air temperature is a good index of the energy available for melt. Therefore we used the 
widely used degree-day approach (Ferguson, 1999; Gray and Prowse, 1993; Semádenie-Davies, 
1997), which proves to give similar results as energy balance models (Rango and Martinec, 1995). 
The general expression relating snowmelt to temperature on a daily basis is:

M = DDF (Tair – T0) (5.2)
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M is the depth of melt water produced (mm day-1), DDF is the degree-day factor (mm ºC-1 day-1), 
Tair is the mean daily temperature (ºC), and T0 is the threshold temperature (ºC). Simultaneously, 
the snow height can be expressed as:

Ni = Ni-1+ Si – Mi (5.3)

Ni is the snow height expressed as water equivalent at current time step (mm), and Ni-1 is the 
snow height expressed as water equivalent at the previous time step (mm).

DDF and T0 are highly dependent on geographical location and climate (Gray and Prowse 1993). 
It is possible to vary DDF and T0 dependent on seasons, weather and land cover classes, but 
generally this has brought little success (Lindström et al., 1997). Sticking to constant parameters 
is justified, because snowmelt in Estonia generally occurs in a limited season (November-April), 
mainly during comparable weather circumstances. As the landscape in the study area is generally 
composed of a regular mosaic of alternating forests, wetlands, fields and meadows, a land cover 
differentiated snowmelt module would not have enhanced the end results of this modelling 
study, given the limited data on the subject, and the calibration of the model on outlet stream 
discharge. DDF and T0 values were obtained in the model calibration procedure (see section 
5.4.2).

Evapotranspiration
For estimating daily evapotranspiration, we chose a Penman-Monteith approach, which is 
currently the most advanced model of evaporation used in hydrological practice (Shuttleworth, 
1993; Allen et al., 1998; Dankers, 2002). It was first proposed by Penman (1948), who combined 
an energy balance calculation to estimate the net radiation available for evaporation with a 
turbulent transfer model to describe the diffusion of water vapour from a surface. Monteith 
(1965) added equations describing aerodynamic and surface resistance effects of vegetation 
to the approach. The Penman-Monteith approach allows evaporation to be calculated from a 
limited set of meteorological variables that are increasingly easy to obtain from measurement 
programs, and – in our case – climate models. It is more fundamental and physically based and 
as such advantageous over empirical temperature based equations such as Priestley-Taylor, Turc 
or Thorntwaite (Shuttleworth, 1993). We used the following form of the Penman-Monteith 
equation, following the deduction used by Dankers (2002), to calculate the daily reference crop 
evaporation Erc (mm day-1), defined as ‘the rate of evaporation from an idealized grass crop with 
a fixed crop height of 0.12 m, an albedo of 0.23, and a surface resistance of 69 s m-1 (Shuttleworth, 
1993):

 (5.4)

Erc is the reference crop evaporation (mm), Δ is the slope of the vapouration pressure curve (-), 
Qn is the net radiation (kJ m-2 day-1), Qg is the soil heat flux (kJ m-2 day-1), λ is the latent heat 
of vaporisation (kJ kg-1), γ is the psychometric constant (kPa ºC-1), U2 is the wind speed at 2 m 
height (m s-1), es is the saturated vapour pressure (kPa), and ea is the actual vapour pressure (kPa). 
The latent heat of vaporisation λ (kJ kg-1) is usually being calculated (Harrison, 1963) by:
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λ = 2501 - 2.361 Ts (5.5)

Ts is the surface temperature (ºC). We used the daily mean air temperature as a surrogate for Ts. 
The saturation vapour pressure is usually estimated with the Magnus-Tetens equation (Tetens, 
1930):

 (5.6)

es is the saturation vapour pressure (kPa). The same equation can be used for estimating the actual 
vapour pressure from the dew temperature:

 (5.7)

ea is the actual vapour pressure (kPa), ea is the actual vapour pressure (kPa), and Tdew is the dew 
temperature (ºC).

Δ is defined as the gradient of the change of es with temperature, des/dT. This gradient can be 
calculated (Shuttleworth, 1993) by:

 (5.8)

The soil heat flux (Qg) can be considered negligible, as is common for most hydrological 
applications (Shuttleworth, 1993). Now the variables that are needed to calculate the reference 
evaporation Erc are 1) the psychometric constant γ; 2) net radiation Qn; 3) wind speed at 2 m 
above surface U2; 4) actual vapour pressure ea; and 5) air temperature Tair.

To account for the variability in crop height, albedo, canopy resistance and evaporation from soil 
for different vegetations, usually crop factors are used, which intrinsically include all these effects 
(Allen et al., 1998). The potential evapotranspiration Epot (mm day-1) is then calculated from:

Epot  = Kc Erc (5.9)

Kc is a crop or vegetation specific factor (-). Crop factors (Kc) are assigned to various vegetation 
and agricultural land use types following the guidelines of Shuttleworth (1993), and the 
approaches of Allen et al. (1998) and Dankers (2002), (see table 5.1 in section 5.4.1). We did not 
vary these factors seasonally, because this would only have introduced apparent precision, and 
reference evaporation is low outside the growing season anyway.

Following Arnell (1999) and Dankers (2002), we assumed that actual evapotranspiration first 
uses precipitation and snowmelt water of the same day, after which soil moisture will be used. 
After subtraction of evapotranspiration, the remainder of rain and snowmelt water is, added to 
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eventual present depressional storage water from the previous timestep, available for infiltration 
into the soil (here defined as the root zone) and evapotranspiration:

SSWi = Ri + Mi + Di-1 (5.10)

SSWi is the soil surface water available for infiltration and evapotranspiration (mm), Di-1 is the 
depressional soil storage from previous timestep (mm).

In some cases, the soil surface water SSW alone is sufficient for delivering the actual potential 
evapotranspiration (Epot), but in cases where SSW is less than Epot, water must be extracted out of 
the soil moisture:

Eact = Epot  IF Epot ≤ SSW (5.11a)
Eact = SSW + Esoil IF Epot > SSW (5.11b)

Eact is the actual evapotranspiration (mm), and Esoil is the evapotranspiration that must be 
extracted from the soil (mm). The calculation of Esoil will be explained in equation 5.16. The water 
that is now left for infiltration (AI) is now calculated as:

AI = SSW – Epot IF Epot ≤ SSW (5.12a)
 AI = 0   IF Epot > SSW (5.12b)

AI is the water left for infiltration (mm).

Soil moisture dynamic processes
The soil storage is conceptualized as a homogeneous reactor with a certain depth, which is 
subject to infiltration from the surface, extraction of water by the evaporation of vegetation, and 
drainage towards the groundwater under the influence of gravity. We assume that the soil drains 
when its moisture content (SM) is between the Maximum Storage Capacity (MSC) and field 
capacity (FC). Evapotranspiration from the soil can occur if the soil water content is between 
wilting point (WP) and the MSC. Accordingly, two possible soil moisture states are relevant 
for the calculation of evapotranspiration (cf. Dunn, 2004): 1) Soil moisture content is at wilting 
point or lower: No evapotranspiration is possible; 2) Soil moisture content is between WP and 
MSC: Evapotranspiration is possible; AI is now added to the soil moisture, as far as the latter is 
between FC and MSC. In case the water available for infiltration AI exceeds MSC, the remainder 
becomes available for depression storage:

SMi = SMi-1 + (SMmax – SMi-1) IF SMmax – SMi-1 ≤ AIi (5.13a)
ADi = AIi-(SMmax – SMi-1 ) (5.13b)

SMi = SMi-1 + AIi   IF SMmax – SMi-1 > AIi (5.13c)
ADi = 0  (5.13d)
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SMi is the soil moisture content at timestep i (mm), SMi-1 is the soil moisture content at timestep 
i-1 (mm), SMmax is the maximum soil moisture content (mm), and ADi is the water available for 
depressional soil surface storage at timestep i (mm).

If the water available for depression storage exceeds a maximum then the excess is assumed to be 
overland flow, and added to the quick runoff component:

D = ADi    IF ADi ≤ Dmax (5.14a)
D = Dmax    IF ADi > Dmax (5.14b)

O = ADi – Dmax (5.15)

D is the depression soil surface storage (mm), Dmax is the maximum depressional soil surface 
storage (mm), set at 4 mm, and O is overlandflow (mm).

We assume that evapotranspiration from the soil moisture (Esoil) decreases linearly with 
decreasing soil moisture storage, being at maximum when the soil is saturated, and zero at wilting 
point. Evapotranspiration occurs first from SSW. In case Eact > SSW, an amount of water up to 
the difference between SSW and Eact can be extracted from the soil, but only if the soil moisture 
status is between the maximum soil moisture storage capacity (SMMSC) and wilting point (SMWP). 
The amount of water that is extracted from the soil to Eact is assumed to be linearly related to the 
relative soil moisture content:

Esoil = RS (Eact – SSW) (5.16)

With

RS = SM/(SMmax – SMwp) (5.17)

RS is the relative soil moisture content (-).

It is assumed that groundwater recharge takes place until the soil moisture content is as low as 
field capacity (SMFC). Daily recharge is assumed to be 10 percent of the soil moisture available 
for draining (i.e. the soil moisture above SMFC

; realistic value for sandy loam soils). The final 
soil moisture content of the time step after addition from snow melt and rainfall and after 
subtraction of evapotranspiration then becomes:

SMi = SMi-1 + AI – Esoil – R (5.18)

R is the daily recharge (mm) to the groundwater.

Separation into slow and quick discharge components
Generally, slow runoff comprises of groundwater, and quick runoff typically originates from 
snowmelt water and infiltration excess overland flow. Our study area is characterized by the 
typical spatial configuration of uplands (recharge areas with deep groundwater) and valleys 
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(discharge areas with high groundwater tables on both sides of valley streams). We modelled 
the spatial extent of these discharge areas by searching a maximum height difference with the 
streams. By trial and error we found that a height difference of less than 0.80 m between stream 
cells and surrounding cells defined the spatial extent of discharge areas that coincided the most 
with the wetland areas around streams as mapped on the 1:10000 topographical maps (Eesti 
Kaardikeskus, various years). This gave more realistic results than using a topographical index, 
as in TOPMODEL (Quinn et al., 1995). We assumed that net precipitation on discharge areas 
does not infiltrate, but becomes quick runoff. Field observations during the snowmelt period in 
April 2002 and 2003 showed that a large part of snowmelt water is rapidly transferred over the 
still frozen or snow covered surface to streams following furrows, drainage ditches, and streams 
in agricultural areas. In forest areas this is not the case: here, snowmelt water tends to pond the 
surface until it infiltrates. Therefore we assume that snowmelt runoff from agricultural areas can 
be added to the quick runoff component as long as there is any snow left. However, we assume 
that the melt water from the last snow melt day becomes entirely available for infiltration. 
For forest areas, we also assume that all snowmelt water infiltrates. For discharge areas, net 
precipitation or snowmelt water is added to the quick flow component. In all other areas, net 
precipitation or snowmelt water is added to the quick discharge component, if the maximum soil 
moisture content (SMmax) has been reached. In the case that groundwater level rises above the 
rooting depth in the uplands (see next paragraph), we assume that the excess groundwater also 
contributes to the quick runoff component.

5.3.3 Groundwater storage and discharge
For the dynamic simulation of groundwater reacting on recharge and drainage, we developed 
an approach, which is based on an analytical solution. A groundwater reservoir is episodically 
recharged by draining soil moisture and continuously emptied by groundwater seepage to an 
adjacent stream, because of the differential head between the water divide and the stream (the so 
called ‘groundwater mounding’; Haitjema, 1995). We assumed the flow in the unsaturated zone 
is in steady state, which implies that the groundwater recharge is equal to the flux from the root 
zone.

Based on an analysis of Boussinesq (1904), Brutsaert and Nieber (1977) developed the well-
known linear reservoir discharge recession equation that relates discharge from a groundwater-
dominated catchment to the amount of groundwater stored in an aquifer:

Qi = Qi-1 e-αt (5.19)

where Qi is the discharge at timestep i (m3 s-1), Qi-1 is the discharge at previous timestep (m3 s-1), 
and α is the catchment recession constant (m3 s-1). In a well-known derivation by Kraijenhof van 
de Leur (1958), it is stated (Van der Wateren-De Hoog, 1998) that:

 (5.20)
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where k is the hydraulic conductivity (m day-1), D is the aquifer thickness (m), f is the aquifer 
porosity (between 0 and 1), and X is the aquifer width (m). This means that, under equal porosity 
(f) and hydraulic conductivity (k), the recession constant α is only dependent on aquifer thickness 
(D) and width (X):

 (5.21)
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Figure 5.4 Principles of a) and b) the groundwater storage and discharge concept and c) and 
d) the groundwater transit times concept. b) and d) illustrate the GIS implementation of the 
concepts, assuming a grid cell size of 100 x 100 m (1 ha or 10-2 km2).
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The constant β for the entire catchment can be obtained in the calibration procedure of the 
hydrological module (section 5.4.2) against measured discharge. Equation 5.21 actually shows that 
areas with high drainage densities, with consequent small aquifer widths cause shorter reaction 
times to recharge events. These areas will discharge their groundwater faster than areas with low 
drainage densities with high aquifer widths.

We assumed that all streams are correctly mapped in the topographical map (Eesti Kaardikeskus, 
various years), and stream density is not dependent on groundwater elevation (i.e. limited relief ). 
Based on this, we assumed that each upland cell is part of a small contributing area that drains to 
one river cell, as defined by the local drainage direction map. In most cases, there are contributing 
areas on both sides of the stream. On the uplands, recharge water from the cell-by-cell water 
balance replenishes a conceptual groundwater storage in each cell. Figure 5.4a and b show how 
we implemented the equations 5.19-5.21 in the grid-based model. In each time step, a fraction is 
subtracted from the groundwater storage of each of the cells that comprise the contributing area. 
This fraction equals:

 (5.22)

where β is a calibration parameter that is kept constant for the entire catchment, X is the distance 
from the farthest cell of the contributing area to the stream, and D is the mean aquifer depth for 
the contributing area. Because the aquifer depth in the study area is between 79 and 270 m, the 
additional effect of mounding of the groundwater table above the level of the rivers (order of 
magnitude of some meters) is negligible for D. If the groundwater storage becomes equal to the 
minimum storage, the groundwater discharge becomes zero.

