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EU Water Framework Directive:  
A Need for Research and Tools 

 
Seppo Rekolainen 

Finnish Environment Institute – SYKE 
 
 
The Water Framework Directive (WFD) of the European Union is a framework for a 
European environmental legislation that aims to harmonize existing European water 
policies and to improve water quality in all aquatic environments within the 
community area. This will be done through a new integrated approach resulting in the 
protection and improvement of the sustainable use of all waters. Successful 
transposition and implementation of the WFD is a challenge not only to the govern-
ments and competent authorities, but also to the research organizations providing the 
scientific support for the different phases of the implementation. 

Assessments to guide, support, monitor and evaluate policies, such as the WFD, 
require scientific approaches, which integrate biophysical and human aspects of 
ecological systems and their interactions. These assessments need to proceed from 
well-developed frameworks rooted in human ecosystem thinking. Amongst other 
relevant criteria, these frameworks need to reveal different aspects of environmental 
problems, their causes and remedies, and they should provide a basis for scientific 
methods needed to analyze them. These frameworks should also recognize linkages 
between various aspects of the ecological and socio-economic systems. An analysis of 
these linkages requires development of modelling systems. 

The overall WFD implementation process consists of several consecutive steps, 
and the successful implementation of these steps requires different kinds of decision 
support tools, such as pollution quantification algorithms, decision support systems, 
and dynamic simulation models. Moreover, due to the lack of information on linkages 
between drivers, pressures, impacts and responses, new research is needed.  

The objective of this paper is to present a conceptual framework that will assist in 
identifying the need and the role of models and other tools as well as other research in 
the various phases of the WFD implementation process.  

This framework has been based on the DPSIR (Drivers, Pressures, State, Impact, 
Responses) framework, which has been used to identify, which type of tools and/or 
models might be used in the three different phases of the implementation identified: 
(I) in, the assessment of pressures, impacts and potential objectives (formulation of 
scenarios and setting the objectives), (II) in the assessment of the needs for remedial 
measures and their ecological, social and economic consequences (derivation of mea-
sures, ex ante evaluation), and (III) in the assessment of the effectiveness and social, 
economic and ecological impacts of policies (assessment of policies, ex post 
evaluation).  

In the phase for the formulation of scenarios, there is the requirement for the 
analysis of pressures, impacts, and risks of failing the good ecological status, as well 
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as for the economic analysis of water use. All this had to be completed by the member 
states by the end of 2004, which means that in many cases only simple and readily 
available tools and models could be utilized. However, these analyses have to be 
repeated during the second planning cycle, by the year 2013. The following tools and 
models were identified that may be used following the concept of producing scenarios: 

• Pressure quantification models are used to calculate pollution loading estimates 
from the present and anticipated future situations for drivers: these models 
range from simple regression and transfer coefficient models to comprehensive 
process-based models for point and non-point source pollution. These types of 
models and calculation methods are widely available, but models assessing 
hydro-morphological pressures and toxic substances might need further 
development. 

• Chemical models are capable for using pressure information as input and 
accounting for relevant physical and chemical processes in surface and ground-
water to produce the chemical state as the output. There are various examples 
for these types of models including river, groundwater and lake domains, and 
ranging from simple retention models to comprehensive commercial model 
software packages. 

• Ecological dose-response models can be used to simulate the causal relation-
ships between the chemical status and ecological status. There are a number of 
models available which can account for some biological quality elements 
referred to in the WFD. Most widely used are the models predicting the 
phytoplankton biomass, abundance and species composition from the environ-
mental conditions (physical and chemical conditions). Further work is required 
for models describing the complex relationships between water chemistry and 
other ecological quality elements. Some achievements could be made by 
improving the existing models, but also new tools and methods are needed to 
assess the links between pressures, chemical status and ecological status, and 
also the direct links between hydromorphological pressures and ecological 
status. 

• Economic analysis of water use includes identification of main water uses and 
services and their future trends until 2015 (baseline scenario), as well as the 
assessment of current water pricing policies. To assess the effect of environ-
mental and sector policies, price changes, technological development etc. on 
different economic driving forces in future, economic optimisation models, 
partial equilibrium models and econometric models may be used. Current water 
pricing policies can be assessed by using econometric data on price elasticity of 
water demand in different sub-sectors. In addition to financial costs, environ-
mental and resource costs of current water services need to be assessed by 
different environmental cost valuation methods, such as market methods or 
cost-based valuation methods (for use of economic models in the environmental 
contexts). 

 
The above flow of information between models calls for the development of such 
integrated model systems that can reflect the present level of science in answering 
questions posed to them. The model systems should be capable of joining the 



EU Water Framework Directive: A Need for Research and Tools 11

individual domain models (flow of information) in a well-balanced way, at the same 
time accounting for the uncertainty inherent both in the individual domains and in the 
links between them.  

Derivation of measures will start after the environmental objectives have been set. 
The first step in this object oriented management is to assess the target chemical status 
and the required improvement in the chemical concentrations necessary to achieve the 
environmental objectives expressed as numerical thresholds for biological quality 
elements (note that hydromorphological pressures may well affect directly the 
biological quality elements and thus ecological state, e.g. due to loss of habitat, and 
thus their impact does not necessarily imply changes in the chemical state). Then these 
critical chemical limits will be used as targets for defining optimal, feasible and cost-
effective management options to identify the needs for remedial measures for the 
drivers, i.e. different polluting sectors. The following tools and models have been 
identified that may be used in the object oriented management, ex ante evaluation:  

• Consultations, public participation for setting the environmental objectives: 
these objectives will be set on a national level as a result of political consi-
derations, although all scientific findings e.g. on the ecological classification 
and typification are taken into account The national objectives will be set as 
numerical thresholds for biological quality elements, i.e. the predefined 
ecological indicators. In practice the limit value between the classes of the good 
and moderate ecological status forms the critical limit and the overall 
environmental objective for that particular water body. In case of heavily 
modified water bodies, where reaching the common national targets would 
require disproportionate costs, single river basins need to justify the derogation 
of the basin by cost-benefit calculations. Environmental valuation methods, 
such as hedonic pricing or market valuation methods developed in economics, 
can be used in the analysis. 

• Ecological models, which are now used to simulate critical chemical thresholds 
from the assigned numerical thresholds for the biological quality elements. The 
models are mostly the same models as the ecological dose-response models. 

• Target load models, which would describe the critical load for each system and 
water body. In practice these models would be simple calculation methods 
taking the chemical critical thresholds as starting points and calculating the 
maximum (tolerable) loading values that would not lead to exceedance of the 
critical chemical thresholds.  

• Management models, which are used to assist in deriving the programme of 
control measures needed in order to achieve the (critical) target load calculated 
with the target load models. The management models should, therefore, 
consider and describe all relevant pollution sources and their control options. 
The WFD requires, that the most cost-effective set of policy measures will be 
selected, which requires taking into account total costs. Direct, financial and 
administrative costs can be estimated by past data and interviews, whereas 
environmental and resource costs need to be estimated by economic valuation 
methods. In practice the management models are used to optimise (by mathe-
matical optimisation techniques, such as linear programming) or to iteratively 
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find cost-effective solutions (if there are any) to the inverse problem, how much 
the pollution should be reduced in order to achieve a certain chemical state.  

• Socio-economic models and tools can be used to assess the effect of policy 
measures on different economic actors i.e. how the actors respond to certain 
administrative, economic or information based policy instruments (linkage 
between Response and Driving forces). Again, optimisation models, econo-
metric models and partial equilibrium models may be used. In addition to 
economic models, sociological methods can provide information on response of 
actors to policy measures. The WFD requires, that also wider social and 
economic impacts of measures are analysed ex ante. In some cases, regional or 
in case of large river basins even national macroeconomic effects of policy 
measures on employment, productivity etc. can be substantial, and need to be 
assessed with general equilibrium models, input-output models or econometric 
models. Effects on social sphere and income distribution need to be analysed by 
qualitative methods. 

 
The above flow of information between models calls for the development of fully 
integrated abatement models with capabilities to optimise against predefined 
economic (e.g. costs) and environmental (e.g. chemical) criteria, taking into account 
also other relevant (e.g. social) criteria.  

Assessment of policies based on environmental monitoring and modelled 
ecosystem responses starts immediately after the policies and the monitoring 
programmes have been established and implemented. Monitoring cannot, however, 
establish whether the derived management programmes would eventually result in the 
anticipated improvement of the water quality and ecological status. For predicting the 
time and level of recovery resulting from the implemented policies, models are again 
needed, this time in a mode close to the one of formulation of scenarios. The models 
are needed to verify the expected ecosystem responses following the decided 
responses, their calculated effects on pressures and chemical state:  

• Socio-economic models and tools can be used to evaluate the effects of policy 
measures on driving forces and their social and economic impacts 

• Pressure quantification models can then be used to ascertain the pollution 
loading from estimated drivers 

• Chemical models can be used to assess the chemical state from pressures 
• Ecological model can be used to assess the ecological state from the chemical 

quality elements 
 
The above anticipated flow of information between models calls for the development 
of fully integrated chained models capable of easily transferring output from other 
‘upstream’ models as inputs for models ‘downstream’. 

In the three different phases of the WFD implementation described above, often the 
same models can be used when linking the different elements of the framework. For 
example, the same river model that can be used in Scenario formulation -phase to 
estimate the chemical status caused by loading pressures can later during the 
Derivation of measures –phase be applied in an inverse way to assess the target loads.  
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Due to the complexity of the river basin system (involving many coupled 
subsystems, including humans), many considerable methodological and 
epistemological uncertainties are connected to the understanding and modelling of the 
cause-consequence relationships in the river basin system. These uncertainties must be 
borne in mind when predicting e.g. the timing and magnitude of recovery and when 
communicating these predictions. 
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The objective of this research was to assess the losses of nitrogen (N) and phosphorus 
(P) in a catchment area in 1987–2001 – the period of significant decrease in agri-
culture. Research was carried out in Porijõgi River drainage basin (258 km2), which is 
one of the tributaries of the Emajõgi River that flows into Lake Peipsi. Landscape of 
this area is representative of the entire southern Estonia. The catchment is located on 
the border of two landscape regions: the South-East Estonian Moraine Plain and the 
Otepää Heights. The central and northern parts of the catchment lie within a ground 
moraine plain 5–10 km south of Tartu (58°23′N; 26°44′E). The undulated plain (30 to 
60 m a.s.l., slopes achieve normally 5–6%) is intersected by primeval valleys  
(0.5–3 km wide and up to 40 m deep). Portions of these valleys are filled with 
glaciofluvial sands and gravel. The southern part of the drainage basin (10–13 km 
south of Tartu) lies on the northern slope of the Otepää Heights, which are composed 
of moraine hills and kames with a great variety of glacial deposits. The altitude of this 
region is up to 120 m; the relative heights reach 30–35 m. The soils are predominantly 
podzoluvisols, planosols, and podzols on loamy sand and fine sandy loam with a 
surface soil organic matter content of 1.6–1.9%. The soil pH is 5.6–6.5 with a dec-
lining trend during the last few decades, due to the cessation of the intensive 
fertilization that was practiced up to the end of the 1980s (150 kg N ha−1 year−1, 
70 kg P ha−1 year−1, and 100 kg K ha−1 year−1 on arable lands and cultivated grass-
lands).  

Three sub-catchments of Porijõgi River (Sipe, Vända and Porijõgi upper course) 
were used to calibrate the GIS model for N and P losses. They differ from each other 
mainly regarding land use. Porijõgi upper course (22.1 km2) sub-catchment is situated 
on kames and has a more fragmented and natural landscape than the other two. Vända 
(3.8 km2) sub-catchment is quite plain and has intensive agricultural land use. Sipe 
(8.87 km2) river catchment has less intensive agricultural land use than Vända, but 
more than Porijõgi upper course. Unlike Vända, in Sipe there are mostly natural 
buffers along the river.  
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Land use was analysed using 1:10,000 cadastral maps from 1987. In 2001, land use 
was mapped on a scale of 1:10,000 on the basis of ortophotos and a base map (both in 
scale 1:10,000). The actual land use, especially the location of arable land, cultivated 
grasslands and abandoned lands were investigated during fieldwork. The following 
land-use categories were determined: arable lands, gardens, fallow lands, cultivated 
grasslands, natural grasslands, coniferous and mixed forests, deciduous forests and 
bushes, settlements, water bodies, herbaceous wetlands, woody wetlands and raised 
bogs. Topographic maps (1:10,000) were used to derive a digital elevation model, 
slopes, flow directions and flow accumulation values in Porijõgi catchment. Digital 
soil map (1:10,000) was used to determine soil types and properties. The soil 
classification used corresponds to the FAO/ISRIC system.  

Since 1987 water samples were taken for laboratory analysis once per month from 
the closing weirs of each sub-watershed in Porijõgi River catchment and the daily 
mean stream discharge (m3 s−1) was determined at the Reola hydrological measuring 
point. Filtered water samples were analysed for NH4-N, NO2-N, NO3-N, total-N 
(since 1990), PO4-P, total-P and organic matter concentrations (on the bases of 
BOD5) following standard methods for examination of water and wastewater quality. 

The average total inorganic nitrogen (TIN) losses from the whole Porijõgi 
catchment, Upper course, Sipe and Vända sub-catchments in 1987 were 12.2, 2.2, 3.8, 
and 24.1 kg N ha−1 a−1, respectively. In 2001 the average values of TIN transport were 
4.3, 1.5, 0.7, and 2.8 kg N ha−1 a−1, correspondingly. Except for Upper course sub-
catchment, the total P losses did show similar decrease being in 1987 0.35, 0.08, 0.32, 
and 1.8, and in 2001 0.17, 0.09, 0.04, and 0.09 kg P ha−1 a−1, respectively. Likewise, 
losses of easily degradable organic material (calculated on the basis of BOD5 value in 
runoff) decreased remarkably: from 7.2, 7.3, 6.1, and 24.1 in 1987 to 5.8, 3.5, 1.2, and 
5.2 kg ha−1 a−1, correspondingly. 

There are three main reasons for such a remarkable decrease of nutrient transport 
from catchments: (1) significant decrease of fertilizer’s use, which dropped in the 
beginning of 1990s to the 5–10% of the 1980s level; (2) significant decrease of arable 
lands and increase of abandoned areas, which was the deepest in 1994–1995 (e.g., in 
the Vända subcatchment the share of arable lands dropped from 67% in 1987 to 10% 
in 1994), and (3) significant change in water runoff pattern due to milder winters and 
less snow, disappearing of spring peaks, and probably higher evapotranspiration in 
spring and autumn (e.g., evapotranspiration from abandoned grasslands covered with 
thick litter layer can be higher than from managed grasslands). In 1998–2001 the 
percentage of arable lands had slightly increased compared to 1997 but the loss of N, 
and organic materials has remained at the same level because of the minimal use of 
fertilizers and intensive denitrification of the former nitrogen pool. Phosphorus 
transport did not demonstrate remarkable relationship with land use pattern and 
climatic conditions. 
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Abstract 
 

Naturally occurring hormones in manure from livestock may cause negative 
environmental effects, if they are released into natural waters. Estrogens in very low 
concentrations (ng L–1) may affect the endocrine system of fish and amphibians. 
Elevated levels of estrogens have been found in surface waters in areas of intensive 
manure application. To investigate if leaching through the soil profile is a significant 
transport mechanism for estrogens in slurry we conducted leaching experiments on 
intact soil. Undisturbed soil monoliths (60 cm diameter, 100 cm long) from two sites in 
Denmark (one loamy and one sandy soil) were amended with pig slurry spiked with a 
reactive tracer (17α-ethynylestradiol (EE2)) and a conservative tracer (bromide). The 
monoliths were exposed to (i) a short-term irrigation event and (ii) a natural 
precipitation long-term semi-field experiment. We found that natural estrogens in the 
slurry could be transported to one meters depth in both the loamy and the sandy soil. 
The concentrations observed could affect the endocrine system of aquatic wildlife. A 
higher percentage of the natural estrogens added to the monoliths was leached compared 
to the EE2. This indicates a higher mobility of the naturally occurring estrogens 
compared to a reactive tracer with similar transport characteristics (EE2).  
 
 

1. Introduction 
 
Steroidal estrogenic hormones such as 17α-estradiol (αE2), 17β-estradiol (E2) and 
estrone (E1) are excreted in both urine and faeces of farm animals. The amount of 
different types of estrogens excreted from the animal depends on the species of 
animal, age, sex, circadian variation and reproductive stage (Hanselman et al., 2003). 
The highest concentrations of E2 relative to the content of macronutrients were 
observed in slurry from farrowing pigs. Intensive manure application have been shown 
to increase the natural level of estrogens in runoff from the fields and in nearby 
streams (Finley-More et al. 2000 and Shore et al. 1995) 
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Estrogens undergo sorption and degradation in soil. The distribution coefficients of 
estrogens between natural organic matter and water (log(Koc)) are around 3.0 for EE2, 
3.3 for E2 and 3.2 for E1 (Lee et al., 2003). Jacobsen et al. (2005) found that E2 was 
oxidized more rapidly to E1 in manured soils compared to unmanured soils.  

When slurry is applied to the soil by direct injection an anaerobic slurry string may 
form and only re-aerate slowly. Petersen et al. (1996) found that the penetration depth 
of oxygen into a manure hotspot in soil was 1 mm after 3 days of incubation and 2 mm 
after 3 weeks of incubation at 15°C. Ying et al. 2003 found that degradation of E2 
under anaerobic conditions in aquifer material was very slow (half-life of 107 days at 
20°C). Hence, we expect that anaerobic conditions in the slurry may reduce the mine-
ralization of the estrogens. The slurry hot spots, having different hydraulic properties 
compared to the bulk soil, will probably influence transport of estrogens and other 
substances from the slurry. Differences in hydraulic properties will affect the flow 
paths around and through the slurry hotspots but the flow paths will be less influenced 
at high soil water content (Sommer and Jacobsen, 1999) 

Experiments of Casey et al. (2003), Das et al. (2004) and Casey et al. (2005) show 
that estrogens may be transported through packed soil in small amounts. In intact soil 
preferential transport may occur due to the presence of macropores (biopores and 
cracks). This may enhance the vertical transport of estrogens in the soil. Due to the 
high sorption affinity of estrogens for organic matter we further expect that colloid- 
and DOM-facilitated transport may enhance the vertical transport of estrogens.  

We conducted leaching experiments of estrogens on large intact soil monoliths 
from two soil types amended with pig slurry to investigate the transport and fate of 
estrogens in the soil when slurry is applied to the soil by direct injection. 

 
 

2. Materials and methods 
 
Duplicate, undisturbed soil monoliths were sampled at the two organic farms in 
ploughed soil in March 2004. The loamy soil (Sj.Odde) has clay contents from 21–
39% and the sandy soil (Jyndevad) around 5%. The soil monoliths were installed in a 
trench on a funnel base filled with glass balls (600–800 µm in diameter). The 
equilibrium pressure head at the bottom of the monoliths in wet conditions was  
–15 hPa due to hanging water column in the glass ball base. Time Domain 
Reflectometry (TDR) probes (400 mm long with 100 mm spacing) were installed in 
the soil in two depths (30 cm and 80 cm) and temperature sensors were installed in 
three depths (5–7 cm, 50 cm and 90 cm). Figure 1 shows the experimental setup.  

Slurry was from farrowing pigs with a content of natural estrogens in the slurry is 
shown in Table 2. The slurry was spiked with 92.2 mg/L 17-α-ethinylestradiol (EE2) 
and 1.19 mg/L KBr. The stock solution of EE2 and dried KBr was added to the slurry 
and stirred. 0.85 kg slurry was applied to each monolith (equivalent to 30 t/ha). The 
initial weight ratio between EE2 and natural estrogens in the slurry was 250. The 
slurry was applied in 7 cm deep slits in rows 12 cm apart to mimic direct injection. 
After application of the slurry soil was put back into the slits, leaving the slurry in 
strings in approximately 5–7 cm depth. A crop of spring barley was grown on the 
monoliths. 
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Soil Monolith

Funnel 

TDR-probe

TDR-probe

Temperature sensor

Irrigation head

Output

Sample

Irrigation water

For irrigation experiment

 
Figure 1. Semi-field setup. 
 
Table 2. Measured concentrations (µg L–1) of natural estrogens in slurry (Standard deviation in 
brackets). 

E1 E2 αE2 
243 (20) 115 (11)  9 (2) 

 
The monoliths were incubated for one week prior to the irrigation experiments. During 
this period the monoliths were covered to prevent flow of water in the columns. After 
the initial incubation period the irrigation experiment was conducted. Approximately 
120 mm of artificial rainwater was applied to each column using a drip irrigation 
device. The irrigation intensity was 10 mm/h. The effluent was sampled during the 
irrigation experiments and the last sample was taken approximately 12 hours after 
irrigation was stopped. The effluent samples were analyzed for electrical conductivity 
(EC), turbidity and total and dissolved organic carbon (TOC and DOC) and 
concentrations of E1, E2, αE2, EE2 and bromide. Outflow, water content and 
temperature were monitored during the leaching experiments. 

After the irrigation experiments the monoliths were left in the trench receiving only 
natural precipitation for until 16 weeks after application of manure. Sampling was 
conducted once a week. The estrogens were extracted from the leachate with a SPE 
cartridge and eluted from the cartridge with acetone. The extracts were purified over 
silicagel. Estrogens were measured on Varian 3800/1200 GC-MS 

 
 

3. Results and Discussion  
 
During the irrigation experiments with 120 mm on the soil monoliths the soil water 
content rose slowly first in the topsoil and later in the subsoil. No ponding was 
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observed on any of the monoliths during the irrigation event. Outflow started when the 
soil exceeded its water holding capacity after approximately 6 and 5 hours of 
irrigation on replicate A and B respectively at the Sj.Odde soil and after 8 and 9 hours 
on replicate A and B at the Jyndevad soil.  

On Sj. Odde soil bromide concentration increased the first 10 and 15 mm of 
outflow and then remained approximately constant for the rest of the experimental 
period. The leaching pattern was approximately the same for the two replicates 
(Figure 2). On Jyndevad soil the bromide leaching of the two replicates were different. 
The largest bromide concentration on replicate B was observed after only 5 mm 
outflow whereas on replicate A the bromide concentration was increasing during the 
entire irrigation event and did not reach the same concentration as replicate B. This 
indicates that there is a more direct flow route for solutes in the slurry on replicate B. 
This may be caused by a higher degree of finger flow on replicate B due to the larger 
extension of the coarse B1 layer on replicate B, as observed at the sampling. TOC 
concentrations were generally low (25–33 mg L–1 on Sj. Odde soil and 9–32 mg L–1 on 
Jyndevad soil). The concentrations were decreasing towards a constant level of around 
25 mg L–1 on Sj.Odde and 10 mg L–1 on Jyndevad. Turbidity of the effluent was 
between 60 and 110 NTU on the Sj. Odde soil and between 10 and 40 NTU. Both 
leaching of TOC and turbidity was approximately the same on replicates A and B on 
both Sj. Odde and Jyndevad soil.  
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Figure 2. Irrigation experiments: Leaching of EE2 (○), E1 (●), Bromide (― ― ), TOC 
(·········), DOC (―—— ) and turbidity (― · ―) of effluent. 
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EE2 was leached on both the loamy Sj.Odde soil and on the sandy Jyndevad soil 
during irrigation (Figure 2). On Sj. Odde soil the maximum concentration was 140 and 
240 ng L–1 on replicate A and B respectively whereas on Jyndevad it was 10 and 45 ng 
L–1 on replicate A and B. This difference is a result of a higher degree of non-
equilibrium due to preferential flow on Sj. Odde soil compared to the Jyndevad soil. 
The higher leaching of particles and associated organic matter on the Sj Odde soil may 
have enhanced the leaching by colloid-facilitated transport. Replicate A on the 
Jyndevad soil had a lower leaching concentration of EE2 compared to replicate B. The 
lower concentration of EE2 in the effluent was caused by a lower degree of 
preferential flow (fingering) as also indicated by the bromide breakthrough curve. Of 
the natural estrogens from the slurry, only E1 was leached in concentrations above the 
detection limit and only on Sj. Odde soil.  

For the period with natural climate the precipitation varied between 0.2 and  
53 mm/week. The ratio between outflow and precipitation amount to 0.41 and 0.46 for 
the A and B replicates of the Sj. Odde soil and 0.68 and 0.66 for the A and B replicate 
of the Jyndevad soil for the whole experimental period.  

TOC concentrations were in the same concentration range as in the irrigation 
experiment. The conservative tracer leached in high concentration during the first four 
weeks after application on both soils. From 8 weeks after application and forward the 
concentration of tracer was low and approximately constant.  

EE2 was still leached from both soils in relative high concentrations between 0–90 
ng L–1 on Sj. Odde and 0–20 ng L–1 on Jyndevad. EE2 was leached from the monoliths 
in decreasing concentrations during the growing season, which indicates that the 
source was depleted. The depletion was either due to irreversible sorption or 
degradation. 

Concentrations of naturally occurring estrogens in the leachate varied between  
0–10 ng/L on both soils (Figure 3). During the experimental period the leaching did 
not decrease due to source depletion. The natural estrogens are leached mainly as E1, 
but also both E2 and αE2 is present in the effluent in the first samples. Later in the 
experimental period only E1 could be measured in the effluent. This indicates that E2 
was oxidized to E1, but that E1 was not fully metabolized. There are two possible 
explanations for this: (i) anaerobic conditions in the slurry string that reduces the 
mineralization of E1 and (ii) lack of microorganisms in the slurry string that can 
metabolize E1 (Jacobsen et al., 2005). By-pass flow in macropores on Sj. Odde in 
weeks 3–5 resulted in leaching of both E2 and αE2. After five weeks only E1 was 
measured in the leachate. On Jyndevad the leaching of E2 proceeded until 11th week 
and the concentrations were higher compared to on Sj. Odde. These results indicate 
that the potential for oxidation from E2 to E1 on Jyndevad soil was lower than on Sj. 
Odde soil.  

Thorpe et al. (2003) measured the lowest observed effect concentration for 
vitellogenin induction in rainbow trout (LOEC) to 3.3 ng/L for estrone. The 
concentration of E1 leached from the soil monoliths during the long-term semi-field 
experiments temporarily exceeded this value (Figure 3). In the irrigation experiments 
this value was not exceeded due to a higher flow rate and hereby a higher dilution. 
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Figure 3. Experiments during natural precipitation: Leaching of E1 (●), E2 (▼), αE2 (+), 
Bromide (― ―) and TOC (·········). 
 
Only between 0.002 and 0.004% of the applied EE2 was leached during the 16 weeks 
period. Compared to this, between 0.02 and 0.05% of the naturally occurring estrogens 
in the slurry was leached. Hence, more of the naturally occurring estrogens were 
leached compared to EE2 relative to the applied amount.  
 
 
4. Conclusions 
  
Less than one per mill of the estrogens applied to the soil with slurry was leached from 
the soil monoliths in the first four months after application. More of the naturally 
occurring estrogens applied with slurry were leached compared to EE2. This may 
either be due to leaching of natural estrogens from soil amendments with slurry in the 
past years or differences in method of application and the initial concentrations of the 
naturally occurring estrogens and EE2. Leaching of estrogens was observed 16 weeks 
after application of slurry to the soil. This indicates, in contrast to studies with packed 
soil in the laboratory, that estrogens applied with slurry to soil under field conditions 
may persist for the entire growing season. The concentration of E1 in the leachate 
from both soil types temporarily exceeded the lowest observed effect concentration 
(LOEC) for vitellogenin induction in rainbow trout. 
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Abstract 
 
Irrigation of willow coppice with pre-treated municipal wastewater is gathering more 
popularity in Estonia due to the dual effect – decreasing fluxes into natural streams (i.e. 
reducing pollution taxes paid by municipalities) as well as increasing the yield of short 
rotation forest (e.g. willow) – potential source for renewable energy. However, there are 
still questions to answer, i.e. the application rate, timing, the best parameters for irri-
gation systems etc. Generally, with treatment and/or design failures the bioremediation 
acts as polluter of soil and groundwater. A field experiment was established in 2004 to 
investigate the nitrogen leaching by sampling soil water with suction cups installed in a 
2-D grid, i.e. allowing the analysis of the 2-D plume development just under the 
dripping point and its lateral spread. The first year of the experiment was relatively wet 
and cold which strongly affected on the results, i.e. irrigation water had a low nitrogen 
content around 13 mg/l which was even more diluted with excessive precipitation. In 
2005 the pretreated wastewater had a similar concentration but one experiment was 
carried out with stronger wastewater with nitrogen content of 22 mg/l. In that case 
capacity of plants to use available nitrogen was exceeded and increase of nitrate 
nitrogen was detected at the 90 cm level. However, the experiment was carried out in 
the beginning of September, i.e. at the end of active growing season.  
 