5.3.4 Groundwater transit times
The groundwater storage and discharge module describes the temporally dynamic behaviour of 
the groundwater in each of the contributing areas of the catchment. Groundwater is assumed 
to penetrate fully into the aquifer, as is mostly the case when horizontal width is not too small 
with respect to the depth (Stolwijk et al., 1996; Raats, 1978), and we assume no anisotropy of 
the aquifer. Groundwater seeping from the (here 2-D) contributing area to the seepage area at 
the toe of the slopes (usually referred to as the ‘focused discharge area’), is actually a mixture 
of waters with different origins and ages (see figure 5.4c). The complete mixture and history of 
the contributing area regarding groundwater quantity and quality is reflected in this focused 
discharge, with older and farther originating water to be found deeper in the aquifer. Water at 
each depth can be traced back along its streamline (see figure 5.4b) to the area where it originates. 
Assuming an isotropic aquifer and Dupuit-Forchheimer flow (water flow is horizontal and 
evenly distributed with depth below the water table), it can be proven that the age of a water 
parcel increases logarithmically with depth (Appelo and Postma, 1993; Böhlke and Denver, 1995; 
Phillips, 2003):

 (5.23)
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Where Tz = the age (years), D = the aquifer thickness (m), N = net recharge rate (m year-1), and z 
= the height above the base of the aquifer (m). Figure 5.4b shows that water from a certain point 
x1 on the entire slope length x will flow to a depth z1 in the focused discharge area which is at a 
height of (x1/x) ·D. The corresponding transit time Tz1 can be calculated from equation 5.23. If we 
are interested in the mean transit time T of a zone between x1 and x2, then we have to integrate 
equation 5.24. This delivers:

 (5.24)

Because z1 = (x1/x) ·D and z2 = (x2/x) ·D, we obtain:

 (5.25)

This equation shows that the mean transit time only depends on aquifer porosity (f), aquifer 
depth (D), recharge (N), distance to stream (x1 and x2) and slope length (x). Figure 5.4 shows the 
GIS implementation of equation 5.25 in our grid-based model. Each cell can be regarded as a 
zone with a proximity to the stream between x1 and x2 or Δx. x is defined as the farthest distance 
to the stream in each contributing area. From each contributing area, we know the average 
recharge from the cell-by cell water balance model, and porosity (f ) and aquifer depth (D) are 
known for our area. Calculation of T for each grid cell of the catchments delivers a map showing 
the time it takes for recharge water to be transferred to the first downgradient river cell.

The described method neglects the residence time of water in the unsaturated zone. Because 
in the majority of the area, the unsaturated zone is less than 5 m thick, the residence time is 
mostly less than 2 years, which is considered to be negligible compared to the uncertainties in 
the aquifer parameters. If the unsaturated zone thickness is substantially larger than 10 meters, 
the method underestimates the total transit time. This is the case in 23 % of the study area.

5.4 Model parameterization, calibration, and validation

We chose to schematize the catchment using 100 m by 100 m grid cells (1 ha or 10-2 km2). 
All input data were transformed to the PCRaster GIS format. The catchment boundary was 
delineated in such a way, that it corresponds with the surface water drainage divide, which was 
digitized after inspection of 1:10000 topographical maps (see table 5.1). We assumed that the 
groundwater catchment coincides with the surface water catchment. The spatial discretization of 
the catchment into 100 m × 100 m grid cells and the digitization of the river network resulted in 
a total number of 14914 groundwater contributing areas, varying in size from one single grid cell 
to 953 grid cells (0.01 to 9.53 km2).
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5.4.1 Input data and model parameterization
The model was run for the years 1991-2000. This ten-year time period can be described as 
climatically fairly average, a prerequisite for using the results for long-term groundwater flow 
and residence time simulations (see figure 5.2). Moreover, for this period, daily meteorological 
data were available derived from a reanalysis run of a large-scale climate model (REMO; Jacob 
and Podzun, 1997), developed within the framework of the Baltic Sea Experiment (BALTEX, 
2008). The use of climate model simulated meteorological data in case of sparse measurements 
was showed to be successful by Dankers (2002) and Van der Linden and Christensen (2003), 
and meteorological data was used as is in this study. A check between measured and simulated 
precipitation and temperature data proved the reliability of this simulated meteo data. A daily 
internal time step is necessary for the cell-by-cell water balance and groundwater storage and 
discharge modules. Table 5.1 gives an overview of the used model input maps and data and their 
sources. Also calibration data (snow heights and area extents and stream discharge) are given.

5.4.2 Model Calibration
Calibration of the model consisted of three consecutive steps. The first step comprises the 
calibration of the cell-by-cell water balance to tune it to the long-term (annual) observed 
water balance. As mentioned above, the total annual totals of spatially interpolated measured 
precipitation were calculated, as well as the annual runoff from the catchment. On the long term, 
the difference between these two components must be explained only by evapotranspiration and 
interception if we assume that storage differences are negligible. Because we simulated actual 
evapotranspiration using a physically based model, we only calibrated the interception term 
I in equation 5.1 manually. This yielded an interception term I = 1.40 mm, and the catchment 
water balance as shown in figure 5.5. The results corroborate well with the general proportions of 
precipitation, evapotranspiration and discharge in Estonia as reported by Aunap (2004).

Table 5.1 Model input data and parameters.

Map or parameter Location/extent Source

1. Maps
River networka Entire catchment Eesti Kaardikeskus (various years)
Digital Elevation Model (DEM)a Entire catchment Eesti Kaardikeskus (various years)
Land covera Entire catchment Eesti Kaardikeskus (various 

years), checked by field mapping 
in summer 2003

Depth of sandstone and moraine aquifera Entire catchmentb Perens (1998)

2. Meteorological input data (all daily averages)
Daily (24 h) sum of precipitation (mm) Ahja Village, Piigaste 

and Võru stationsc, d
EMHIe (various years)

Daily (24 h) mean temperature (ºC) Nine close pointsd REMO f

Daily (24 h) mean dew temperature (ºC) Nine close pointsd REMO f 
Daily (24 h) mean wind speed at 2 m above surface 
(m s-1)

Nine close pointsd REMO f, g

Daily (24 h) net longwave radiation (kJ km-2 day-1) Nine close pointsd REMO f

Daily (24 h) net shortwave radiation (kJ km-2 day-1) Nine close pointsd REMO f

Psychometric constant (0.0658 kPa ˚C-1) Shuttleworth (1993)h
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The second step comprised the calibration of the snowmelt module, the parameters T0 and DDF 
(equation 5.3) in particular. Semádenie-Davies (1997) successfully simulated snow cover in an 
Estonian catchment, using a DDF of 2.0 for forested 3.0 for open areas while keeping T0 at 
0 ºC. Vassiljev et al. (1995) used a DDF of 0.7 mm ºC day-1 together with a T0 of -2 ºC. We 
tested several values of DDF (range: 0.50-8.50 mm ºC day-1), while keeping T0 intuitively at 
0 ºC, and comparing the resulting snow water equivalent with measured time series of snow 
depth and relative area extent at two locations (Piigaste and Ahja Village, see figure 5.1; EMHI, 
unpublished). Because the snow water equivalent of the measured snow depth time series 
was not known, calibration was only possible by fitting the beginning and ending dates of the 
occurrence of the snow pack. This delivered a DDF of 2.5 ºC at T0 = 0 ºC.

The third calibration step comprised the manual calibration of parameter β from equations 
5.21 and 5.22 using the measured discharge time series. For this purpose, daily simulated and 
measured discharge values (EMHI, unpublished) were aggregated to 7-day means. The dimming 

3. Hydrological parameters (land cover dependent)

Parameter Land cover Source

Forests Grassland Crops Lakes Wetlands Built-up/bare

Crop factor Kc (-) 1.0 1.0 1.0 1.05 1.05 1.0 i

Rooting depth (m) 1.0 1.0 1.0 - 0.20 1.0 j

Soil saturation capacity 
MSC (-)

0.41 0.41 0.41 - 0.85 0.41 k

Field capacity FC (-) 0.15 0.15 0.15 - 0.65 0.15 l

Wilting point WP (-) 0.07 0.07 0.07 - 0.21 0.07 l

a  All maps were set to the Estonian national projection (L-EST92) and transformed to grids with 10-2 cell size, using ESRI 
ArcGis 8.3. Subsequently, the grids were transformed into PCRaster (Wesseling et al., 1996) grid format.

b  Estimated and interpolated on basis of the hydrogeological map of Estonia (Perens, 1998).
c  For locations see map of figure 5.1a.
d  Values were interpolated for each time step using quadratic inverse distance weighting, following Burrough and 

McDonnell (1998; chapter 5), in order to obtain a continuous grid.
e  EMHI: Estonian Meteorological and Hydrological Institute (unpublished data).
f  REMO: Regional Climate Model (Jacob and Podzun, 1997). Values for grid centres, which are situated approximately 55 km 

from each other.
g  Because the REMO climate model (Jacob and Podzun, 1997) wind speed is valid for 10 m above the soil surface, and we 

needed the wind speed at 2 m height, remo values were halved, which is a reasonable approximation considering a 
logarithmic wind profile.

h  The psychometric constant was set on 0.0658 kPa ˚C-1, which is the appropriate value considering the yearly mean 
temperature of the area of about 5 ˚C according to Shuttleworth (1993).

i  Based on the assumption that evaporation follows reference evapotranspiration, except for lakes and wetlands, where it is 
somewhat higher.

j  Dankers (2002) and Jackson et al. (1996) both argue that rooting depth can be very variable and is generally small (<0.30 
m) in arctic and boreal areas. Our field observations show that there are generally deep soils and roots, which are almost 
everywhere developed in unconsolidated material. Therefore, we set rooting depth ay 1.0 m, except for wetlands with a 
thin living layer of peat (0.20 m).

k  Based on values for loamy sands and sandy loams reported by Rawls et al. (1992) and Clapp and Hornberger (1978), which 
were cited in Dingman (2002). Value for wetlands: from Koorevaar et al. (1983).

l  Dunne and Leopold (1978) in Dingman (2002) for loamy sands and sandy loams. Values for wetlands: from Koorevaar et al. 
(1983).

(Table 5.1 continued-)
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effect of the two reservoirs in both the Ahja and the Ora rivers (see figure 5.1) as observed in 
the field, was simulated by a imposing a storage at the lake locations that drains following an 
exponential decay function (where discharge is dependent on storage). The combination of 
these storage terms with the tuning of parameter β from the groundwater storage and discharge 
module, allowed us to fine-tune the recession behaviour of the catchment manually. A value for 
β of 100 m was obtained, while each day lake discharge is 0.017 multiplied by its volume.

The model was initialized by running it for one year starting with full soil moisture, groundwater 
levels following topography according to the rule of thumb of Hooghoudt (1940), and mean 
lake levels. The output of this one year run was subsequently used as initial values for the 
definitive model run. The resulting hydrograph for the entire 1991-2000 study period for the 
Ahja Village discharge monitoring station (See figure 5.1) is plotted together with the observed 
hydrograph villages in figure 5.6. Note that the model predicts fairly well the general course of 
the hydrograph, the occurrence and heights of discharge peaks from both the big spring floods 
and the smaller extreme rainfall events in summer and autumn. During dry or long winter of 
freezing, the recession curves that typically occur from groundwater discharge only are simulated 
reasonably well. We conclude that comparison of the simulated and observed hydrograph for 
this ten-year period supports the ability of the modelling approach to split up the total discharge 
into the two main runoff pathways.
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Figure 5.5 Water balance aggregated per year, for the catchment of the Ahja River, expressed 
in mm water depth. The grey bars indicate the measured year-averaged runoff. The right bars 
show the modelled distribution of net precipitation over interception, evapotranspiration, quick 
runoff from snowmelt, quick runoff from rain events and groundwater recharge. Note that the 
measured year-averaged discharge (grey bars) correlate well with the sum of the three simulated 
runoff components groundwater recharge, quick runoff from snowmelt and quick runoff 
from rain events. The somewhat delayed measured runoff can be attributed to slow reaction of 
groundwater runoff to recharge.
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5.4.3 Model validation
The added value of this approach for aiding nitrogen fluxes modelling was examined by 
comparing magnitude and extent of hydrological pathways from known high N emission 
areas with in-stream concentrations. It is logical that on locations where quick runoff emerges 
and N surface surpluses are large, transfer of Dissolved Inorganic Nitrogen (DIN) during 
snow melt and spring flood and high rainfall events is high. Moreover, it can be expected that 
streams in areas with short groundwater transit times have high DIN concentrations because 
of contaminated groundwater seepage. Although the groundwater transit time distribution is 
not directly measurable, the groundwater seepage discharging into each river cell has a unique 
fingerprint because of the spatial N emission distribution and the history of N emissions in the 
past.

To assess the value of the hydrological model for a conceptual N transfer model, we hypothesize 
that all quick flow input from high N emission areas (i.e. agricultural land) increases in-stream 
DIN concentrations as well as all groundwater flow input from these areas with transit times ≤ 
50 year (corresponding with the start of the increase of artificial fertilizer use after the second 
World War) and ≥ 12 year (corresponding with the end of the high emissions in 1991). From our 
fieldwork campaigns (see chapter 4) we took two data sets of in-stream DIN concentrations 
which represent typical hydrological situations. Summer 2002 data (mean discharge at Lääniste: 
4.07 m3 s-1

; n = 100) represent a baseflow situation: streams are only fed by groundwater. From 
the model we extracted the share of groundwater flow from agricultural areas with transit times 
between 12 and 50 years for all sampling locations. To exclude the effect of in-stream retention, 
from this set we selected the plateau locations (which have small upstream areas, Strahler stream 
order ≤ 3 and maximum 0-5 m elevation difference with the surrounding landscape; n = 28).
Spring 2004 data (mean discharge at Lääniste: 10.11 m3 s-1

; n = 100) represent a typical April 
situation, in which the total water input into the streams (1991-2000 model means) is divided 
between quick and slow flow as 2.2: 1. From the model we extracted the share of flow into the 
stream as quick flow from agricultural areas for all sampling locations. Scatter plots were made 
for comparing the above described model extractions with in-stream DIN concentrations.
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Figure 5.6 Simulated and observed 7-day average discharge of the Ahja River at Ahja Village for 
1991-2000.
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5.5 Results and discussion

5.5.1 Temporal variation of discharge and the contribution of runoff pathways
Figure 5.7 shows the contribution of quick and slow runoff to the discharge of the Ahja River 
through time. Within the quick component also the share of snowmelt to the total runoff is 
shown. Groundwater is the most important contributor to stream discharge (73 % of yearly 
discharge), even often during spring and other peaks, but generally the quick runoff of snow 
melt water (21 % of yearly discharge) determines the height of the peaks. Note that the effect of 
snow overland flow lasts quite long after snowmelt, because of the effect of the two reservoirs in 
the downstream sections of the two main streams Ahja River and Ora River. Quick runoff from 
heavy rain (6 % of yearly discharge) can also have a significant influence on discharge peaks, for 
example during the autumns of 1993 and 1998.

5.5.2 Spatial distribution of runoff pathways
Figure 5.8 shows the spatial distribution of quick and slow runoff generation over the catchment, 
averaged over the ten-year study period. Note that the annual precipitation is higher in the 
upper, western part of the area (up to 680 mm yr-1) than in the lower north-eastern part (about 
620 mm yr-1), which influences the appearance of maps. Quick flow (figure 5.8a) includes snow 
melt overland flow, typically originating from the agricultural areas, and surface runoff, mostly 
originating from the drainage areas. Groundwater recharge takes place almost everywhere 
in the study area, except for in the discharge areas around the streams Recharge follows the 
precipitation pattern and thus increases towards the upper, western part of the catchment.

Stream runoff and its composition from quick and slow sources is highly variable in both space 
and time. During snowmelt and heavy rain episodes, streams with a relative large component of 
quick flow and/or contributing areas (such as the agricultural areas on the uplands) with high 
drainage densities and short distances between the stream and the drainage divide tend to react 
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Figure 5.7 Simulated hydrograph of the Ahja River at Ahja Village, separated in discharge from 
slow flow (groundwater runoff ), quick flow from snow melt and quick flow from rainfall events.
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more quickly than the valley rivers with low relative quick component runoff contribution, and 
more elongated contributing areas.

5.5.3 Groundwater transit times
Figure 5.9 shows a map of simulated groundwater transit times. No groundwater transit times 
are indicated in discharge areas around the streams: here we assume that groundwater from 
other areas seeps out of the ground. In general, groundwater transit times vary from zero in the 
seepage areas to several thousands of years near the watershed divides. Further, figure 5.9 clearly 
shows that transit times decrease going from the upper western part to the lower north-eastern 
part of the catchment, mainly because the aquifer depths are smaller in those areas (aquifer 
depths roughly change from 270 to 90 m, going from West to East). This effect is enhanced by 
the higher drainage density in the north-eastern lowlands.

Figure 5.10a shows the transit time distribution (summed for the entire catchment), expressed 
as the percentage of total groundwater discharge to the streams. It shows that the groundwater 
transit time distribution is typically skewed, with the peak in groundwater age situated at around 
75 year. Groundwater up to 50 years is dominated by groundwater from (semi-) natural land. 
‘Agricultural’ groundwater only makes up a 27 % of the total groundwater for these transit 
times. This is because many areas close to the streams (having short transit times) are (semi-)
natural. When we proceed along the x-axis towards longer transit times, the share of ‘agricultural’ 
groundwater to the total increases to about 39 %. The peak of agricultural groundwater only is 
less pronounced. Figure 5.10b shows the cumulative transit time distribution, also divided into 
(semi-) natural and agricultural groundwater. Figure 10b shows that the median transit times of 
(semi-) natural, agricultural and pooled groundwater are 198, 153, and 168 years respectively.

Quick runoff and groundwater recharge (mm yr-1)

    0-  50   50-100 100-150 150-200 200-250 250-300 300-350

0 10 km

69
96

A   Quick runoff B   Groundwater recharge

Figure 5.8 Yearly averages (1991-2000 means) of the spatial distribution of a) Quick runoff; and 
b) Groundwater recharge, which becomes slow runoff.
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The time frame which is relevant for current agricultural pollution is 50 years, because the use 
of artificial fertilizers started about 50 years ago. However, because most of the agricultural areas 
are situated on the non-drained uplands, groundwater transit times between these uplands and 
the first downstream river cell are so high, that there will be virtually no groundwater transfer of 
excess N during the coming 100 years from many fields. This implies that the current landscape 
structure is favourable for maintaining a good stream water quality in most rivers.

Moreover, nowadays it is agreed upon that saturate zone denitrification is rather a process that 
occurs within some organic matter rich and anoxic, reduced pockets, than a continuous process 
obeying Michaelis-Menten kinetics (Pedersen et al., 1991; Vissers, 2006). Of course the chance 
that such a pocket is met by a water particle increases with longer groundwater streamlines and 
transit times. This results in higher probabilities of low N concentrations with long transit times 
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  30-  60
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Figure 5.9 Average groundwater transit time from the cells to the stream. Note that the scale is 
logarithmic. In the white valleys, there is no groundwater recharge; all the water is assumed to 
be either quick runoff or snow overland flow.
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of groundwater arriving at the stream. The mixing of waters from different ages and emission 
histories determines the concentration of the groundwater discharging in the river valleys.

This information indicates that it will take a considerable number of years to notice any effect 
of decreased emissions of N due to decreased groundwater concentrations. Of course, quick 
flowpaths may react faster, but since most lowland catchments are groundwater-dominated, it 
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Figure 5.10 a) The first (youngest) part (< 250 year) of the transit time distribution of 
groundwater arriving at the streams, divided into water coming from (semi-) natural and 
agricultural land. Each bar represents five year. Transit times approach the x-axis asymptotically, 
but transit times > 250 year are not given; b) Cumulative transit time distribution, again divided 
into water coming from (semi-)natural and agricultural land. The solid lines point to the median 
transit time of the groundwater in general (168 years), the dotted line to the median transit time 
of groundwater from (semi-) natural land (153 years) and the dashed line to the median transit 
time of groundwater from agricultural and built-up land (198 years).
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is no surprise that the effect of dramatically decreased nutrient emissions after the changes in 
Eastern Europe have not always resulted in stream water quality improvements. Stålnacke et al. 
(2004) have observed that significant N concentration decreases especially in small catchments, 
while medium- and large-size catchment are much more inert for land cover changes. Our 
transit time analysis and map of figure 5.9 may explain this difference in behaviour, when we 
assume that small catchments (smaller than a few km2) generally have shorter transit times than 
larger catchments, and thus also a shorter ‘memory’ with respect to diffuse pollution history. The 
significantly decreased N concentrations of streams during spring floods, when groundwater is 
of minor importance relative to snowmelt fast runoff, and the relatively constant concentrations 
during the 1980s, 1990s and first years of the new century during baseflow periods support this 
assumption.

5.5.4 Model validation
The results of the validation (see section 5.4.3) confirm the dependency of in-stream DIN 
concentrations to N emissions spatial distribution and history and hydrological pathways. Figure 
5.11a shows that there is a positive linear relation (n = 37; R2 = 0.49; α = 0.05; p-value: 0.000) 
between the share of groundwater inflow from agricultural areas with transit times between 12 
and 50 years and the logtransformed DIN concentrations at the plateau locations.

During spring flow, stream discharge is characterised by a relatively large share of quick flow 
input from snow melt. In this season, the effect of surface runoff from agricultural areas should 
be the main explanatory for elevated stream DIN concentrations (see chapter 4). Figure 5.11b 
shows the DIN concentrations measured in spring 2004 plotted against the share of quick flow 
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Figure 5.11 Scatter plots of measured DIN concentrations a) from the summer 2002 baseflow 
sampling period against the share of groundwater from agricultural areas with transit times 
between 12 and 50 years (only plateau locations) and b) from the spring 2004 sampling period 
(all locations) against the share of average April water flow into streams as quick flow from 
agricultural areas.
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from agricultural areas to the total streamflow. Because in-stream retention in April is negligible 
due to the low water temperatures (see chapter 4), we included all sampling points in the 
regression analysis. The figure shows that there is significant (α = 0.05), albeit weak, positive 
relation ((n = 100; R2 = 0.15; p-value: 0.000).

5.6 Conclusions and outlook

In this chapter we presented a novel modelling approach that enables the temporal simulation of 
slow (groundwater) and quick runoff pathways for aiding nutrient transport modelling in lowland 
catchments. The model accounts for precipitation, evapotranspiration, snow accumulation and 
melt, overland flow, and groundwater runoff. In addition, the model simulates groundwater 
transit times based on proximity to the streams and aquifer depth.

Where chapter 4 showed the land cover and landscape configuration controls on DIN and DRP 
concentrations, we now also have identified the hydrological controls. During summer baseflow 
originating from groundwater, the history and spatial distribution of N emissions are important. 
The model validation exercise showed that there is a significant, positive relation between the 
proportion of groundwater inflow from agricultural areas from the period that N emissions 
were highest (i.e. 12 to 50 years old groundwater) and the logtransformed DIN concentrations. 
During quick flow episodes, for example during spring snowmelt, the share of quick runoff 
originating from agricultural areas is an important control of in-stream DIN concentrations. 
This information enables a process-based and temporarily variable mapping of zones that are 
sensitive for nutrient runoff through both quick and slow flow runoff components. The next step 
is to implement the novel regional scale hydrological model into a nutrient transfer model that 
simulates regional catchment-scale nutrient transport from the diffuse emissions at the land 
surface via the various quick and slow hydrological pathways to in-stream concentrations.
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6 Seasonal dynamics of runoff pathways 
and in-stream retention of nitrogen in a 
northeastern European lowland catchment
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Abstract
Although nitrogen and phosphorus emissions have decreased dramatically after the changes 
in northeastern Europe in the beginning of the 1990s, the reaction of stream water quality is 
limited or absent. To explain this, more knowledge is needed about the spatial and temporal 
distribution of transfer and retention processes. Using a novel combination of existing models 
we simulated 1991-2004 total nitrogen (Ntot) inputs and in-stream retention in an Estonian 
catchment. In-stream retention removed 9.5 % of the yearly Ntot inputs, and was limited to the 
summer months. In contrast to other studies, our results indicate that most retention does not 
occur in lower, but in higher order streams, where low gradients and high sinuosity promote 
long residence times. We conclude that large soil N pools, long groundwater transit times and 
possibly increasing autumn and winter runoff due to climate change explain the weak reaction in 
Ntot loads to the emission decreases.

Keywords: Estonia, GIS, in-stream retention, modelling, nitrogen, pathways

6.1 Introduction

During the second half of the twentieth century, increased export of the nutrients nitrogen (N) 
and phosphorus (P) from catchments has become problematic because of eutrophication effects 
in downstream rivers, lakes, bays, and shallow seas (OECD, 1982; EEA, 2003). These effects 
include the rapid growth of algae, diatoms, and macrophytes, followed by anoxia, fish kills, and a 
rapid deterioration of overall water quality (Mason, 1994). The Baltic Sea also suffers from these 
phenomena (Larsson et al. 1985), in particular its Gulf of Finland (Kauppila and Bäck, 2002) and 
Gulf of Riga (Yurkovskis, 1993; Laznik et al., 1999). The same holds for inland waters like the 
Estonian/Russian Lake Peipsi/Chudskoe (Kangur et al., 2003; Nõges et al., 2005), which is one 
of the largest lakes in Europe (size: 3555 km2). Nutrient inputs from agriculture in the drainage 
basin of this lake have decreased drastically in the beginning of the 1990s following the collapse 
of the Soviet Union and the shrinking of the agricultural economy (Unwin, 1997). For example, 
in Estonia mineral fertilizer application decreased by 80-85 % and livestock numbers by 44-61 % 
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(Löfgren et al., 1999). Despite this considerable reduction, it seems infeasible to realise the 50 % 
reduction goals of nutrient inputs into the Baltic Sea from HELCOM (1988) and to achieve 
‘good ecological status’ in inland waters (Grimvall et al., 2000) as required by the EU Water 
Framework Directive (EU, 2000).

Various studies have reported different developments of nitrogen concentrations in surface waters 
draining into the Baltic Sea. Loigu and Leisk (1996), Mander et al. (1998), and Iital et al. (2005) 
reported downward trends of nitrogen concentrations for some Estonian rivers. However, no 
clear or only weak downward trends were found for Latvian rivers (Laznik et al., 1999; Stålnacke 
et al., 1999; Stålnacke et al., 2003; Janssons et al., 2003), for Lithuanian and Belarusian rivers 
(Sileika et al., 2006) and for Polish rivers (Tonderski, 1997). Moreover, the wider area reviews by 
Grimvall et al. (2000), Löfgren et al. (1999) and Stålnacke et al. (2004) reported only mixed or no 
trend at all. Proposed explanations for the ambiguity of the response of nitrogen concentrations 
to decreased inputs include the complex interactions between climatic fluctuations and stream 
water concentrations (Mander et al., 1998), delayed release from soil and/or groundwater 
nitrogen pools (Kļaviņš et al., 2001; Löfgren et al., 1999; Sileika et al., 2006; Janssons et al., 2003), 
high denitrification rates in first order ditches and streams (Iital et al., 2004; Stålnacke et al., 
2003), higher water levels because of collapsing drainage systems and consequential increased 
N mobilization (Iital et al., 2004). In addition, a possible exaggeration in 1980s Soviet fertilizer 
consumption statistics has been presented as an explanation for the lack of a downward trend 
(Kļaviņš et al., 2001). The wide variety of possible explanations for the lack of a univocal response 
of nitrogen concentrations to decreased emissions demonstrates that nitrogen transfer and 
retention mechanisms and their spatial and temporal variation are not well understood.

The aim of this study is to quantify the spatio-temporal dynamics of nitrogen emissions, transfer 
pathways, and in-stream retention in a northeastern European lowland catchment in order to 
identify possible reasons for the delayed or even absent response of river water quality to the 
decrease in nutrient inputs during the 1990s. For this purpose, we applied a chain of regional-
scale dynamic hydrological and total nitrogen (Ntot) transport models to the catchment of the 
Ahja Jõgi (Ahja River) in Estonia. The Ahja catchment is representative for the catchments in 
the region. The influence of point sources is negligible, making this an excellent study area to 
investigate diffuse Ntot transfer.

6.2 Study area

The Ahja jõgi (Ahja River) catchment is situated in south-eastern Estonia (26 º 36´ – 27 º 22´ E; 
57º 54´ – 58 º 17´ N). It measures 901 km2 (upstream of Lääniste, see figure 6.1) and is part of the 
drainage basin of Lake Peipsi/Chudskoe and the Narva river that drains into the Finnish gulf. 
The catchments elevation varies from 36 to more than 200 m above sea level. The catchment 
comprises of a landscape typical of northeastern Europe with Weichselian unconsolidated glacial 
deposits with a thickness up to 100-150 m. These glacial deposits overly Devonian sandstone 
bedrock. Together with the glacial materials, this sandstone forms the main aquifer (Perens, 1998) 
with a thickness of 79 m in the north to 270 m in the southwest.
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The Ahja River and its main tributaries flow through Holocene primeval valleys (Miidel 
and Raukas, 1991), whose valley floors are generally 20-40 m below the plateaus. The valleys 
are 200-500 m wide and are often deep enough to cut into the sandstone. The headwaters of 
the Ahja River and its tributaries rise in surrounding uplands and are fed by wet depressions 
and watershed bogs as well as agricultural drainage ditches. Nevertheless, the majority of the 
plateaus functions as groundwater recharge areas. Typical soils according to FAO-UNESCO 
(see Driessen and Dudal, 1991) are Podzoluvisols, Planosols and Podzols (Aunap, 2004), and 
Histosols in peat bogs and valleys.

About 58 % of the area is occupied by forests and other (semi-) natural areas (including the peat 
bogs on drainage divides), while 40 % is agricultural land and 2 % is built-up land. The valley 
rivers are characterized by pool and riffles and free meandering activity. The agricultural land is 
concentrated on the higher and well-drained uplands and is dominated by hayland, perennial 
(fodder-) grass and cereals. Typical signs of declining agriculture since the 1990s are bare fields 
and deterioration of subsurface drainage systems. Apart from province centre Põlva (6500 
inhabitants) and some smaller villages and hamlets, rural population is regularly spread over 
the area in farmhouses (about 18000 inhabitants in total; Statistikaamet, 2008). The influence of 
point sources on stream water quality is marginal, because only a few villages have a municipal 
wastewater collection and discharge system.