 

1. Introduction 
 
Reduction of point and diffuse source pollution has been an important concern in 
Europe and in the whole world. Responding to this, the European Union (EU) has 
introduced a range of pollution control measures such as Water Framework Directive 
(2000/60/EC), Nitrates Directive (91/676/EC), Urban Wastewater Treatment Directive 
(91/271/EC), which define requirements with regards to the protection of water 
against pollutants. The concept of willow vegetation filters for the treatment of urban 
wastewater has the potential to address two serious environmental problems to, i.e. 
water pollution and the search for alternative energy sources. Moreover, it is an 
attractive option for both farmers (lower biomass production costs) and sewage treat-
ment plant operators (lower water treatment costs) (Börjesson and Berndes, 2006). In 
Estonia there is plenty of abandoned agricultural land close to the small villages and 
local municipalities are highly interested in the reduction of environmental pollution 
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taxes. The use of wastewater for irrigation and fertilisation may meet the requirement 
of willows for N and P, without the need for additional commercial fertiliser 
(Aronsson and Perttu, 2001, Aronsson et al, 2002). Secondly, water deficiency is often 
a growth limiting factor in willow cultivation, even in countries with significant 
precipitation throughout the year (Lindroth and Båth, 1999). The concept of pre-
treatment pools close to the small municipalities in which a) wastewater produced 
during the winter months is stored for interim storage and b) during the vegetational 
period where the pretreated wastewater is pumped to the willow vegetation filter, 
seems to be reasonable solution for Estonian scattered low density population 
conditions. However, point source pollution (i.e. outlet of wastewater treatment plants, 
purification systems etc.) can be relatively easily identified and quantified but diffuse 
pollution (i.e. wastewater irrigated over the field) is more difficult to assess because 
the complicated determination of impact of groundwater and surface water. Thus, 
clearly defined point pollution source may turn to fuzzily defined diffuse pollution 
source.  
 
 
2. Materials and methods 
 
A field experiment was conducted at the Kambja, (20 km from Tartu) , Estonia 
experimental biological purification site with planted short rotation coppice willow 
(salix) (LIFE 00 ENV/EE/000924, Sustainable wastewater purification in Estonian 
small municipalities). Biological treatment comprises one sediment pond (900 m3) and 
two biological pre-treatment ponds (3600 m3 and 2550 m3). However volume 
available for irrigation is considerably smaller (1600 m3 and 1200 m3 respectively). 
The soil is a relatively well draining sandy loam. The experimental field plot was 
located within a willow stand irrigated with pretreated municipal wastewater. To 
assess the potential leaching of nitrogen compounds originated from the irrigation 
water the 15 ceramic suction samplers (see Alemi 1981, Zechmeister-Boltenstern et 
al., 2002) were installed in spring 2004 in a 5x3 grid with a horizontal distance bet-
ween sampling profiles (No 1–5) of 90cm and vertically (A;B;C) at depths of 30cm, 
60 cm and 90 cm, thus forming a 2-D grid. The ceramic suction samplers are a 
relatively cheap and easy to install alternative to lysimeters (Bowman et al., 2002) that 
have been used in some earlier studies concerning nitrogen leaching from willow 
stands (e.g. Aronsson, 2001, Dimitriou and Aronsson, 2004), and it is the aim of this 
study to reveal the development and behaviour of the pollution plume under the 
dripping point. 

Irrigation method for the site was simple pressurized plastic pipes with orifices 
drilled directly into the pipes with a distance of 9 m. During the vegetation period 
willow was irrigated for a 2 h per day in case there was enough water in pretreatment 
ponds. Dripping point of the irrigation pipe was located directly under the sampling 
profile No. 2, i.e. profiles No. 1 and No. 3 were at the same distance on both sides 
(Figure 1). Water samples were collected biweekly if possible, i.e. during the period 
when the soil was moist enough and/or the temperature was above zero. Starting from 
July 2004 the soil water solution NO3-N and in 2005 also NH4-N was analysed.  
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Figure 1. Sampling scheme, note that actual horizontal scale is threefold of vertical. 
 
 
3. Results and Discussion  
 
The vegetation period for 2004 was characterised as very wet, particularly in June 
whereas the following year was drier than the long term average, thus in both cases 
affecting the potential leaching pattern and relative success or failure of selected 
research methodology (Figure 2).  
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Figure 2. Long term average precipitation compared with precipitation in 2004 and 2005.  
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The irrigation water was further diluted by excess of rainfall in 2004 which had 
already a relative low nitrogen content (10–13 mg Ntot/l). Examples of different 
nitrate patterńs show a low concentration in top soil during the vegetation period and a 
much higher concentration after the vegetation period and considerably high values in 
the following spring (Figure 3). A special experiment with higher concentration  
(22 mg Ntot/l) carried out in fall 2005 revealed preferential flow and an increase of 
nitrate nitrogen was detected at 90 cm level However, the experiment was carried out 
in the beginning of September, i.e. at the end of the active growing season. 
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Figure 3. Examples of different nitrate patterns measured from soil solute. 
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4. Conclusions  
 
Spreading and displacement of nitrate plume under and lateral to the dripping point 
was investigated. The experiment demonstrated the seasonality of nitrate patterns in 
soil irrigated with pre-treated wastewater, i.e. low values during the vegetation period 
and higher in late fall and spring season as well as possibility to exceed plant nitrogen 
consumption when irrigating with high concentration wastewater. 
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Abstract 
 
In Denmark, phosphorus (P) accumulation in soils results from spreading of animal 
manures. Novel techniques of slurry treatment facilitate transport over greater distances 
and precise dosing of nutrients. However, the treatment may affect P mobility in soils. 
The objective of our study was to examine the potential P leaching in soils following 
incorporation of slurry separates. The slurry separates used were solid fractions after:  
1) centrifugation of pig slurry, 2) addition of flocculants to pig slurry and sieving, and 
3) heating, anaerobic digestion, addition of lime and centrifugation of mixed animal 
manures. Slurry separates (90 kg P ha–1) were incorporated at 15 cm depth in soil 
columns (20 x 20 cm) from the plough layer of a sandy loam collected after seedbed 
preparation for winter wheat. One week after incorporation heavy rain was simulated by 
irrigation. The simulated autumn application of slurry separates tripled the leaching 
potential of dissolved P. Differences in P leaching potential between the three separates 
were only slight at the short time scale of these leaching experiments. Effluents from all 
treatments, including the control, had high particulate and dissolved P concentrations, 
probably due to the recent tillage and high soil P status. 
 
 

1. Introduction 
 
Spreading of animal manure based on manure N content generally results in addition 
of more P than exported with the crop, leading to P accumulation in the soil and 
increased risk of P loss to the surface waters. This problem is further accentuated by 
the fact that Danish agriculture has for a long time developed towards larger farms and 
concentration of animal husbandry in certain regions (Dalgaard & Rubæk 2005). Over 
the past three decades the protection of the aquatic environment has increasingly come 
into focus in many countries. In Denmark this has resulted in a suite of national action 
plans to reduce the load of nutrients and other contaminants entering the aquatic 
environment. While the previous action plans mainly focussed on N losses from 
agriculture and P losses from point sources, the third plan, initiated in 2004 specifi-
cally addresses the diffuse P losses from agriculture (Vandmiljøplan III, 2004). A dual 
strategy for reducing P losses from agriculture has been suggested, where a reduction 
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in the national P surplus is combined with targeted mitigation measures in areas of 
potentially high P losses (Poulsen & Rubæk, 2005).  

The conflict of interest between modern, intensive animal production and the desire 
to protect the aquatic environment are driving the development of novel techniques for 
treatment and utilisation of animal manures including precise application of manure N 
and P according to crop needs, soil nutrient status and risk of nutrient losses. Sepa-
ration of animal manure into a liquid and a solid fraction has proven to be a viable 
technique facilitating transport of the P rich solid fraction to areas with lower animal 
density, where P in the solid fraction may replace inorganic fertilisers supporting 
further reductions in the national P surplus.  

The properties and nutrient content of the liquid and the solid fraction after slurry 
separation are different from the original manures. Typically 60–80% of the manure P 
is found in the solid fraction after separation and 20–25% of the total nitrogen, of 
which 60–80% is organic. Furthermore solid fractions obtained through different 
separation techniques differ. Therefore it is important to know the fertilizer value and 
the potential of N and P losses from these manures. Crop producers may prefer to 
incorporate the solid fraction into the seedbed prior to sowing of winter wheat. Such 
an autumn application of the solid fraction would reduce the need for storage capacity 
and it would lower the risk of ammonia volatilisation. However, little is known about 
the risk of nutrient leaching under such conditions. Therefore, the objective of this 
study was to examine P leaching from soil columns of a recently tilled soil following 
incorporation of the solid fractions of animal slurries. 
 
 
2. Materials and methods 
 
Animal slurry separation  
The solid fractions used in this study were obtained from three different separation 
processes: (1) DEKANTER was a physical separation technique based on centri-
fugation of pig slurry. (2) SEPTEC was a screen separation of pig slurry following 
chemical precipitation of P with aluminium. (3) GFE was a high-tech treatment, 
involving liming, heating, degassing and finally centrifugation like in the DEKAN-
TER treatment. Selected properties of the solid fractions are given in Table 1.  
 
Experimental setup 
Undisturbed soil columns were collected from an arable field shortly after ploughing 
and seedbed preparation at Flakkebjerg, Denmark, in late September. Following the 
removal of 0.02 m topsoil steel cylinders (0.2 m diameter) were pressed 0.2 m into the 
soil and carefully excavated. The usual ploughing depth has been 0.25 m at the site. 
However, ploughing depth prior to sampling was reduced to 0.17–0.18 m to ensure 
each column had ca. 0.05 m consolidated soil at its base. The soil contained 29,6% 
fine sand, 22,7% coarse sand, 13,7% coarse silt, 14,9% clay, and 2,1% organic matter. 
The pH(CaCl2) was 6,2 and the Olsen P content 36 mg P kg–1. Soil columns were stored 
at 10°C until further use. 
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Table 1. Properties of solid fractions of animal slurry separation. 

 DEKANTER SEPTEC GFE 
Drymatter (DM) (g kg–1) 290 240 370 
Total P (g kg–1 DM) 50 30 38 
Water soluble P (g kg–1 DM) 8 4 7 
Total Calcium (g kg–1 DM) 102 46 126 
Total Aluminium (g kg–1 DM) 0.8 2.5 2.0 
Total Iron (g kg–1 DM) 2.1 2.4 9.3 

 
The treatments included incorporation of the three solid fractions at 0.15 m depth at a 
rate corresponding to 90 kg P ha–1 and a control. Manure incorporation by ploughing 
was simulated by placing a layer of solid fraction in the lower part of a column. To do 
this the bottom 0.07 m soil from a column was pressed out and cut off, and the solid 
fraction was applied as evenly as possible onto the exposed surface before the lower 
part of the column was pressed back into the steel cylinder again. All treatments were 
carried out in four replicates.  

One week after manure incorporation artificial rain was applied for 5½ hours with 
an intensity of 6,7 mm h–1. Bromide tracer was added to rainwater after 1½ hours. The 
time of water breakthrough was recorded and effluents were collected continuously in 
75 ml sub-samples. The time past since the onset of rain, the mass of sub-samples, 
turbidity, pH and electric conductivity were recorded immediately. Total P and 
molybdate reactive P (MRP) were measured in the raw effluent samples and in 
supernatants after centrifugation to <0.24 µm nominal particle diameter. Total P in the 
supernatant is termed total dissolved P (TDP), and the difference between total P in 
the raw effluent and TDP is particulate P (PP). Also bromide and organic carbon were 
determined in the effluents. 

 
 

3. Results and Discussion  
 
The asymmetric shapes of the breakthrough curves with early appearance of bromide 
and tailing in all treatments were indicative of a flow pattern dominated by preferen-
tial flow (Fig. 1). There were, however, large differences among the columns reflec-
ting high variability in soil structure. The concentrations of TDP were significantly 
higher in all treatments receiving solid manure fractions compared to the control (Fig. 
1 and 2). However, the concentrations of PP were practically unaffected by the 
incorporation of the solid fractions indicating that colloidal material originating from 
the manures was not mobile. Accordingly, turbidity, pH, electric conductivity and 
concentration dissolved organic matter were not affected by incorporation of the solid 
fractions (data not shown). Overall there was a slight trend of decreasing TDP 
concentrations with more advanced slurry treatment (Fig. 1), which probably is related 
to the addition of P binding agents during the SEPTEC and the GFE slurry separation 
processes. This trend might be of increasing importance at time scales exceeding the 
5.5 hours studied here.  
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Figure 1. Concentrations of Bromide (Br–), particulate P (PP) and Total dissolved P (TDP) as a 
function of cumulated effluent for the reference treatment and the three solid fractions. The 
four curves in each sub-figure represents the four replicate columns for each treatment. Only 
three replicates were obtained for the control treatment, because water ponded on one column. 
 
 
Around 90% of the TDP was molybdate reactive. An earlier leaching study with 
surface applied animal manures also found that the major part of the TDP was 
molybdate reactive (Rubæk et al., 2002). PP concentrations were comparatively high, 
probably as the result of the recent tillage operations done in the field (Schelde et al., 
2006). Particulate material mobilized in the upper part of soil columns did not appear 
to have interacted much with mobile P from the manures.  

Incorporation of solid fractions after animal manure separation may therefore 
increase the risk of TDP leaching by means of preferential flow, when the solid 
fractions are incorporated in autumn at the start of the run-off season. Furthermore a 
related lysimeter study on a sandy loam soil showed an increased risk of nitrate 
leaching following incorporation of the same solid fractions in autumn prior to sowing 
of winter wheat (Sørensen & Rubæk, 2006). 
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Figure 2. Mean particulate P (PP) and mean total dissolved P (TDP) concentrations in 
effluents. Within each P form, different letters indicate that P concentrations differed signi-
ficantly (P<0.05, SNK test).  
 
 
4. Conclusions  
 

• Incorporation into a loamy soil of different solid fractions from slurry sepa-
ration tripled TDP concentrations in soil column effluents. 

• The P binding added during slurry separation process may explain the 
decreasing trend of TDP in effluents of the SEPTEC and GFE treatments, com-
pared to the increasing trend in the DEKANTER treatment. 

• Effluents from all treatments including the control had high PP and TDP 
concentrations, probably due to recent tillage and high initial soil P status. 

• Autumn application of the solid fraction after slurry separation should be 
avoided due to the increased risk of P losses through leaching in soils where 
preferential flow may connect the plough layer with tile drains.  
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Abstract 
 

Environmental monitoring of pesticides in Sweden started in 2002 in its present form, 
financed by the Swedish Environmental Protection Agency. Surface water samples are 
collected in four small catchments (8–16 km2) located in the main agricultural regions 
of Sweden. Water samples are weekly mean values and each sample is analysed for 
approximately 80 substances. The total concentration of pesticides varies between zero 
and a few micrograms per litre. A pesticide toxicity index was used to estimate the 
potential risk for aquatic organisms in the areas. 

In one of the catchments monitoring has been performed since 1990 thus enabling 
long-term evaluation of results. Work was carried out on explaining variations in pesti-
cide leaching based on pesticide properties (DT50, Koc, log Pow and Sw) using multiple 
linear regression. With loss rate (percent of applied amount) as a response variable, it 
was possible to find significant functions explaining up to 99% of the variability for 
individual years. The highest model efficiency found was 0.56. The result implies that a 
large part of the long-term leaching could be explained by pesticide properties when the 
influence of point sources on pesticide transport in the stream had been eliminated (i.e. 
concentrations had been lowered by 90% without decreasing the amounts applied in the 
catchment). 

 
 

1. Introduction 
 
Environmental monitoring of pesticides in Sweden started during the mid-80 as short 
term, research based, investigations of possible occurrence of pesticides in streams 
and rivers. Today it includes several monitoring sites with sampling in different 
matrixes such as surface water, ground water, sediments and precipitation. The 
Swedish Environmental Protection Agency is the authority responsible for the 
pesticide monitoring. The programme is performed by the Division of Water Quality 
Management, in collaboration with the Section of Organic Environmental Chemistry, 
at the Swedish University of Agricultural Sciences (SLU).  

The pesticide monitoring programme in Sweden aims to quantify and follow 
variations of pesticides in time and space, both regarding concentrations and trans-
ported amounts. Results from the monitoring programme was used in a statistical 
study investigating if pesticide properties was affecting the extent to which different 
substances leach to surface water. A similar study was made on monitoring data from 
1990–1994 (Kreuger & Törnquist, 1998). 
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2. Materials and methods 
 
The monitoring programme on pesticides is manly focused in four intensive study 
areas (M42, N34, O18 and E21) (Figure 1). Beside these, two rivers (Vege å and 
Skivarpsån) and one site for precipitation sampling (Vavihill) is included. The 
intensive study areas are catchments (800–1600 ha) dominated by agriculture. Surface 
water samples are taken during the cropping season as weekly time-integrated 
samples, collected with automatic ISCO-samplers. Samples are analysed for approxi-
mately 80 substances. In the area M42 sampling started in 1990 and in the other areas 
in 2002, yearly reports are published (Kreuger, 1996; Kreuger, 1997; Kreuger & 
Hessel, 1998; Kreuger, 2000; Kreuger, 2002a; Kreuger, 2002b; Kreuger et al., 2003; 
Kreuger et al., 2004; Törnquist et al., 2005). Groundwater and sediments are also 
sampled within the areas. More information in Kreuger (1998). 
 

 
 
Figure 1. Location of sampling sites within the Swedish pesticide monitoring programme. 
 
 
Data from M42 (the Vemmenhög catchment) was used to calculate the yearly 
percentage loss rate (transported amounts divided to applied amounts) for 1997–2003. 
Only pesticides used in amounts of at least three kilograms per season was included. 
The loss rate was compared to the intrinsic properties of the substance. The properties 
included were the sorption coefficient (koc), the degradation half-life (DT50), water 
solubility (Sw) and the octanol-water partition coefficient (log Pow). The analysis was 
performed with multiple linear regression using a stepwise procedure. A more detailed 
description is available in Adielsson (2005).  
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3. Results and Discussion  
 
The amount of pesticides found in the Vemmenhög catchment (M42) has decreased 
with 90% since the beginning of the sampling (Figure 2). The decrease is not 
explained by a decreasing pesticide usage (Figure 2), but rather of the mitigation 
efforts in early 1995 and the economic incentives introduced by the government and 
the industry in 1998. Farmers were educated and the awareness of risks related to 
pesticide use was improved. With these efforts point sources could be considerably 
decreased. 
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Figure 2. Average total pesticide concentration (boars) in the Vemmenhög catchment in May-
September 1992–2005 (*only May-June) and sold amounts of the pesticides included in the 
analysis (line).  
 
 
How the other three catchments compare to the Vemmenhög catchment can be seen in 
Figure 3. The amounts vary somewhat over the year depending manly on how close 
after application in the field, there is a precipitation event. The total concentration per 
sample ranges from 0.02 µg/l to almost six micrograms per litre, normally the 
concentration is below two micrograms per litre.  
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Figure 3. Total concentration of pesticides per sample from the four monitoring areas 2004.  
 
 
In Sweden the Swedish Chemicals Inspectorate has developed water quality standards 
(WQS) for surface water for a number of pesticides (methods described in Asp et al., 
2004). The WQS gives the maximum concentration of each pesticide that will not 
cause negative effects on aquatic organisms. Dividing measured concentrations for a 
substance with its WQS and summarizing for each sample or season results is an index 
describing potential toxicity (PTI = Pesticide Toxicity Index) (Asp & Kreuger, 2005). 
The index was calculated for the areas within the monitoring programme (Figure 4). 
Two of the areas seam to have a lower toxicity index than the others, but numbers 
vary somewhat over the years. 
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Figure 4. Pesticide toxicity index for the areas within the Swedish monitoring programme 
2002–2004. 
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Using multiple linear regression analysis to study the influence of intrinsic properties 
on pesticide losses to water, it was possible to find significant functions at P>0.05 for 
all years (Table 1). However for three of the years (1997, 1999 and 2001), the r2 value 
were less than 45% and also with no consistency in parameter selection. For the years 
with high r2 values; DT50 and koc are included in all the best functions. The quota of 
DT50 and koc is the variable that is chosen most often. The highest single r2 value was 
found in 2002 where a function containing DT50/koc and Sw had an r2 value of 99% 
(P<0.0001). Grouping the years, the best function explained 69% of the variation 
(P<0.0001).  

Using the functions to predict pesticide losses for other years, the highest model 
efficiency found was 0.56 using a function developed on grouped data from 1997–
2000, predicting for 2001–2003. In this case the data selection was slightly different, 
so that no pesticide with a zero loss was included but substances applied in all 
amounts were.  

The result implies that a large part of the long-term leaching could be explained by 
pesticide properties when the influence of point sources had been eliminated. The 
pesticide properties can only be expected to influence transport through the soil profile 
which is why it is important to reduce point sources before it is possible to find 
relations to pesticide properties.  
 
Table 1. Result from statistical analysis, with the variables that were included in the best 
possible functions, their significance level and rate of explanation 

Year Variables P r2 r2 ad# N 
1997 Sw * 0.025 0.41 0.35 12 
1998 DT50/koc, log Pow, GUS, log Sw * 0.0062 0.80 0.71 13 
 DT50/koc, log Pow, Sw * 0.003 0.78 0.70 13 
 DT50/koc 0.0059 0.51 0.47 13 
1999 log koc * 0.030 0.45 0.40 10 
2000 koc, log Pow, Sw, log DT50 * 0.021 0.82 0.69 11 
 log Sw * 0.012 0.52 0.47 11 
2001 log Pow * 0.036 0.37 0.30 13 
2002 DT50/koc, Sw * <0.0001 0.99 0.98 9 
 DT50/koc <0.0001 0.95 0.95 9 
 DT50, Sw * 0.020 0.73 0.64 9 
2003 DT50/koc, DT50 * 0.0004 0.76 0.71 14 
 DT50/koc, Sw 0.005 0.62 0.54 14 
97–03 DT50/koc, log Pow * <0.0001 0.69 0.66 20 
 DT50/koc <0.0001 0.62 0.60 20 

# the rate of explanation adjusted for the number of variables included 
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4. Conclusions 
 
Based on data from long-term monitoring, it has been demonstrated that the 
transported amounts of pesticides have decreased by 90% due to counselling and 
political measures taken. The amount of pesticides in the area during the same period 
has been quite constant. Using multiple linear regression based on results from the 
same area it was possible to find significant functions explaining up to 99% of the 
variability for individual years, based on pesticide properties. The highest model 
efficiency was 0.56. The result implies that a large part of the long term leaching 
could be explained by pesticide properties when the influence of point sources had 
been eliminated.  
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Abstract 
 
Water discharge and nutrient leaching studies were conducted in an experimental field 
under organic farming practice for 20 years. The water discharge measurements cover 
five years out of a six-year crop rotation. The water discharge for the whole year was 
1520 m3 ha–1 (=152 mm). More than 2/3 of the total discharge occurred in April-May. 
The total precipitation for the whole year was 680 mm. 

The total amount of N in the drainage runoff was 11.5 kg ha–1 and the flow-weighted 
average content 7.5 mg l–1. The total amount of P in the drainage runoff was 48 g ha–1 
and the flow-weighted average content 0.031 mg l–1. 85% of the total P was dissolved 
reactive phosphorus (DRP).  

Some preliminary correlation between N leaching and N management was observed, 
i.e. higher N concentrations in drainage water were found on green fallow after autumn 
ploughing compared to first-year grass or spring cereal. Variation in the P concentration 
of the drainage water between the plots seems to be correlated to soil P status rather 
than P management. 

 
1. Introduction 
 
Organic production may reduce nutrient leaching because of the low external inputs of 
nutrients and high internal recirculation. There is, however, a risk of high losses from 
organic fertilizers, e.g. farmyard manure and legume biomass. Crop rotation plays a 
key role in nutrient management and to form a complete picture of nutrient leaching it 
is necessary to follow the entire crop rotation each year. Turtola et al. (2005) reported 
results from a similar type of crop rotation compared to this paper. However, they had 
only one single year of crop rotation presented each of the years. 

Water discharge and nutrient leaching is difficult or costly to measure accurately 
because of the various flows of water in the soil-plant system. The main flows of 
water are surface runoff, drainage runoff, ground water runoff and evapotranspiration. 
Specially designed lysimeters, where all other flows except evapotranspiration can be 
measured, can very seldom cover field-scale areas and the soil in designed lysimeters 
is extremely difficult to set undisturbed. On the other hand, if the water discharge is 
measured only from the field, there are some serious difficulties in controlling all the 
flows on the field. However, the processes in the soil are undisturbed.  
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2. Material and methods 
 
Water discharge and nutrient leaching studies were conducted in an experimental field 
under organic farming practice for 20 years. The experimental field is located on a 
moraine soil in Juva, eastern Finland. The soil profile was undisturbed since 
subsurface drainage in 1989. The six-year crop rotation (5.9 ha) consists of spring 
cereal with undersown grass seeds (1st year), two-year grassland (2nd and 3rd), winter 
cereal (4th), green manure (5th) and spring cereal (6th). The water discharge 
measurements cover five years out of the six-year crop rotation each year (in 2005, the 
6th year plot was missing) and the area covers 4.9 ha.  

Approximately 30 t ha–1 cattle sludge was spread every year with a few exceptions 
on the first-year plot, which equals about 0.3 LU ha–1 for the whole crop rotation per 
year. The harvested grain yields as net yields amounted to a long-run average of about 
2000 kg DM ha–1 and the grass yields to about 6000 kg DM ha–1. In 2005 the 4th year 
plot (winter wheat) was ploughed in spring because of poor overwintering, plot 
received some cattle sludge and oats was sown. 

The water discharge from the whole measurement field from the drainpipes was 
measured automatically (v-notch with electronic pressure sensor) and flow-weighted 
water samples were taken manually, 42 samples throughout the year. The water 
samples were stored frozen and analysed at the laboratory of the North-Karelia 
Regional Environment Centre in July 2005 and January 2006. The samples were 
analysed for both total and soluble nitrogen and phosphorus fractions, total solids, pH 
and conductivity. In January and from 30 June to 5 October the measuring equipment 
did not work properly and the water discharge was estimated by manual measurements 
during those periods. For more details about measurement fields, see Schneider et al. 
(2005). 

In addition, water discharge was measured manually from each of the individual 
plots on 9 November, and water samples were taken manually three times from each 
of the individual plots between 9 November and 18 November. Three samples were 
also taken from surface runoff in spring and four in autumn.  

Soil test results by Finnish soil testing procedures are available from the 
experimental field since 1989. The latest tests date back to 2004 (AAAc-EDTA 
procedure, Lakanen and Erviö 1971). The results are not presented in this paper. 

 
 

3. Results and discussion 
 
The subsurface drainage discharge for the whole year was 1520 m3 ha–1 (=152 mm) 
(Figure 1). More than 2/3 of the total discharge occurred in April-May. Precipitation 
for the whole year totalled 680 mm. The autumn was extremely dry (36 mm in 
September and 43 mm in October) with hardly any discharge. Difference of the 
drainage discharge between plots was measured only once (manual measuring). The 
discharge was relatively even between the plots, except for one plot (Figure 3).  
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Nitrogen 
The total amount of leached nitrogen (N) in the drainage runoff was 11.5 kg ha–1 
(Figure 1) and the flow-weighted average content 7.5 mg l–1 (Figure 2). Nitrate-N was 
the major component of the total N (no data presented), varying from 1.8 mg l–1 to  
9.9 mg l–1. The content of ammonium-N was less than 10 µg l–1 most of the year. 
Somewhat higher values (40 µg l–1) were measured in winter and some peak values 
(270 µg l–1) at the very beginning of April. The nitrite-N content was less than 1 µg l–1 
throughout the year, except for the somewhat higher values (4–6 µg l–1) observed 
during winter. There was no clear difference in total N content between the drainage 
runoff and the surface runoff after the snow had melted. 

Three water samples from each of the individual plots after ploughing in autumn 
indicated a clear difference in total N content between the plots (Figure 3). The fourth- 
and fifth-year plots were ploughed at the beginning of October. The total N content on 
the fifth-year plot (green manure) was double (10 mg l–1) the second-year (grass I) and 
the fourth-year plots. The first-year (spring wheat + undersown grass) and the third-
year (grass II, winter wheat was sown on 26 August) plots were between these 
extremes.  
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Figure 1. Subsurface drainage water (m3 ha–1), precipitation (mm) and total nitrogen (totN kg 
ha–1) and total phosphorus (totPx100 kg ha–1) leaching by subsurface drainage water in 2005.  
 
( ) = data estimated, * = snow as water 
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Figure 2. Flow-weighted average total nitrogen (totN mg l-1) and total phosphorus  
(totP mg l-1) concentrations in subsurface drainage water in 2005. 
 