The mean annual precipitation (EMHI, unpublished; 1960-1999) at Piigaste (see figure 6.1) is 
593 mm, mostly falling in the summer months. The mean annual temperature is 5.4 ºC (EMHI, 
unpublished; mean for 1961-2000 in Võru, just 15 km south of the catchment), monthly means 
varies from -6 to 17.1 ºC. In winter, a snow pack occurs generally between November and April, 
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but if temperatures are high, it can be absent. Mean annual discharge (EMHI, unpublished; 
measured at Ahja; 1960-1999) is estimated at 6.01 m3 s-1. Typical for temperate areas on the fringe 
of the Atlantic and continental climate, there is a pronounced spring peak discharge, caused by 
the quick runoff of snow melt water over the saturated soil, and a second discharge maximum in 
autumn. The mean April discharge is 12.9 m3 s-1; summer baseflow discharge is around 5.0 m3 s-1.

6.3 Model set-up and validation

The chain of dynamic submodels to simulate regional-scale nitrogen transport is elucidated in 
figure 6.2. The models were implemented in the generic environmental modelling language of 
the PCRaster GIS (Wesseling et al., 1997) with a grid cell size of 100 m by 100 m. The first 
submodel is based on the PolFlow model (De Wit et al., 2001). It distributes the annual diffuse 
Ntot emissions into soil storage, losses due to denitrification and ammonium volatilization, Ntot 
runoff through surface runoff and shallow throughflow (quick runoff component), and Ntot 
leaching to the groundwater (slow runoff component). The distribution of Ntot fluxes between 
the quick and slow runoff pathways is based on the annual water fluxes along these pathways. 
The annual water fluxes were derived from a hydrological submodel that simulates runoff 
generation using an internal time-step of one week (see chapter 5). We assumed that Ntot that 
is transported via the quick flow pathway reaches the river network within the same year. Ntot 
transported via the slow flow pathway is assumed to reach the network after a certain delay, 
namely the groundwater transit time. The groundwater transit time was estimated based on 
average groundwater recharge rate, aquifer depth, aquifer porosity, and proximity to the stream 
(see chapter 5). To calculate the total monthly Ntot input into the river network, the annual 
fluxes along the quick and slow runoff pathways components were distributed proportionally to 
their monthly water fluxes.

The residence times of the stream water were calculated by dividing the stream lengths, which 
were measured manually from topographical maps (1:10000; Eesti Kaardikeskus, various 
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years), by the stream velocities. Stream velocities were estimated based on upstream area (km2), 
mean monthly discharge (m3 s-1), mean annual discharge (m3 s-1) and stream gradient (m km-1) 
according to the approach reported by Jobson (1997; see chapter 4). In-stream Ntot retention 
by denitrification was described by temperature dependent first-order kinetics. The first-order 
denitrification rate constant was set to 1.75 day-1 based on literature values reported for northern 
European rivers (Van der Perk, 1996) and was assumed to be constant across the area. Below 10 

Table 6.1 Overview of the model input data and its sources.

Input data Source

General catchment characteristics
Land cover (agricultural/built-up, semi-natural land) Topographical map 1: 50000 (‘Baaskaart’; Eesti 

Kaardikeskus, various years)
Digital Elevation Model (DEM) Topographical map 1: 50000 (‘Baaskaart’; Eesti 

Kaardikeskus, various years)
Slope (-) Derived from DEM
Streams Topographical map 1: 50000 (‘Baaskaart’; Eesti 

Kaardikeskus, various years
Local Drainage Direction Derived from DEM and streams 
Strahler stream order (simplified) Derived from streams 
Stream length Measured manually from Topographical map 1: 10000 

(‘Põhikaart’; Eesti Kaardikeskus, various years)

Hydrology
Quick Runoff (mm month-1; 1991-2000a) Chapter 5
Slow Runoff (mm month-1; 1991-2000a) Chapter 5 

Groundwater transit time (long-term; 1991-2000) Chapter 5 

Ntot emissions
Diffuse/Soil Surface Surplus (kg ha-1 yr-1; 1991-2004) Chapter 3
Point sources (kg yr-1) (Estonian Environment Information Centre, 2000). Data 

for the year 2000

Model parameters
Parameters defining soil nitrogen losses 
(denitrification and ammonium volatilization)

De Wit (2001)

Parameters defining soil storage and runoff 
separation 

De Wit (2001); Chapter 3

Parameters defining in-stream denitrification Van der Perk (1996)

Stream temperature (ºC) Assumed to be equal to the monthly mean air 
temperature; measured in Võru by EMHI (unpublished)

Validation data 
Ntot concentrations at Lääniste (mg l-1; measured 
once a month; 1993-2004)

EMHI (unpublished)

Discharges at Ahja village (m3 s-1; measured daily; 
1960-2004)

EMHI (unpublished)

a  For 1960-1990 and 2001-2004, monthly mean outlet discharges were available; using these figures, spatial runoff 
distribution in both pathways was simulated using the 1991-2000 mean pattern. For 1945-1959, measured monthly outlet 
discharges were not available and long-term means (calculated for the 1991-2000 period; chapter 5) of spatial runoff 
distribution in both pathways were used.
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°C water temperature, denitrification was assumed to cease (Thomann and Mueller, 1987). The 
model input (maps, meteorological and hydrological time series and parameters) is summarized 
in table 6.1.

We were primarily interested in the simulated Ntot transport in the period following the 
decrease in agricultural emissions (1991-2004). To allow the model to initialize, the model was 
run from 1945, when the nitrogen emissions started to increase (Mander, 1994) through 2004, 
resulting in 720 monthly time steps. For the 1945-1990 period, we assumed that Ntot emissions 
increased linearly from zero to 1991 values (see De Wit, 2001; Mourad, 2006). For the 1991-2004 
period we used simulated annual diffuse emissions based on land cover, agricultural statistics, and 
census data for that period (see chapter 3). In the entire Ahja River catchment, the total diffuse 
Ntot emissions decreased from 9986 · 103 kg of nitrogen in 1991 to 921 · 103 kg in 2001. From 
then, the Ntot emissions slowly increased again to 2046 · 103 kg in 2004.

The chain of submodels was applied without any calibration and was evaluated against 
‘measured’ Ntot loads at the Ahja catchment outlet at Lääniste village (EMHI, unpublished) 
for the 1993-2004 period. To obtain the ‘measured’ Ntot loads, the monthly measured Ntot 
concentrations were interpolated following the guidelines of HELCOM (1994). Daily Ntot loads 
were subsequently calculated by multiplying the interpolated daily concentrations by measured 
daily discharges. The daily Ntot loads were finally aggregated to obtain monthly loads.

To assess the spatial configuration of emissions, stream inputs and in-stream retention of Ntot, 
the model output was reported for the catchment outlet as well as for four Strahler stream order 
classes (Strahler, 1952). The four stream order classes were: Class A (stream orders 1 and 2), class 
B (stream order 3), class C (stream orders 4 and 5), and class D (stream order 6). The reported 
model output included the monthly Ntot inputs into the river network via the quick and slow 
pathways and via point sources discharges, the percentage in-stream retention in each stream 
order class and catchment Ntot export.

6.4 Results and discussion

Figure 6.3 shows that the model performed reasonably well with regard to the sum of the yearly 
Ntot export for 1993-2004. Figure 6.4 shows that, in general, monthly loads were in the right 
order of magnitude, although the low summer concentrations were slightly underestimated. 
This is probably because the model does not account for decay of organic matter in streambed 
sediments and peat bogs, which may cause additional inputs of organic or mineralized forms of 
nitrogen during dry summers (see chapter 3).

The figures 6.5 a through d show – for each stream order class A through D separately – the 
1991-2000 mean monthly Ntot inputs (103 kg month-1) from both the quick and slow flow 
pathways and from point sources discharges. In addition, the figures show the reduction in 
Ntot load due to in-stream retention within the stream order class itself and in the successive 
downstream stream order classes. The solid black line represents the actual Ntot export from the 
catchment coming from the stream order class. Figure 6.5e shows the total monthly Ntot inputs 
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from the three discerned pathways aggregated for the entire catchment, and the total Ntot load 
from the catchment (solid black line). Whereas figure 6.5 shows absolute figures, figure 6.6 
elucidates the development of the Ntot ‘loss rates’ (i.e. annual sum of the Ntot inputs divided by 
catchment area) via the three pathways for all stream order classes and the entire catchment.

Figure 6.5 shows that Ntot inputs are lowest in May, June and July (approximately between 
6 · 103 kg and 12 · 103 kg for the entire catchment). In autumn, Ntot inputs increase up to values 
between 30 · 103 kg and 40 · 103 kg in October through March. In April when the spring flood 
usually occurs, the mean total input reaches nearly 70 · 103 kg. The Ntot input via the quick 
pathway is the main cause for this variation: it reacts to snow melting in winter and spring, and 
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Figure 6.5 a through d: 1991-2000 mean monthly Ntot inputs (103 kg month-1) from both 
the quick and slow flow pathways and from point sources discharges (bars). In addition, the 
reduction in Ntot load due to in-stream retention within the stream order class itself and in 
the successive downstream stream order classes is visualized by the lines. The solid grey line 
represents the actual Ntot export from the catchment coming from the respective stream order 
class. Figure 6.5e sums up the monthly Ntot inputs from the entire catchment via the three 
discerned pathways, and also shows the monthly retention loss for the catchment as a whole.
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to summer rain events in August. In May it is almost zero. The slow flow inputs varies by a factor 
2 over the year: it is highest (around 10 · 103 kg) in autumn and lowest (around 5 · 103 kg) in late 
winter and spring. This variation can be almost entirely attributed to variations in groundwater 
discharge. Figure 6.6 shows that the slow groundwater pathway typically delivers about a quarter 
of the total annual Ntot input into the river. Only in May-July and in September it is the main 
Ntot transfer pathway (figure 6.5). The above described temporal pattern is present in all stream 
order classes. However, the contribution of the slow pathway is more pronounced in the more 
downstream classes B and C and especially D than in A (figure 6.5), because the higher order 
valley rivers are relatively more groundwater-fed and have a more stable flow than the lower 
order headwater streams.

There are large differences between yearly inputs in the various stream order classes (figure 6.5), 
but they can almost be fully explained by their respective size of the catchment area. Figure 6.6 
shows that loss rates are around 3.5 kg ha-1 yr-1 for all stream order classes, despite the differences 
in land cover in the upstream catchment area. The catchment areas of stream order classes A, 
B, and C have a larger share of agricultural land than that of stream order D. However, this 
larger share of agricultural land and the consequent larger Ntot input via the quick pathway is 
largely counterweighted by the large share of groundwater discharge in stream order class D. The 
contribution of point sources is almost negligible. The average loss rates of about 3.5 kg ha-1 yr-1 
found in this study agree with the values reported by other studies in the region, in which loss 
rates roughly vary from 3.0 to 9.0 kg ha-1 yr-1 (e.g. Stålnacke et al., 2002, Mander et al., 1998).

(Figure 6.5 continued)
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Figure 6.3 shows that not only within the year, but also between the years, the variation in quick 
flow input contributes most to the interannual variation in catchment export. In dry years (e.g. 
2000), catchment Ntot export is considerably lower than in wet years. The contribution of the 
quick flow component of the Ntot export does not display a clear response to the decreased 
nutrient emissions. This may be attributed to the above-mentioned interannual hydrological 
variation. Moreover, the amount of nitrogen that is leached annually from the soil N pool and 
transported to the catchment outlet via the quick flow pathway is relatively small (approximately 
1 %) in comparison to the total soil N pool.

Figure 6.3 also shows that the contribution of the slow groundwater pathway to Ntot export 
steadily increases. The increase of groundwater contribution to the Ntot load may be slightly 
amplified because of the relatively mild winters around 2000. This caused the soil to be frozen 
for a shorter period, which, in turn, caused an enhanced percolation to the groundwater and an 
increased groundwater discharge in that period. However, the increase of the contribution of 
the slow groundwater pathway is likely to be largely caused by the delayed transfer of past Ntot 
emissions via the groundwater pathway. The median groundwater transit time in the area is 168 
year (see chapter 5), which means that most of the Ntot transferred to groundwater during the 
period of high emissions (1950-1991) has not yet reached the stream network.

Because of the stream water temperatures are too low from October to April, in-stream Ntot 
retention only occurs from May to September (see figure 6.5). In June and July, more than 70% 
of the Ntot input is retained. During the rest of the year, all inputs from quick and slow flow are 
transferred through the rivers network and contribute entirely to catchment export. Table 6.2 
shows the proportion of Ntot input that is lost by in-stream retention in the same stream order 
class and the successive stream order classes downstream. On a yearly basis, retention removes 
only approximately 10 percent of the inputs, despite the natural state of the higher order streams 

Figure 6.6 The development of the Ntot ‘loss rates’ through the three pathways for all stream 
order classes and the entire catchment, defined as the year sum of Ntot inputs standardized for 
catchment area.
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in the Ahja catchment. This value is close to those reported by Vassiljev and Stålnacke (2005) 
and Tonderski (1997).

Table 6.2 shows that most of the retention -about two third- of the Ntot input into stream order 
class A takes place in higher order streams (classes C and D). This is largely due to the longer 
residence time promoted by low river gradients and high sinuosity of the streams in the higher 
order streams. This contradicts other studies (eg. Stålnacke et al., 1999; 2003), which postulated 
that retention especially takes place in the lower order streams, underpinned by observed large 
concentration differences (30-65 %) between tile drain outlets and first order stream sampling 
locations. The difference in findings might be partly attributed to the fact that we assumed the 
first-order denitrification rate constant to be constant throughout the different stream order 
classes. Although various studies at the drainage basin scale (> 10000 km2) reported a decrease 
of in-stream retention with stream channel size (e.g. Alexander, 2000), the spatial variation 
in retention rates is likely to be of minor importance in the Ahja River catchment because of 
the limited variation in stream depths and streambed material characteristics. Probably, the 
concentration differences observed by Stålnacke et al. (1999; 2003) were caused by dilution of the 
nutrient enriched water from the tile drains by less contaminated groundwater.

6.5 Conclusions and outlook

In this study we examined the spatial and temporal variation of stream inputs, in-stream 
retention, and catchment export of Ntot in the Ahja River catchment to assess the reasons for 
the delayed or absent response of river water quality to the decrease in nutrient emissions around 
1991. The variation of Ntot inputs to the river network via the quick flow pathway is largely 
responsible for the variation in monthly and interannual variation in catchment Ntot export. 
The slow groundwater pathway contributes to approximately 25 % of the Ntot inputs into the 
streams. The monthly Ntot inputs via this pathway are relatively stable throughout the year, but 
increase slightly during autumn. On the long term, the relative contribution of the groundwater 
pathway to the total annual Ntot export from the Ahja River catchment increased in the period 
between 1991 and 2004. During 1991-2000, in-stream retention removed 9.5 % of the annual 
Ntot inputs. Retention only occurs between May and September and between June and August, 

Table 6.2 The proportion (%) of the Ntot input from each stream order class that is lost by 
in-stream retention in the same stream order class and the successive downstream stream order 
classes.

Ntot input from stream order class:

A B C D All

Retention	in	A	(%) 1.3
Retention	in	B	(%) 1.3 2.9
Retention	in	C	(%) 3.4 3.7 5.7
Retention	in	D	(%) 3.3 4.0 4.4 6.0
Total	retention	(%) 9.4 10.6 10.1 6.0 9.5
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it removes up to 71% of the Ntot inputs into the river network. In contrast to other studies, we 
found that retention mostly takes places in higher order streams, because of the relatively long 
residence times due to low gradients and high sinuosity of the river channels.

The Ntot load trend has not displayed a decreasing trend in the period 1991-2004. The absence of 
such a trend can likely be attributed to the large soil N pool which is relatively large compared to 
the amount of N that leaches annually to the river network via the quick flow pathway. Moreover, 
the long groundwater transit times in the study area also contribute to the absence of a trend in 
Ntot loads. The median groundwater transit time is 168 years, which implies that the majority of 
the groundwater Ntot pool built up during the period of high emissions (1950-1991) still resides 
in the groundwater on its way to the stream network. This largely explains the increase of the 
contribution of the groundwater pathway to Ntot export from the Ahja River catchment from 
1991 to 2004. The mild winters around 2000 also contributed to the increase of slow pathway 
Ntot inputs, because of enhanced percolation to groundwater. In the near future, the rise of Ntot 
inputs into the river network via groundwater could even be enhanced when regional climate 
change probably results in milder winters (Kont et al., 2002).
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7 Synthesis

7.1 Introduction

The general aim of the research described in this thesis was to identify and quantify the controls 
on the transfer of the nutrients N and P in northeastern European lowland catchments. This 
general aim translated into the following more specific research aims:

1. To quantify nutrient transfer, loads and concentrations in the Lake Peipsi/Chudskoe 
drainage basin in past, present and future;

2. To quantify the spatial distribution and seasonal variation;
3. To identify the key factors controlling these spatial and temporal patterns.

Although each of the chapters 3 through 6 was dedicated to a specific theme and intended to 
answer specific research questions related to this theme, together they contribute to the above 
generic and specific research aims. The aim of this chapter is to integrate the outcomes of the 
separate chapters in order to fulfil these research aims. Moreover, the outcomes are discussed 
in the context of other studies. At the end of this chapter, a conceptual model of total nitrogen 
(Ntot) transfer in northeastern European lowland catchments is presented and the implications 
of changes in nutrient emissions and climate change for nutrient transport are discussed.

The characteristics of the Lake Peipsi/Chudskoe drainage basin that are relevant for nutrient 
transfer were extensively described in chapter 2. Compared to other regions in Europe, current 
Ntot and Ptot concentrations in the Lake Peipsi/Chudskoe drainage basin are relatively low. 
The Ntot concentrations in the largest Estonian river in the Lake Peipsi/Chudskoe drainage 
basin, the Emajõgi at Tartu, vary between 0.5 during summer and 5 mg l-1 during the spring 
snowmelt (see figure 2.6c). In the Ahja Jõgi (Ahja River) at the downstream measurement 
location near Lääniste, Ntot concentrations generally do not exceed 3 mg l-1 (figure 2.9b). The 
Ptot concentrations, which vary approximately between 0.02 and 0.13 mg l-1 both in the Emajõgi 
and the Ahja River (figure 2.6c and 2.10b). These concentrations are at the lower end of the range 
of typical surface water concentrations in Europe as reported by Van der Perk (2006) and EEA 
(2008). Although in the 1980s, the Ntot and Ptot concentrations were higher and comparable 
to concentrations in other European regions, they definitely did not reach values of regions 
which are characterized by intensive agriculture, such as the Netherlands, northern Germany, 
or Denmark. Nevertheless, despite the Ntot and Ptot concentrations are relatively low, they are 
high enough to cause water quality problems in Lake Peipsi-Chudskoe, and exhibit temporal 
and spatial variation, which can be explained quantitatively by key factors and processes.
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7.2 Main achievements

The main achievements of chapters 3 through 6 are:

•	 Past	(1985-1999)	and	possible	future	changes	(up	to	2019)	of	N	and	P	emissions	as	a	result	of	
economic changes were simulated for five year periods in the Lake Peipsi/Chudskoe drainage 
basin, and the impact of these changes on Ntot and Ptot inputs into the lake was assessed 
using a drainage basin scale model (chapter 3);

•	 For	 the	 pilot	 catchment	 of	 the	 Ahja	 River,	 spatial	 and	 seasonal	 variability	 of	 Dissolved	
Inorganic Nitrogen (DIN) and Dissolved Reactive Phosphorus (DRP) concentrations was 
assessed for six sampling campaigns (summer 2002, autumn 2002, spring 2003, summer 2003, 
autumn 2003, and spring 2004), in which hundreds of synoptic samples were collected in 
streams belonging to all stream orders and stream types (chapter 4). The influence of land 
cover and landscape structure was assessed using regression analysis;

•	 To	assess	the	quick	and	slow	hydrological	pathways	and	groundwater	transit	times,	a	novel	
GIS-based hydrological model was set up (chapter 5). The influence of these hydrological 
pathways on DIN concentrations was quantified by 1) comparing the average 1991-2000 
relative contribution of groundwater with a short (12-50 year) transit time to typical summer 
baseflow (summer 2002) in-stream DIN concentrations, and 2) the relative contribution of 
quick flow from agricultural areas with typical spring flood in-stream DIN concentrations;

•	 In	 chapter	 6,	 a	 novel	 combination	 of	 existing	 models	 was	 used	 to	 quantify	 the	 spatio-
temporal dynamics of nitrogen emissions, transfer pathways, and in-stream retention in the 
Ahja River catchment between 1991 and 2004. This allowed the identification of the key 
factors that control the delayed or even absent response of river water quality in the Ahja 
River catchment to the decrease in nutrient emissions during the 1990s.

7.3 Patterns of nutrient loads and concentrations in 
the lake Peipsi/Chudskoe drainage basin

7.3.1 Ntot and Ptot loads in past, present and future
The large scale modelling presented in chapter 3 was able to simulate the response of average 
nutrient loads (figure 3.6) and discharge-weighted concentrations (figure 3.7) on emission 
changes in the three five-year periods between 1985 and 1999. According to the modelling results 
from chapter 3, the total diffuse Ntot emissions in the drainage basin decreased approximately 
by a factor of 2.5, whereas point Ntot emissions decreased much less. Diffuse Ptot emissions 
decreased more than four times. Despite this downward trend in nutrient emissions, trends in 
the Ntot and Ptot concentrations in the main rivers in the Estonian part of the Lake Peipsi/
Chudskoe drainage basin are seemingly absent between 1985 and 2005 (for example, see figure 
2.6c for the Emajõgi), the five-year average Ntot loads showed distinct downward trends for most 
rivers between the 1985-1989 and 1995-1999 period (table 3.1). The modelled total Ntot load into 
the lake decreased from about 49 · 106 kg yr-1 in 1985-1989 to about 29 · 106 kg yr-1 in 1995-1999. 
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The clearest example is the decrease of the Ntot load in the Emajõgi at Tartu, which decreased 
from approximately 9100 · 103 kg year-1 in 1985-1989 to 3245 · 103 kg yr-1 in 1995-1999. Other rivers 
also show a decrease to approximately one third of the 1985-1985 values. An exception is the lack 
of trends in relatively small rivers in the north of the drainage basin, which are dominated by 
peat lands. In these rivers, the reduction of Ntot loads was limited, probably because of a large 
share of the Ntot load is derived from peat oxidation. The decrease of the Ntot loads in most of 
the rivers is in agreement with the findings of Loigu and Leisk (1996), Mander et al. (1998), and 
Iital et al. (2005), who found significant decreasing trends for Ntot concentrations. However, it 
contradicts the studies of for instance Laznik et al. (1999), Stålnacke et al. (1999), Grimvall et al. 
(2000), Stålnacke et al. (2003), Janssons et al. (2003), and Löfgren et al. (1999) who did not found 
downward trends in Ntot at all in nearby northeastern European rivers. Although the reaction of 
the surface water Ntot loads on emission changes is within the range of a few years, it is still far 
from linear.

In contrast to the Ntot loads, the decrease of Ptot loads has been rather weak for all rivers. The 
modelled Ptot loads into Lake Peipsi/Chudskoe decreased from 0.92 · 106 kg yr-1 in 1985-1989 
to 0.73 · 106 kg yr-1 in 1995-1999. Loads in the Emajõgi only decreased from about 120 · 103 kg 
yr-1 to about 90 · 103 kg yr-1 from 1985-1989 to 1995-1999 (table 3.1). This is also in concordance 
with the findings of Iital et al. (2005), who found almost no significant downward trends of Ptot 
concentrations in the Lake Peipsi/Chudskoe drainage basin. In contrast to the loads, the trends 
in the Ntot and Ptot concentrations in the Emajõgi are seemingly absent (see figure 2.6c).

An important element of chapter 3 was the simulation of possible future nutrient loads in 
2015-2019 for four different economic development scenarios. Especially the simulated diffuse 
emissions arising from these scenarios showed large differences: the Business as Usual and the 
Isolation scenarios will result in Ntot emissions in 2015-2019 comparable to those in the late 1990s; 
the Crisis scenario will result in somewhat lower emissions, whereas the Target/Fast development 
scenario will result in emissions that are as high as in 1985-1989. The emissions connected to 
the different scenarios result in loads into the lake that are comparable to the loads of the three 
modelling periods during 1985-1999. For Ptot the effect of these possible future emission changes 
on loads (see figure 3.8) is almost similar as the effect on Ntot loads.

7.3.2 Seasonal distribution of concentrations and loads
Both N and P concentrations are characterized by a strong seasonal course (see chapter 2). Both 
Ntot and DIN concentrations in the Ahja River are highest in late winter and lowest in late 
summer and early autumn (figure 2.9). The concentrations between these seasons differ by a 
factor 3 to 4. The highest and lowest Ptot and DRP concentrations occur in the same months 
as the highest Ntot and DIN concentrations, but the seasonality is less apparent (figure 2.10). 
The sampling data for the Ahja River catchment showed a significant difference in DIN 
concentrations between the seasons, but no significant difference in DRP concentrations 
between the seasons (section 4.4.1). Because discharge tends to peak in late winter and in spring 
as well, the seasonality of monthly loads is amplified. Both Ntot and Ptot export (see figures 2.8 
and 2.9) is typically ten times higher in April than in the summer months. This difference is also 
visible in the export coefficients of chapter 4 (figure 4.4), and in the simulated monthly export 
figures presented in chapter 6 (figure 6.5).
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7.3.3 Spatial distribution of concentrations and loads
The average discharge-weighted concentrations for 1995-1999 are not homogeneously spread 
across the Lake Peipsi-Chudskoe drainage basin (see figure 3.11). Especially in the intensively 
used areas in the northern and the central (Russian) part, Ntot concentrations are higher than 
4.0 mg l-1, whereas they are typically below 2.0 mg l-1 in the rest of the basin. Similar ratios are 
found for Ptot concentrations, although high Ptot concentrations tend to be more associated 
with point sources emissions than diffuse emissions from agriculture.

Moreover, an analysis for 1995-1999 of the contribution of various administrative units (Estonian 
counties, Latvian and Russian raions) to the total load into the lake (figure 3.9) shows that the 
location in the drainage basin of Ntot inputs into the streams is not as important as for Ptot. 
Although the main contributing areas for both Ntot and Ptot loads are close to the lake, the 
contributing areas for the Ntot loads into Lake Peipsi/Chudskoe are more evenly spread across 
the drainage basin than for the Ptot loads. The upstream areas at the fringes of the drainage basin 
contribute only little to the Ptot loads into the lake. The Russian city of Pskov, which is located 
close to the lake, is responsible for approximately 18 % of the total Ptot input into the lake.

In chapter 4, the spatial distribution of the nutrient concentrations was examined in further detail 
for the Ahja River catchment (901 km2). The log transformed DIN concentrations were found to 
be significantly related to the proportion of agricultural land cover in the ‘area of influence’ (i.e. 
the entire catchment area upstream from a sampling location minus the catchment area of the 
streams at a certain accumulated distance upstream from each sampling location, which is based 
on the stream velocity and the first-order retention rate constant), except for the extremely dry 
seasons of summer 2002 and autumn 2002. For the log transformed DRP concentrations this 
relation with land cover is significant for all six field campaigns (figure 4.6). When the sampling 
locations were classified in plateau and valley locations, it appeared that the relations between 
the nutrient concentrations and agricultural land use were in most cases not significant for the 
plateau locations, which generally have an upstream catchment area smaller than 100 km2. For 
these plateau locations, the nutrient concentrations are probably controlled by local variations in 
fertilizer application and land management, which are not accounted for in the broad agricultural 
land cover class used in this analysis (see Van der Perk, 2007). In contrast, the nutrient 
concentrations in the higher order valley streams are significantly related to upstream land cover, 
because in the higher order streams the influences of local heterogeneities are averaged out. This 
effect was also found by Buck et al. (2004) in New Zealand.

For the same reasons, the export coefficients (i.e. nutrient export from an area expressed in 
mass per unit area per unit time) were highly variable for measurement locations which have 
an upstream area smaller than 100 km2 (figure 4.4). For measurement locations that have an 
upstream area larger than 100 km2, the export coefficients and the nutrient concentrations tend 
to converge to spatially independent average values. The landscape structure (i.e. the spatial 
variation of agricultural versus natural land) is such that the percentage agricultural land in the 
upstream area becomes 42 % when the upstream area is larger than 100 km2. This percentage is 
also the average proportion of agricultural land for the entire Ahja River catchment. This implies 
that – given this landscape structure – it is justified to apply export coefficient approaches based 
on the share of land cover classes with a known nutrient export (e.g. Johnes, 1996) for modelling 
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Ntot and Ptot export from catchments which are larger than 100 km2. This is in line with the 
results of Ekholm et al. (2000), who found that the losses of Ntot, Ptot, and suspended solids per 
unit area do not depend on catchment size.

There is not much variation in the Ntot loss rates (i.e. the Ntot inputs into the river nework 
expressed in mass per unit area per unit time, not taking into account in-stream retention) 
between the four discerned stream order classes (figure 6.5). Only land cover distribution causes 
variation within the stream order classes, as stated above. However, the average Ntot input per 
upstream area is approximately the same for all stream order classes. Only the ratio between 
quick and slow flow contribution to stream Ntot input is slightly different between lower and 
higher order streams.

7.4 Key factors controlling nutrient transfer

7.4.1 Diffuse and point source emissions
The analysis in the previous section demonstrates that the presence of diffuse emissions from 
agricultural land is the most important factor controlling the variation of N and P transfer both 
at the drainage basin scale and at the scale of the tributaries of the Ahja River catchment. Point 
emissions contribute only marginally to Ntot loads in the study area. They comprise only a few 
percent of both the Ntot input into Lake Peipsi/Chudskoe (figure 3.8) and Ntot export from the 
Ahja River (figure 6.5). In contrast, approximately 33 to 38 % of the Ptot loads (in 1985-1999) into 
lake Peipsi/Chudskoe originate from point sources (figure 3.8). The importance of point sources 
for Ptot export from the Ahja River catchment appears from the distinct effect of the renovation 
of the main sewage treatment plant on Ptot concentrations (figure 2.10b).