( ) = no data, * = no drainage water 
 
Phosphorus  
The total amount of leached phosphorus (P) in the drainage runoff was 48 g ha–1 
(Figure 1) and the flow-weighted average content 0.031 mg l–1 (Figure 2). 85% of the 
total P was dissolved reactive phosphorus (DRP). There was a period of one week in 
early April (snow melted mainly during this week) with peak values (0.11 mg l-1) of 
total P. The lowest total P contents were in winter and late spring. The soil P status 
varied from 8 to 30 mg l–1, i.e. the soil P status was slightly higher than the Finnish 
average (15.9 mg l–1, Mäntylahti 2002). The total P content was higher in the surface 
runoff than in the drainage runoff at the beginning of April, but otherwise it was vice 
versa. 

There was great variation between the three samples from individual plots after 
ploughing (Figure 3). On the first- and fifth-year plots the total P content tended to be 
the lowest and it correlated with the lowest soil P status (8–10 mg l–1). Between the 
other plots there was no clear difference in the P content of the water samples; soil P 
status was 24–30 mg l–1. 
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Figure 3. Total nitrogen (totN mg l–1) and total phosphorus (totP mg l–1) concentrations in 
subsurface drainage water on different plots of the crop rotation and relative values of 
subsurface drainage in 2005. 
 
 
There are very few results from organic agriculture in comparable conditions for 
reference. Turtola et al. (2005) found slightly lower total nitrogen leaching from a 
similar type of crop rotation. However, the drainage runoff was very low in one 
experiment on sandy soil (Toholampi) and the yield was very low in another 
experiment on heavy clay soil (Jokioinen). In this study, the correlation between water 
discharge and N leaching was very strong (Figure 1). 

The P concentration in the drainage water was extremely low in the Toholampi 
experiment by Turtola et al. (2005) because of a special soil type with active ferrous 
and aluminium-rich subsoil, which bound phosphorus chemically. This resulted in 
very minor total leached P in the drainage water. However, the total leached P in the 
surface runoff was as high as 400 g ha–1 average over seven years. 
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4. Conclusions 
 
This was the very first year of measuring discharge and nutrient leaching from the 
experimental field. After some technical problems the field itself worked fine. The 
drainage discharge was relatively even between the plots, except for one plot. Ho-
wever, more plot-specific observations are needed. It is necessary to measure and 
analyse also the surface runoff to form the whole picture concerning the total nutrient 
flows. The water discharge reacted immediately to heavy rain, indicating the high 
filtration capacity of the coarse moraine. This is very helpful for finding the corre-
lation between water discharge and N leaching.  

The high initial P status of the soil offers an ideal opportunity to follow changes in 
the P status of the soil. There is a common tendency in organic farming to a declining 
soil P status in the long run because of a negative P balance in the soil. The initial 
variation between the plots in soil P status also offers an opportunity to investigate the 
role of soil P status in P leaching. 
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Abstract 
 
Models are used to understand and explain the natural phenomena, and, under some 
conditions they may provide predications in a deterministic or probabilistic sense. To 
evaluate an event in our ecosystem, we may need to provide a scientific explanation of 
it For instance, an event, E, may be inferred from a set of theoretical principles (L1,  
L2, …….Ln) and a set of statements of empirical circumustances (C1, C2, ….., Cn), 
which may be represented by the following model: 

              E = f(L1, L2, ….., Ln) + g(C1, C2, ….., Cn)  (1) 

Where, f and g represent subfunctions, combination of which describe the event of 
interest, E. Most of existing hydrologic and water quality models consist of empirical 
and theoretical functions, both of which have their own limitations. This presentation 
will describe application of a catchment scale model, SWAT (Soil Water Assessment 
Tool), to a small scale agricultural watershed in northern Maryland. It will cover the 
processes involved in model application and associated model uncertainty as affected by 
variability in input parameters. Finally, results of the SWAT model in predicting the 
impact of environmentally friendly practices will be discussed within the context of 
input variability. 

 
 
1. Introduction 
 
To address the interaction between the human life and the surrounding environment in 
the landscape, the “peep-hole” principle has mostly been used, Hagerstrand (1992). 
The result is that the landscape mantle is understood to a limited degree only, mainly 
as related to biological systems and to components of economic importance related to 
the use of natural resources. Recent needs for sustainability has encouraged scientists 
to evaluate the multi-cause problems of the environment in relation to human life 
under diverse conditions, Falkenmark and Mikulski (1994). Efforts to respond to the 
issue of sustainability have produced multicomponent water quality models 
describing hydrologic and water quality responses of the landscape under diverse 
climatic and managerial conditions. And in most cases, these models have used the 
systems approach in describing a natural event rather than looking at each event as 
isolated phenomena (e.g., continuous simulation models). 
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The model may have different interpretations based on its discipline of use. In 
hydrology, water quality, and in engineering, models are used to explain natural 
phenomena and under some conditions make deterministic and/or probabilistic pre-
dictions. In other words, a modeler tries to use the established laws or circumstantial 
evidences in order to represent the real life scenario, which the product is called 
“model”. Although each modeler tries to represent the real system, the strengths and 
weaknesses of their models depend upon the modeler’s background, the application 
conditions, and scale of application. One should note that Aristotle and his ideas that 
“inaccessible is more challenging to explore than the accessible in everyday=s world” 
seem to have had a guiding influence on the development of water quality models. 
Additionally, the “particle theory” of Einstein that “universe has a grain structure and 
each grain is in a relative state with respect to the others, has formed the basis for 
describing inter-relationships between different components of water quality models. 
For instance, a natural scientist is concerned about the inter-relationships governing 
the state of a given environment and tries to understand such relationship using 
experimental procedures and biological principles. The products of such studies are 
generally a set of factual data and possibly some empirical models describing such 
relationships. Such empirical models are developed under specific conditions and their 
use for the conditions other the one under which they have been developed may pose a 
significant error in model predictions. A physicist and an engineer on the other hand, 
try to use physical laws and mechanistic approaches to describe inter-relationships 
governing the state of an event and produce deterministic and mechanistic models. 
Such models are not complete until they have been calibrated, validated and tested 
against experimental data. 

Watershed scale hydrologic and non-point sources pollution models are useful 
tools in assessing the environmental condition of a watershed and evaluating BMPs, 
implementation of which can help reduce the damaging effects of storm runoff on 
water bodies and the landscape. Such models may also be useful tools in the 
development of TMDL (Total Maximum Daily Load) plans to meet various water 
quality standards, as required by the Clean Water Act. Numerous models have been 
developed and are in use either as research, management, or regulatory tools (Shir-
mohammadi et al., 2001). 

Watershed scale nonpoint source pollution models use the principles used in the 
field scale models and extend them to mixed land use scenarios. For example, AGNPS 
by Young et al. (1989) SWRRB by Arnold et al. (1990) and SWAT by Arnold et al 
(1998) all are built upon the strength of the USDA’s CREAMS model (Knisel, 1980). 
They all are continuous simulation models with daily time steps. Some watershed 
models such as ANSWERS-2000 (Bouraoui and Dillaha, 1996) are event based, thus 
requiring more detailed climatic data. Watershed scale models such as SWAT and 
ANSWERS-2000 are distributive parameter models, thus enabling the user to consider 
the diversities in land use, soils, topography, and management alternatives within the 
watershed. These models generally contain routing algorithms that consider the 
attenuation of sediment and chemicals through the upland areas as well as the stream 
system. Distributive parameter nature of these models make them more viable to be 
used in conjunction with GIS environments. 
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2. Materials and Methods 
 
This presentation will use SWAT model (Arnold et al., 1998) for a case study to show 
advantages and disadvantages of using watershed scale models. SWAT is a complex, 
physically based model with spatially explicit parameterization capability. A complete 
description of SWAT’s components is found in Arnold et al. (1998). In brief, SWAT 
is a continuous simulation model and operates on a daily time step to perform 
simulations up to one hundred years using measured and/or stochastically generated 
weather data. The major components of SWAT model include hydrology, sedi-
mentation, soil temperature, crop growth, nutrients, pesticides, agricultural manage-
ment, channel routing, and reservoir routing. The hydrology component consists of 
weather (precipitation, maximum/minimum air temperature, solar radiation, wind 
speed, and relative humidity). The SWAT model estimates soil erosion and sediment 
yield from the landscape and in-stream depositional and degrading processes. The 
sediment yield from landscape is calculated by the Modified Universal Soil Loss 
Equation (MUSLE). Nitrogen and phosphorus processes in SWAT model are handled 
in a similar manner as in the Erosion Productivity Impact Calculator (EPIC) model 
(Williams, 1995). SWAT also adopted a modified version of QUAL2E model 
(Ramanarayanan et al., 1996) to simulate in-stream nutrient transformations. QUAL2E 
is intended for use as a water quality planning tool, which can be operated as a steady-
state or as a dynamic model. The sub-components of QUAL2E include models of the 
biochemical dynamics of algae as chlorophyll-a, dissolved oxygen, carbonaceous 
oxygen demand, organic nitrogen, ammonium nitrogen, nitrite nitrogen, nitrate 
nitrogen, organic phosphorus and soluble phosphorus. 
 
 
3. Results and Discussion 
 
Following presents results of case study where SWAT model was applied to a small 
agricultural watershed (346 ha) in the piedmont physiographic region of Maryland. 
The entire Warner Creek watershed was divided into 40 subwatersheds based on 
similar land use for the SWAT simulation. The measured streamflow at station 2A 
was separated into storm flow and base flow using the streamflow partitioning method 
proposed by Linsley et al. (1982). Also, average pollutant concentrations measured at 
the outlet of watershed (station 2A), were used to calculate the pollutant loadings 
leaving the watershed. For the model calibration and validation, the predicted surface 
runoff was compared to the measured storm flow, while the summation of simulated 
lateral subsurface flow and groundwater was compared to the measured base flow. 
Monthly measured data from  
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Figure 1. Location and monitoring set up for Warner Creek watershed, Frederick County, 
Maryland. 
 
April 1994 through December 1995 were used for model calibration. The data for the 
remaining period (1996 through 2002) were used for model validation. Graphical 
methods (time series plot and scattergram), and statistical measures were used to 
evaluate the model performance based on the measured data. Four statistical criteria 
were used to evaluate the hydrologic goodness-of-fit: correlation coefficient (r), 
coefficient of determination (r2), Nash-Sutcliffe coefficient (R2) (Nash and Sutcliffe, 
1970), and root mean square deviation (RMS). Detailed procedure, results, and 
discussions of both calibration and validation periods could be found in Chu and 
Shirmohammadi (2004) and Chu et al. (2004). In brief, the statistical results of the 
model performance for the hydrologic parameters during both calibration and 
validation periods are summarized in table 1. Previous study (Chu and Shirmo-
hammadi, 2004) pointed out the presence of subsurface flow contributions from 
outside the watershed boundary. Measured base flow was therefore corrected for the 
extra subsurface flow contribution from outside the watershed using the water balance 
adjustment. All nutrient loadings leaving the watershed have been adjusted to subtract 
the chemical transport via subsurface flow contribution from outside the watershed. 
This process permits a fair evaluation of the SWAT model. The statistical results of 
the model performance in nitrate prediction during both calibration and validation 
periods are summarized in table 2. Despite poor performance in predicting monthly 
nitrate loadings, the yearly comparison showed a strong agreement (Figures 2 and 3). 
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Table 1. Statistical results comparing monthly measured and simulated flow data at station 2A 
after adjustment to the subsurface flow contribution from outside the watershed. 

Hyd.  
Components 

No. of 
Samples r r2 R2 

(Nash-Sutcliffe)
RMS 
(mm) 

  Calibration Period 
(April,1994–1995) 

   

      
Stream flow 21 0.83 0.69 0.68 16.2 
Surface runoff 21 0.66 0.43 0.35 11.2 
Subsurface 
flow 21 0.75 0.57 0.53 12.2 

  Validation period 
(1997–1999) 

   

      
Stream flow 36 0.89 0.78 0.78 19.9 
Surface runoff 36 0.91 0.83 0.74 10.7 
Subsurface 
flow 36 0.81 0.66 0.62 16.8 

  Validation period 
(1997–2002)    

      
Stream flow 72 0.85 0.72 0.71 18.1 
Surface runoff 72 0.84 0.71 0.68 9.4 
Subsurface 
flow 72 0.79 0.62 0.53 14.7 

 
 
Table 2. Statistical results comparing measured and simulated NO3-N at station 2A.  

Nutrient 
Parameters 

No. of 
Samples r r2 R2 

(Nash-Sutcliffe)
RMS 

(kg/ha) 

Monthly  Calibration Period 
(April,1994–1995)    

      
Nitrate 
(adjusted) 21 0.52 0.27 0.16 1.27 

      

  Validation period 
(1996–2002)    

      
Nitrate 
(adjusted) 83 0.53 0.28 0.18 1.49 

      
Yearly 
  (1994–2002)    

      
Nitrate 
(adjusted) 9 0.82 0.68 0.63 4.36 
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Figure 2. Time series plot of measured and simulated yearly nitrate loading at Station 2A. 
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Figure 3. Scattergram of measured and simulated yearly nitrate loading at Station 2A during 
the validation period (1994–2002). 
  
 
4. Conclusions 
 
Overall, it was concluded that SWAT is a reasonable annual predictor of the 
watershed responses for assessing the impacts of different management systems on 
water supplies and nonpoint source pollution. However, it fails to do reasonable 
predictions on short time steps such as daily or monthly basis. Our other studies 
regarding uncertainty evaluation of the SWAT model also shows that simulations 
results are highly affected by the variability in input parameter values. 
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Abstract 
Environmental and water agencies require tools and solutions in order to asses the 
cumulative effects of land use and water management practices, on hydrology and 
nutrient flow at different scales. The interdisciplinary nature and increasing complexity 
of environmental and water resource problems require modelling approaches that can 
incorporate knowledge from a broad range of scientific disciplines in a common 
platform. At different scale levels, different groups of processes are dominant, so the 
effective focus of analyses in the model also changes with scale level. In order to 
evaluate the effects of this multitude of factors and scale levels, a new approach is under 
development and its suitability for implementation is tested in two areas in southern 
Sweden. 
 
 

1. Introduction 
 
Environmental and water agencies require tools and solutions in order to asses the 
cumulative effects of land use and water management practices, on hydrology and 
nutrient flow at different scales. However, most of the simulation models available do 
not have the power to consider the spatial variability of land and climate. This can be 
achieved by integrating hydrologic models with geographic information system (GIS) 
(McKinney and Cai, 2002). In this way GIS is transformed from a simple query and 
visualization tool to a powerful analytical and spatial distributed modeling tool. 

One of the 15 national environmental quality goals, adopted by Swedish Parliament 
in 1999, is “Zero Eutrofication”. In the progress report from 2003 earlier calculations 
of nitrogen emissions to recipient waters have been revised. Furthermore, it is pointed 
out that the effects of measures implemented to reduce leaching from farmland, are 
difficult to assess due to uncertainties in models used (Miljömålrådet, 2003). 
Therefore, the implementation of a modeling tool which considers spatial distribution 
is needed for evaluating the ongoing processes and the accumulated effects of land use 
activities. Another area where this tool can be useful is within the work of the EU 
Water Framework Directive, since the implementation of the directive requires a more 
holistic approach to water resource management and that report presentations should 
be GIS based. The interdisciplinary nature and increasing complexity of environ-
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mental and water resource problems require modeling approaches that can incorporate 
knowledge from a broad range of scientific disciplines in a common platform. In order 
to evaluate the effects of this multitude of factors and scale levels, new approaches 
must be developed. The aim of this project is to develop such a tool and test its 
suitability for implementation in southern Sweden. 
 
 
2. Material and methods 
 
Hydrologic simulation models are valuable tools for water resources management. 
They may successfully capture the temporal variation, but many models use a lumped 
parameter approach that disregards spatial variability in the landscape. Because 
landscapes are spatially heterogeneous areas, the structure, function and temporal 
change in landscapes are scale-dependent themselves (Turner, 1989). At different 
scale levels, different groups of processes are dominant, so the effective focus of 
analyses in the model also changes with scale level (Renscheler and Harbor, 2002). 
The approach will have the following components (see also Figure 1): 

• A GIS platform to store and manage data. The GIS software ArcGIS Info 9.0 is 
chosen as a common platform to embed all operations.  

• A model to link the elements in the landscape. The model ArcHydro, which 
works under ArcGIS will be used to organize the geodata, and also to describe 
processes such as water flow. 

• A model to analyze the water and nutrient transport in the landscape. The model 
DRAINMOD-NII will be utilized primarily for the simulation of water and 
nutrient transport but also for simulations of sub-processes such as plant growth 
and drainage.  

  
Figure 1. A principal outline of the framework.  
 
ArcGIS 
ArcGIS software will be the common platform for storing data, performing 
simulation, analysis of data and presentation of results. ArcGIS is a family of software 
products that forms a complete GIS tool that is easy to use. ArcGIS is designed as a 
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scalable system that can be deployed in every organization, from an individual 
desktop to a globally distributed network of people (ESRI, 2001). 

ArcGIS 9 extends the current platform (8.3) with major new capabilities in geo-
processing and usability. The new geoprocessing tool can be used in a number of ways 
and work with all supported data formats including geodatabase feature classes. The 
same operations, commands, or tools can run within dialogs, interactively in visual 
models using ModelBuilder and quickly via command line input or can be integrated 
into multipart scripts or applications for advanced analysis (ESRI, 2004). With this 
improvement, creating models and managing spatial data become possible even for 
non GIS specialists.  
 
ArcHydro 
ArcHydro framework will be used in the project as the main tool for data association. 
ArcHydro is a geospatial and temporal data model for water that operates within 
ArcGIS and was developed jointly by The Center for Research in Water Resources, 
University of Texas, Austin (CRWR) and The Environmental System Research 
Institute, Inc. (ESRI). ArcHydro has an associated set of tools that populate the 
attributes of the features in the data framework, interconnect features in different data 
layers and support hydrological analysis. ArcHydro is a data structure that supports 
hydrological simulation models, but it is not itself a simulation model (Maidment, 
2002). 

The model provides a simple framework that supports basic water resource studies 
and models. The ArcHydro framework stores information about stream networks, 
watersheds, water bodies and monitoring points. It can also serve as a point of start 
and additional components may be assembled around the framework to form a more 
complete ArcHydro data model including time series. 

 
DRAINMOD 
DRAINMOD-NII (Youssef et al., 2005) will be used for characterizing the effects of 
land and water management practices on the hydrology and nitrogen loads of 
watersheds within the study areas. DRAINMOD (Skaggs, 1978; Skaggs, 1991) is a 
computer model developed to describe the performance of drainage and associated 
water table control systems in soils with shallow water tables. The model relates soil 
water distribution to crop performance by parameters such as excess soil water, 
drought, delayed planting and harvest. The model has been successfully tested to 
predict daily watertable dynamics and drainage outflows under a wide range of soil, 
crop and climatological conditions. Moreover, DRAINMOD has been used for 
simulations of the hydrology of conventional and controlled drained plots in southern 
Sweden (Wesström, 2002). Since its inception, DRAINMOD has been updated several 
times to further extend the model’s capabilities. The last version DRAINMOD–NII 
(Youssef et al, 2005) is an enhanced version of N simulation model, DRAINMOD–N, 
that simulates a more complete N cycle, adds a carbon (C) cycle, and operates at 
different levels of complexity. 
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Data and validation data 
The primary study area is the catchment area of the river Kleva, situated in the 
municipality of Mörbylånga in the island Öland. The area is about 750 ha, has light 
textured soils, concentrations of farms with animal husbandry and intensive crop 
production, all of which increase the risk of non-point source pollution.  

Long term measurements of stream flow and water quality are available from 
measurement stations in the outlets of the watersheds. The main input data consist of 
soil properties, nitrogen and phosphorus parameters, crop parameters, drainage 
systems parameters and climate data, of which some of the parameters will be 
measured and some estimate. Both topographic and soil surveys are under evaluation.  

Soil samples are collected from recognized soil map units in the survey area. 
Measurements are perform on undisturbed soil cores in steel cylinders (7.2 cm 
diameter, 10 cm in height) taken at 10 cm depth intervals down to 100 cm, with four 
replicates at each level, for determination of bulk density, soil water retention and 
saturated hydraulic conductivity by standard laboratory procedure (Andersson,1955). 
Soil water retention is measure at pressure heads –0.5, –1.5, –3.0, –5.0, –10.0, –20.0,  
–60.0 and –1500 kPa. Saturated hydraulic conductivity is measure at 1 h and 24 h after 
saturated water flow at a constant head gradient. Soil texture is determined at 10 cm 
depth intervals down to 100 cm and by using method of sieving and pipetting. Mineral 
nitrogen contents in the soil profile (total N, NO3-N and NH4-N) will be measured 
three times a year; in early spring, at harvest and in the late autumn, by a method 
described by Lindén (1981).  

There are several gauging and sampling stations within the study area, including 
one at the catchment outlet point, for recording flow and sampling drainage water. 
Where point samples of drainage water is collected for analysis twice a month during 
flow periods. Water is analyzed for NO3-N, NH4-N, total nitrogen, orthophosphate and 
total phosphorous according to Swedish Standards. The concentrations of NO3-N are 
determined with the colorimetric cadmium reduction method (Grasshoff, 1964; 
Wagner, 1974). Concentrations of total nitrogen are determined in the same way after 
oxidizing organic and inorganic nitrogen compounds to nitrate. The concentration of 
orthophosphate is determined with the colorimetric ascorbic acid reduction method. 
Concentration of total phosphorous is determined in the same way after oxidizing 
organic and inorganic phosphorous compounds to orthophosphate.  

Daily rainfall and temperature data are processed in the models format. Hourly data 
is extrapolated from daily data for conducting simulations. Daily maximum and mini-
mum temperature data are used to compute potential evapotranspiration using a 
Thornwaite method built into the model. Dominant soil types at the sites will be 
parameterized separately. Simulation will be run for different crop rotations and water 
management options. Predicted outflows and nutrient concentrations will be compared 
with measured stream flow data at the sites. 

Data from two field sites within the watersheds, established at Gärds Köpinge, 
Skåne (62013N, 13985E) in year 2000 with grants from the Swedish Board of Agri-
culture, and at Ragnabo (http://ragnabodata.se/damme/), Småland (51700N, 16500E) 
in year 2004 with grants from the Swedish Farmer’s Foundation for Agricultural 
Research, will be used for parameterisation of the DRAINMOD-NII model.  
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3. Expected outcome 
 
On completion of the project, we expect to present a single framework that will be a 
common platform for management of all data. It will have the ability to: store and 
associate temporal and spatial data, perform qualitative and quantitative analyses 
(hydrology and nutrient flow), present results in both tables and graphs and highlight 
best management options for the study areas. 

The specific project objectives are to: 
1. Develop a framework that is capable of organizing and managing a land and 

water resource database. 
2. Find appropriate methods to link the different elements in the landscape (fields, 

channels, rivers, structures, rainfall, runoff, evaporation etc) to each other at the 
different scale levels. 

3. Identify some of the main biophysical and chemical processes acting in the land 
use systems; their level of spatial and temporal resolution; and the relevant data 
needed to characterise these processes. 
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Abstract 
 
An analysis of runoff measurements can reveal a great deal about the hydrological 
character of a catchment. There are different ways to carry out such a hydrological cha-
racterization. In this paper, characterisation of the hydrological behaviour of catchments 
is carried out by describing the flashiness of the runoff. Flashiness in this case is meant 
to express the variation in runoff over short periods. A modified flashiness index has 
been calculated for small agricultural catchments in Estonia and Norway respectively, 
based on hourly recorded discharges and a comparison has been made with results 
obtained from a flashiness index, which is based on average daily discharge values. The 
comparison revealed large differences between the two index values for the Norwegian 
catchments, indicating large variations in discharge values over short periods or a 
“flashy” nature in runoff. Only small differences were found for the Estonian catch-
ments. Large differences were found when comparing the Norwegian and Estonian 
catchments. Although the flashiness index does not a-priori give information about the 
flow processes, it might be helpful in explaining differences in nutrient and soil losses 
between catchments.  
 
 

1. Introduction 
 
In addition to climate, land use and agricultural practices are important in determining 
nutrient loads and soil loss. The losses are often confined to periods with high pre-
cipitation and subsequent high runoff. The separation of excess precipitation into 
surface, subsurface and groundwater runoff is influenced by the geo-hydrological 
characteristics of agricultural catchments. In this case, geo-hydrological conditions is a 
combination of factors such as geology, soil type, topography and the presence of 
subsurface drainage systems. Runoff from catchments can among others be charac-
terised through flow duration curves, maximum/minimum runoff intensities, runoff 
recession coefficients and base flow index. Flashiness has been used to describe urban 
hydrology (James (1965), Hollis (1975)). Ward (1981) described flashiness as the 
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ratio of the riverflow observed for at least 30% of the time to that observed for more 
than 70% of the time – the Q30/Q70 statistics. Baker et al (2004) developed a 
flashiness-index (FI_RB) to study changes in hydrological behaviour of catchments 
due to changes in land use. Changes in land use are often accompanied by changes in 
the hydrological pathways. There index is calculated as  
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in which (i) is the day number and qi and qi–1 are the discharges on day (i) and day  
(i-1) respectively. This flashiness index does not take into account the in-day variation 
in runoff.  

At many catchments, runoff is recorded on an hourly basis. A characterisation on 
the basis of the these records can reveal a great deal about the flashiness of the runoff. 
This paper presents a new index, which takes into account the hourly records of 
discharge measurements. It has been applied to two small agricultural catchments in 
Estonia (Räpu, Rägina) and Norway (Skuterud, Mørdre) respectively.  

 
 

2. Catchment description 
 
The Skuterud catchment 
The catchment is part of the JOVA-programme and is located approximately 30 km 
south-east of Oslo (Fig. 1). The total area of the catchment is 450 ha. The main land 
use is agriculture with a total area of 272 ha with cereals being the dominating crop. 
The forested area covers 129 ha while the remaining area is covered by a drained bog 
and housing area. The annual normal temperature for Ås is 5.3°C, with a minimum of 
– 4.8°C in January/February, and a maximum of 16.1°C in July. The normal annual 
precipitation is 785 mm, with a minimum of 35 mm in February and a maximum of 
100 mm in October.  

Soil types in the catchment are dominated by marine silty clay loam deposits in 
addition to a lesser part with marine sand and morenic deposits. The highest and 
lowest points in the catchment are approximately 150 and 85 meters above sea level 
respectively. In general, the slopes are long and gentle on the western side of the 
Skuterud stream, while the eastern side has shorter and steeper slopes. Most of the 
agricultural land is systematically drained with a drain spacing, L = 8 m and a drain 
depth, d = 0.8 m below soil surface. More detailed information concerning the 
Skuterud catchment has been reported by Deelstra et al(2005). 
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Figure 1. Geographical location of the Skuterud and Mørdre catchment in Norway. 
 
The Mørdre catchment 
The catchment is located approximately 45 km north-east of Oslo (Fig. 1). The total 
area of the catchment is approximately 680 ha. The land use in the catchment is 
dominated by agriculture, covering an area of approximately 440 ha. The main crops 
grown are cereals in addition to a minor area covered by potatoes, ley and permanent 
grasses. The remaining area is covered by forest, bogs and housing areas. The average 
yearly precipitation is in the order of 665 mm. The average yearly temperature is 4.0 
oC with a maximum of 15 oC in July and a minimum of – 6.9 oC in January. The 
topography of the catchment is varied, with undulating plains, dominated by a silty 
loam soil, interchanged by land-levelled clay soils on rather steep, long slopes down to 
the main stream. The catchment lies approximately 200 m above mean sea level. Most 
of the agricultural land is systematically drained with a drain spacing, L = 8 m and a 
drain depth, d = 0.8 m below soil surface.  
 
The Räpu catchment 
The Räpu catchment is located in the central part of Estonia, approximately 120 km 
south of Tallinn (Fig. 2). The total catchment area is 25,5 km2. The catchment area is 
relatively flat with an altitude of 57–68 m above see level. It is situated on the North 
Estonian plateau of Silurian limestone. The soils in the catchment, dominated by 
loamy soils, are considered to be some of the best agricultural soils in Estonia. 
Approximately 52% of the agricultural land is used for grass production, while cereals 
are cultivated on 45% of the land. The catchment has a rather flat topography. The 
dominating soil type is a silty loam. All the agricultural land is drained with an 
average drain depth, d = 1 m be low soil surface and a drain spacing, L = 20 m. Since 
the spring of 1996 a discharge measurement programme was initiated in the Räpu 
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catchment, Estonia. The long term mean precipitation in the Türi station, representing 
Räpu is 730 mm.  
 
The Rägina catchment 
The Rägina catchment is located in the western part of Estonia (Fig. 2). It has a total 
area of 21.2 km2. The topography of the catchment is mostly flat, with absolute 
heights varying between 15–30 meters above average mean sea level. The soils are 
mainly of a gley loam type. Forest is the dominating land use type occupying almost 
50% of the area. Arable land and natural grassland occupy 7.5 and 3.8 km2 
respectively. Most of the agricultural land is provided with artificial drains. In the 
Rägina catchment artificial drains discharge into an open drainage system. The open 
drainage system in the catchment is 3.03 km/km2, which is relatively high for Estonian 
conditions. The monitoring station has been established in October 1999 and discharge 
measurements and water sampling has since been carried out. The long term mean 
precipitation in the Lääne-Nigula station, representing Rägina is 670 mm.  

Tallinn 

Räpu Rägina 

  
Figure 2. Geographical location of the Rägina and Räpu catchment in Estonia 
 
 
At all four catchments, water levels are recorded automatically using a data-logger 
(Campbell) in combination with a pressure transducer while discharges are calculated 
on the basis of the existing head-discharge relation for the measuring location. 
Discharges are measured using a Crump-weir. Composite water samples are taken on 
a volume proportional basis (Rekolainen et al, 1991). In principle water samples are 
analysed every fourteen days for among others total nitrogen, nitrate, total phosphorus 
and phosphate. 
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3. The modified flashiness index 
 
To take into consideration the within-day variation in discharge, an alternative 
flashiness index based on the recorded maximum and minimum discharges during a 
day was developed as  
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in which qmax,i, qmin,i and qave,i are the maximum, minimum and average discharge on 
day(i). By taking into account the maximum and minimum discharges respectively, 
the daily variation in discharge, as shown in Figure 1, is reflected in the modified 
flashiness index (FI_mod).  
 

 
Figure 3. Flashiness in the Skuterud catchment, Norway (error bar indicating maximum and 
minimum daily discharge) 
 
 
4. Results and conclusions 
 
The FI_RB values for the Skuterud catchment are similar to many catchments reported 
in Baker et al. (2004). The FI_mod reflects the in-day variability in discharge and is 
significant larger compared to the FI_RB (Table 1). This also indicates that using 
average daily values is not really reflecting the intensities in runoff as encountered in 
small agricultural catchments and which often are the driving forces behind nutrient 
and soil loss. Also for the Mørdre catchments, large differences exist between the two 
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flashiness indices, indicating the flashy nature of runoff in this catchment with 
significant in-day variations in the discharge. The FI_RB index for Mørdre is in the 
same order of magnitude as the for the Skuterud catchment while the FI_mod is a 
slightly lower. 

The flashiness index for the Räpu catchment is presented in Table 2. The flashiness 
index, irrespective of the calculation mode, is rather low compared to the ones 
obtained for the Norwegian catchments. The results for Rägina catchment (Table 2) 
are similar to the ones obtained for the Räpu catchment. For both catchments, the 
difference between the two values is very small indicating a low flashy nature of the 
catchment with less in-day variation in discharge.  

 
Table 1. Flashiness indices for the Skuterud and Mørdre catchment, Norway 

 Skuterud Mørdre 
Year FI_RB FI_mod Runoff (mm) FI_RB FI_mod Runoff (mm) 

1992    0.63 1.16 250 
1993    0.71 1.35 231 
1994 0.48 1.09 461 0.35 0.79 311 
1995 0.55 1.03 501 0.58 1.07 259 
1996 0.68 1.44 277 0.52 0.84 285 
1997 0.56 1.21 292 0.59 1.19 161 
1998 0.49 0.97 485 0.54 0.92 283 
1999 0.63 1.28 699 0.51 1.05 390 
2000 0.52 1.27 916 0.55 1.06 502 
2001 0.56 1.27 606 0.51 1.18 242 
2002 0.68 1.34 525 0.59 1.24 270 
2003 0.55 1.05 524 0.37 0.55 200 
2004 0.52 1.04 481 0.57 1.07 366 

Average 0.56 1.18  0.51 0.99  
 
 
The agricultural catchments in Norway showed large differences between the two 
flashiness indices, indicating a rather “flashy” nature of the runoff with large in-day 
variation in discharge in addition to large variations between days. This difference was 
absent for the two agricultural catchments in Estonia, which is an indication that large 
in-day variation in discharge is less prevalent. Both flashiness indices are considerable 
lower than the ones obtained for the Norwegian agricultural catchments. It is believed 
that the main reasons for these differences are the dominating flow processes in the 
runoff generation. Compared to the 
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Table 2. Flashiness indices for the Rägina and Räpu catchment, Estonia. 

Year FI_RB FI_mod Runoff (mm) FI_RB FI_mod Runoff (mm) 
1997 0.18 0.21 208    
1998 0.14 0.19 219    
1999 0.17 0.30 198    
2000 0.16 0.20 176 0.16 0.19 214 
2001 0.21 0.27 205 0.19 0.25 347 
2002 0.15 0.22 161 0.15 0.22 211 
2003 0.21 0.27 265 (*)   
2004 0.14 0.18 354 0.20 0.26 250 

Average 0.17 0.23  0.17 0.23  

* – no data available due to malfunctioning of the monitoring station 
 
Norwegian catchment, the topography of the Estonian catchments is flat, most likely 
leading to the fact that the majority of excess water infiltrates into the soil thereby 
retarding the runoff generation. The drain spacing in the Estonian catchments is in the 
order of 20 meters, compared to 6–8 meters for the Norwegian catchments. Larger 
spacing has a significant effect on subsurface drainage rates. In addition, part of the 
infiltrated water might pass the subsurface drainages system and appear as base flow 
runoff at the catchment outlet. A large base flow component in the total runoff can 
significantly influence the total N loss at the catchment outlet. Vagstad et al. (2004) 
carried out an analysis on the runoff generation in different Baltic and Nordic 
catchments and found that especially catchments dominated by lighter, sandy soils had 
a larger presence of base flow, which also partly explained differences in N loss 
between catchments. Deelstra et al.(1998) showed that lower runoff recession 
coefficients in Baltic catchments partly could explain the lower nitrogen runoff as 
compared to the Norwegian catchments. Lower recession coefficients and higher 
baseflow indices will in general lead to a less “flashy” nature of the hydrology in the 
Estonian catchments, which might partly explain the lower nitrogen runoff (Table 3).  
 
Table 3. Average nitrogen and phosphorus losses(kg ha–1) 

Catchment Nitrogen Phosphorus 
Räpu 3–7 0.17–0.19 
Rägina 7–11 0.08–0.37 
Mørdre 16–31 1.0–2.9 
Skuterud 21–71 0.7–5.7 

 
The total runoff at the catchment outlet does not provide information on whether the 
runoff is generated as surface runoff, subsurface runoff or base flow. However, it is 
assumed that surface runoff processes will be present in the Norwegian agricultural 
catchments due to their topography. These surface runoff processes will be further 
enhanced during winter periods with frozen soils. An indication is the amount of 
phosphorus loss in the Norwegian catchments, which is mainly the result of erosion 
processes due to surface runoff (Table 3). Besides drainage intensity will a large 
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proportion of surface runoff in the total runoff contribute to the more “flashy” nature 
in runoff, reflected in a higher flashiness coefficient at the Norwegian catchments.  

The flashiness index does not provide information about retention times. However 
the difference between the original (FI_RB) and the modified (FI_mod) flashiness 
index can give an indication about possible retention in the catchment where a small 
differences would mean slow flow processes and a higher possibility for retention.  

Further work on the flashiness index will be carried out which will include studies 
on the possible use of flashiness index in the design of environmental monitoring 
systems. Additional catchments should be included, both representing different sizes, 
land use and climate. The final goal is to be able to obtain a flashiness index on the 
basis of catchment characteristics such as land use, size, geo-hydrological settings and 
climatic conditions. 
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Abstract 
 
The ecological status of lake Pyhäjärvi, located in south-western Finland, may be 
classified as moderate due to its elevated nutrient concentrations and algal biomass 
production. Thus, the Yläneenjoki river basin, accounting for >50% of the total 
phosphorus loading to the lake, was chosen as the Finnish test catchment in the 
Benchmark models for the Water Framework Directive project. One aim of the project 
was to test the suitability of models like the catchment scale model SWAT for the 
assessment of nutrient and sediment transport and management options needed to meet 
the surface water quality requirements. The modelling approach comprised two distinct 
phases: 1) an evaluation of SWAT utilising the available monitoring data along the 
Yläneenjoki reach and its main tributaries, and 2) participation of the Finnish sta-
keholders in the modelling process and communication of the analysis results. This 
process included the development of a benchmarking protocol to guide modellers and 
water managers in the case-specific selection of the most appropriate modelling 
approach.  
 
 

1. Introduction 
 
The EU Water Framework Directive (WFD) mandates Member States to develop river 
basin management plans for each river basin district. To achieve this the responsible 
authorities must have tools to assess alternative management options. Effects of 
environmental conditions and agricultural practices on nutrient leaching can be studied 
in field trials but due to the complexity of the soil-water-plant interaction mathe-
matical modelling tools have been developed to generalise the effect of environmental 
conditions and agricultural practices on nutrient losses. The SWAT model has 
previously been applied in Finland to the Vantaanjoki basin to estimate retention of 
total N and P. The model performance was found to be satisfactory, the Nash-Sutcliffe 
index for the simulation of discharge and total N and total P loads ranged for vali-
dation from 0.43 to 0.57 (Grizzetti et al. 2003).  

One aim of the EU-funded project Benchmark models for the Water Framework 
Directive (BMW) was to establish a set of criteria to assess the appropriateness of 
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models for the use in the implementation of WFD. This concept developed from being 
a set of generic questions (Saloranta et al. 2003) to a document that can be used as a 
basis for the dialogue between a modeller and a water manager (Hutchins et al. in 
print; Kämäri et al. in print). The dialogue process was supported by modelling case-
studies in selected catchments. The Finnish test case was the catchment of Lake 
Pyhäjärvi. In order to test the applicability of SWAT for this purpose, the model was 
applied to the Yläneenjoki catchment draining directly to Lake Pyhäjärvi and 
contributing over 50% of the P load reaching the lake (Ekholm et al. 1997).  

Lake Pyhäjärvi is one of the most widely studied lakes in Finland. In the 1970s, the 
water quality of Lake Pyhäjärvi was classified as excellent, but in the classification 
carried out in the 1990s, the water quality was only estimated as good. The 
eutrophication of the lake has progressed at a rapid pace over the last few years. Lake 
Pyhäjärvi is currently mesotrophic. Of the total catchment area 22% is cultivated, the 
remainder comprises forest, peatland and housing areas. It has been estimated that 
field cultivation and animal husbandry comprise 55% and 39% of the external total P 
and total N load to Lake Pyhäjärvi, respectively (Ekholm et al. 1997).  

 
 

2. Materials and methods 
 
The SWAT model (Soil and Water Assessment Tool) is a continuous time model that 
operates on a daily time step at catchment scale (Arnold et al. 1998; Neitsch et al. 
2001). It can be used to simulate water and nutrient cycles in agriculturally dominated 
landscapes. The catchment is generally partitioned into a number of sub-basins where 
the smallest unit of discretisation is a unique combination of soil and land use overlay 
referred to as a hydrologic response unit (HRU). SWAT is a process based model, 
including also empirical relationships. One objective of such a model is to assess long-
term impacts of management practices. The model has been widely used but also 
further developed in Europe (e.g. Krysanova et al. 1999; Eckhardt et al. 2002; van 
Griensven et al. 2002). SWAT was chosen for this case study for three main reasons: 
its ability to simulate both P and N on catchment scale, its European wide use and its 
potential to include agricultural management actions.  

The Yläneenjoki catchment, 234 km2 in area, is located on the coastal plains of 
south-western Finland, thus the landscape ranges in altitude from 50 to 100 m a.s.l. 
The soils in the river valley are mainly clay and silt, whereas tills and organic soils 
dominate elsewhere in the catchment. Long-term (1961–1990) average annual 
precipitation is 630 mm (Hyvärinen et al. 1995). Average discharge in the Yläneenjoki 
main channel is 2.1 m3s–1 (Mattila et al. 2001). The highest discharges occur in the 
spring and late autumn months. Groundwater contributions to stream flow are small. 
Agriculture in the Yläneenjoki catchment consists of mainly cereal production and 
poultry husbandry. According to surveys performed in 2000–2002 75% of the agri-
cultural area is planted for spring cereals and 5–10% for winter cereals (Pyykkönen et 
al. 2004).  

Data for only one precipitation and temperature gauge were available for the 
Yläneenjoki catchment. The station for global radiation was located approximately 60 
km outside the catchment. The regular monitoring of water quality of river loads has 
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been started as early as 1970s in the Yläneenjoki catchment. Monitoring of ditches and 
brooks entering the river or lake started at the beginning of 1990s. The nutrient 
concentrations have been monitored in the Yläneenjoki river by taking and analysing, 
in general bi-weekly, water samples and measuring the daily water flow at one point 
(Vanhakartano, situated ca. 4 km from the river mouth). Furthermore, water quality 
was monitored on a monthly basis in three additional points in the main channel and in 
13 open ditches running into the river Yläneenjoki in the 1990s. 

For the SWAT simulations the available data on land use and soil types had to be 
aggregated. The SWAT parameterisation was performed for 7 land use types: water, 
field, forest cuts and recently planted forest, active forest, old forest, peat bog and 
sealed areas. The soil was divided into 6 general types: clay, till and other coarse soils, 
open bedrock, turf and silt.. The fields were parameterised to be spring barley since 
spring cereals are the most common crop type in the catchment. The discretisation of 
the Yläneenjoki catchment resulted in 43 subbasins. With a threshold value of 10% for 
land use and for soil types the number of HRU’s is 267. The parameterisation of soils 
and vegetation was based on measurements, expert judgement and previous field scale 
modelling work. Clear information gaps for the Yläneenjoki data set concerned a wide 
range of parameters (ca. 30 parameter, Bärlund et al. in print) where model default 
values are now used.  

 
 

3. Results and Discussion  
 
The uncalibrated SWAT run showed clear faults in the ability to describe observed 
discharge behaviour. This concerned mainly three phenomenon: too much snow melt 
during winter months, timing and amount of snow melt in spring and too many and 
partially over-predicted peaks during summer (Bärlund et al. in print). Calibration 
took place against discharge and sediment and nutrient concentration measurements as 
well as calculated daily loads at Vanhakartano. The calibration period was 1990–1994: 
13 parameters affecting discharge only, 9 parameters affecting both discharge and 
NO3-N, 1 parameter affecting NO3-N only, 1 parameter affecting sediment concent-
ration, 2 parameters affecting PO4-P and 2 parameters affecting total P, i.e. in total 28 
parameters, were used for calibration. The validation period was 1995–1999.  

The calibration result was evaluated using the Nash-Sutcliffe index (NSI) and the 
linear goodness-of-fit values (R2). The NSI varied between –263 and 0.43, the R2 
values between 0.01 and 0.57. The best result was achieved for discharge and nutrient 
loads. Except for sediment, the load simulation performed better than the concent-
ration simulation. An evaluation of the time-series of all output variables shows that, 
except for NH4-N and PO4-P concentrations, the calibration result is reasonable since 
the main features of the inter-annual behaviour can be depicted. The overall 
impression is that the constant point load that is now used for scattered settlements, 
not connected community waste water networks, is not working properly. It seems to 
be difficult to estimate the correct unit loading. The mismatch has strong influence 
during low flow periods where the daily flow is usually less than 0.1 m3s–1. 
Additionally, it is obviously not enough to base the calibration on a limited number of 
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catchment or subbasin wide parameters but the singular HRU’s and subbasins have to 
be thoroughly examined for their output. 

The validation result shows that, with the exception of sediment load and con-
centration, the validation performance is poorer than the calibration result. The same 
issues as for the calibration period play a role but additionally in early autumn 1999 
there is a period of elevated measured nitrogen concentrations, which are overesti-
mated by the model by a factor of 10. 

A second validation experiment concerned the average concentrations of total 
nutrients along the main stream. This analysis reveals further major problems in the 
present model set-up to describe catchment dynamics. The measured average concent-
rations for the years 1991–1994 indicate a rise from the river mouth to the agri-
culturally intensive upper parts of the catchment – the simulation results show just the 
opposite. This result indicates that the main catchment element affecting the simu-
lation result are the processes in the stream, not the loading from land reflecting land 
use. The effect of calibration can be seen as the best fit at Vanhakartano. 

A simplified representation of buffer strips is included to SWAT. The only input 
parameter governing buffer strip efficiency is its width, which is a parameter in the 
SWAT input file describing the HRU’s. The efficiency reduces the sediment as well as 
the soluble and sediment bound nutrient amounts leaving the HRU in surface runoff. 
The exponential equation is based on empirical data from the U.S. on buffer strip 
efficiency (Srinivasan, personal communication). Finnish measurements (e.g. Uusi-
Kämppä et al. 1996 and 2000; Puustinen 1999) indicate that the buffer strip performs 
differently depending on the variable studied (soluble vs. particle bound). In SWAT 
the efficiency is the same for all output variables. The buffer strip option was used on 
three different areas in the Yläneenjoki catchment: the agriculturally dominated areas 
up-stream, along the main channel and to a second intensive agricultural area in the 
middle part of the catchment. The result shows clear differences in the reduction of the 
total nutrient load at the river mouth but this has so far only qualitative importance due 
to the poor calibration and validation status of the model in this area. 

The model benchmarking protocol that was created within the BMW project 
consists of a set of 23 questions for the water manager and modeller to be considered 
in a common model selection session. The issues are divided into four sections after 
which each a GO or NO GO decision has to be made: 

1. Definition of the management and modelling tasks 
 GO/NO GO: Is modelling needed? 
2. Model functionality and data 
 GO/NO GO: Is the model code suitable for this task? 
 GO/NO GO: Can the model be used for this application? 
3. Model performance assessment 

GO/NO GO: Does the model perform in an acceptable way 
in this application? 

4. A posteriori review 
 GO/NO GO: Can the model be used for the management tasks at hand? 

 
Benchmarking based on the Yläneenjoki case showed a clear GO for the two first 
steps even though certain reservations were noted concerning e.g. model structure, 
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data availability and examples of regional model use. The model performance 
assessment (step 3) was not completed during the project due to the time consuming 
calibration and validation effort of a complex model like SWAT.  
 
 
4. Conclusions  
 
The approach to assess SWAT model performance in the Finnish Yläneenjoki catch-
ment reveals so far that the model can be calibrated to a certain extent to discharge and 
nutrient loads using a limited parameter set of ca. 30 input parameters. With regard to 
this part of the evaluation, the SWAT set-up would be acceptable to the end-user to be 
used for management actions like buffer strips. The validation within the catchment 
shows, however, that the calibration and validation to one point is not enough to prove 
an understanding of the dynamics of such a complex model like SWAT. Three options 
remain: 1) improve calibration using smaller scale information and pay more attention 
to in-stream processes; 2) improve the model by changing certain routines; 3) choose 
another model. Giving the situation that the availability of models in Finland which 
fulfil the requirements of simulating both P and N on catchment scale and including 
agricultural management actions is limited – and that the simple exercises performed 
so far using the present set-up for buffer strip efficiency is what the local water 
manager is looking for – a further improvement of the calibration and a consideration 
of model improvements is recommended. The appropriate use of a model like SWAT 
is time consuming and requires an experienced user. This is a further aspect that has to 
be considered when planning to use the model for practical water management issues. 
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Abstract 
 
The Integrated Nutrients Model for Catchments – Nitrogen (INCA-N) model was 
applied in Savijoki, a small (15.4 km2) agricultural catchment, in order to analyse 
possibilities to achieve the targeted 50% reduction in agricultural nitrogen loading. The 
model was applied for the years 1995–1999, representing the first period of the Finnish 
Agri-Environmental Programme, a widely adapted policy measure for controlling 
environmental impacts of agriculture in Finland. Firstly, the model was applied to the 
present agricultural conditions and the results were compared with observed nitrogen 
loads (Baseline scenario). Secondly, six different scenarios of agricultural land use and 
management practices were analysed with the INCA-N model: afforestation of agri-
cultural land, grass cultivation, cereal cultivation with direct sowing, cereal cultivation 
with stubble and reduced tillage, cereal cultivation with autumn ploughing and bare 
fallow. For the scenarios the calculated average NO3-N loads varied from approximately 
40 kg N km–2 a–1 (afforestation) to 740 kg N km–2 a–1 (bare fallow). The loads increased 
with increasing efficiency of agricultural soil manipulation and related decrease in 
winter vegetation cover. Methods in which the agricultural soil was assumed to remain 
undisturbed during winter (stubble and direct sowing) decreased NO3-N export 
remarkably (34 and 56%, respectively) compared to the observed load. 
 
 

1. Introduction 
 
Agricultural production is the major source of diffuse nutrient loading to watercourses 
in Finland. Total nutrient load from catchments depends strongly on the proportion of 
agricultural land (Rekolainen 1989). To date, studies in Finnish agricultural catch-
ments and river basins have indicated only minor reduction of nutrient loads, despite 
massive efforts towards environmentally sound management practices, e.g. intro-
duction of the Finnish Agri-Environmental Programme in 1995 (FAEP, Valpasvuo-
Jaatinen et al. 1997), a massive and widely adopted (more than 90% of the farms 
participating) policy measure for controlling nutrient losses from agriculture. Water 
protection policy has aimed at a significant, as high as 50% reduction of nutrient loads 
due to increased concern about water quality in inland waters and the Baltic Sea 
(Ministry of the Environment 1998).  
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In Finland, the Integrated Nitrogen Model for Catchments (INCA-N) (Whitehead 
et al. 1998; Wade et al. 2002) has been successfully tested and applied to the analysis 
of nitrogen leaching related to forestry and agricultural practices at catchment scale 
(e.g. Rankinen et al. 2002; Rankinen et al. 2004, Granlund et al. 2004). In order to 
analyse possibilities to achieve the proposed 50% reduction in agricultural nitrogen 
loading, the INCA-N model is being applied in Savijoki, a small (15.4 km2) agri-
cultural catchment which represents well the intensively cultivated areas of south-
western Finland. The aim of this study was to use the calibrated INCA-N model 
(Granlund et al. 2004) to analyse nitrogen loading in the Savijoki catchment under 
changing agricultural land use conditions using five years of hydrological data (years 
1995–1999) as input to the model. The selected years represent the first period of the 
FAEP. Firstly, the INCA-N model was run for present agricultural land use conditions 
and the simulated NO3-N loads were compared with the observed loads for the years 
1995–1999. Secondly, the model was run with six different agricultural land use and 
management scenarios representing different levels of field soil manipulation: 
afforestation of agricultural land, grass cultivation, cereal cultivation with direct 
sowing, cereal cultivation with stubble and reduced tillage, cereal cultivation with 
autumn ploughing and bare fallow. NO3-N loading results from the different modeled 
cultivation scenarios were compared with observed values in order to analyse the 
effectiveness of the selected scenarios. 

 
 

2. Material and methods 
 
The Savijoki catchment is located in south-western Finland in the southern boreal 
zone, about 30 km northeast of the city of Turku (60°36’, 22°40’). It is a small, agri-
culture-dominated sub-catchment (15.4 km2) of the River Aurajoki that discharges to 
the Baltic Sea. Savijoki contains no lakes and belongs to the Finnish network of small 
representative catchments, originally established for hydrological research in 1957 ( 
e.g. Seuna 1983). Agriculture is the main source of diffuse nutrient losses in the 
Savijoki catchment (Rekolainen 1989). Livestock density and the area of grassland are 
relatively low and spring cereals are the most common crops, which is typical in this 
part of the country.  

The Integrated Nutrients Model for Catchments – Nitrogen model (INCA-N) 
(Whitehead et al. 1998; Wade et al. 2002) is a process-based and semi-distributed 
model that integrates hydrology, catchment and river N processes to simulate daily 
concentrations of NO3-N and NH4-N in river systems. In the INCA-N model, 
hydrologically effective rainfall (HER) is the input to the soil water storage driving 
water flow and N fluxes through the catchment system (Whitehead et al., 1998). 
Catchment hydrology is modeled with a simple two-box approach, including 
reservoirs of water in the reactive soil zone and in the deeper groundwater zone. 
Nitrogen processes are modeled in the land phase for different land use classes (crop 
covers). Nitrogen processes in the river water include nitrification and denitrification. 

Daily input data on HER for the years 1995–1999 was used to run the INCA-N 
model at the Savijoki catchment. In Savijoki almost all farms (29 out of 30 farms) 
were participating in the FAEP. Accordingly, it was assumed that environmentally 
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sound management practices were adapted by all farmers already in 1995. In the 
baseline scenario simulation six land-use classes were defined for the Savijoki 
catchment, five of them representing the main crop types cultivated in the agricultural 
fields (barley and oats 17%, spring wheat 12%, oilseed 2%, grass 5%, green fallow 
(for set-aside) and others 3% of the catchment area, respectively) and one representing 
the managed forested area and the scattered settlement (61%). For agricultural area the 
crop-specific inorganic N fertilization rates set by the FAEP for the first period (1995–
1999) were used as input.  

Next, the model was run with six different agricultural land use and management 
scenarios representing different levels of field soil manipulation: afforestation of agri-
cultural land (AF), grass cultivation (GL), spring cereal cultivation with direct sowing 
(DS), spring cereal cultivation with reduced tillage and stubble left on soil for winter 
(ST), spring cereal cultivation with normal autumn ploughing (NP) and bare fallow 
(BF). The scenarios GL, DS, ST and NP are included in the VIHMA model – a 
decision support system developed as a planning tool for allocation of mitigation 
measures against erosion and nutrient loading (Puustinen et al. 2005). The selected 
cultivation methods affect characteristics of the field surface in different ways, key 
factors being the date and intensity of tillage, vegetation cover during winter and the 
stability of the vegetation cover (Puustinen & Linjama 2005). The theoretical 
scenarios AF and GL were simulated to demonstrate model output in these extreme 
land use conditions. 

Because INCA-N does not allow a direct simulation of all these effects, it was 
assumed that different cultivation practices change N mineralization rates in soil. 
Thus, mineralisation parameters were calibrated for each of the scenarios by 
comparing the simulated land use loads with observed ones found in the literature for 
similar conditions (BF and AF scenarios). For GL, DS, ST and NP scenarios, the 
specific land use loads were calibrated based on loading coefficients included in the 
VIHMA model.  

 
 

3. Results and discussion 
 
The observed annual exports of Tot-N, NO3-N and NH4-N varied considerably during 
1995–1999. The mean Tot-N export was 858 kg N km–2 a–1. On average 64 % of the 
annual Tot-N export was in the form of NO3-N, whereas the relative contribution of 
NH4-N was low (on average 4% of the annual Tot-N load).  

The INCA-N model was able to simulate the overall concentration level of NO3-N 
in the stream during 1995–1999 in the baseline conditions, although high concent-
ration peaks were not predicted by the model. The simulation of annual export from 
the catchment was rather good for NO3-N, except in year 1995. The high load in 1995 
was probably due to a major change in land use: in south-western Finland the 
proportion of green set-aside, originally covering approximately 20% of field area on 
each farm, decreased in 1995 and fields were taken into cereal cultivation when 
implementing the Common Agricultural Policy of the EU. The average simulated 
NO3-N export for five years was 438 kg N km–2 a–1 and the observed export was 556 
kg N km-2 a–1.  
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The selected agricultural scenarios represented typical cultivation methods, 
changing gradually from intensive autumn tillage (scenario NP) to permanent grass 
cover (scenario GL). Additionally, two theoretical land use conditions were used to 
demonstrate nitrogen losses in extreme conditions: bare fallow (scenario BF) and 
afforestation (scenario AF) for agricultural land. As would be expected, the modeled 
average NO3-N export from the catchment was highest for bare fallow conditions  
(743 kg N km–2 a–1) and lowest for afforestation (40 kg N km–2 a–1). Modeled NO3-N 
export was 34% higher than the observed average for BF conditions and approxi-
mately 90% lower for AF conditions. If all agricultural land was under cereal 
production with normal autumn ploughing (scenario NP), NO3-N export was of the 
same order or somewhat higher than the observed export during 1995–1999. All of the 
scenario simulations for NO3-N export were lower than that observed in 1995. If all 
fields were under grass cultivation (scenario GL), the NO3-N export was 30% of the 
observed average. Cereal cultivation with stubble (scenario ST) or direct sowing 
(scenario DS) approximately halved the NO3-N export (66% and 44% of the observed 
average, respectively) (Fig. 1). 
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Figure 1. Observed and simulated annual exports of NO3-N in Savijoki catchment during 
1995–1999 for different land use and management scenarios: BF=bare fallow, NP=spring 
cereal with intensive autumn ploughing, ST=spring cereal leaving stubble on the field over 
winter, DS=spring cereal with direct sowing, GL=permanent grass ley cultivation, AF=affo-
restation of agricultural land. 
 
 
The scenario simulations indicated that in the Savijoki catchment a remarkable 
reduction of nitrogen export can be achieved by introducing reduced tillage practices 
(direct sowing) and an increased amount of winter vegetation cover (grass cultivation 
or stubble left on soil) on agricultural land. These measures are already included in 
FAEP: environmental support is paid to farmers for undertaking them. Some of the 
measures had already been adopted since 1980 within the agri-environmental policy in 
Finland by means of guidance, education and voluntary compliance with good 
agricultural practices (Niemi and Ahlstedt, 2005). Direct sowing is becoming more 
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popular in Finland, due to the shorter working time and lower cultivation costs. It has 
been estimated that more than 4.5% of the total area of cultivated land will be under 
direct sowing this year (Alakukku et al., 2004; Alakukku, 2005).  