7.4.2 Total runoff
The Ntot and Ptot concentrations in the Emajõgi at Tartu (figure 2.6) do not show strong 
significant decreasing trends during and after the period of emission changes (1985-2005). 
However, the observed loads (table 3.1) do show a significant decrease in both Ntot and Ptot 
loads. Note that during 1985-1999, mean annual discharge of the Emajõgi also decreased from 70 
to 52 m3 s-1. This explains almost the entire decrease in yearly Ptot load, and part of the decrease 
in the yearly Ntot load. The decrease in yearly Ntot loads is also partly caused by changes in 
the relation between discharge and concentration: especially during spring flood, the Ntot 
concentrations have become lower during the 1990s.

7.4.3 Hydrological pathways
The lack of relations between emissions and DIN and DRP concentrations during hydrologically 
inactive (dry) periods (e.g. summer and autumn 2002), and the fact that stronger relations 
are found in hydrologically most active periods underlines the importance of hydrological 
connectivity to nutrient transfer, especially for N. The regression analysis of log transformed DIN 
concentrations versus land cover within 150 m from the streams (table 4.5) shows that proximity 
of agricultural land cover is more important than the share in the total upstream area for plateau 
locations with an upstream area smaller than 100 km2, except for the extreme dry summer 
and autumn 2002 sampling periods. This demonstrates the importance of short hydrological 
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pathways for DIN transfer to the streams. For log transformed DRP concentrations, the 
inclusion of proximity in the regression analysis did not improve the prediction. The difference 
between the importance of proximity for DIN and DRP can be explained by the difference in 
mobility between N and P species, the relatively smaller influence of groundwater input on P 
concentrations in streams, and the more complex interaction of stream P concentrations with 
bed sediments (Heathwaite and Dils, 2000; Jarvie et al., 2005; Van der Perk et al., 2006; 2007).

The large-scale modelling approach used in chapter 3 discerned three hydrological pathways 
for diffuse transfer of Ntot and Ptot: surface runoff, shallow groundwater runoff and deep 
groundwater runoff. It was concluded that shallow groundwater runoff contributed to 
approximately 74-86 % of the Ntot input into rivers, and the decrease in loads between 1985 
and 1999 can be almost entirely attributed to decrease of this input, partly because of decreased 
Ntot concentrations of shallow groundwater, but also because of the decrease between 1985 and 
1999 of shallow groundwater runoff. For Ptot, it was concluded that the surface runoff pathway 
dominated the transfer to the streams (60-71 % of the input), whereas the deep groundwater 
pathway was almost negligible.

The approach to differentiate the hydrological pathways in chapter 3 results in a satisfactory 
simulation of fluxes of Ntot and Ptot at the drainage basin scale. However, the differentiation of 
pathways proposed in the chapters 5 and 6 is considered more accurate for the characteristics of 
the Ahja River catchment. In the chapters 5 and 6, only two runoff components were proposed: a 
quick and a slow one. The slow component is responsible for approximately a quarter to a third of 
the yearly Ntot input into streams (figure 6.6). The influence of this component increases when 
going downstream from first to higher order streams. In May, the slow pathway is the only active 
pathway, whereas it is still the most important one in June, July, and September (figure 6.5). In 
winter and during the spring flood month of April, it is relatively unimportant, in contrast to the 
quick component.

7.4.4 Nutrient storages in soil and groundwater
Important reasons for the delayed release of Ntot from the Ahja River catchment are both 
the huge soil pool, and the currently increasing input of Ntot from the groundwater, by 
which N from the period of high emissions in the 1980s is still seeping through (chapter 6). 
The initial amount of Ntot stored in the soil before anthropogenic input has an order of 
magnitude of approximately 1 · 106 kg km-2. The emissions as a result of for instance artificial 
fertilizer in 1985-1989 were approximately 1 · 104 kg km-2 year-1 (100 kg ha-2 year-1; see table 3.2) 
and approximately 1.4 · 103 kg km-2 year-1 (14 kg ha-2 year-1) during 1995-1999 (chapter 3). The 
approximate field loss in the Ahja River catchment is approximately 3.55 · 102 kg km2 year-1 (3.55 
kg ha-1 year-1; see figure 6.6). This means that soil storage is typically 2 to 3 orders of magnitudes 
larger than the yearly inputs. Current annual export from the catchment is approximately 
4 orders of magnitude smaller than the soil N storage. The soil N storage will not be quickly 
depleted. For Ptot, figures are comparable, although initial soil storage, inputs, and export are 
typically one order of magnitude smaller than with Ntot.

The amount of N stored in groundwater is still increasing due to continued leaching from the 
soil N pool, and the slow release rates because of the relatively long groundwater transit times 
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in the aquifer. Figure 6.3 shows that groundwater Ntot input in the Ahja River catchments 
is still increasing due to the long transit times combined with the high emissions in the late 
1980s. The important role of groundwater transit times is confirmed by the significant positive 
relation between log transformed plateau DIN concentrations (for the summer 2002 baseflow 
period) and the share of groundwater inflow from agricultural areas with transit times between 
12 and 50 years (figure 6.11). Furthermore, the increase of baseflow Ntot concentrations in the 
Emajõgi at Kavastu since 1995 (see figure 2.6c) underlines the influence of ‘old and high emission 
groundwater’ on stream N concentrations.

7.4.5 In-stream retention
Despite the natural state of many streams in the Ahja River catchment, retention removes only 
approximately 10 percent of the yearly Ntot inputs (chapter 6), because during a large part of 
the year, stream temperatures are below 10 ºC and bacterial activity ceases. This value is close to 
those reported by Lidén et al. (1999), Behrendt (1999), Vassiljev and Stålnacke (2005), Jansson et 
al. (1994), De Wit (2001) and Tonderski (1997).

The estimates of the Ntot losses due to in-stream retention from the drainage basin scale model 
of chapter 3 are approximately two times higher. This is caused by the difference in the model 
concepts used in chapters 3 and 6. In chapter 3, the nutrient transfer through the three discerned 
hydrological pathways was simulated for 1 km2 grid cells. The modelling concept includes 
inputs into the surface waters in each grid cell. However, the stream density in the Lake Peipsi/
Chudskoe drainage basin is lower: in many areas, the average distance to the nearest stream is 
several kilometres. This implies that the retention simulated by the modelling approach used in 
chapter 3 not only includes in-stream retention, but also retention within the soil/groundwater 
system of several upland cells between the grid cell where runoff originates and the stream. The 
modelling in chapter 6 discerns both stream and upland cells, and transfer from upland to stream 
is simulated taking into account groundwater transit times. Therefore, the losses due in-stream 
retention reported in chapter 6 are considered more realistic.

In contrast to other studies at the catchment scale (e.g. Stålnacke et al., 1999; 2003), in-stream 
retention in higher order streams was found to be two times higher than in lower order streams 
(see chapter 6). Various studies at the drainage basin scale (> 10000 km2) have reported a rapid 
decrease of in-stream retention rates with stream channel size (e.g. Alexander, 2000). It was 
concluded that at the scale of the Ahja River catchment, the effect of in-stream residence time 
is the dominant factor controlling variation of in-stream retention. These residence times are 
typically higher in the higher order streams, which generally have a natural, meandering course 
through valleys with low gradients, than in the often artificially ameliorated first and second 
order streams.

7.5 Implications for nutrient transfer

7.5.1 A conceptual model of Ntot transfer
Based on the identification and quantification of the key factors controlling nutrient transfer, the 
following conceptual model of Ntot transfer in the Ahja River catchment emerges. On condition 
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of comparable climatological, geological, geomorphological, and land cover characteristics, this 
model concept is probably valid for many north-eastern European catchments:

May-September: During these months, baseflow conditions dominate. There is limited input of 
Ntot, which occurs largely via the slow runoff pathway (groundwater) (chapter 5). In general, 
relations between upstream area share of agricultural land and loads are weak: Ntot input is 
controlled by groundwater transit times. Therefore, the proximity of agricultural land results 
in higher Ntot input (chapter 4). Most Ntot input into lower order streams is retained on its 
way downstream, so that catchment export (varying between 5-20 · 103 kg month-1 or 5-21 kg 
km-2 month-1) is mainly determined by higher order streams groundwater input (chapter 6). The 
contribution of Ntot export in these five months to the annual export is 10 %.

October-March: During these months, autumn and winter conditions with quick runoff from 
both rainfall events and snow melt episodes dominate (chapter 5). Ntot input into the streams is 
controlled by both slow flow (groundwater) and quick flow. The former comprises approximately 
10 · 103 kg month-1 (or 10 kg km-2 month-1) in October, and gradually decreases to approximately 
5 · 103 kg month-1 (or 5 kg km-2 month-1) in March, because of decreased groundwater recharge 
due to frozen soils and snow accumulation. Meanwhile, quick flow input increases from 
approximately 20 · 103 kg month-1 (or 21 kg km-2 month-1) to 35 · 103 kg month-1 (or 36 kg km-2 
month-1; chapter 6). Relations between agricultural land in the upstream area and loads are 
significant (chapter 4). Proximity of agricultural land controls the variability of the Ntot transfer 
into the streams on the plateau. Because of low temperatures, in-stream retention is absent 
(chapter 6), which causes the Ntot input into all stream order classes to contribute evenly to the 
total catchment export. The contribution of Ntot export in these six months to the total annual 
export is 67 %.

April: This is the spring flood month. Almost all Ntot input originates from the quick runoff 
pathway due to snow melt and rain falling on a soil, which is still frozen (chapter 5). This 
amounts to approximately 65 · 103 kg month-1 (or 6 kg km-2 month-1). The contribution of the 
slow (groundwater) pathway to export is approximately 5 · 103 kg month-1 (or 5 kg km-2 month-1; 
chapter 6). Proximity of agricultural land controls the variability of the Ntot transfer into the 
streams on the plateau (chapter 4). Relations between emissions in the upstream area and loads 
are significant, everywhere in the catchment. In-stream retention is absent (chapter 6), which 
causes the input into all stream order classes to contribute to the catchments export evenly. The 
contribution of Ntot export in this month to the total annual export is 23 %.

7.5.2 Sensitivity to emission changes
Using the knowledge obtained from the research described in this thesis, the sensitivity of the 
landscape with respect to nutrient runoff for the effects of possible future changes in emissions 
or climate can be assessed.

Emission changes in the Ahja River catchment will have a relatively limited effect on Ntot 
transfer because of the presence of relatively thick aquifers with long transit times, which cause 
a delay in reaction of stream Ntot concentrations to diffuse emission decreases. Probably, an 
increase of Ntot loads can be expected, at least during baseflow, in spite of the decrease of Ntot 
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emissions (chapter 6). For Ptot this is not likely, because of the relatively insignificant role of 
groundwater for Ptot transfer. Because of its complex transfer processes, it remains difficult to 
predict changes in Ptot transfer after emission changes.

In contrast to the Ahja River catchment, the reaction of other areas in the Lake Peipsi/
Chudskoe drainage basin is more direct and clearer. Although a part of the reaction is due to 
runoff decrease between 1985 and 1999, the observed nutrient load data and model simulations 
in chapter 3 (figure 3.8) show that changes in emissions due to economic changes cause relatively 
quick changes in loads into Lake Peipsi/Chudskoe. The most realistic scenario for 2015-2019 is 
the Target/fast development scenario, which will result in the return of the high loads characteristic 
of the 1980s. With the information about Ntot transfer, which emerges from the chapters 4, 
5, and 6, the underlying mechanisms are identified and quantified. The difference in reaction 
of the Ahja River catchment and the entire Lake Peipsi/Chudskoe drainage basin to emission 
changes can be explained by the fact that the majority of both Ntot and Ptot inputs into the lake 
originates from the areas directly adjacent to the lake (see figure 3.9). In comparison to the Ahja 
River catchments, these areas have less thick aquifers, less groundwater recharge and more direct 
hydrological connectivity between agricultural land and streams. These factors result in quicker 
and clearer reaction to emission changes.

Chapter 3 demonstrates that much can be gained with respect to Ptot loads if the main sewage 
treatment plants are modernized: For the Target/fast development scenario, this will decrease Ptot 
loads into Lake Peipsi/Chudskoe by approximately 20 % (figure 3.8).

7.5.3 Sensitivity to climate change
The translation of global climate change scenarios to regional hydrological effects through water 
balance modelling (Kont et al., 2002) learns that mean air temperatures in 2050 will probably 
be 1.3-2.6 ºC higher than now (especially in winter and spring), and annual precipitation will 
probably be up to 15 % higher. This will cause an increase in annual runoff, especially during 
winter. Frequent melting periods will cause a decrease in snow accumulation during winter, and 
an earlier snowmelt peak with a lower maximum. Annual groundwater recharge will increase. 
The summer minimum discharge (baseflow situation) will start a month earlier (i.e. in May 
rather than June; Kont et al., 2002).

As a result, a decrease in the transfer of Ntot via the quick pathway in spring is expected. Due 
to increased groundwater recharge in winter, more N will leach to the groundwater. On the one 
hand, the N concentrations and loads will become more dependent on groundwater than now. 
This will probably result in a slight decrease of the annual N load in the short term, and more 
delay and smoothening of the reaction of in-stream concentrations to emission changes. On the 
other hand, an increase in annual runoff in general will also cause an increase in N transfer to the 
streams, both by quick flow and groundwater flow. It is unclear how these two possible effects 
for N balance each other. The decrease of the spring snowmelt will decrease the importance of 
the quick hydrological pathway. Since this is the most important pathway for the transfer of 
Ptot from to water, the P transfer to streams and, accordingly, the P loads are also expected to 
decrease as a result of the predicted climate change.



162 Ph.D. Thesis by Daniël Mourad, Faculty of Geosciences, Utrecht University, Utrecht, The Netherlands

References

Alexander, R.B., R.A. Smith, G.E. Schwarz (2000). Effect of stream channel size on the delivery of nitrogen to 
the Gulf of Mexico. Nature 403, 758-761.

Behrendt, H. (1999). A comparison of different methods of source apportionment of nutrients to river basins. 
Water, Science and Technology 39(12), 179-187.

Buck, O., D.K. Niyogi, C.R. Townsend (2004). Scale-dependence of land use effects on water quality of streams in 
agricultural catchments. Environmental Pollution 130, 287-299.

De Wit, M.J.M. (2001). Nutrient fluxes at the river basin scale. I: the PolFlow model. Hydrological Processes 15, 
743-759.

EEA (European Environment Agency; 2008). Waterbase. Available at: http://dataservice.eea.europa.eu/
dataservice.

Ekholm, P., K. Kallio, S. Salo, P.P. Pietiläinen, S. Rekolainen, Y. Laine, M. Joukola (2000). Relationship between 
catchment characteristics and nutrient concentrations in an agricultural river system. Water Research 34(15), 
3709-3716.

Grimvall, A., P. Stålnacke, A. Tonderski (2000). Time scales of nutrient losses from land to sea – a European 
perspective. Ecological Engineering 14, 363-371.

Heathwaite, A.L., R.M. Dils (2000). Characterising phosphorus loss in surface and subsurface hydrological 
pathways. The Science of the Total Environment 251-252, 523-538.