Today, grass cultivation is not very common in the Savijoki catchment (on average 
11% of the agricultural area during 1999–2002), mostly due to the rather low number 
of cattle farms (3 farms in the year 2002). It is obvious that a monoculture of grass ley 
on all agricultural land in Savijoki is not probable, although it would provide a high 
reduction of nitrogen load. The scenarios for afforestation and bare fallow on 
agricultural land are most probably also realistic only in limited areas, but they were 
included in the simulations in order to provide some idea of the potential range in 
nitrogen export in extreme conditions.  

 
 

4. Conclusions 
 
The INCA-N model was applied in the Savijoki catchment to analyse possibilities to 
achieve the targeted 50% reduction in agricultural nitrogen loading. Six different 
scenarios of agricultural land use and management practices were simulated. The 
results indicated that a gradual change towards permanent vegetation cover is essential 
for achieving a remarkable reduction in nitrogen load. This is especially important in 
southern Finland, where the proportion of agricultural land in river basins is relatively 
high and conditions for nitrogen leaching during winter-time are favourable. So far, 
the differences between regions and farms have received minor attention in the 
environmental support. Permanent vegetation cover should be especially targeted in 
southern and coastal Finland when implementing the Water Framework Directive and 
when planning the new Agri-Environmental Programme for the coming years. 
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Abstract 
 
The hydrological submodel of ICECREAM, which is the Finnish version of CREAMS/ 
GLEAMS model, was calibrated and validated against surface runoff and snow water 
equivalent data from a sloping clayey field under small grain crop cultivation. The field 
data indicated pronounced short-term and seasonal variation of surface runoff and 
erosion. Soil loss was modelled using either simulated or measured surface runoff as an 
input data. The calibrated model performed moderately in simulating surface runoff in 
an annual time scale, but prediction of short-term surface runoff dynamics was rather 
weak. The erosion submodel with measured runoff underestimated high soil losses 
observed in the field in wet autumns. Recalibration of the erosion model is needed to 
improve prediction of sediment concentrations in surface runoff. This is important 
because the measured concentrations showed obvious seasonal variation. Furthermore, 
several cultivation practices and agri-environmental measures have been observed to 
clearly influence concentrations.  
 
 

1. Introduction  
 
Mathematical models are widely used in studies on non-point source pollution from 
cultivated fields. The ICECREAM model, which is similar to the CREAMS and 
GLEAMS models, is used to analyse impacts of different agri-environmental mea-
sures and agricultural policies on nutrient losses to surface waters in Finland (e.g. 
Rekolainen et al.1999; Rankinen et al. 2000, Bärlund et al. 2005). Earlier testing of 
ICECREAM in experimental sites in Finland have revealed a need for further 
evaluation of the model for different soil types, slopes and crops (Rekolainen and 
Posch 1993; Tattari et al. 2001). 

The aim was to test the hydrological and erosion submodels of ICECREAM 
against field-scale monitoring data from southern Finland. The field data indicated that 
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surface runoff and erosion exhibited a pronounced short-term and seasonal variation. 
The idea was to explore how well the model simulates temporal behaviour of runoff 
and erosion in a daily time scale.  
 
 
2. Materials and methods 
 
ICECREAM model is based on CREAMS/GLEAMS models developed in the USA 
(Knisel 1980, 1993). The hydrological and crop growth computation schemes have 
been modified for Nordic conditions by Rekolainen and Posch (1993). The model 
consists of submodels simulating runoff generation and soil water processes, erosion, 
and transport and transformations of nutrients in the unsaturated soil. The model 
operates in field scale using a daily computational time step.  

In this study, data for testing ICECREAM were available from Sjökulla experi-
mental site located in southern Finland (60º15’ N, 24º27’ E). The field was subsurface 
drained in 1951. The clay content of the soil is 38–90%. In the model application a 
field section of 2.2 ha with a slope of 2–4% was studied. Values of the soil properties 
for four horizontal layers in the model were according to measurements from the field 
(Alakukku et al. 2006). 

Surface runoff and subsurface drainage outflow were measured in the field using a 
v-notch weir and a pressure sensor. Water samples were manually collected at 
irregular intervals. The concentration of total suspended solids (TSS) was determined 
by using filtration (1µm fibreglass filter) during 1993–1996 and by weighing the 
evaporation residue during 1997–1999. Daily values of meteorological variables were 
measured at the site. Missing measurements were replaced by data from nearby 
weather stations.  

The model was calibrated against data from December 1997 to April 1999 and the 
rest of the data was left for validation. Model parameters were optimised by mini-
mising the criterion (CR): 

CR = 5.0 – NSSWE – 3 NSSR – NSP 

where NSSWE is the efficiency (Nash and Sutcliffe 1970) describing the goodness of fit 
between measured and computed snow water equivalent, NSSR is the efficiency 
between measured and computed surface runoff, and NSP is the efficiency between 
measured drain flow and computed percolation. Optimisation was carried out with the 
shuffled complex evolution method (SCE-UA) of Duan et al. (1992).  

The calibrated snow model parameters were the degree-day factor, threshold 
temperature for snowmelt, and liquid water retention capacity of snow. The rest of the 
calibrated parameters were saturated hydraulic conductivity, the difference between 
porosity and field capacity, and the wilting point in the four soil layers, and SCS curve 
numbers for sowing and tillage.  
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3. Results and Discussion 
 
The snow model showed a much better performance in terms of efficiency for the 
calibration period (NSSWE = 0.86) than for the validation (NSSWE =0.41, see Fig. 1). It is 
worth noting that optimisation against snow and runoff data simultaneously degraded 
the snow model performance.  

Fig. 2 shows that the model reproduced the cumulative surface runoff well for all 
years except 1995 and 1996. The surface runoff in autumn 1996 was clearly 
overestimated. In 1995, the total volume of surface runoff was correct, but there was a 
clear underestimation of surface runoff in springtime, which was compensated by 
overestimation in autumn. In terms of efficiencies the model performance in daily 
time scale was rather weak. The efficiencies for calibration and validation periods 
were 0.35 and 0.27, respectively. Low values of efficiencies are partly explained by 
measurement problems during wintertime, when freezing and thawing conditions 
caused technical problems. However, periods with unrealistic or missing 
measurements were excluded from the analysis by assessing the model results against 
only those periods when the measurements were deemed reliable.  
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Figure 1. Measured and calculated snow water equivalent (SWE). The calibration and 
validation periods were December 1997 – April 1999 and June 1993 – December 1996, res-
pectively. 
 
 

0
50

100
150
200
250

01/93 01/94 01/95 01/96 01/97 01/98 01/99

Su
rfa

ce
 ru

no
ff 

(m
m

) 

Modelled
Measured 

Validation Calibration 

 
 
Figure 2. Measured and calculated cumulative surface runoff. Periods with missing mea-
surements were excluded from the graphs. 
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Soil loss was estimated using three approaches: 1) ICECREAM was run to simulate 
both surface runoff and erosion for 1993–1999, 2) ICECREAM was run with 
measured surface runoff as an input to the erosion computation routine for 1993–1999, 
and 3) soil loss was estimated from hourly runoff and instantaneous TSS concentration 
measurements for 1996 and 1998.  

The total soil loss calculated by ICECREAM with simulated surface runoff was on 
the average 65% higher than the soil loss calculated by ICECREAM with measured 
surface runoff. Fig. 3 indicates that there was a large discrepancy in 1994 and in 1996 
between the accumulated values of soil loss computed with simulated and measured 
surface runoff. ICECREAM produced much more erosion when surface runoff was 
simulated compared to the situation when measured surface runoff was used as an 
input. In 1996, this difference is mainly explained by the large discrepancy between 
the simulated and measured surface runoff (see Fig. 2).  
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Figure 3. Modelled cumulative soil loss for the period from June 1993 to April 1999. Periods 
with missing runoff measurements were excluded from the graphs. 
 
 
Fig. 3 also presents soil loss estimated from surface runoff and TSS concentration 
measurements for years 1996 and 1998. In January – September 1996 and 1998, 
ICECREAM with measured surface runoff compared well with the measured soil loss. 
However, the model failed to simulate high soil loss in late autumn 1996 and 1998. 
When ICECREAM was run with simulated runoff, the erosion was overestimated in 
autumn 1996. This was explained by the overestimated surface runoff (see Fig. 2). In 
spring 1996 and 1998, there was a clear discrepancy between the soil loss calculated 
by ICECREAM with simulated runoff and the measured soil loss. According to the 
results, the erosion model underestimated soil loss in wet autumns of 1996 and 1998. 
This suggests that the simulated sediment concentrations in surface runoff are too low 
for this season. The measured soil losses included some uncertainty due to the 
irregular water sampling. However, the measurement procedure covered well the sea-
sonal variation of sediment concentrations and the episodic nature of surface runoff 
generation. 
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4. Conclusions  
 
ICECREAM calibrated to the Sjökulla site performed moderately in simulating 
surface runoff in an annual time scale. The hydrological results were comparable with 
earlier applications to Finnish experimental sites. In terms of efficiencies that 
characterise the goodness of fit between daily computed and measured surface runoff, 
prediction of short-term surface runoff dynamics was rather weak. 

The errors in computing surface runoff propagate to the simulation of erosion and 
form one source of uncertainty in the estimation of soil loss. Another source of 
uncertainty arises from the parameterisation of the erosion computation scheme that 
was not calibrated in this study. Recalibration of the erosion submodel is needed to 
improve prediction of sediment concentrations in surface runoff, and to account for 
the observed seasonal variability of the concentrations. Accurate computation of 
concentrations is important, because several cultivation practices and agri-environ-
mental measures have been observed to have a more clear influence on concentrations 
than on runoff volumes (e.g. Puustinen et al. 2005).  

Besides surface runoff and snow melt, testing of the model should be extended to 
other water balance components, such as evapotranspiration and percolation outflux at 
the bottom of the profile. The model does not include subsurface drainage flow, which 
is an important flow pathway at the Sjökulla site and in many arable soils in Finland. 
The transport of sediment and nutrients can be remarkable via subsurface drainage 
system. 
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Abstract 
 
The retention of nutrients by 10-m-wide grass buffers and buffers under natural 
vegetation has been studied over 10 years in Jokioinen in southwestern Finland. The 
results have been compared with those from 70-m-long plots without buffers. Grass was 
sown on the adjacent field and plots without buffers in 2002, and the field plots and 
these were grazed for 12 and 24 days in summer 2003 and 2004, respectively. The 
COUP model was applied both to the field and to vegetative filter strips to model water 
balance and nitrogen dynamics. Modelling was based on measured surface runoff, soil 
moisture, and physical, chemical and microbiological properties of soil. Simulated 
cumulative evapotranspiration from grass buffer was higher than from field during this 
period due to dense vegetation with well-developed roots. Simulated nitrogen leaching 
from the fertilized pasture was 22–23, and from the unfertilized grass buffer 7 and from 
the unfertilized buffer under natural vegetation 5 kg ha–1 a–1. Grazing with short 
duration did not seem to increase leaching of inorganic nitrogen. 

 
 
1. Introduction 
 
A vegetative buffer zone is a vegetated area designed into the downhill edge of a field 
slope to filter suspended material from surface runoff water. In several studies buffer 
zones have been able to reduce erosion load effectively, and also total N load in runoff 
water (e.g. Uusi-Kämppä &Kilpinen 2000). In this study the main aim was to model 
hydrology and nitrogen cycles to find out the processes behind reduced N load from 
fields with buffer zones. Coupled heat and mass transfer model for soil-plant-
atmosphere system (COUP) model is a dynamic, process based model which cal-
culates water and heat fluxes and nitrogen (N) and carbon (C) cycles in a soil profile 
(Jansson & Karlberg 2001). The COUP model is commonly applied to agricultural 



Modelling of water balance and nitrogen cycle in vegetative filter strips 89

areas in Nordic countries to model hydrological processes and N leaching (e.g. 
Arheimer 1998, Granlund et al. 2000). 
 
 
2. Material and methods 
 
The retention of nutrients by 10-m-wide grass buffers (GBS) and buffers under natural 
vegetation (VBS) has been studied over 10 years in Jokioinen in southwestern 
Finland. The results have been compared with those from 70-m-long plots without 
buffers (NBS). Grass was sown on the adjacent field and NBS in 2002, and the field 
plots and NBS were grazed for 12 and 24 days on three experimental plots in summer 
2003 and 2004, respectively.  

The COUP model was applied both to the field and to vegetative filter strips to 
model water balance and nitrogen dynamics. Modelling was based on measured 
surface runoff, soil moisture, and physical and chemical properties of soil. Fluxes of 
nitrous oxide were measured from the buffer zones and the pasture every second 
week, and soil microbial biomass and potential activity of microbial mediated 
processes of nitrogen cycle were studied once a year in the autumn. Meteorological 
input data was available from Jokioinen Observatory of Finnish Meteorological 
Institute. 

 
 

3. Results and discussion 
 
The COUP model was calibrated against observed soil moisture, surface runoff, 
inorganic N content of soil and vegetation N uptake. The effect of grazing was 
included by adding constant amount of organic fertilizer daily. The year 2003 was 
calibration period and the year 2004 validation period.  

Annual precipitation was 478 mm in 2003 and 726 mm in 2004. Simulated 
cumulative evapotranspiration from GBS was 130 mm higher than from field during 
this period (Figure 1). Observed average soil moisture in 0–60 cm soil profile were 
between modelled soil moisture in layers 0–10 cm, 10–20 cm, 20–40 cm and  
40–60 cm (Figure 2). 
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Figure 1. Simulated and measured water balance components in pasture 
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Figure 2. Simulated and measured soil moisture in different field parcels 
 
 
Modelled main inputs and outputs of inorganic N are presented in Table 1. Modelled 
N in harvest of grass was lower than estimated 106 kg ha–1 a–1 based on mass balance 
studies (Marttila et al. 2005). On the other hand Jaakkola (1984) estimated in lysi-
meter studies that N uptake of grass was 56 kg ha–1 a–1 when fertilization level was 
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100 kg N ha–1 a–1 and 112 kg ha–1 a–1 when fertilization level was 200 kg N ha–1 a–1. 
Modelled denitrification was low but in the same range with measured values. 
 
Table 1. Main inputs and outputs of inorganic N on pasture and buffer zones (kg N ha–1 a–1) 

Field 
parcel 

Mineral 
fertilizer 

Organic 
fertilizer 

Harvest Denitrification Leaching 

Pasture 150 10 64–73 0.2–1.5 22–24 
VBS – – – 0.8 5 
GBS – – 17 0.15 7 
NBS 150 10 57 0.3 22 

 
Modelled inorganic N leaching from the fertilized pasture was 23 kg ha–1 a–1. Marttila 
et al. (2005) estimated that N balance of grass was 22 kg ha–1 a–1 positive during six 
years long study period, which value corresponds well with the simulated leaching. 
Simulated inorganic N leaching from the unfertilized GBS and from the unfertilized 
and uncut VBS was clearly lower because they were not fertilized but also because the 
microbiological activity was lower than on pasture. Measured surface leaching of N 
was less than 2 kg ha–1 a–1 in years 2003 and 2004. Grazing did not seem to increase 
inorganic N leaching considerably during study period. 
 
 
4. Conclusions 
 
Most of the inorganic N was washed through soil profile to subsurface drains. 
Vegetative buffer zones decrease the cultivated area and thus inorganic N leaching. 
Further, vegetation in buffer zones takes up water and probably also N effectively. 
This may be one of the processes by which buffer zones decrease inorganic N 
leaching. Periodical short-term grazing did not seem to increase inorganic N leaching. 
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Abstract 
 
Seasonal and short-term transport of eroded soil (TSS), total phosphorus (total P) and 
dissolved orthophosphate phosphorus (DP) via tile drains were studied using on-farm 
monitoring data from a clayey field under cereal cultivation. The subsurface drainage 
system was installed in 1951. The proportions of drain flow and surface runoff varied 
both on seasonal and event basis. On an average, subsurface drain flow constituted 
about 50% of the annual total runoff during the study years, 1995, 1996 and 1998. The 
range of the TSS and total P concentrations in drain flow was similar to the 
concentrations in surface runoff. The peak concentrations with both flow components 
occurred in autumn after soil tillage. Clearly lower concentrations were observed in 
winter and spring in spite of high runoff volumes. Major part of total P was transported 
as adsorbed on soil particles. In 1998 with high precipitation throughout the year, 
transport with drain flow accounted for 32% of the annual TSS losses, 28% of the total 
P losses and 42% of the DP losses. Transport via preferential flow seemed to be the 
main pathway from the topsoil to the drains. The results point out need of measures to 
reduce TSS and PP losses via drain flow and to improve environmental profits of 
subsurface drainage in clayey soils.  

 
 
1. Introduction 
 
Phosphorus (P) losses from arable soils account for about 60% of the total human 
induced P load entering watercourses in Finland. Phosphorus bound on soil particles 
forms major part of the total agricultural P load (Vuorenmaa et al. 2002). Subsurface 
drainage generally has a beneficial influence on surface water quality, because 
drainage reduces surface runoff, erosion and P load. However, high sediment and P 
losses have been observed to occur through pipe drainage systems in experimental 
sites in Finland (Seuna & Kauppi 1981; Turtola & Jaakkola 1995; Uusitalo et al. 
2001) and in other Nordic countries (Djodjic et al. 2000; Grant et al. 1996; Ulén 1995, 
Ulén & Persson 1999, Ulén & Mattsson 2003; Øygarden et al. 1997). Tile drains 
might be an important pathway of P losses in southern and south-western Finland 
where major part of arable land is subdrained clayey fields.  
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The aim of this study was to quantify losses of suspended solids (TSS), total P, and 
dissolved reactive P, and to improve understanding of how TSS and P are transported 
through the tile drains on the field-scale. Subsurface drain flow regime and variation 
of TSS and P concentrations during single rainfall-runoff events and different seasons 
were investigated using on-farm monitoring data.  
 
 
2. Materials and methods 
 
The data used in the analysis covers the years 1995, 1996 and 1998 from the Sjökulla 
experimental site located in southern Finland (60º15’ N, 24º27’ E). Soil within the 
field is classified (Soil Survey Staff 1998) as a very fine Aeric Cryaquept (Peltovuori 
et al. 2002) and the clay content of the soil varies from 38 to 90% increasing with the 
depth. The slope of the field is 2–4.7%. The field was subsurface drained in 1951, 
when clay tile drains were installed at depths varying from 0.7 m to 1.5 m. The 
distance between the drains is about 13 m. Small grain crops were grown in the field 
with annual P fertilizer amount of 9–20 kg ha–1. Ploughing or stubble cultivation was 
used in autumn and seedbed preparation in spring.  

Outflow from a subsurface drained field section was determined by measuring 
water level at an observation well with a v-notched weir and a pressure transducer. 
The area of the field draining through the weir was 3.14 ha. Surface runoff from a 
smaller field section (0.63 ha) was measured with another v-notched weir. A weather 
station recorded basic meteorological variables at the site. Hourly values of air 
temperature, precipitation, subsurface drain flow, and surface runoff were calculated 
from measurements recorded every 15–30 minutes.  

An automatic sampler with a sampling interval of 4 hours was used to study quality 
of subsurface drainage water during non-freezing period in 1995 and 1998. During 
early spring and late autumn in 1995 and 1998, and in the year 1996 drainage water 
samples at the weir outlet were collected manually at irregular intervals. Surface water 
samples during the study periods were collected only manually.  

Total suspended solids (TSS) in water samples were evaluated in 1995 and 1996 by 
measuring the mass of dried (105 °C) matter retained on the 1 µm fibreglass filter. In 
1998, the TSS concentration was determined by weighing the evaporation residue. 
Total phosphorus (total P) was determined in 1998 using autoclave-mediated digestion 
with K2S2O8 and H2SO4 of an unfiltered subsample. Dissolved orthophosphate 
phosphorus (DP) was determined in April-December 1995, and in 1996 and 1998 by 
using the FIA autoanalyser and the method of Tecator Application Note (ASN 60–
05/90). For the DP analysis the sample water was filtrated through a 0.4-µm Nucle-
pore filter.  

 
 

3. Results and Discussion  
 
Subsurface drain flow constituted about 50% of the annual total runoff (drain flow  
+ surface runoff) during the study years. Largest runoff volumes were measured in 
spring and autumn times. The proportions of drain flow and surface runoff varied both 
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on seasonal and event basis. Surface runoff generally dominated the runoff response to 
snowmelt and rainfall events in January-April. Almost all runoff in May-August 
discharged through the tile drains and small volumes of surface runoff were measured 
only occasionally. High monthly volumes of subsurface drain flow were observed in 
November 1996 (71 mm) and in October 1998 (25 mm) when the amount of rainfall 
was exceptionally high. The proportions of drain flow in these two months were 56% 
and 31% of the total runoff, respectively. Antecedent soil moisture conditions in the 
late summer and early autumn partly explain the difference in the generation of 
subsurface drain flow in these periods. In autumn 1995, when precipitation was lower 
than in 1996 and 1998 and the soil was covered by autumn rye, almost all runoff 
discharged via subsurface drains.  

The range of the measured TSS concentrations was 0.006–6 g l–1 in subsurface 
drainage water and 0.016–7 g l–1 in surface runoff samples. The concentration of total 
P in 1998 varied from 0.04 to 6.6 mg l–1 in subsurface drainage water and from 0.14 to 
6.7 mg l–1 in surface runoff. The maximum TSS and total P concentrations for both 
subsurface drain flow and surface runoff were measured in late autumn during high 
flow events. On an average, clearly lower concentrations were observed in early 
spring in spite of high runoff volumes. The maximum DP concentration was 0.24 mg 
l–1 in subsurface drainage water and 0.41 mg l–1 in surface runoff. The highest values 
were observed in spring 1996 when the soil was covered with autumn rye.  

Available hourly data reflected the rapid nature of drain flow generation, and TSS 
and P transport. Figs. 1 and 2 illustrate how TSS, total P and DP concentrations in 
subsurface drain flow change during summer and autumn 1998. Increase of TSS and 
total P concentrations was clearly seen after autumn tillage. A similar behaviour was 
observed in November 1996. In autumn 1995, TSS concentrations in subsurface drain 
flow remained much lower (maximum value 1.5 g l–1) than in autumn 1996 and 1998. 
This was most likely explained by the presence of the crop cover (autumn rye) that 
improved soil stability and reduced generation of surface runoff. The dependency 
between TSS and total P concentrations was also visible during other seasons because 
major part of transported total P was adsorbed on soil particles.  

Heavy rains and runoff in autumn after soil tillage induced most of erosion and 
total P losses in the study years. In 1998, the annual loss of eroded soil estimated from 
flow and concentration measurements was 1508 kg ha–1 via tile drains. About 50% of 
this load was generated in October and 21% in August. The TSS load via drainage 
system accounted for 32% of the annual loss. In 1998, subsurface drain flow 
accounted for 28% of the annual total P loss and 42% of the annual DP loss.  
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Figure 1. Hourly rainfall and subsurface drain flow (a), and TSS, total P, and DP 
concentrations (b) in drainage water on 17–25 June 1998. The total amount of rainfall was  
53 mm, subsurface drain flow 12.2 mm and surface runoff 0.3 mm. Fertilizer (9 kg P ha–1) was 
applied on 17 May. 
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Figure 2. Hourly rainfall and subsurface drainage flow (a), and TSS, total P, and DP 
concentrations (b) in drainage water on 12–21 October 1998. The total amount of rainfall was 
68 mm, subsurface drain flow 12.6 mm and surface runoff 33 mm. The field was partly 
ploughed and partly cultivated on 2–7 October. 
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The estimated annual TSS losses at the Sjökulla site were in line with the range 
measured in the other Finnish experimental fields in clayey soils (e.g. Puustinen 
2005). The total P and DP losses were clearly higher in Sjökulla than in the other 
experimental fields or agricultural catchments (Puustinen et al. 2005, Turtola & 
Jaakkola 1995, Vuorenmaa et al. 2002). One reason for this difference is that the 
Sjökulla data represented only one year (1998) with high depths of autumn rainfall. 
Another reason might be the irregularity of water sampling. However in Sjökulla, the 
load estimates via drain lines in May-October 1998 were mainly based on point 
samples taken with 4-hour interval. The periods with this short-term sampling 
accounted for 82% of the annual total P and 71% of the annual DP loss. More 
uncertainty was involved in load estimates via surface runoff which was solely based 
on manual samples. 

The drain flow response to rainfall was very rapid indicating occurrence of 
preferential flow through the soil. According to 137Cs measurements conducted in 
Sjökulla, the soil particles in the drainage water mainly originated from the topsoil, 
which also indicated presence of preferential flowpaths (Uusitalo et al. 2001). It is 
assumed that at the Sjökulla site the transport of water, TSS, and P into drains mainly 
occurs through natural macropores (cracks, fissures, root channels and earthworm 
burrows). In addition to macroporosity, the drainage system itself (drain envelop, 
back-filled trench) might have an impact on the transport mechanisms. Alakukku et al. 
(2006) reported that there is spatial variability in the macroporosity and saturated 
hydraulic conductivity within the field. The field investigation indicated a higher 
earthworm density above the tile drains than between them. 

 
 

4. Conclusions  
 
The on-farm monitoring data collected in this study indicate that, besides surface 
runoff, drain flow might be an important pathway in transport of suspended solids and 
phosphorus in subsurface drained clayey fields. Subsurface drainage generally reduces 
total erosion and P transport from a field, but reduction may be smaller than expected 
in clayey fields, where preferential flow occurs via backfilled drain trenches and 
natural macropores. Stabilization of surface soil e.g. by reduced tillage or non-tillage 
methods, or by introduction of winter cover crops is needed to reduce TSS and 
particulate P losses with drain flow. Emphasis should also be paid on new drainage 
techniques and materials that could reduce the losses. Further research is needed to 
examine soil and total P losses via the tile drains in drainage systems having different 
age and type and in fields composed of different types of clayey soil. 
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Abstract 
 
Numbers of faecal indicator microbes (faecal coliforms, enterococci, sulphite-reducing 
clostridia and coliphages) were determined in run-off waters from cattle farms in 1998–
2005. Water samples were collected from drain wells and open ditches adjacent to 
exercise yards and forested feedlots for cattle, a grass field with slurry applications and 
a pasture with buffer strips. The indicator numbers were the highest in run-off waters 
from asphalt exercise yards while the figures were even 100-fold smaller in waters from 
a bark covered yard. In the forested feedlots, where cattle were fed for the winter 
months or all the year round, the indicator numbers were as high as the ones in a grass 
field with slurry applications or a pasture. There was a severe risk of transporting patho-
gens to the environment, especially if run-off water from exercise yards and feedlots are 
only poorly purified and allowed to flow into ditches and watercourses. The existence of 
buffer strips between fields and watercourses may reduce the numbers of faecal 
microbes in surface run-off. 
 
 

1. Introduction 
 
Along with the recent growth in the size of cattle farms, problems with slurry 
management have increased in Finland. The act on animal welfare also provides that 
during the summer period dairy cows and heifers must be allowed to go to pasture or, 
failing this, that a space must be provided in such a way as to allow the animals to 
move around. This means that most cows will stay in pastures or in exercise yards in 
summer since July 2006. Leaks of slurry during storage, transport and spreading, and 
water flows from pastures and outdoor yards can act as vectors of disease transmission 
from agricultural areas. Microorganisms may enter surface water via overland flow 
pathways, by subsurface transfer routes in highly permeable soils or through artificial 
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field drainage (Oliver et al. 2005). Here, observations were made of hygiene indi-
cators in waters in the surroundings of cattle farms. 
 
 
2. Materials and methods 
 
This paper consist of 6 different studies on hygiene indicator levels in the surroun-
dings of Finnish cattle farms. The study sites were located in North Ostrobothnia 
(Ruukki), South Savo (Juva), North Carelia (Tohmajärvi) and Häme, SW Finland 
(Jokioinen, Minkiö). Run-off water was sampled from  

(1) exercise yards for cattle at Minkiö and Tohmajärvi (Uusi-Kämppä & Heino-
nen-Tanski 2000) and Juva (Puumala et al. 2002, Uusi-Kämppä et al. 2003),  

(2) forested feedlots for cattle at Tohmajärvi (Uusi-Kämppä 2002, Puumala et al. 
2002) and Ruukki (Puumal et al. 2002, Uusi-Kämppä et al. 2003),  

(3) a grass field with slurry application at Jokioinen (Heinonen-Tanski & Uusi-
Kämppä 2001) and  

(4) a pasture with different buffer strips at Jokioinen (Uusi-Kämppä & Palojärvi 
2006).  

 
Dairy cows exercised for a few hours (4 hours used in calculations in Table 1) daily in 
the yards at Minkiö and Juva. During four summer months the cows grazed in pastu-
res. Run-off samples were collected from wells situated in the exercise yards. Young 
cattle and suckler cows may sometimes be raised in forested feedlots. At Tohmajärvi, 
the suckler cows were fed for 7 winter months either in an asphalt feedlot or a forested 
lot. The cows with calves grazed in a pasture from June to September. At Ruukki, 10 
bulls were raised in a forest area (1 ha) all the year round in 2000–2001. At Ruukki, 
the run-off water was collected from an open ditch adjacent to the feedlot, and at 
Tohmajärvi, percolation lysimeters installed into soil at a depth of 30–40 cm were 
used to collect percolation water (Uusi-Kämppä 2002). At Jokioinen, surface run-off 
samples were collected from a grassed land where cattle slurry was either broadcast or 
injected into clay soil 1996–2000 (Heinonen-Tanski & Uusi-Kämppä 2001). In the 
other study at Jokioinen, surface run-off samples were taken from an experimental 
pasture (Uusi-Kämppä & Palojärvi 2006) with either a 10-m wide grass buffer strip 
(GBS) or a vegetated buffer strip (VBS). Results from the pasture with GBS and VBS 
were compared with those from the pasture with a buffer grazed by cattle (gGBS). 
Two dairy cows and two heifers grazed for 28 days in the pasture (0.7 ha) in summer 
2005. Surface and subsurface water to a depth of 30 cm flowed into a collector trench.  

Water samples were filtered for faecal coliforms and enterococci through Millipore 
0.45 um and for sulphite-reducing clostridia through Millipore 0.22 um filters. Faecal 
coliforms were then cultivated on mFC agar (DifcoTM) and confirmed by oxidase test 
(SFS 4088). Enterococci were cultivated on KF streptococcus agar (Difco), and 
colonies were confirmed with 3% H2O2 (SFS 3014). Sulphite-reducing clostridia were 
determined by EN 26461-2 (1993) and incubated in an Oxoid anaerobic jar. Water 
hygiene was further studied by determining somatic and RNA coliphages (E. coli 
ATCC 13706 and 15597 as hosts) according to the method of Grabow and Coubrough 
(1986), as modified by Rajala-Mustonen and Heinonen-Tanski (1992).  
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Table 1. The experimental treatments, size of experimental areas, livestock units per ha (LSU 
ha–1), and livestock unit days per ha and year (LSU days ha–1 a–1). 

Treatment / Place Size 
(m2) 

Cattle etc. LSU 
(ha–1) 

LSU day  
(ha–1 a–1) 

1. Exercise yards / feedlots     
Minkiö (asphalt) 900 45 cows, 40 calves 770 31 000 
Tohmaj. (asphalt) 1) 570 8 suckler cows 140 29 000 
Juva (asphalt) 2) 500 1/3 of 100 cows 670 27 000 
Juva (bark)2) 600 1/2 of 100 cows 830 50 000 
Juva (sand) 500 Whole year, feeding ? ? 
2. Forested feedlots     
Tohmajärvi  4 400 32 suckler cows 70 15 000 
Ruukki 10 000 10 bulls 6 2 200 
3. Grass, slurry      
Jokioinen  90 tn slurry ha–1 4 1 400 
4. Pasture, buffers      
Jokioinen 7 200 2 cows, 2 heifers 4 120 

1) The asphalt lot with bark covered  
2) The yard was divided into two parts: 1/3 of the cows stayed on the asphalt area while 2/3 preferred the 
bark surface  
1 dairy cow or suckler cow = 1 SLU, 1 heifer or bull (< 2 years) = 0.6 SLU  
 
 
3. Results and discussion  
 
The results show that the highest numbers of hygiene indicators were detected in run-
off water from exercise yards and feedlots made of asphalt and with the highest animal 
density (Table 1 and 2). The bark cover reduced the indicator numbers in run-off 
water in Tohmajärvi. Both in the forested feedlots and bark covered yard in Juva, the 
indicator numbers were smaller than in asphalt ones – maybe because the water was 
filtrated though the soil. The animal density was also smaller in forested lots because 
the soil surface becomes soggy if there are too many animals. The numbers of 
microorganisms in run-off waters from forested feedlots were as high as in surface 
run-off from the grass field with slurry applications and the pasture. There was a 10-m 
wide buffer strip between the field area and the water collection system in the both 
field experiments. In the pasture the numbers of hygiene indicators were the smallest 
in winter and in spring since there was no grazing in late autumn, winter and spring. 
After grazing and rainfalls the numbers again increased in summer. 
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4. Conclusions 
 
Although the indicator numbers were less than they are in slurry or in wastewater 
influent, there was a severe risk of transfer of zoonotic pathogens to the environment, 
especially when surface run-off water from exercise yards are poorly purified and 
allowed to flow into ditches and watercourses as recreation waters. In the areas with 
high animal density there can be also risks that enteric microorganisms spread from 
one farm to the water are used for irrigation, milk production or other use in the other 
farm. More research is needed to establish the risk of pathogen transmission from 
livestock farms in different environments and seasons. Exercise yards and outdoor 
feedlots should be built so that the risks of pathogen transmission to waters can be 
controlled.  
 
Table 2. Geometric means for numbers of faecal microorganisms in run-off waters from 
exercise yards, forested feedlots, a grass field with slurry applications and a pasture with 
different buffer strips. (n.a. = Not analysed)  

  Number of microorganisms in 100 ml of run-off water as plaque-
forming or colony formic units. 

Site N Coli-
phages 
ATCC 
13706 

Coli-
phages 
ATTC 
15597 

Sulfite- 
reducing 
clostridia 

Total 
coliforms 

Faecal 
coliforms 

Entero-
cocci 

Exercise yards        
Minkiö a1) 1 1 x 104 2 x 103 1 x 104 7 x 106 7 x 106 3 x 106 
Tohmaj. a1) 2 700 130 3 x 103 3 x 104 6 x 103 2 x 104 
Juva a2) 4 1 x 106 1 x 105 5 x 103 4 x 106 5 x 106 4 x 106 
Juva b3) 6 12 20 200 n.a. 7 x 104 5 x 103 
Juva s4) 2 2 x 103 2 x 103 180 n.a. 3 x 105 3 x 104 
Forested 
feedlots 

       

Tohmaj. s1) 3 2 x 104 20 250 1 x 104 1 x 104 4 x 103 
Ruukki2) 4 n.a. n.a. 44 2.5 x 103 220 n.a. 
Slurry 
application 

       

Surface5) 3 3 x 103 100 2 x 103 2 x 104 900 5 x 103 
Injection5) 3 110 1 69 6 x 103 400 500 
Pasture6)        
gGBS 8   <0.57 n.a. 2 x 104 9 x 103 
GBS 7   <0.57 n.a. 5 x 103 4 x 103 
VBS 7   <0.57 n.a. 3 x 104 6 x 103 

1) Sampling June 7, 2000, (Uusi-Kämppä & Heinonen-Tanski 2000) 
2) a = asphalt area (Apr 2001–Jun 2002), (Uusi-Kämppä et al. 2003) 
3) b = bark covered area; sampling from drainage (Jun–Nov 2005), (Kuisma et al. Unpublished). 
4) Sand area (Aug–Nov 2005) (Kuisma et al. Unpublished) 
5) October 20, 1998; 4 days after slurry application + 38 mm rainfall (Heinonen-Tanski &  
 Uusi-Kämppä 2001) 
6) gGBS = grazed grass buffer strip, GBS = cut grass buffer strip, VBS = vegetated buffer strip; 
 Aug–Nov 2005, (Uusi-Kämppä & Palojärvi 2006) 
7) less than detection limit 
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Abstract 
 
Shoots growth and nutrient concentration of differently vegetated buffer zones (BZ) 
were studied in south-western Finland with clay soils. Aboveground plant biomasses 
differed greatly among each of the six vegetation types with different age and 
harvesting practice. The concentration of PAAAc in soil surface increased with natural 
vegetation with no harvest. The preliminary results for the BZ plots emphasized the role 
of vegetation and grazing in an additional nutrient loading. 

 
 
1. Introduction 
 
Vegetated buffer zones (BZ) are found to be very effective in removing total 
phosphorus (TP) and sediment losses from agricultural runoff. The mean percentage 
TP retention ranged between 27 and 97% in BZs in Nordic countries. Whereas the 
retention of dissolved reactive phosphorus (DRP) varied from 14% to negative which 
was probably caused by DRP leaching from the soil surface and plant material (Uusi-
Kämppä et al. 2000). BZ length was found to have the most significant effect on P and 
sediment removal, while vegetation characteristics has only secondary influences 
(Abu-Zreig et al. 2003, Hook 2003). On the other hand, Uusi-Kämppä (2005) reported 
that natural vegetated and grass buffer strips reduced particulate P (PP) load by 55 and 
47%, respectively. The objective of this study was to evaluate both the influence of 
vegetation on nutrient retention and nutrient removal efficiency in different vegetated 
and managed BZs. 
 
 
2. Materials and methods 
 
The study site was located in an agricultural region at Jokioinen, in south-western 
Finland. The soil was classified as Typic Cryaquept/Vertic Cambisol consisting of 
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clay content over 50% with pH (H2O) of the surface soil ranging between 5.4 and 5.9. 
The study was performed in the next six following BZs: 

–  old BZ with natural vegetation, scrubs and hardwood trees (No. 3),  
–  old BZ with grass species which are annually harvested and removed (No. 4),  
–  young BZ with grass species which are grazed by cattle (No. 5),  
–  old BZ with grass species which are grazed by cattle (No. 7),  
–  young BZ with grass species which are annually harvested and removed  

(No. 8),  
–  old BZ with natural grass species which are not harvested (No. 9).  

 
These differently managed vegetation plots were referred later as no. 3, no. 4, no. 5, 
no. 7, no. 8 and no. 9, respectively. The first three plots were located in an area of 
long-term BZ experimental field with widths up to 18 m at an average slope of 16% 
(see e.g. Uusi-Kämppä 2005). The latter three plots were situated adjacent to the 
experimental field, and acted as the reference material in relation to the process of 
ageing and management practices.  

Soil samples were collected at three different depths (0−2, 2−5, 5−10 cm). All soil 
samples were oven-dried, ground and sieved for P analysis. The agronomic soil P test 
(PAAAc) was conducted using an acid ammonium acetate -solution for samples 
collected in October (10.10.05). Plant biomasses were sampled in May (02.05.05), 
June (28.06.05), August (09.08.05), October (10.10.05) and November (23.11.05) by 
clipping vegetation at the ground surface in five areas of 50 cm x 50 cm per each plot. 
Plant materials were weighed before and after oven-dried at 60oC, finely ground and 
analyzed for total C, N and P. Tukey´s procedure was used to determine the diffe-
rences between BZs within each sampling date at significance level α = 0,05. Total P 
was determined colorimetrically using procedure for acid extracts of dry ashed 
samples. Total C and N were analyzed using by dry combustion with a Leco CHN 
1000 analyzer.  
 
 
3. Results and discussion 
 
Aboveground plant biomasses differed greatly among each of the six vegetation types 
(Table 1). Total fresh biomasses varied from an average minimum of 0.7 kg m–2 at the 
sites No. 5 and 7 to an average maximum of 1.4 kg m–2 at the site No. 3 and 9.  
 
Table 1. Fresh mass yields (g 0.25 m–2) (mean ± SE). Means with the same letter are not signi-
ficantly different. 

Sampling date No. 3 No. 4 No. 5 No. 7 No. 8 No. 9 
May 02 71 ± 7a 48 ± 7ba 36 ± 5b 32 ± 10b 78 ± 9a 58 ± 8ba 
June 28 323 ± 22cb 283 ± 53cb 216 ± 80c 161 ± 51c 463 ± 39b 761 ± 30a 
August 09 473 ± 55a 313 ± 37ba 162 ± 46bc 125 ± 29c 313 ± 46ba 358 ± 28a 
October 10 294 ± 64ba 141 ± 9c 138 ± 32c 179 ± 24bc 81 ± 10c 363 ± 32a 
November 23 346 ± 19a 95 ± 22c 299 ± 48ba 187 ± 41bc 107 ± 15c 413 ± 40a 
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Dry mass proportion of the plant fresh biomasses was the highest (49−89%) later in 
the spring and the lowest (19−26%) later in the autumn (Table 2). 
 
Table 2. Dry mass yields (g 0.25 m–2) (mean ± SE).  

Sampling date No. 3 No. 4 No. 5 No. 7 No. 8 No. 9 
May 02 63 ± 6a 27 ± 4bc 21 ± 3c 16 ± 5c 45 ± 4ba 52 ± 7a 
June 28 92 ± 14bc 74 ± 11c 52 ± 17c 45 ± 12c 130 ± 9ba 152 ± 9a 
August 09 148 ± 4a 137 ± 14a 59 ± 12b 53 ± 11b 157 ± 16a 153 ± 10a 
October 10 121 ± 15a 42 ± 3b 62 ± 15b 52 ± 6b 36 ± 4b 153 ± 13a 
November 23 91 ± 6a 20 ± 4c 56 ± 9b 41 ± 8cb 22 ± 4c 97 ± 7a 

 
At the end of the growing season, the C content of plants was significantly greatest 
over the treatments (Table 3). The same was not noticed in respect to N % (data not 
shown). An average N content varied from 1.7% (No. 7) to 1.1% (No. 9).  
 
Table 3. C–% of the dry masses (mean ± SE).  

Sampling date No. 3 No. 4 No. 5 No. 7 No. 8 No. 9 
May 02  42.8 ± 0.3a  43.8 ± 0.4a  41.2 ± 0.3a  41.9 ± 1.4a 42.5 ± 0.4a 43.4 ± 0.3a 
June 28  43.5 ± 0.1ba  43.7 ± 0.2ba  43.3 ± 0.3b  43.9 ± 0.2ba 44.2 ± 0.2a 43.3 ± 0.2ba 
August 09  42.7 ± 0.1bc  43.7 ± 0.2ba  42.6 ± 0.2c  43.8 ± 0.2a 43.6 ± 0.3bac 43.3 ± 0.3bac 
October 10  43.3 ± 0.3a  43.2 ± 0.3a  43.3 ± 0.2a  43.1 ± 0.3a 43.4 ± 0.3a 43.2 ± 0.2a 
November 23  46.5 ± 0.2bc  46.6 ± 0.3ba  45.7 ± 0.1c  45.9 ± 0.2bc 46.0 ± 0.2bc 47.5 ± 0.2a 
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Figure 1. The concentrations of acid ammonium acetate -soluble phosphorus (PAAAc) in 
relation to the different BZs and soil layers (0–2, 2–5 and 5–10 cm). 
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In conformity with Uusi-Kämppä (2005), at the depth of 0−2 cm the soil PAAAc –
concentration was higher in the plot with natural vegetation (No. 3) than in the plot 
with annually harvested grass species (No. 4). Relative large increase in PAAAc was 
most likely as a result of plant materials which were not harvested and removed. In the 
upper part of the soil surface, the order of the rates of decrease in PAAAc –
concentrations was No. 9 > No. 3 > No. 8 > No. 7 > No. 4 > No. 5 (Figure 1). At the 
depth of 2−10 cm, the differences between plots were minor (not so distinct). Results 
show that grazing continued for several years produce an additional P – load to the 
surface soil.  
 
 
4. Conclusions 
 
The preliminary results for the BZ plots emphasized the role of vegetation and grazing 
in an additional nutrient loading. Temporal dynamic of the soil P status will be 
analysed in future. 
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Abstract 
 
Studies of water quality changes in Latvia are particularly important as the recent 
changes in the political, economic and social systems have resulted in a sharp decline of 
industrial and agricultural production. Long-term changes of aquatic chemistry in rivers 
of Latvia have been evaluated regarding recent reductions of pollution emissions to 
compare significance of factors affecting surface loading in Latvia. Long-term varia-
bility of river discharge can be considered as one of the major driving processes 
influencing water chemical composition and loading. The general aquatic chemistry of 
water bodies in Latvia is influenced by the soil composition, character of vegetation, 
precipitation, climate, land-use, and human impacts. Long-term changes of nutrient 
concentrations still can be described as linear trends for the study period. However, 
substantial differences exist for the studied rivers and substances. Changes of nitrate 
concentrations during the last decade show statistically significant decreasing trends for 
most of the studied rivers. Phosphates represent a different situation and this study does 
not reveal clear linear trends for phosphate concentrations. 
 

1. Introduction 
Trend analysis of aquatic chemistry is an important tool in area of environmental 
protection as it can help to evaluate efficiency of monitoring systems and to support 
necessary management activities. Loadings of nutrients and their trends for compa-
ratively short time periods (usually not longer than 5 – 10 years) have been studied for 
the Baltic Sea area (Stålnacke, 1996; Klavins et al., 1999). However, loading of 
dissolved substances can be influenced not long-term fluctuations of river discharge 
and climate changes can also influence. The aim of this study is to evaluate long-term 
changes of aquatic chemistry in surface waters of Latvia in relation both to natural and 
recent reduction of industrial and agricultural production.  
 

2. Materials and Methods 
Data used in the study were obtained from the Latvian Hydrometeorological Agency 
and Latvian Environmental Agency. Monthly records for the whole study period 
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(1980–2001) (Yearly bulletins…, 1981–2002) on the water chemical composition and 
river discharge were available. Locations of monitoring stations are shown on Figure 1. 
  

 
 
Figure 1. Map of the study area and the location of water quality sampling sites. 
 
The multivariate Mann-Kendall test (Hirsch and Slack, 1984) for monotone trends in 
time series of data grouped by sites, plots and seasons was chosen for the 
determination of trends, as it is a relatively robust method concerning missing data. 
The trend was considered as statistically significant at the 95% level if the test statistic 
was greater than 1.65 or less than –1.65. 
 
 
3. Results and Discussion 
 
Nutrient concentrations in surface waters can be explained by increasing diffuse 
pollution, mainly from intensive agricultural practices (Domburg et al., 1998; 
Thornton and Dise, 1998; Van Herpe and Troch, 2000). To study response of water 
quality to changing anthropogenic pressure, Mann-Kendall test was applied for 
periods: 

1980 – 1990 – period with intensive agricultural and industrial production; 
1991 – 2001 – period with decreased agricultural and industrial production.  

Mann-Kendall test results revealed statistically significant (p < 0,05) increasing trends 
for N-NO3

– concentrations in 7 stations from 23, but for P-PO4
3– in 5 stations. All 

increasing trends both for phosphorus and nitrogen concentrations were observed in 
period 1980 – 1990. All of statistically significant decreasing trends were observed in 
period 1991 – 2001. However, despite to the decreased anthropogenic loading, 
statistically significant decreasing trends for N-NO3

– concentrations were found in 9 
stations, but for P-PO4

3– concentrations in only 5 stations (Table 1).  
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Weak response of water quality in the large river basins could be explained by sum of 
natural and anthropogenic factors. Water discharge can be considered as one of the 
most important natural factors determining water chemical composition. During the 
last decades, there has been an increase of runoff and the present water flow regime 
may be regarded as comparatively increased if compared with centennial mean values 
for rivers of Latvia (Klavins et al., 2002). Recent increase of river discharge 
contributes to the leaching of nutrients and increased concentrations of dissolved 
substances.  

Nutrient concentrations in surface waters can be influenced also by nutrient 
retention and transformation processes both in stream and catchment areas. During the 
period with intensive agricultural practices, large pools of nitrogen has been 
accumulated. Mineralization and slow release of organic nitrogen and soil organic 
matter could also be a possible explanation for absence of decreasing trends for 
nitrogen concentrations (Stålnacke et al., 2003). Also, presently there is still a lack of 
understanding of nutrient cycling in humus rich soils. 

 
 

4. Conclusions 
 
Long-term variability of river discharge is among the major driving processes influen-
cing water chemical composition and loading in river waters. The study of long-term 
changes of nutrient concentrations indicates response to changes in human loading: 
increasing concentrations are evident for period 19980–1990 and all of decreasing 
trends were found for period 1991–2001. The long-term variability of water chemical 
composition and the sensitivity of the studied parameters to changes in the 
environment should be considered in the development of monitoring programmes and 
the decision-making process.  
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Abstract 
 
Phosphorus (P) binding to minerals and ion exchange capacity in different clay fractions 
were examined for a soil profile with moderate application of pig slurry during three 
decades and a current concentration of 0.12 mg L–1 dissolved reactive phosphorus 
(DRP) in the drainage water. The topsoil was found to contain 33% clay by weight. 
Illite is the predominant clay mineral and constitutes 13% of total soil. Vermiculite 
(10%), K-feldspar (14%) and plagioclase (21%) also constituted significant proportions 
of the mineralogical matrix. Within the most fine-grained clay fraction, illite and 
vermiculite dominated totally, 50 and 23% respectively. In fine-grained (FG), most fine-
grained (MFG) and colloidal fractions there was a strong relationship between calcium 
(Ca) and P (Pearson correlation 0.99–1.00), despite the fact that no calcium carbonate 
was present in the entire soil profile. 

In contrast, in the coarse soil fraction (>2µm), there was a clear relationship between 
P and iron oxide (Fe2O3) and between P and aluminium oxide (Al2O3) throughout the 
soil profile. Pearson correlation was 0.97 for both relationships. 

 
 

1. Introduction 
 
Previous fertilisation history and phosphorus (P) content in soil are decisive for the 
extent of inorganic and organic P transport in water either by surface runoff or by 
drainage through the soil profile. Soil tests based on extraction of P do not yield long-
term mechanistic information about P cycling in soils. There is a serious lack of 
studies addressing the extent of P losses in water in relation to the properties of the P 
pool in the soil profile. Such losses should be evaluated for different clay fractions, 
since the colloidal P losses in drainage waters are highly significant. 

The aim of the present study was to relate forms and retention of P in a soil profile 
by tracing the minerals or fraction to which the P was preferentially bound. The soil at 
the experimental field site has a history of manuring with pig slurry and measurements 
of P losses via several drainage water systems have been performed. 
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2. Materials and methods 
 
The soil investigated was a glacial clay at the Logården farm site close to the southern 
shore of Lake Vänern in south-west Sweden. During the period 1970–2001, the soil 
was supplied with moderate loads of pig slurry, as well as some solid and litter-bed 
manure from sows. Thereafter the soil has been managed according to an integrated 
production system (reduced tilling and moderate application of mineral fertilisers. 
Clay samples were fractionated into <2 µm, fine-grained clay fraction (FG clay), most 
fine-grained clay fraction (MFG clay) and colloidal fraction and were analysed 
together with whole soil (WS) for chemical and mineralogical composition.  
 
 
3. Results and discussion 
 
Analyses revealed that the elements were bound in different minerals. In non-fertilised 
soils, P is most commonly bound in the mineral apatite but in the present soil it was 
not detected. Exchangeable cations were replaced by strontium ions (Sr2+) and there 
was a surplus of calcium ions (Ca2+) among the exchanged ions. Most probably the 
high content of exchangeable Ca2+ in the upper part of the profile was derived from 
manure and fertiliser added to the soil. In the colloidal fraction the P concentration 
was high (0.45%) (Table 1). The amount of material representing this fraction was 
low, possibly since it might most easily be washed away from the soil by water run 
off. Less than the half of the total P content was bound in clay material with grain size 
<2µm in the uppermost part of the profile. In the subsoil (20–90 cm), P became 
successively more bound to finer fractions of the clay. 
 
Table 1. Separated fractions (weight percent), concentrations of phosphorus (P) in separated 
fractions, and total content of P in separated fraction. (FG = fine-grained clay fraction, MFG = 
most fine-grained clay fraction)  

 Separated fractions P concentration P content 
Soil layer (cm) 0–20 20–60 60–90 0–20 20–60 60–90 0–20 20–60 60–90 
 (weight–%) (weight–%) (g 100g clay–1) 
Fraction <2µm 32.8 42.6 54.0 0.157 0.104 0.085 0.051 0.044 0.085 
Coarse fraction <2µm * 16.8 22.9 31.2 – – – 0.004 0.008 0.065 
FG fraction 4.3 6.0 6.7 0.232 0.153 0.078 0.010 0.009 0.005 
MFG fraction 9.5 10.1 10.6 0.285 0.176 0.081 0.027 0.018 0.009 
Colloidal fraction 2.2 3.6 5.5 0.445 0.263 0.117 0.010 0.009 0.006 

* Calculated 
 
In the non-clay and relatively coarse fraction of the soil (>2µm) P had a clear 
correlation to Al2O3 and also to Fe2O3. This indicates that P was bound as Fe-Al 
phases in that fraction of the soil in some way. In contrast, the correlation between P 
and vermiculite was negative, which indicates that P is not bound to phyllosilicates. 
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In the clay material (<2 µm), there was no correlation between P and Fe2O3 and 
correlation between P and Al2O3 was negative after subtraction of Al2O3 bound in 
feldspars. This indicates that P was not bound to illite, the predominant clay mineral. 
Bounding in some way to exchangeable positions of vermiculite can, however, not be 
excluded. Anyhow, there was a good correlation between P and exchanged calcium 
ions in the total clay fraction. In the finest fractions of the clay (fine-grained to 
colloidal fractions), which were mostly enriched in P, there was a clear relationship 
between P and the Ca concentration.  

 
 

4. Conclusions 
 
Phosphorus appears to be bound in different ways in the different grain sizes. In 
coarser soil material P association to Fe and Al seems to be important, but in the finer 
clays precipitation with Ca dominates. Calcium-exchange capacity of the soil and 
formation of Ca minerals or Ca complexes should be taken into account in connection 
with erosion of colloidal P to surface and drainage water. 
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Based on results obtained during about 30 years, three important aspects in buffering 
capacity of buffer zones can be pointed out. 
(1) Removal of materials (suspended solids, nutrients, organic material, heavy 

metals, pesticides) has a non-linear character: in first part of the buffer (0–5 m 
from the field-buffer borderline) significantly more material (20–60%) is retained 
than in the remote parts of the buffering ecosystem. The removal process can be 
described by following equation: CL=(1–e–kL)x100%, where CL is the change in 
concentration (%) on distance L (m) from the buffer borderline, k – removal rate 
coefficient (m–1); k=(lnC1–lnC2)/L, where C1 is the initial concentration at the 
field-buffer border, C2 – concentration at the distance L from the border. 

(2) There has been found a strong linear regression between logarithmic values of 
both N and P initial load (x) and mass removal (y) in riparian buffer zones. 
However, the relative removal efficiency y/x for both N and P is decreasing when 
x increases. Although the correlation between y/x and load (log x) is not high the 
plots clearly demonstrate decreasing trend of y/x values. The N and P mass 
removal in buffer zones can be negative when the input value is lower certain 
threshold (e.g., < 0.3 mg N l–1). On the other hand, the purification efficiency was 
always positive when the input value exceeded certain value (e.g., 5 mg N l–1 and 
0.15 mg P l–1). For instance, due to a significant decrease in agricultural intensity 
in Eastern Europe in last 12 years the nutrient losses from fields have dropped but 
the buffers’ outflow values have not changed, i.e., being sometimes higher than 
inflow concentrations. 

(3) The high retention efficiency of buffer strips depends mainly on the heterogeneity 
of the loading events, i.e., the best results occur when the polluted water from 
adjacent fields enters buffers in short events (e.g. during intensive rainfalls and/or 
intensive thaw). The positive influence of intermittent loading has been docu-
mented in several studies on natural buffer strips, and has also been demonstrated 
in experimental plots. 

(4) The complex buffer zones consisting of different sequential plant communities 
and soil complexes have higher purification efficiency than those with a single 
structure. For instance, a heavily loaded complex buffer zone consisting of grass 
and forest strips showed relatively low output concentrations for total-N and 
total-P that are comparable with the output values from the unloaded catena. 
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Therefore, a combination of grasslands (wet meadows) as wider buffer zones 
(10–50m) and forest/bush communities as buffer strips (5–10 m) on stream 
banks, is the most optimal structure of riparian buffer communities. Nonetheless, 
it is the same structure as naturally formed in floodplains and on stream banks. 