Iital, A., P. Stålnacke, J. Deelstra, E. Loigu, M. Pihlak (2005). Effects of large-scale changes in emissions on 
nutrient concentrations in Estonian rivers in the Lake Peipsi drainage basin. Journal of Hydrology 304(1-4), 
261-273.

Jansson, M., R. Andersson, H. Berggren, L. Leonardson (1994). Wetlands and Lakes as Nitrogen traps. Ambio 23, 
320-325.

Janssons, V., P. Busmanis, I. Dzalbe, D. Kirsteina (2003). Catchment and drainage field nitrogen balances and 
nitrogen loss in three agriculturally influenced Latvian watersheds. European Journal of Agronomy 20, 
173-179.

Jarvie, H.P., M.D. Jürgens, R.J. Williams, C. Neal, J.L.L. Davies, C. Barrett, J. White (2005). Role of river bed 
sediments as sources and sinks of phosphorus across two major eutrophic UK river basins: the Hampshire 
Avon and the Herefordshire Wye. Journal of Hydrology 304, 51-74.

Johnes, P.J. (1996). Evaluation and management of the impact of land use change on the nitrogen and phosphorus 
load delivered to surface waters: the export coefficient modelling approach. Journal of Hydrology 183, 323-349.

Kont, A., J. Jaagus, T. Oja, A. Järvet, R. Rivis (2002). Biophysical impacts of climate change on some terrestrial 
ecosystems in Estonia. GeoJournal 57, 169-181.

Laznik, M., P. Stålnacke, A. Grimvall, H.B. Wittgren. (1999). Riverine input of nutrients to the gulf of Riga – 
temporal and spatial variation. Journal of Marine Systems 23, 11-25.

Lidén, R., A. Vasilyev, P. Stålnacke, E. Loigu, H.B. Wittgren (1999). Nitrogen source apportionment – a 
comparison between a dynamic and a statistical model. Ecological Modelling 114, 235-250.

Löfgren, S., A. Gustafson, S. Steineck, P. Stålnacke (1999). Agricultural development and nutrient flows in the 
Baltic States and Sweden after 1988. Ambio 28/4, 320-327.

Loigu, E., Ü. Leisk (1996). Water quality of rivers in the drainage basin of Lake Peipsi. Hydrobiologia 338, 25-35.
Mander, Ü., A. Kull, V. Tamm, V. Kuusemets, R. Karjus (1998). Impact of climatic fluctuations and land use change 

on runoff and nutrient losses in rural landscapes. Landscape and Urban Planning 41, 229-238.
Stålnacke, P., A. Grimvall, C. Libiseller, M. Laznik, I. Kokorite (2003). Trends in nutrient concentrations in 

Latvian rivers and the response to the dramatic change in agriculture. Journal of Hydrology 283, 184-205.



Patterns of nutrient transfer in lowland catchments  163

Stålnacke, P., N. Vagstad, T. Tamminen, P. Wassmann, V. Jansons, E. Loigu (1999). Nutrient runoff and transfer 
from land and rivers to the gulf of Riga. Hydrobiologia 410, 103-110.

Tonderski, A. (1997). Control of nutrient fluxes in large river basins. PhD thesis. Linköping studies in Arts and 
Science 157. Linköping: Linköping University.

Van der Perk, M. (2006) Soil and water contamination – from molecular to catchment scale. Leiden: Taylor and 
Francis – Balkema.

Van der Perk, M., P.N. Owens, L.K. Deeks, B.G. Rawlins (2006). Streambed sediment geochemical controls on 
in-stream phosphorus concentrations during baseflow. Water, Air and Soil Pollution – Focus 6, 443-451.

Van der Perk, M., P.N. Owens, L.K. Deeks, B.G. Rawlins, P.M. Haygarth, K.J. Beven (2007) Controls on 
catchment-scale patterns of phosphorus in soil, streambed sediment, and stream water. Journal of 
Environmental Quality 36, 694-708.

Vassiljev, A. P. Stålnacke (2005). Statistical modelling of riverine nutrient sources and retention in the Lake Peipsi 
drainage basin. Water Science and Technology 51(3-4), 309-317.



164 Ph.D. Thesis by Daniël Mourad, Faculty of Geosciences, Utrecht University, Utrecht, The Netherlands



Patterns of nutrient transfer in lowland catchments  165

Samenvatting

Patronen in de overdracht van nutriënten in laaglandstroomgebieden
Een studie in het noordoosten van Europa

1  Inleiding

Alle organismen op aarde hebben nutriënten zoals stikstof (N) en fosfor (P) nodig om te 
groeien. De aanwezigheid van deze nutriënten in verschillende milieucompartimenten, zoals de 
oceanen, de atmosfeer, bodems, vast gesteente, meren en rivieren wordt gestuurd door globale 
cycli. In de afgelopen vijftig jaar heeft de mens deze cycli ingrijpend veranderd. Zo wordt 
door bijvoorbeeld de productie en toepassing van kunstmest inmiddels op wereldschaal meer 
atmosferisch stikstof vastgelegd in de bodem dan door natuurlijke processen. Slechts een kwart 
hiervan wordt door planten gebruikt. De rest blijft in bodem en grondwater hangen, en lekt 
onder invloed van de stroming van water naar grondwater, beken en rivieren. De invloed van 
de mens op de fosforcyclus is vergelijkbaar. Onder invloed van de intensieve landbouw verweert 
gesteente sneller waardoor fosfor vrijkomt. Bovendien wordt fosfor via mijnbouw gewonnen voor 
gebruik als kunstmest.

Deze studie richt zich op het deel van de globale N- en P-cycli dat te maken heeft met de 
overdracht van deze nutriënten tussen land en oppervlaktewater en het transport door het 
rivierennetwerk. Nutriënten uit puntbronnen, zoals industriële lozingen of lozingen uit 
rioolwaterzuiveringen, worden vaak direct op het oppervlaktewater geloosd en zijn relatief 
eenvoudig te inventariseren. Nutriënten uit diffuse bronnen echter, zoals atmosferische depositie, 
verwering, en in de landbouw toegepaste mest bereikt het oppervlak indirect en op verschillende 
manieren. Dit is afhankelijk van de hydrologische en fysisch-geografische kenmerken van het 
landschap.

Vanwege de makkelijke oplosbaarheid stroomt N (voornamelijk in de vorm van nitraat) vooral 
via het grondwater naar het oppervlaktewater. Afhankelijk van lokale omstandigheden, zoals de 
aanwezigheid van anoxische condities en voldoende organisch materiaal in de aquifer, kan er op 
deze route denitrificatie optreden. Hierbij wordt nitraat gereduceerd tot stikstofgas dat snel uit 
het systeem vervluchtigt. P is aanzienlijk minder oplosbaar dan N, en de dominante bindingsvorm 
(ortho-fosfaat) wordt of blijft geadsorbeerd aan bodemdeeltjes. Hierdoor vormt oppervlakkige 
afstroming en de daarmee gepaard gaande bodemerosie en sedimenttransport de belangrijkste 
route voor P naar het oppervlaktewater. Als de nutriënten eenmaal het oppervlaktewater hebben 
bereikt, dan zijn ze nog altijd onderhevig aan een reeks biogeochemische processen: zo kunnen 
ze bijvoorbeeld al dan niet tijdelijk opgeslagen worden in waterbodems of overstromingsvlakten, 
of opgenomen door waterplanten, en pas later weer verder getransporteerd worden. Ook kan 
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in waterbodems rijk aan organisch materiaal het nitraat worden gedenitrificeerd, terwijl 
P kan neerslaan in de vorm van ijzer- of calciumfosfaat. Dit alles is afhankelijk van de lokale 
hydrologische, hydrochemische en biologische condities.

Uiteindelijk leidt het toegenomen transport van nutriënten naar het oppervlaktewater vooral 
in oppervlaktewateren met een langere verblijftijd, zoals meren en zeeën, tot eutrofiëring. 
Dit is het verschijnsel waarbij door verhoogde nutriëntenconcentraties excessieve groei van 
algen, diatomeeën en waterplanten optreedt. Hierdoor ontstaat weer zuurstofgebrek, gevolgd 
door vissterfte en een snelle achteruitgang van de waterkwaliteit, met nadelige gevolgen voor 
bijvoorbeeld visserij en toerisme. Om eutrofiëring te voorkomen zijn zowel op nationale als 
op internationale schaal afspraken gemaakt. Zo wordt in de Europese Unie op dit moment de 
Kaderrichtlijn Water geïmplementeerd, waarin waterkwaliteit en -kwantiteit integraal worden 
bezien. Ook wordt voor het waterbeheer het stroomgebied nu de belangrijkste beheerseenheid in 
plaats van de ecologisch irrelevante lands- of provinciegrenzen.

Voor wetenschappelijke doeleinden en ter ondersteuning van het waterbeheer worden modellen 
gemaakt om de processen die de overdracht van nutriënten naar het oppervlaktewater en het 
transport door het rivierennetwerk van een stroomgebied te beschrijven. De basis voor deze 
modellen vormen empirische relaties tussen emissies en landgebruiksvariabelen en fysisch-
geografische variabelen enerzijds, en gemeten waterkwaliteitsvariabelen anderzijds. Deze 
waterkwaliteitsvariabelen zijn bijvoorbeeld nutriëntenconcentraties (uitgedrukt in mg l-1) 
rivierafvoeren (in m3 s-1) en daaruit berekende nutriëntenvrachten (bijvoorbeeld uitgedrukt in kg 
dag-1). Er bestaan modellen voor het simuleren van concentraties en vrachten voor alle ruimte- 
en tijdsschalen. De ruimteschaal varieert van een enkel veld, via een stroomgebied tot hele 
continenten en zelfs de hele wereld. Tijdsschalen varieren van de duur van een enkele bui, via 
enkele weken tot perioden van jaren. Elke combinatie van een bepaalde ruimte- en een bepaalde 
tijdsschaal dient een specifiek doel.

Dit proefschrift richt zich op de regionale schaal van middelgrote stroomgebieden (100-100000 
km2) voor perioden van maanden tot decennia. Gekozen is voor een studiegebied in het laagland 
in het noordoosten van Europa: het stroomgebied van het Peipsi-meer. Dit strekt zich uit over 
de grenzen van Rusland, Estland en Letland. Het Peipsi-meer (grootte: 3555 km2; gemiddelde 
diepte: 7.1 m) heeft al lang te maken met eutrofiëringsverschijnselen. Hiervan zijn de oorzaken 
nog niet geheel bekend. Juist na het ineenstorten van de Sovjet-Unie en het weer onafhankelijk 
worden van de Baltische Staten leken deze verschijnselen weer toe te nemen, ondanks het feit 
dat door een landbouwcrisis de emissies van N en P juist dramatisch afnamen. Hieruit blijkt dat 
de relatie tussen emissies en waterkwaliteit complex is.

Het algemene doel van dit proefschrift is het identificeren en kwantificeren van de factoren 
die de overdracht van N en P in stroomgebieden in het noordoosten van Europa bepalen. Dit 
algemene doel valt in drie onderdelen uiteen:
1. Het kwantificeren van de overdacht van nutriënten, vrachten en concentraties in het 

stroomgebied van het Peipsi-meer in verleden, heden en toekomst;
2. Het kwantificeren van de ruimtelijke verdeling en de seizoensvariatie;
3. Het identificeren van de belangrijkste factoren die deze patronen in ruimte en tijd bepalen.
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De nadruk wordt gelegd op het verbeteren van methoden voor het ontrafelen van het relatieve 
aandeel van punt- en diffuse bronnen in de totale vracht, het vergroten van de kennis van 
processen die in beken en rivieren spelen, en het identificeren van de processen en factoren die 
de vertraagde reactie van de oppervlaktewaterkwaliteit op grootschalige emissieveranderingen 
verklaren.

2 Het studiegebied

Het stroomgebied van het Peipsi-meer heeft een oppervlakte van 45541 km2, waarvan 59 % zich 
in Rusland, 33 % in Estland en 8 % zich in Letland bevindt. Het is een laaglandgebied dat zijn 
huidige vorm dankt aan de werking van gletsjers in de laatste ijstijd, en bevindt zich gemiddeld 
91 meter boven zeeniveau. De ondergrond bestaat uit Paleozoïsche gesteenten, vooral kalk- en 
zandsteen, afgedekt met glaciale afzettingen. Het klimaat is een overgangsklimaat tussen het 
Atlantische en het continentale klimaat. De belangrijkste rivieren die het Peipsi-meer voeden zijn 
de Emajõgi en de Velikaya. De Emajõgi draineert vooral het Estse deel van het stroomgebied, 
terwijl de Russische en Letse delen vooral afwateren op de Velikaya. Ongeveer 28 % van het 
stroomgebied bestaat uit landbouwgrond, 61 % uit bos en andere natuurlijke gebieden. Er wonen 
rond de 800000 mensen. Sinds de Tweede Wereldoorlog zijn de nutriëntenemissies in het gebied 
eerst lineair gestegen (1945-1990), daarna zeer plotseling sterk afgenomen (rond 1991) en laag 
gebleven. Pas na 2000 is er weer een lichte stijging. De sterke daling van nutriëntenemissies rond 
1991 is in meer of mindere mate terug te zien in de waterkwaliteit van de rivieren.

In het zuiden van Estland ligt het 901 km2 grote stroomgebied van de Ahja Jõgi (de rivier de 
Ahja), dat deel uitmaakt van het stroomgebied van het Peipsi-meer. Op grond van de duidelijk 
verschillende deelstroomgebieden van de zijrivieren en praktische overwegingen zoals de 
beschikbaarheid van data is dit stroomgebied gekozen voor gedetailleerde studie. Het Ahja-
stroomgebied is in vele opzichten representatief voor het hele stroomgebied van het Peipsi-meer, 
maar in de ondergrond bevindt zich een relatief dikke aquifer (79-270 m) van zandsteen en 
glaciale afzettingen. Het westelijk deel van het stroomgebied is heuvelig en hoger dan het relatief 
vlakke oostelijk deel. De beken en rivieren bevinden zich in de voor het noordoosten van Europa 
karakteristieke laat-Pleistocene oerstroomdalen, die nu bijna geheel bebost zijn. Ongeveer 40 % 
van het gebied bestaat uit landbouwgrond, 2 % is bebouwd en de rest bestaat uit bos en andere 
natuurlijke gebieden. Er wonen ongeveer 18000 mensen.

De concentraties in total-N (Ntot) in de Ahja schommelen tussen 0.5 mg l-1 in de zomer en 3.0 
mg l-1 in de winter. Omdat de afvoer door het jaar hen ook sterk varieert (die is bijvoorbeeld voor 
de maand april door sneeuwsmelt ongeveer twee keer hoger dan in de rest van het jaar), levert 
dit een variatie op in maandelijkse vrachten tussen 5 en 80 ton per maand. Concentraties in 
total-P (Ptot) schommelen tussen 0.01 mg l-1 in de zomer en 0.12 mg l-1 in de winter. Dit levert 
gecombineerd met de afvoer een variatie in maandelijkse vrachten op tussen 0.2 en 6 ton per 
maand. Ntot-concentraties vertonen een licht dalende trend in het begin van de jaren negentig, 
terwijl de Ptot-concentraties abrupt lager worden na de renovatie in 1998 van een belangrijke 
rioolwaterzuivering in het gebied.
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3  Veranderingen in emissies, -fluxen en retentie in 
het stroomgebied van het Peipsi-meer

Om de bronnen van de toevoer van N en P naar het Peipsi-meer te kwantificeren, en de 
verandering daarin als gevolg van economische ontwikkelingen in te schatten, werden de emissies, 
de overdracht en het transport en de retentie in beken en rivieren in het gehele stroomgebied van 
het Peipsi-meer gesimuleerd met een model. Dit model is geïmplementeerd in een Geografisch 
Informatie Systeem (GIS) en beslaat de periode 1985-1999. Het model is opgezet voor 
tijdstappen van vijf jaar, en gekalibreerd met behulp van gemeten concentratie- en afvoerdata 
van rivieren. Vervolgens is dit gekalibreerde model weer gebruikt voor het doorrekenen van vijf 
toekomstscenario’s. Deze scenario’s vertegenwoordigen ieder een verschillende economische 
ontwikkeling voor de periode 2015-2019: 1) Business as Usual, 2) Target/Fast Development, 3) Crisis, 
4) Isolation en 5) een combinatie van Target/Fast development in Estland en Letland en Crisis in 
Rusland. Met behulp van locale experts werden de kwalitatieve ‘story lines’ van deze scenario’s 
vertaald naar veranderingen in de emissies van nutriënten ten opzichte van de huidige situatie.

Uit de modelresultaten blijkt dat gedurende 1985-1999 de P-emissies veel sneller daalden 
dan de N-emissies. Deze trends komen echter niet terug in de toevoer van N en P naar het 
Peipsi-meer: N-vrachten reageerden relatief sneller op emissieveranderingen, waardoor de 
N:P ratio in de belangrijkste rivieren daalde, hetgeen eutrofiëring kan bevorderen. Volgens de 
modelberekeningen bereikt 30-45 % van de diffuse N-emissies het rivierennetwerk, en slechts 
3-10 % van de diffuse P-emissies. Retentie in beken en rivieren reduceert vervolgens de toevoer 
van N en P naar het Peipsi-meer met respectievelijk 62 en 72 %. In het meest waarschijnlijke 
toekomstscenario, Target/Fast Development, is zowel de toevoer van N als de toevoer van P 
naar het meer hoger dan nu. Uit een ruimtelijke analyse van de door het model gesimuleerde 
bronnen van de toevoer van nutriënten naar het meer, blijkt dat relatief veel afkomstig is van 
diffuse bronnen in gebieden dichtbij het meer (<50 km2). Reductie van nutriëntenoverdracht in 
juist deze gebieden zal de effectiefste methode zijn om de toevoer van nutrienten uit diffuse 
bronnen te verminderen. Omdat een relatief fors deel van de toevoer van P afkomstig is van 
enkele puntbronnen (de steden Pskov in Rusland en Tartu in Estland), is er veel te winnen door 
het verbeteren van de efficiëntie van de rioolwaterzuiveringsinstallaties van deze steden.

4  Ruimtelijke en temporele patronen in 
nutriëntenconcentraties in het Ahja-stroomgebied

Om de belangrijkste factoren die de ruimtelijke en temporele variatie in de overdracht van 
nutriënten bepalen nader te onderzoeken, is in het vervolg van dit proefschrift de nadruk gelegd 
op het Ahja-stroomgebied.

Gedurende zes seizoenen die ieder een representatieve ‘hydrologische situatie’ vertegenwoordigen 
(zomer 2002, herfst 2002, voorjaar 2003, zomer 2003, herfst 2003 en voorjaar 2004) zijn in 
het Ahja-stroomgebied enkele honderden watermonsters genomen om de ruimtelijke- en 
seizoensvariatie in de concentraties van Dissolved Inorganic Nitrogen (DIN) en Dissolved Reactive 
Phosphorus (DRP) te kwantificeren en de invloed van landgebruik en landschapsstructuur 
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hierop te bekijken. Met een synoptisch bemonsteringsschema werden per veldcampagne de 
concentraties gekarteerd in alle soorten oppervlaktewater, variërend van slootjes en kleine 
stroompjes tot grotere rivieren. Met behulp van lineaire regressie werden de relaties tussen het 
relatieve aandeel landbouwgrond in het gebied direct bovenstrooms van een bemonsteringslocatie 
en de log-getransformeerde DIN- en DRP-concentraties, ln(DIN) en ln(DRP), bekeken. In een 
tweede analyse werd slechts het relatieve aandeel landbouwgrond binnen een afstand van 150 m 
van de rivier gebruikt als onafhankelijke variabele, om zo te kijken of de afstand, en daarmee de 
mate van hydrologische ‘connectiviteit’ tussen emissies en oppervlaktewater van invloed is op de 
waterkwaliteit.

De grootste variatie in ln(DIN)- en ln(DRP)-concentraties is te zien in lage orde 
(bovenstroomse) beken en riviertjes. In alle seizoenen middelen de concentraties in hogere orde 
rivieren (benedenstrooms) uit. De variatie in export uit het stroomgebied (uitgedrukt in kg km-2 
dag-1) tussen de seizoenen onderling wordt voornamelijk veroorzaakt door variatie in rivierafvoer. 
In extreem droge perioden, zoals in zomer en herfst 2002, blijken er geen significante verbanden 
te zijn tussen ln(DIN)-concentraties enerzijds en landgebruik en landschapsstructuur anderzijds. 
Voor ln(DRP) zijn er dan slechts zwakke relaties. In seizoenen met meer afvoer zijn de relaties 
tussen concentraties en landgebruik en landschapsstructuur beter in hoge- dan in lage orde 
rivieren. In lage orde rivieren blijkt het relatieve aandeel landbouwgrond binnen een afstand van 
150 m van de rivier de voorspellende waarde van het regressiemodel voor ln(DIN)-concentraties 
significant te verbeteren. Hieruit kan geconcludeerd worden dat de hydrologische connectiviteit 
bovenstrooms belangrijk is, terwijl benedenstrooms het relatieve aandeel landbouwgrond in het 
bovenstroomse gebied voldoende is om verschillen in concentraties te verklaren.

5 Simulatie van hydrologische paden en 
grondwaterverblijftijden in het Ahja-stroomgebied

Omdat de hydrologische connectiviteit een belangrijke factor is voor de overdracht van nutriënten 
tussen land en oppervlaktewater, dient deze factor op een goede wijze te worden gerepresenteerd 
in waterkwaliteitsmodellen. Op dit moment is de resolutie van modellen voor de regionale schaal 
te grof om de hydrologische paden in tijd en ruimte goed te kunnen beschrijven. Daarom werd 
een nieuwe modelbenadering ontwikkeld, gebaseerd op een waterbalans per cel en een simulatie 
van afvoer door middel van twee afvoercomponenten: Een snelle component (oppervlakkige 
afstroming, sneeuwsmelt) en een langzame component (grondwater). Met behulp van een 
GIS-implementatie van bestaande mathematische vergelijkingen die grondwaterstroming en 
grondwaterverblijftijden beschrijven als functie van grondwateraanvulling en landschaps- en 
aquiferkarakteristieken, kan zo op elk punt in het rivierennetwerk de afvoer en – in het geval van 
grondwater – de ouderdom van het water worden gesimuleerd.

Dit nieuwe hydrologische model werd toegepast op het Ahja-stroomgebied voor de periode 
1991-2000, en gekalibreerd op de 7-dagen gemiddelde afvoer van de Ahja. De meerwaarde van 
de door het model verkregen verbeterde dynamische simulatie van de grootte en de ruimtelijke 
verspreiding van snelle en langzame afvoercomponenten voor waterkwaliteitsmodellering werd 
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getest met behulp van ln(DIN)-concentraties in het oppervlaktewater, verkregen tijdens de 
veldcampagnes. Gedurende basisafvoer in de zomer (zomer 2002) bleken de hoogste ln(DIN)-
concentraties zoals verwacht voor te komen in beken en rivieren met in het deelstroomgebied 
relatief korte grondwaterverblijftijden, met ook nog eens relatief veel water uit landbouwgrond. 
Tijdens een typische afvoerpiek in het voorjaar (voorjaar 2004) werden de ln(DIN)-concentraties 
vooral bepaald door het aandeel van de snelle afvoercomponent afkomstig van landbouwgrond in 
de totale afvoer.

6 Seizoensdynamiek van hydrologische paden en stikstofretentie 
in beken en rivieren in het Ahja-stroomgebied

Nu de invloed van hydrologische paden en grondwaterverblijftijden op de ln(DIN)-concentraties 
bekend is, maakt dit de weg vrij voor de koppeling van een stikstofmodel aan het nieuwe 
hydrologische model, om zo de overdracht van N op een zo goed mogelijke manier te kunnen 
beschrijven. Als stikstofmodel zijn delen van de modelbenadering van hoofdstuk 3 gebruikt. Op 
basis van jaarlijkse Ntot emissies en de verdeling van het neerslagwater werden de overdracht van 
Ntot naar de bodem, het verlies naar de atmosfeer, en het transport via de twee onderscheiden 
hydrologische paden (de snelle en de langzame afvoercomponent) gesimuleerd. Dit gebeurde 
met tijdstappen van een maand voor de periode 1991-2004, rekening houdend met de emissies 
vanaf de Tweede Wereldoorlog en de daardoor ontstane verdeling van Ntot in bodem en 
grondwater. De grondwaterverblijftijden bepaalden de overdracht van Ntot van grondwater naar 
het oppervlaktewater. Retentie in beken en rivieren werd gemodelleerd op basis van verblijftijden 
en watertemperatuur.

De gesimuleerde jaarlijkse vrachten op de meest benedenstrooms gelegen monsterlocatie 
(kg jaar-1) kwamen zonder kalibratie goed overeen met de gemeten vrachten. Variatie in 
de toevoer van Ntot naar de beken en rivieren via de snelle afvoercomponent blijkt voor het 
grootste deel de maandelijkse en jaarlijkse variatie in vrachten uit het stroomgebied te verklaren. 
Grondwatertoevoer van Ntot bedraagt ongeveer 25 % van de totale toevoer naar de beken en 
rivieren, en blijft gedurende het jaar vrij stabiel, maar is iets hoger in de herfst. Op de lange 
termijn lijkt de grondwatertoevoer van Ntot toe te nemen. Retentie in beken en rivieren 
verwijdert op jaarbasis slechts 9.5 % van de toevoer van Ntot van het land naar de beken en 
rivieren. Het vindt eigenlijk alleen maar plaats gedurende mei tot en met september, als de 
watertemperaturen hoog genoeg zijn. De meeste retentie vindt benedenstrooms plaats: hier zijn 
de verblijftijden in de beken relatief lang, door het lage verhang en de aanwezigheid van veel 
meanders. De Ntot-concentraties in de Ahja vertonen geen neergaande trend tussen 1991 en 
2004. Waarschijnlijk komt dit vooral door de grote hoeveelheid Ntot in de bodem en de lange 
grondwaterverblijftijden. Hierdoor stroomt nog steeds Ntot uit de periode met hoge emissies 
(1950-1991) naar het oppervlaktewater.
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7 Synthese

Uit dit proefschrift blijkt dat de nutriëntenconcentraties in het studiegebied over het algemeen 
laag zijn vergeleken bij West-Europa, zeker na 1991. Ze zijn echter nog steeds hoog genoeg om 
waterkwaliteitsproblemen te veroorzaken. Het is mogelijk gebleken de factoren en processen, 
die de ruimtelijke en temporele variatie van concentraties en vrachten van nutriënten bepalen, 
te kwantificeren. Dit gold zowel voor de toevoer van Ntot en Ptot naar het Peipsi-meer op 
vijfjaarbasis tussen 1985 en 1999 en voor de toekomst (2015-2019), als voor de seizoensvariatie en 
de ruimtelijke variatie van concentraties en vrachten in het het kleinere Ahja-stroomgebied.

De aanwezigheid van diffuse emissies vanuit de landbouw is de belangrijkste factor. Voor het 
optreden van verhoogde N en P-concentraties en vrachten. Puntbronnen zijn vooral voor Ptot 
van belang. Vanwege het feit dat meer waterafvoer leidt tot meer mobilisatie van nutriënten, 
vormt de grootte van de totale afvoer een tweede belangrijke factor. Een derde factor is de 
ruimtelijke en temporele variatie in hydrologische transportpaden (de connectiviteit). Dit blijkt 
ondermeer uit het ontbreken van landgebruik-waterkwaliteit-relaties tijdens droge perioden 
enerzijds, en uit het belang van nabijheid van emissies voor verhoogde DIN-concentraties 
bovenstrooms anderzijds. Ook het feit dat korte grondwaterverblijftijden en landbouwgrond 
hogere DIN-concentraties in beken en rivieren opleveren ondersteunt het belang van ruimtelijke 
connectiviteit. Het temporele belang van connectiviteit blijkt uit het feit dat een groot deel van 
de jaarlijkse export in het studiegebied in april plaatsvindt, als de snelle component de afvoer 
domineert. Een vierde factor is de hoeveelheid nutriënten die opgeslagen zit in bodem en 
grondwater. Deze overtreft veruit de jaarlijkse export uit het gebied, waardoor de reactie van 
waterkwaliteit op emissieveranderingen traag of afwezig kan zijn. In het Ahja-stroomgebied 
verdoezelen vooral de lange grondwaterverblijftijden de effecten van emissieveranderingen op 
de waterkwaliteit. De vijfde en laatste belangrijke factor is retentie in beken en rivieren. In het 
Ahja-stroomgebied wordt rond de 10 % van de DIN-input verwijderd door dit proces, vooral 
benedenstrooms en alleen gedurende de zomer.

Uit het totaalbeeld van factoren en processen ontstaat een conceptueel model van de overdracht 
van nutriënten tussen land en oppervlaktewater. Op basis hiervan is het mogelijk uitspraken te 
doen over de gevoeligheid van het gebied voor toekomstige emissie- en klimaatveranderingen. 
De te verwachten stijging in emissies zal over het algemeen verhoogde input in het Peipsi-meer 
tot gevolg hebben, vooral vanuit gebieden met een groot relatief aandeel van de snelle component 
in de totale afvoer. Voor het Ahja-stroomgebied zal het effect – in ieder geval wat betreft N – 
door de dikke aquifers beperkt zijn. De in het noordoosten van Europa verwachtte stijging in 
temperaturen en neerslag als gevolg van klimaatverandering zal vooral betekenen dat er in de 
winter minder sneeuw valt, grondwater relatief belangrijker wordt, en de voorjaarspiek in afvoer 
uit de snelle afvoercomponent juist minder belangrijk. Voor N is het nog niet duidelijk of de 
verschuiving naar grondwater en gelijktijdige verhoging van de jaarlijkse afvoer leidt tot hogere 
of lagere vrachten. Het afnemen van het belang van de snelle afvoercomponent zal waarschijnlijk 
wel leiden tot lage P-vrachten.
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