 
Our studies on changes of N and P budgets in experimental riparian grey alder forest 
plots in Estonia since early 1990s consider main inputs and outputs of N (atmospheric 
deposition, lateral surface and subsurface flow, N2 fixation, N2O and N2 emission) as 
well as accumulation in plant biomass, litter and soil. Likewise, for P budget, 
atmospheric deposition, lateral inflow and outflow, accumulation in plant biomass, 
litter and soil was measured. Due to the stopping of agricultural activities in the 
upslope agricultural fields in 1992, the lateral inflow of N by groundwater and 
overland flow has been decreased from >50 to 25.6 kg N ha-1 yr-1. Recent investi-
gations suggest that the decrease continues. However, the outflow has no been 
changing significantly, being about 10–13 kg N ha-1 yr-1. The N2 emission has 
increased from 51.2 in 1995 to >300 kg N ha-1 yr-1 in 2003. This change that results 
in decrease in soil N pool can be explained with forest succession and relevant change 
in bacterial communities. Further studies on relationship of CH4, CO2, N2 and N2O 
emissions will provide with more information on potential of greenhouse gas fluxes in 
riparian ecosystems. Considering all inputs and outputs, the N and P removal 
efficiency in grey alder stands seems to slow down with increasing stand/tree age. In 
the same time, immobilization of N in soil is increasing. This suggests that grey alder 
buffer communities should be managed by regeneration cutting. It removes part of 
nutrients and helps to keep N and P removal rate high. 
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Abstract 
 
In five out of twelve Swedish agricultural rivers examined during the period 1993–
2004, significant decreasing trends in concentrations of reactive inorganic nitrogen 
(RIN) were indicated after flow-normalisation. In most cases these reductions were 
constant, equal to 2–4% per year, and they were most apparent in the Scania region. 
Increased areas of set-aside and recent EU subsidisation of catch crops, with or without 
spring tillage, were suggested to be substantial causes based on estimates of root-zone 
leaching. More effective nitrogen uptake by the crop may have contributed. 

Significant and constant reduction in reactive phosphorus (RP) (3% per year) was 
demonstrated in one river. The improvement mainly took place during the season of low 
flow, and reduced load from point sources was suggested to be the main reason. 
Significant and constant reductions equal to 3–8% per year in concentrations of non-
reactive phosphorus (NRP) were calculated for five rivers. A decrease in the impact 
from livestock might have been a contributing factor, since the number of livestock 
units per unit area arable land decreased on average by 14% for grazing cattle and 17% 
for non-grazing cattle during 1985–2003. More recently, grassed buffer zones and 
wetlands representing on average 0.2% of the watershed area have been established 
along the watercourses. 

 
 

1. Introduction 
 
In most European countries, there has been a decreasing surplus of nitrogen (N) and 
phosphorus (P) through fertiliser addition over the past 20 years but the agricultural 
soil still receive a nutrient surplus and crop and animal production is intense. 
Examination of large European rivers has also revealed upward trends in N levels that 
coincide with intensification of crop and animal production (Grimvall et al., 2000). 
Temporal trends in P concentrations have been concluded to be less associated with 
agriculture. This may be a consequence of P levels in rivers primarily being linked to 
the existence and strength of P pathways from the source areas in the watershed rather 
than a general change in P load to the soil. 
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In Sweden, P fertilisation of arable land has generally decreased since 1970 (Ulén 
et al., 2001) and the environmental laws concerning livestock units in Sweden are the 
most rigorous in Europe. At present, substantial changes are occurring in agriculture 
as a result of introduction of environmental subsidies. It is essential to know whether 
we can detect any response in Swedish rivers to these changes. Long-term series of 
nutrient concentrations in rivers were examined, taking into consideration the different 
forms of N and P in water. 

 
 

2. Materials and methods 
 
Large Swedish rivers have been monitored by manual water sampling once or twice a 
month since 1964. Twelve rivers with basins varying in size and having at least 30% 
agricultural land (Figure 1) were chosen for the trend analysis in the present study. 
One river in Scania is merely a small stream but has been monitored for a long time. 
The rivers load the Baltic Sea as well as the Western Seas, in most cases indirectly 
after passing through the great Swedish lakes. Nitrate nitrogen and nitrite nitrogen 
were analysed together in the water samples, ammonium nitrogen (NH4-N) separately, 
and these three fractions were summed up and called reactive inorganic nitrogen 
(RIN). Nitrate nitrogen was the absolute dominant component of RIN. Rivers 1, 2 and 
8 were analysed for total nitrogen (TotN) after oxidation with persulphate (K2S2O8) 
and organic nitrogen (ON) was calculated as the difference between TotN and RIN. 
For the main parts of the rivers, ON was calculated as the difference between 
Kjeldahl-N and NH4-N. Total P was analysed as soluble molybdate-reactive P after 
acid oxidation with K2S2O8. Reactive phosphorus (RP) was also analysed directly. 
Non-reactive phosphorus (NRP) was calculated as the difference between Total P and 
RP and may consist of both organic and inorganic bound P. In clay soil areas, RP may 
be less analytically well-defined, since no proper pre-filtration was performed before 
analysis. Significant amounts of P may have desorbed from the suspended clay 
particles in the acid reagents during the analysis.  

Trends were calculated using uncorrected as well as monthly flow correction 
values. In the latter case the programme FLOWNORM 2.0 was used (Libiseller and 
Grimvall, 2002). Time series of monthly discharge were tested for trends using Mann-
Kendall’s season test with correction for serial correlation (Hirsch et al., 1982; Hirsch 
and Slack, 1984). The ‘Theil’s slope’ method (Helsel and Hirsch, 1992) was used for 
calculating the magnitude of the trend. The significance of any cross-correlation 
between concentration and flow was tested by regression analysis of concentration 
versus the logarithmic value of water flow (log Q) on a monthly basis. Discharge 
adjustments were also estimated by applying the robust curve fitting procedure 
LOWESS (LOcally WEighted Scatterplot Smoothing, Cleveland, 1979). Trends in 
nutrient concentrations were analysed on the discharge-adjusted concentrations, which 
are the residuals from the estimated relationship between concentration and discharge 
We also investigated the occurrence of constant trends by visualisation of LOESS-
adapted curves (Cleveland and Grosse, 1991) towards time. With obvious non-
constant trends, the Theil’s slope values were never regarded as significant, but rather 
represented a guide to the trend.  
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Data on agricultural crops in the river basins during recent years (2000–2004) were 
obtained from the Swedish Board of Agriculture (SJV). These areal data were based 
on the EU subsidies to farmers. Older crop data were based on Swedish Official 
Statistics (SCB) in the different parishes. New and improved subsidies for catch crops, 
spring ploughing and for catch crop plus spring ploughing combined were introduced 
in Sweden in 2001. These subsidies were available in the south of Sweden and river 
basins 3–12 (Figure 1). Data on utilisation of these subsidies in the different parishes 
and in proportion to different agricultural crops were obtained from the Swedish 
Agricultural Board (SJV). 

 

 
Figure 1. Southern part of Sweden showing the 12 agricultural river basins examined. 
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Table 1. Trends of yearly changes in concentrations of organic nitrogen (ON), reactive 
inorganic nitrogen (RIN), non-reactive phosphorus (NRP) and reactive phosphorus (RP)  
(mg l–1 yr–1), during 1993–2004 according to Theil’s slope, calculated for uncorrected flow 
(Uncorr) and in relation to (FLOWNORM 2.0) flow-normalized (Flowcorr) concentrations for 
the rivers. Only constant trends are marked as significant, non-significant or non-constant 
values within brackets 

N River -------- ON -------- -------- RIN -------- -------- NRP -------- -------- RP -------- 
  Uncorr Flowcorr Uncorr Flowcorr Uncorr Flowcorr Uncorr Flowcorr 

1 Sagån (–0.008) (–0.012) (+0.01) (±0) (–0.001) (–0.001) (+0.01) (–0.001) 
2 Örsundaån (+0.004) (+0.002) (–0.004) (+0.006) (±0) (±0) (–0.004) (±0) 
3 Dalbergsån (+0.004) (+0.004) (+0.005) (–0.008) (±0) (±0) (+0.005) (+0.001) 
4 Lidan (+0.005) (+0.007) (–0.004) –0.034* (±0) (±0) (–0.004) +0.002** 
5 Nossan +0.012** (+0.006) (+0.008) –0.031** (–0.001) (–0.001) (+0.008) +0.002** 
6 Gothemsån a (+0.002) (+0.006) (–0.002) (+0.005) –0.002** –0.002** (–0.002) (±0) 
7 Smedjeån (+0.016) +0.016* –0.087** –0.104*** (–0.001) –0.001* –0.087** (±0) 
8 M39  (–0.009) (±0) (+0.02) (–0.044) +0.002** +0.002** (+0.02) (–0.003) 
9 Råån (±0) (+0.004) –0.28*** –0.264*** –0.003*** –0.003** –0.28*** –0.002* 
10 Tolångaån (+0.003) +0.014* –0.076* (–0.044) –0.002** –0.001** –0.076* (–0.001) 
11 Klingavälsån (+0.002) +0.012** (–0.021) (+0.003) –0.001** –0.001* (–0.021) +0.001** 
12 Skivarpsån (+0.013) +0.021** –0.099** –0.057** (–0.022) (–0.001) –0.099** (±0) 

* Marginally significant trend (0.05 < p ≤ 0.10) 
** Significant trend (0.01 < p ≤ 0.05) 
*** Highly significant trend (p ≤ 0.01) 
 
 
Estimations of the N leaching coefficients from catch crops and spring tillage were 
based on Mårtensson and Johnsson (2006), who estimated the coefficients in the root-
zone related to different crops and regions using the combined leaching database 
programme SOILN-DB (Johnsson et al., 2002). We further refined the coefficients 
based on the extent area of different soil type classes in the river basins using a similar 
relationship between soil type and N leaching to that given by Johnsson & Mårtensson 
(2002). Livestock data were all based on parish statistics from years with good 
available data (1985, 1995, 2000 and 2004). The official coefficients of livestock units 
(LIU) are based on the P concentration in the manure from different types of cattle.  
 

3. Results and Discussion  
 
Nutrient concentration trends, uncorrected to flow and corrected according to 
FLOWNORM 2.0, are given in Tables 1. Flow correction with LOWESS confirmed 
these results. Non-monotonous trends were rare and only one apparent significant 
trend of ON in one of the rivers was excluded. There was a tendency for increased 
concentrations of ON in many rivers. In most cases decreasing trends in RIN 
concentrations were significant and constant, equal to 2–4% per year. The average 
downward slope for five rivers 1993–2004 was equivalent to a general reduction in 
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RIN of 3%, equal to 0.10 mg l–1 yr–1. The more uncertain increase indicated in ON 
concentration was 3–7 times lower.  

Subsidies for catch crops, spring ploughing and these two measures combined 
became well-utilised. On average, nearly 14% of the agricultural area was used for the 
two measures, singly or in combination, in 2003/2004. The trends observed in the 
rivers were mainly constant (1993–2004), while reduced root-zone leaching based on 
increased set-aside often took place in late 1980s and based on the other  
EU-subsidised measures since 2000/2001.  

Some of the indicated decreasing RIN trend was indicated to take place during 
September-November i.e. when less mineralization of soil nitrogen may have taken 
place as a result of no autumn tillage and when catch crop should be mostly effective. 
Reduced RIN concentrations were also indicated during the time of spring farming 
operations (April to May) and during the growing season. One possible explanation 
for the latter improvement could be a more effective production with more nitrogen 
uptake by the crops. 

Significant reduction in reactive phosphorus (RP) (3% per year) was demonstrated 
in one of the river; no9, Råån. Much improvements took place during the season of 
low flow (June-September) when the concentrations were high. Reduced load from 
point sources, primarily single household sewage outlets, may be the main reason. 
Although not possible to quantify, it is very well known that single household 
wastewater treatment has improved. P reduction in constructed wetlands in the area is 
known not to take place during low flow periods in summer when the wetlands rather 
act as a P source (Tonderski et al., 2005). Also, the most clear improvements for RIN 
and NRP took place in the river Råån. Buffers along the watercourse had been 
constructed long before subsidies for such measures became available. In addition, 
this watershed is well-known for a good cooperation between farmers, the fishing 
association and the municipality.  

Frequently observed significant reductions in NRP (0.001–0.003 mg l–1 yr–1) were 
of the same magnitude as those estimated during 1992–2002 in one small catchment 
with a well-documented downward trend in livestock units (Ulén et al., 2004). No 
very clear pattern between reduced P concentration in the rivers and calculated 
changes in livestock units inthe river basin was found in the present study. However, 
another human impact is unstable and warmer winters as a consequence of climate 
change. Such winters may for instance increase the number of snowmelt events per 
season and thereby increase soil erosion. More snowmelt events and possibly more 
repeated freezing-thawing cycles were indicated to have occurred in river basins 1 and 
2 (Sagån and Örsundaån) in a longer time perspective (1975–2004), which probably 
increased the concentration of NRP (Ulén et al., 2006). However, even if erosion of P 
seems not to have decreased in this area, current tillage practices are known to change 
very fast in river basin 2.  

With a generally similar rate to that observed in the period 1993–2004, the national 
nutrient target of 20% reduction in P by 2010 compared to the level in 1995 could be 
achieved in four rivers in the very south of Sweden. Similarly, the target of 30% 
reduction in N emissions from human activities in agriculture during the same period 
could be achieved in three rivers. However, further efforts must be concentrated to 
sensitive areas, e.g. the areas loading the Baltic Sea. 
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4. Conclusions 
 
Significant and constant trends of declining concentrations of reactive inorganic 
nitrogen(RIN) during 1993–2004 were found in several of the twelve Swedish 
agriculture-influenced rivers investigated. Reductions in concentrations of non-
reactive phosphorus (NRP) also took place in some rivers, in one case also in reactive 
phosphorus (RP). In the same period, there were several general changes in agriculture 
in terms of more catch crops and set-aside, less autumn tillage and a general reduction 
in livestock density. The reductions were most clear in the southern part of Sweden 
(Scania and Halland). Eutrophication has probably passed its maximum and is now in 
a declining phase in this region. Agricultural measures to reduce eutrophication should 
now focus on more central parts of Sweden in order to fulfil the Swedish Government 
target of ‘no eutrophication’. 
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Abstract 
 
A lysimeter experiment with drained soil columns has been established in order to study 
the retention efficiency of particles and nutrients from artificial agricultural runoff in 
soil from a vegetative buffer zone. The effect of vegetation, grass versus trees and alder 
versus aspen, high and low runoff as well as different seasons has been examined. It 
was found that the retention of particles, total P and phosphate was significantly higher 
in the columns with trees compared to the columns with grass. In general this was the 
case for organic carbon and the nitrogen compounds as well. Columns with aspen and 
alder had equal retention efficiency for particles, organic matter and total phosphorus. 
Again this was in general valid for total nitrogen and nitrate as well. The retention 
efficiency for the measured parameters followed in general the pattern: particles/organic 
matter > phosphorus > nitrogen. The retention efficiency of the nutrients was generally 
better during the summer and early autumn compared to late autumn, for particles and 
organic carbon less difference between the seasons was observed. 
 
 

1. Introduction 
 
Diffuse pollution from agricultural areas constitutes one of the major anthropogenic 
sources of nutrient inputs to surface waters in Norway, leading to eutrophication and 
reduced water quality (Borgvang & Tjomsland 2001). This is a consequence of the 
increased intensity in modern agriculture combined with removal of small streams, 
wetlands and vegetative buffer zones from the agricultural landscape, which leads to a 
reduction of the self-purification processes in the landscape.  

Today different measures are taken to reverse the negative trends in modern 
agriculture. Best-management practices such as restrictions on manure spreading and 
reduced tillage during growing seasons are necessary but often insufficient measures. 
In addition there is a widespread reintroduction of self-purifying buffer systems in the 
landscape such as vegetative buffer zones (BZ) along the stream banks.  

In Norway, the winters are cold, and runoff and erosion are documented to be 
highest during this season, especially during snowmelt periods. Therefore the challen-
ges regarding agricultural runoff and retention of nutrients differ from those met in 
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more temperate regions. The work conducted so far show that BZs do function during 
winters in cold temperate climate (Syversen 2002). More information regarding the 
effect of vegetation on the retention of nutrients and sediments in cold temperate 
climate is needed. Thus a lysimeter experiment with controlled boundary conditions 
where the fate of particles and nutrients in artificial runoff infiltrating the soil is 
currently run. The effect of vegetation, grass versus trees, is examined. In addition the 
effect of alder, which is a tree capable of symbiotic nitrogen fixation, compared to a 
non-fixating tree aspen is examined.  

 
 

2. Materials and methods 
 
A lysimeter experiment was established at Ås (30 km south of Oslo). Twelve columns 
with free vertical drainage (d: 0.5 m, h: 0.5 m) were filled with topsoil (0–10 cm) 
(silty clay: 44% clay, 51% silt, 5% sand and 1.5% organic material). There are 4 
columns with grass vegetation, 4 with aspen and 4 with alder. One tree was planted in 
each column. The columns with trees have no grass vegetation. The site is covered by 
a roof. 

An experimental run consisted of two different runoff simulations: normal runoff 
(low dose) and high runoff (high dose). Normal runoff had concentrations of  
2 mg N l–1, 0.5 mg P l–1 and 500 mg SS l–1, while high runoff had concentrations of  
8 mg N l–1, 2 mg P l–1 and 2000 mg SS l–1. The suspended solid (SS) consisted of dried 
and sieved soil. For both the normal and the high runoff simulations, 25 mm day–1 of 
water was added to the columns. This equals adding 5 litres each day to every column. 
Each runoff simulation lasted for 5 days, while water samples were collected from the 
columns during the last three days of the period. The water samples were collected 
approximately 24 h after the artificial runoff was added. The amount of percolated 
water was measured and the samples analysed for suspended solids, loss on ignition 
(LOI: organic matter), total nitrogen (TotN), nitrate (NO3

–), ammonium (NH4
+), total 

phosphorus (TotP) and phosphate (PO4
3–).  

To examine retention during different seasons, one experimental run was per-
formed in late September 2004, one in late June 2005 and one in the beginning of 
November 2005 (no leaves left on the trees). 

 
 

3. Results  
 
The retention of SS, TotP and phosphate was significantly higher in the columns with 
trees compared to the columns with grass. This was in general the case for the other 
parameters as well with some exceptions. In the cases where a higher retention was 
found for columns with trees compared to grass, the difference was in general more 
pronounced for the nutrients (19–51%) than for the particles and organic matter (10–
27%) (Figure 1). For SS, organic matter and TotP, the retention was equal in columns 
with aspen and alder. This was also generally the case for the other parameters, 
however, with some exceptions.  
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When normal and high runoff was compared, it was seen that the retention was 
either equal or higher for the high runoff simulation. This was valid for all chemical 
parameters and seasons. There were only three exceptions: TotN in the column with 
aspen during summer and nitrate in the columns with grass and aspen during summer. 

For SS and organic matter in columns with grass and aspen, the retention was equal 
regardless of the season. For columns with alder, however, the retention was higher 
during summer and early autumn than during late autumn. For N and P the results are 
more varied. In general the retention is better during summer and early autumn than in 
late autumn. However, in some cases, the retention during early autumn is equal to or 
less than during late autumn (Table 1).  

 
 

4. Discussion 
 
The microbial process denitrification, which permanently removes N from the water, 
is thought to be the most important retention mechanism for N in BZs. Vegetation 
plays, however, a vital role regarding this process, as the root system of trees produces 
more biomass at greater depths in the soil profile, which is necessary for the 
denitrification process (Fennessy & Cronk, 1997). In our study the columns with trees 
were in general better than the columns with grass. Only during early autumn (low 
dose) did the columns with alder and grass have equal retention for TotN and nitrate. 
The columns with aspen had, however, better removal efficiency than grass. 
Denitrification is taking place in anaerobic soil. 
 
Table 1. Average retention for the various chemical parameters for the different vegetation 
types and seasons (data from low and high runoff simulations have been treated as one data 
set). Negative numbers indicate release from the columns. The letters A, B and C refer to 
results from the ANOVA and Tukey-Kramer tests when the retention efficiency (%) for one 
specific vegetation type during the different seasons were compared.  

 grass Aspen alder 
 sum. e.aut. l.aut sum. e.aut. l.aut sum. e.aut. l.aut 
SS 73 A 77 A 78 A 94 A 94 A 88 A 96 B 98 A 91 B 
Org.mat. 71 A 76 A 78 A 93 A 87 A 81 A 95 A 95 A 78 B 
TotN 42 A 47 A 14 B 84 A 80 A 60 B 93 A 62 B 54 B 
NO3-N 50 A 61 A 33 B 90 A 93 A 84 A 96 A 68 B 82 A 
NH4-N 4 A –121B –20A 63 A –5 A 34 A 85 A 47 B 31 B 
TotP 46 A 57 A 45 A 88 A 84 A 82 A 95 A 90 B 92AB 
PO4-P 47 A 58 A 46 B 89 A 83 B 85AB 96 A 90 B 94 A 

sum. = summer; e.aut. = early autumne; l.aut. = late autumne 
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Figure 1. Mean and standard deviation (n=9)of the retention efficiency (%) of particles, 
organic matter, total N (TotN), NO3-N, NH4-H, total phosphorus (TotP) and PO4-P depending 
on the vegetation (grass, aspen and alder) season (summer, early and late autumn) and high and 
low runoff. 
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As the soil in the columns in this study was drained, the soil is thought to be mainly 
aerobic. Denitrification may still take place in small anaerobic sites within soil 
aggregates. Wooded riparian areas with nitrogen-fixing tress such as alder are in some 
cases reported to be sources of nitrogen (Lyons et al. 2000). In this work, alder seems 
to be more effective than aspen during summer, less effective during early autumn and 
the two tree species have equal retention efficiency during late autumn. Thus on an 
annual basis, it is postulated that the difference between the two species is negligible.  

In this study P was added as phosphate and thus most of the P was dissolved. 
Sorption to the soil and uptake in the vegetation will then be the important retention 
mechanisms. The higher retention in columns with trees compared to columns with 
grass could during summer and early autumn be explained as a higher uptake rate in 
the trees. A previous study in Norway report about higher retention efficiency of SS in 
a forest BZ compared to a grass covered BZ. For TotP (occurring mostly as dissolved 
P) there was no significant difference between BZs with tree and grass (Syversen, 
2002). 

In this study, the retention of the nutrients P and N was generally better during the 
summer and early autumn compared to late autumn, indicating that uptake in the 
vegetation may have played a vital role, and that denitrification could be of minor 
importance as the soil was mostly aerobic due to free drainage through the soil 
columns. For SS and organic matter, where filtration in the soil was suggested to be 
the main retention mechanism, less difference between the seasons was observed. 
Equal retention efficiency (%) for TotP, SS and organic matter during the summer and 
the winter seasons was observed for surface runoff by Syversen (2002).  
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Abstract 
 
The effects of 10-meter wide grass buffer strips (GBS) and vegetated buffer strips under 
natural vegetation (VBS) on losses of sediment, phosphorus (P) and nitrogen (N) from 
cropped soil plots has been studied for 15 years on Lintupaju field at Jokioinen. The 
results have been compared with those from 70-m-long and 18-m-wide plots without 
buffers (NBS). Surface and subsurface water to a depth of 30 cm were sampled, soil and 
plant samples taken from the buffers for nutrient analyses. Spring barley or oats were 
grown on the field in 1991–2002 and dairy cows grazed on the grassed field and grazed 
grass buffer strips (gGBS) in 2003–2005. Buffer strips decreased losses of sediment, 
total P and total N by 60, 40 and 40–60% in surface run-off from a cropped field. 
However, the loss of PO4-P was 70% higher from the field with the non-harvested VBS 
than from the field without buffers (NBS). On the pasture, erosion and N losses were 
quite low, whereas PO4-P losses from all treatments were rather high. The high loss of 
PO4-P from the VBS and pasture was most likely due to PO4-P leaching from the soil 
surface and decaying grass residue in spring. 
 
 

1. Introduction 
 
Buffer strips are uncultivated vegetated areas between cropped fields and water-
courses. They improve water quality in different ways. Firstly, buffer areas are out of 
production because soil tillage is not allowed on them. Erosion is therefore mitigated 
by buffers on steep slopes near watersheds. Secondly, the addition of manure, 
fertilisers and pesticides is not allowed on buffers – these pollutants thus have to flow 
a longer way from the applied field area over the buffer strip to watersheds than from 
the edge of the field. Thirdly, the buffers can retain eroded soil particles, nutrients, 
pesticides, faecal microbes, and other pollutants from the surface run-off water via 
sedimentation, adsorption and plant uptake. 
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2. Materials and methods 
 
A six-plot experimental field (3 treatments X 2 replicates) was established on clay soil 
at Jokioinen at SW Finland (60°48’ N and 23°28’ E) in autumn 1989 (Uusi-Kämppä 
& Yläranta 1992, Uusi-Kämppä 2005). Ten-metre-wide buffer strips were planted 
below the cropland source area (60 m long) in spring 1991. The field area was fairly 
even, whereas the buffers were on a steep slope varying between 12% and 18%. Grass 
buffer strips (GBS) sown with timothy (Phleum pratense) and meadow fescue 
(Festuca pratensis) were harvested annually. Vegetated buffers strips (VBS) growing 
typical Finnish hardwood trees, scrub plants, grasses and wild flowers were not 
harvested. Both the field area and the buffer area on the NBS were sown with spring 
cereals and fertilised in 1990–2002 whereas the buffer areas of GBS and VBS were 
not fertilised. The results of both GBS and VBS plots were compared with plots 
without buffer strips (NBS). 

In spring 2002, grass with spring barley was sown on the field and the buffer area 
of NBS (Figure 1). From two to five head of cattle were grazed both on the grassed 
field and the buffer area of NBS (gGBS since 2003) for 24, 48 and 28 days in summer 
2003, 2004 and 2005, respectively. The pasture and gGBS were fertilised with  
N-fertilisers (150 kg N ha–1) and N-P-K fertiliser (6 kg P ha–1 and 80 kg N ha–1) in 
year 2003 and in spring 2004 respectively. The pasture was annually fertilised by N 
fertilisers (130–185 kg N ha–1) in 2003–2005. The results of both GBS and VBS plots 
were compared with gGBS plots. 

Surface and subsurface water to a depth of 30 cm flowed into collector trenches 
designed by Puustinen (1994); there was one of these on each plot. The volume of 
water was measured with a tipping bucket and representative samples were taken for 
laboratory analysis. Precipitation was measured at the Jokioinen Observatory, Finnish 
Meteorological Institute, about 3 km from the field. 

Water samples were stored in a cool, dark place. Concentrations of total P and total 
N were determined in unfiltered water samples according to Finnish standard methods 
(SFS 3026, SFS 3031). For the determination of orthophosphate phosphorus (PO4-P), 
nitrate nitrogen (NO3-N) and ammonium nitrogen (NH4-N) water samples were 
filtered through a membrane filter (Nuclepore®, Polycarbonate, pore size 0.2 µm) 
before analysis. PO4-P was determined by means of a molybdate blue method, using 
ascorbic acid as the reducing agent (SFS 3025). The samples for NO3-N and NH4-N 
were analysed according to Finnish standard methods SFS 3030 and SFS 3032, 
respectively. Total solids (TS) were measured to estimate erosion losses. 
 
 
3. Results and Discussion 
 
The mean annual load of total solids (TS) in surface run-off was the highest  
(1.1 tn ha–1) from the NBS plots during cereal years 1991–2002, when the field and 
the buffer area of NBS were ploughed in autumns (Table 1). The mean TS loss from 
the GBS and VBS plots was half of that from the NBS. During the grazing period 
(June 2003–August 2005), the mean TS loss (0.3 tn ha–1 yr–1) with surface run-off was 
smaller from all treatments than during cereal growing.  
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Figure 1. Schematic diagram of the experimental field in 2002–2005. 
 
 
Also the mean annual total P, total N and NO3-N losses in surface run-off were the 
highest during cereal years (Table 1). The loads of total P, total N and NO3-N were 
decreased by 30, 40–50 and 50–70%, respectively, on the plots with buffer strips. The 
retention of total P was rather low on this field compared with other Nordic buffer 
zone experiments where the purification of total P varied from 27 to 97% (Uusi-
Kämppä et al. 2000). On the pasture, the annual total P, total N and NO3-N losses 
were smaller than on the cereal field. The annual PO4-P load was, however, the 
highest (0.3–0.5 kg ha–1) on pasture, whereas it was 0.2–0.3 kg ha–1 on cereal fields. 
The buffers were not effective to mitigate surface run-off PO4-P losses. In fact, on 
cereal field plots, the cumulative PO4-P loss was 70% higher from the VBS, of which 
plant cover was not harvested, than from other plots (Uusi-Kämppä 2005).  

Also the mean flow weighted TS, total P, total N and NO3-N concentrations in 
surface run-off were the highest on the cereal field plots, whereas PO4-P concent-
rations were the highest on the pasture (Uusi-Kämppä & Palojärvi 2006).  

Exceptional high PO4-P concentrations (> 1.0 mg l–1) were measured from surface 
run-off water from all treatments in spring 2003. The previous summer had been warm 
and long – the trees and plants still had green leaves when the ground was covered by 
snow in October. The sudden onset of winter when grass was still growing may have 
been the main reason for high PO4-P concentrations. Also in the laboratory test, PO4-P 
losses in plant leachates from frozen and thawed plant material collected in from 
buffer strips were high (Uusi-Kämppä & Palojärvi 2006). This may be a reason, why 
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the PO4-P losses are extremely high in spring run-off. E.g. on the VBS plots, over 80% 
of the PO4-P was flown during spring run-off (Uusi-Kämppä 2005).  

The level of Olsen-P was also higher in uncut VBS (60.0 mg l–1) than in annually 
cut GBS (33.3 mg l–1) and in NBS (44.9 mg l–1) in the surface soil (0–2 cm) in autumn 
1998 (Uusi-Kämppä 2005). Some PO4-P may thus be leached from the soil surface, 
which snow-melt water leaches in spring. Yli-Halla and Hartikainen (1996) reported 
that a low salt concentration in surface run-off water, as well as a high water/soil ratio, 
favours desorption of P from soil to surface run-off water. Low temperature may also 
affect P sorption/desorption (Yli-Halla & Hartikainen 1996) and thus promote P 
retention in buffer strips in spring. 
 
Table 1. Mean annual rainfall, total solids and nutrients losses (mean ± range between mean 
and maximum values) in surface run-off from the field with no buffer strips (NBS), annually 
cut grass buffer strips (GBS), uncut vegetated buffer strips (VBS) and grazed grass buffer 
strips (gGBS). 

Cereal field NBS GBS VBS 
June 1991–May 2003    
Rainfall 603 mm    
Surface run-off, mm 130 ± 20 110 ± 20 120 ± 20 
Total solids, tn ha–1 1.1 ± 0.4 0.5 ± 0.1 0.5 ± 0.1 
Total P, kg ha–1 1.1 ± 0.4 0.7 ± 0.1 0.7 ± 0.1 
PO4-P, kg ha–1 0.2 ± 0.02 0.2 ± 0.04 0.3 ± 0.02 
Particulate P, kg ha–1 1 ± 0.4 0.5 ± 0.1 0.5 ± 0.1 
Total N, kg ha–1 6 ± 0.9 2 ± 0.5 3 ± 0.5 
NO3-N, kg ha–1 4 ± 0.4 1 ± 0.3 2 ± 0.3 
    

Pasture gGBS GBS VBS 
June 1991–May 2003    
Rainfall 560 mm    
Surface run-off, mm 120 ± 10 100 ± 10 100 ± 1 
Total solids, tn ha–1 0.3 ± 0.01 0.3 ± 0.03 0.3 ± 0 
Total P, kg ha–1 0.8± 0.1 0.7 ± 0.02 0.6 ± 0.02 
PO4-P, kg ha–1 0.5 ± 0.04 0.4 ± 0.01 0.3 ± 0.06 
Particulate P, kg ha–1 0.3 ± 0.08 0.3 ± 0.03 0.4 ± 0.08 
Total N, kg ha–1 2 ± 0.2 1 ± 0.2 1 ± 0.03 
NO3-N, kg ha–1 0.2 ± 0.04 0.2 ± 0.05 0.2 ± 0.06 

 
 
4. Conclusions 
 
The buffer strips are effective in mitigating both erosion and particulate P losses from 
the surface run-off on cereal fields. However, retention of PO4-P losses is not as 
successful as retention of erosion material and particulate P. New methods will be 
needed to increase the retention capacity of PO4-P on buffer strips. The losses of total 
nitrogen and NO3-N in surface run-off are also smaller from the field plots with buffer 
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strips than without buffers in cereal fields. On pastures where phosphorus fertilisers 
are not used, losses of eroded material, phosphorus and nitrogen in surface run-off 
from fields with buffer strips are as high as from pastures without buffers. This shows 
that in cereal production buffer strips are more important to mitigate erosion and 
particulate phosphorus losses than on pastures.  

In cold climates, buffer strips work fairly well during the growing season in 
summer and autumn. However, the buffers do not effectively retain pollutants from 
surface run-off in winter and spring, when the soil is under frost and plants are not 
growing. During the past decade, surface run-off has increased during winter months 
and thus nutrient losses have also increased. More research will be needed to increase 
the retention capacity of buffers during cold seasons even if climate warming with 
mild winters continues. 
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Abstract 
 
Water repellency index R was measured in a heavy clay and a sandy loam, used as 
arable land or buffer zone (BZ). Further, effect of management practise and ageing of 
BZs were studied. Water repellency was proved to be a common phenomenon on these 
soils. Harvesting and grazing increased water repellency as does ageing. Low water 
repellency is supposed to prevent preferential flows and provide evenly distributed 
water infiltration pattern through large soil volume, which favours nutrient retention.  

 
 
1. Introduction 
 
Soil water repellency (WR) is a world wide known phenomenon. Pietola et al. (2005) 
have tentatively found that WR does exist also in Finnish heavy clay soil pasture. 
There is inadequate data about water repellent behaviour of Finnish soils situated in 
humid climate zone. WR has an impact on soil hydrological properties, especially 
water infiltration into the soil. Delayed soil wetting process increases preferential flow 
and results in an uneven wetting pattern (Dekker & Ritsema 1996a) or may expose 
soil to surface runoff and consequent erosion.  

Buffer zones (BZ) are established to prevent soil erosion and nutrient transport to 
surface waters. However, Uusi-Kämppä (2005) reported unability of BZs to reduce 
molybdate-reactive (i.e. bioavailable) phosphorus. We assume that low WR promotes 
evenly distributed water infiltration through the entire soil volume and favours 
nutrient retention, especially that of bioavailable phosphorus. 

BZs vary by age and management practice (e.g., natural state, harvested or grazed), 
which may influence soil WR. How should we manage BZs to prevent WR and attain 
evenly distributed water infiltration through the whole soil profile? The aim of this 
paper is to determine the severity of WR in cultivated Finnish heavy clay and sandy 
loam soils and in BZs established on these soil types. Further we investigated how the 
age and different management practice of BZ affect WR.  
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2. Material and methods 
 
Soils samples were taken from two experimental sites. The Lintupaju soil in 
Jokioinen, South-Western Finland, was classified as a Vertic Cambisol. Experiments 
were conducted on six BZs and on an adjacent cultivated field. BZs were 1) old  
(15 years) natural vegetation with wild hay and scrubs or 2) without scrubs, 3) old and 
4) young (3 years) BZ with grass species harvested annually, 5) old and 6) young BZ 
with grass species grazed by cattle. In Maaninka, Central Finland, the soil was 
classified as a Dystric Regosol. Experimental sites were two BZ and cultivated field. 
BZs were 1) old (10 years) natural vegetation with grass species, and 2) young  
(2 years) BZ with grass species harvested annually. Soil characteristics are presented 
in Table 1.  
 
Table 1. Soil characteristics.  

 
Site 

CEC 
cmol(+)kg–1 

Base 
saturation% Clay % Silt % Sand % C pH 

Lintupaju 0–6 cm 28.3 85 51 42 7 5.4 6.2 
Maaninka 0–30 cm 9.4 81 8 47 45 1.4 6.6 

 
Six replicates of undisturbed 100 cm3 soil cores were collected from each site at the 
depth of 0–5 cm. The WR measurements were carried out under various water 
contents, first field moisture (at the time of sampling) and then from saturated soil to 
oven dried at 105°C. 

The infiltration of water and ethanol (95%) on 20°C was measured using apparatus 
described by Leeds-Harrison et al. (1994) and modified by Hallett and Young (1999). 
Sorptivity (S) of water (Sw) and ethanol (Se) was calculated according to equation 1 
(Leeds-Harris et al. 1994). 

S=(Qf/4br)–1/2 (1) 

where Q is steady rate of water flow (measured within 75 s), f is the air-fillable 
porosity and r is the radius of the infiltration tip 1.5 mm. The value for parameter b is 
0.55 (White & Sully 1987). The pressure head of –2 cm was used. The WR index (R) 
is calculated (2) from Sw and Se (Tillman et al. 1989) as follows: 

R=1.95(Se/Sw) (2) 

R index > 1.95 represents water repellent soil. Statistical analysis was carried out for R 
index measured after oven drying at 40°C i.e. potential water repellency. Tukey’s test 
(p 0.05) was used to define differences between treatments. 
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3. Results and discussion 
 
Soil WR proved to be a common phenomenon in BZs. This is in agreement with 
findings of Dekker and Ritsema (1996a), who measured WR on alluvial heavy clay 
soil used as a grassland pasture in Netherlands. Old annually harvested BZ with grass 
species resulted in highest potential R index (Fiq. 1 and Table 2), water infiltration 
was delayed by 10-fold. This site was apparently covered with mosses, which is 
supposed to be reason for high WR. Mosses were not present at the young annually 
harvested BZ with grass species, which had statistically lower R index (3.6). 
Statistically lower R index (5.4) was measured also in old natural BZ with wild hay 
although accumulation of organic matter was expected (data for content of organic 
matter not yet available). This old natural BZ with wild hay had only slightly lower R 
index than the old natural BZ with scrubs (5.9). The quality of organic matter and 
waxes excreted by plants differ in their water repellent properties, but this divergence 
was proved to be minor.  
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Figure 1. R index measured at various water contents. 
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In Figure 1 the topmost chart represent data for 3 years old young BZs and cultivated 
field in Lintupaju, the middle chart represent data for 14 years old BZs in Lintupaju 
and the lowest chart for BZs and cultivated field in Maaninka. Symbols connected by 
line represent drying treatments (as mentioned in the text). Black symbols stand for R 
index at field moisture at the time of sampling. Gray symbols stand for potential WR 
after drying at 40°C.  

The young (R = 6.1) and old (R = 7.9) grazed BZs exhibited higher WR than either 
the old natural or the young harvested BZs. Pietola et al. (2005) found also that in the 
heavy Finnish clay soil pasture, intense cattle trampling increased water repellency 
compared to pasture with no visible trampling. 

WR was less severe in Maaninka and no statistical differences were found between 
the experimental sites. However, the old BZ showed the highest R index (3.8) and the 
index for the harvested young BZ with grass species was only slightly lower (R = 2.5).  
 
Table 2. Potential (drying at 40°C) R index and R index measured at field moisture.  

Management * 
Potential 
R index S.E. ** P 0.05 ***

R index at 
field moisture S.E. 

Old, natural, wild hay, scrubs (L)  5.9 0.92  6.8 0.92 
Old, grass species, harvested (L) 10.3 1.53 a, b, c 8.2 0.90 
Young, grazed (L) 6.1 1.07  8.2 1.58 
Old, grazed (L) 7.9 1.55  9.9 0.97 
Young, grass species, harvested (L) 3.6 0.75 b 5.0 0.64 
Old, natural, wild hay (L) 5.4 0.69 a 3.3 0.50 
Cultivated field (L) 3.1 0.31 c 3.1 0.32 
 Old, grass species (M) 3.8 0.53  4.3 0.54 
Young, grass species, harvested (M) 2.5 0.33  2.7 0.21 
Cultivated field (M) 2.0 0.17  3.7 0.45 

* (L) stand for Lintupaju and (M) stand for Maaninka 
** S.E. stand for standard errors of the mean 
** *values with the same letter differ significantly according to Tukeys´s test 
 
Cultivation reduces soil WR (Hallett et al. 2001) and presumably potential WR was 
lowest at cultivated sites in both experimental areas. In Maaninka cultivated field 
proved to be almost totally non repellent (R = 2.0) after drying at 40°C, whereas at the 
Lintupaju R index was 3.1. This is in agreement with Dekker and Ritsema (1996a), 
who measured more severe WR in soil under grass compared to arable land. WR 
measurements at various water contents showed that only the old harvested BZ with 
grass species had an R index (2.0) indicating minor WR at saturation. There is an 
obvious trend that WR increases when soil is drying. Dekker and Ritsema (1996a) 
proposed that low water uptake of irrigated clay cores at initial volumetric water 
content range of 34–42% resulted from WR of the aggregates and prisms. Our 
findings are in agreement with that result, because all the BZs were water repellent at 
volumetric moisture contents below 41%.  
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4. Conclusions 
 
In the Lintupaju soil, volumetric soil water content at the moment of sampling was 
lower at grazed and harvested BZ than in the old natural BZs, due to lack of covering 
vegetation. Frequently drying top soil is often recognized water repellent, which is in 
agreement with our results. Moreover we found that ageing (also in Maaninka) 
increases soil WR and combined with harvesting it may prepare the way for mosses, 
which we assume to further increase water repellency.  

In shrinking and swelling clay soils, drying (i.e. shrinking) combined with 
increasing WR expose soil to preferential flow and uneven wetting pattern (Dekker 
and Ritsema 1996a). This may contribute to leaching of bioavailable phosphorus from 
BZs. Fast water movement through macro pores and cracks does not allow sorption or 
at least diminishes contact between soil and water (Dekker and Ritsema 1996b). 
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Abstract 
 
The effects of controlled drainage under the climatic conditions and soils of Southern 
Sweden have been studied since 1996 and in combination with subirrigation since 2002. 
Compared to conventional drainage, controlled drainage had less subsurface runoff and 
lower nutrient losses from the drainage system. The yield and N uptake by crops 
increased and thereby improved N efficiency for applied fertiliser, leaving less N 
available for leaching after harvest. Apart from being affected by different soil water 
status in plots, the N dynamics in soil were also strongly influenced by different 
climatic conditions and cropping patterns. 

With proper management and operation, a controlled drainage system has the 
potential to be beneficial both from an agricultural and an environmental point of view.  

 
 

1. Introduction 
 
The rate and quality of water leaving agricultural land are mainly determined by the 
design and management of the drainage system. Once a conventional drainage system 
is installed in mineral soil, the land is subsequently drained according to the pre-
designed drainage intensity throughout the lifetime of the drainage system, regardless 
of changes in land use or climate. One of the challenges of ongoing drainage research 
is to devise a groundwater control system that maintains the benefits of an efficient 
drainage system, ensuring maximum nutrient efficiency and crop yield, while not 
removing any more water from the soil than is necessary.  

The problem of excessive drainage at certain times of the year can be overcome by 
using a method of reduced drainage (controlled drainage), which involves using 
different heights of a riser in the drain outlet. During periods of minimum drainage 
requirements, the groundwater level in the field is allowed to rise to the same level as 
that in the riser, decreasing the drainage intensity and submerging a large part of the 
subsoil. The retention time of water in soil increases, potentially leaving more water 
available for evapotranspiration and for interim storage of soluble nutrients. 
Precipitation deficits make it impossible to maintain an elevated groundwater level 
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with controlled drainage throughout the summer. Without rainfall or a high 
groundwater table a controlled drainage system would not store enough water in the 
soil to grow a crop over a long period of time. Additional water needs to be added into 
the system. In 2002, a field experiment was initiated to assess the effects of controlled 
drainage/subirrigation systems compared to conventional subsurface drainage systems 
(Conv) on hydrology and environment under the climatic conditions and soils of 
Southern Sweden. The main objective of the study was to provide a system that 
satisfies both drainage and supplemental irrigation needs, in order to reduce water 
related stress, and thus increase crop yield and at the same time protects the 
environment. Groundwater control strategies were used to subject the subsoil to 
various degrees of water status, supplementary water was added during vegetation 
seasons and the effects on drain outflow, nutrient losses, nitrogen flow and crop 
performance were measured. In this paper results on crop yields and drainage outflow 
rates will be presented. 
  
 
2. Materials and Methods 
 
In 2002, a field experiment on controlled drainage/subirrigation system was initiated 
at three sites in Southern Sweden. One experiment was conducted at a field site 
established at Gärds Köpinge, Skåne (Southeast Sweden 62013´N, 13985´E) in year 
2000 with grants from the Swedish Board of Agriculture. The topsoil (0–30 cm) at this 
site is a weakly structured loam with an organic matter content of 6%. The subsoil 
(30–70 cm) is loamy sand with very low organic matter content. The low organic 
matter content in the subsoil restricts the main microbiological activity to the topsoil 
and the root depth is also limited, to about 45 cm, by the soil texture in the subsoil. A 
clay layer, found at a depth of 1 m, effectively restricts downward seepage. The 
experimental site (Fig. 1) consists of four drained plots (36 x 40 m). The plots are 
isolated by plastic sheeting to a depth of 1.6 m to prevent lateral leakage and 
subsurface interactions. The plots are drained separately with the outlets connected to 
a weir allowing the water table to potentially rise to a pre-selected maximum height. 
Two duplicate plots were drained with conventional subsurface drainage (water table 
at 1 m depth) respectively with controlled drainage (water table at 0.5 m depth) at the 
site. All plots were treated equally except for the management of the drainage system 
described above. The plots were incorporated into an ordinary Swedish conventional 
farming system with potato, cereals and catch crops included in the crop rotation. The 
farmer carried out all farming operations except the harvesting. 
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Figure 1. The experimental site. 
 
Climatic parameters were measured hourly (air temperature, soil temperature and 
precipitation) and respectively daily (potential evapotranspiration) at the experimental 
field. Snow depth was obtained from meteorological network stations (SMHI). The 
groundwater levels in the plots (three replicates per plot) and the water levels in the 
weirs were monitored hourly using pressure transducers (BTE2000G, Sensor 
Technics) connected to data loggers (ACR/SR7, Status Instrument Ltd). The drain 
outflow from each plot was measured hourly by flow meters. A water balance for each 
plot was calculated. 

Mineral nitrogen contents in the soil profile (total N, NO3-N and NH4-N) and total 
C were measured three times a year; in early spring, at harvest and in late autumn 
(Lindén, 1981). Soil sampling depths were 0–30 cm, 30–60 cm and 60–90 cm. The 
C/N ratio was determined. Samples of drainage water were collected by a flow 
controlled water sampler device (6712 Portable samplers, ISCO). The water was 
analysed for total N, NO3-N, NH4-N, orthophosphate and total P (total phosphorous), 
Mn and Fe concentrations. Additionally, pH and EC (electrical conductivity) were 
measured. The emission of N by subsurface drain outflow was estimated for each plot.  

The aboveground biomass was sampled twice during the growing season. On the 
first sampling occasion (yellow ripening stage), the crop was cut in three randomly 
chosen microplots of 0.25 m2 within each plot. The second sampling occasion was at 
harvest, when three microplots of 20 to 25 m2, perpendicularly orientated to the drains, 
were harvested separately in each plot. The nitrogen content was determined in grain 
and straw. The N-use efficiency was estimated. 
 
 
3. Results and discussion 
 
Controlled drainage had a large effect on nutrient loads in drain outflow during the 
three years of measurement. In comparison to Conv, the total yearly drain outflow 
from controlled drainage plots was 50 to 70% lower. The NO3-N load in the drain 
outflow from controlled drainage plots was 30–60% lower than that in Conv (Table 1). 
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Table 1. Subsurface drainage outflow and nitrogen loads. Results from three years of field 
studies with controlled drainage 

 Conventional drainage Controlled drainage 
Year Outflow (mm) NO3-N (kg ha–1) Outflow (mm) NO3-N (kg ha–1) 
2000/01 236 32 117 (50%) 12 (60%) 
2001/02 228 12.5 92 (60%) 8 (30%) 
2002/03 329 3 102 (70%) 1.4 (50%) 

 
Some positive effects of a temporarily raised groundwater level were observed during 
the growing season on N uptake in crops (aboveground parts). For example, N-uptake 
in barely was increased by 8% (Table 2). 
 
Table 2. Harvest and nitrogen uptake by crop. Results from six years of field studies 

 Conventional drainage Controlled drainage 
Year Crop Yield, 

kg ha–1 
Total-N, 
kg ha–1 

Yield, kg ha–1 
(Rel.yield) 

Total-N, kg ha–1 
(Rel.N uptake) 

2001 Wheat 5205 88 5315 (102) 90 (102) 
2002 Sugar beet 79000 113 79300 (100) 114 (101) 
2003 Barely 5257 73 5310 (101) 79 (108) 

 
 
4. Conclusions 
 
Controlled drainage has the potential to lower non-point source leaching of nutrients 
from agricultural land in a cost-effective way. Investments in control structures and 
extra labour could provide good short-term returns in the form of higher crop yields 
and better nitrogen use efficiency and good long-term returns in the form of less 
eutrophication and cleaner coastal waters. 
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Abstract 
 
The Finnish horse industry has been growing with about 1,000 horses annually. It has 
been assessed that there are about 35,000 paddocks for 70,000 horses. The trampling of 
horses increases the risk for surface run-off from the paddocks and the faeces also make 
them critical source areas for phosphorus. A chemical method for treatment of run-off 
water from a paddock was tested in Ypäjä (SW, Finland). The surface run-off water 
flowed from the paddock area (5,000 m2) where 7 young stallions were kept during 
winter. The horses had a run-in shelter (stable) and could freely go in and out of the 
stable. They were fed with hey or silage under the open sky. For dosing of the Ferix-3 
granulated ferric sulphate into flowing water, a simple doser was developed. After the 
ferric sulphate treatment, the run-off water flowed into a sedimentation pond, and was 
thereafter filtered in a sand bed. During the first experimental year, 12 water samples 
were taken for nutrient analyses from the inflow and 14 samples from the outflow. The 
highest nutrient concentrations were measured during spring snow melt, the phosphorus 
concentrations being almost as high as in untreated urban wastewater. The reductions of 
dissolved phosphorus, total phosphorus and total nitrogen after the treatment were 95%, 
81% and 60%, respectively. 

 
 
1. Introduction 
 
In 2005, there were about 70,000 horses in Finland. The number of horses increases 
by about 1,000 per year. The areas with increasing rates of horses are rural areas close 
to urban areas especially in the southern part of Finland. In an equine survey, it was 
found that horses were kept in paddocks on average for seven hours daily, and on 
average two horses used one paddock. The paddock areas varied considerably, but the 
average size was 1,100 m2. As many as 80% of the horses were kept on pasture in 
summer (Pikkarainen 2005). The average age of the paddocks was 5.4 years. 

A dissolved reactive phosphorus concentration as high as 17.3 mg/l was measured 
from a paddock puddle in our earlier studies (Jansson & Närvänen 2006, Unpublished 
data). This concentration was more than one hundred fold the typical phosphorus 
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concentrations found in the run-off water from Finnish field areas. The paddock area 
had been in equine use for twenty years. As is typical for equine critical source areas, 
almost all (83%) of the total phosphorus was in dissolved reactive form.  

When studying ditch sediments in various agricultural and forest areas Jansson et 
al. (2000) noticed high phosphorus concentrations in the run-off waters from horse 
stable areas. The high phosphorus concentrations in the run-off waters reflected high 
extractable contents of phosphorus in the ditch sediments. 

In 2003, a project was started in order to test the chemical precipitation reduction 
of nutrients from paddock surface run-off waters using a sedimentation pond. The 
partners were Agropolis Ltd, Häme Regional Environment Centre and MTT/Equine 
Research, MTT/Environment Research and the Jokioinen Estates. 
 
 
2. Materials and methods 
 
In this study, a run-off treatment unit was constructed in connection with a run-in 
stable at Ypäjä Equine College. The building has been in run-in stable use since 1981. 
The number of horses kept in the stable has usually been about ten, but in different 
years the number has varied from 5 to 20. During the winter period 2003/2004, seven 
young stallions were kept in the stable. The horses could freely go in and out of the 
stable building. The outdoor area was 5,000 m2 and the indoor area about 80 m2. The 
horses were fed outdoors with hey or silage using a hay manger and during the last 
years also using a movable hay feeder wagon. For minerals and concentrated feeds, 
there was a through feeder with a roof. For drinking-water supply there were two 
insulated float controlled automatic drinkers which contained a heating element.  

The area with the feeders was properly cleaned once a year. This was done in 
summer when the horses were not staying in the run-in stable. The droppings and the 
top layer were taken away and a new sand cover was spread out. The droppings were 
also taken away from other parts of the yard a few times a year.  

The surface run-off water from this 5,000 m2 yard was collected via an open ditch 
into a well. Samples of untreated water were taken from the well (see Figure 1). The 
water flowed from the well through a pipe to a doser of ferric sulphate. 

The granulated ferric sulphate (Kemira 2005) was dosed in a small well where a 
pipe with a cone-shaped bottom was placed. In the bottom of the doser, there were 
holes through which the water was in contact with the chemical dissolving it. The pipe 
was filled with the chemical, and through the holes the chemical was dissolved well 
into the water. When a large flow raised the water surface in the well, more holes 
came to contact with the water, and thus more chemical was dissolved. It was possible 
to calibrate the dosing amounts by measuring the pH of the water flowing out from the 
outlet pipe of the doser and by adjusting the number of holes and their location on the 
cone. After the dosing, the water flowed into a constructed pond (100 m2) and was 
filtered through a sand bed. 
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2. Dosage well
3. Sedimentation pond
4. Sand filtration bed
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Figure1. The treatment system for run-off waters from the equine areas 
 
The sampling of the outlet water was usually done from the filtered water, but when 
the water flow was higher than the filter capacity, the sampling was done from the 
mixture of both filtered water and the water leaving the pond as an overflow. Soil 
sampling from the paddock was carried out on three sites in five different layers down 
to one meter. In addition to that, surface soil samples (0–2 cm) representing the whole 
area and the feeding area were taken. Easily soluble phosphorus (PAAAc) was extracted 
using 0.5 M NH4-acetate–0.5 M acetic acid at pH 4.65 (Vuorinen & Mäkitie 1955), 
which is the method used for soil testing in Finland. The water samples were analysed 
for dissolved reactive and total phosphorus as described by Uusi-Kämppä and 
Yläranta (1996). 
 
 
3. Results and Discussion 
 
The PAAAc in the upper (0–20 cm) soil layer varied from 23 to 99 mg/l soil. The 
surface soil samples (0–2 cm) showed somewhat higher soil phosphorus status than 
the upper soil layer – both in the feeding area (102 mg/l soil) and in the whole area 
(72 mg/l soil). These concentrations are high compared to normal concentrations in 
Finnish field areas. These high phosphorus concentrations were reflected as high 
phosphorus concentrations in the surface run-off waters from the paddock. Especially 
the dissolved reactive phosphorus was about 15-fold the concentration in the waters 
from Finnish field areas (Figures 2 and 3).  

The reduction of total phosphorus concentrations in this study was generally high, 
although low reduction was measured twice during the spring period (Figure 2.) The 
reduction in dissolved reactive phosphorus was high throughout the whole test period 
(see Figure 3). 
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Figure 2 The concentrations of total phosphorus in the incoming and outgoing (treated) equine 
area water at the Ypäjä treatment site.  
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Figure 3. The concentrations of dissolved reactive phosphorus (PO4-P) in the incoming and 
outgoing (treated) equine area water at the Ypäjä treatment site.  
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4. Conclusions 
 
A further reduction of phosphorus load from agriculture should be carried out in 
Finland. It has been estimated that in Finland there are about 2,500 lakes suffering 
from algae blooms, and in these lakes phosphorus is the nutrient limiting the algae 
growth. The Agri-Environmental Programme has not been successful in reducing the 
total phosphorus status in agriculturally loaded lakes (Ekholm et al. 2004). In this 
study, it was shown that waters from equine areas can be treated chemically to reduce 
the phosphorus concentrations. A chemical treatment of the phosphorus-rich waters 
from horse paddocks would be a good start in reducing the phosphorus load from 
agriculture. To make this possible for stable owners, it is recommended that the 
Finnish horse industry should be granted financial support through the Agri-Environ-
mental Programme, to reduce the high phosphorus load from equine critical source 
areas.  
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Abstract  
 
Small constructed wetlands are found to be efficient sedimentation basins for eroded 
soil material in spite of the short detention time. Micromorphological studies showed 
that much of the eroded clay and fine silt (smaller than 0.06 mm) probably reached the 
wetlands as aggregates and settled there in that form. Results of dispersed textural 
analysis are therefore not suitable for the calculation of the retention of fine silt and clay 
in wetlands. The aggregates in the wetland sediments were similar in composition to the 
corresponding arable land aggregates, but were more rounded due to erosion during 
transport. To reduce the transport distance and thus prevent breakdown of the aggre-
gates, wetlands should be constructed as close as possible to where the erosion takes 
place. Aggregate retention probably leads to increased retention of chemical pollutants, 
such as phosphorus and some pesticides, adsorbed to the clay particles. The wetland 
sediments collected can be reused in agriculture, unless industrial waste has polluted the 
stream water.  
 
 

1. Introduction 
 
Erosion occurs in all catchments and soil particles are transported through tile drains 
or as surface runoff to waterways. Due to their large specific surface area, clay 
particles have a high affinity with phosphorus and pesticides. In cultivated areas high 
amounts of clay, and thus pollutants, are lost from catchments through erosion.  

In Norway, small wetlands are constructed downstream to reduce losses of 
particles, nutrients and pesticides and prevent their negative effects on stream and lake 
water quality. Braskerud (2003) found that the clay retention was much higher than 
predicted and explained the large clay retention by increased settling velocity due to 
clay particles being transported and settled as aggregates.  

The objective of the present study was to verify the existence of aggregates and to 
compare their size, shape and distribution in wetland sediments and in the topsoil of 
the corresponding agricultural catchment using micromorphological techniques.  



Aggregates stimulate clay particle settling in constructed wetlands 155

2. Material and methods 
 
The study site, Berg, is situated about 50 km east of Oslo in an area with marine 
sediments where plains are intersected by ravines. The mean annual air temperature is 
about 4.5°C, with January as the coldest month, –6° C, and normally frozen topsoil 
with snow cover. The mean annual precipitation is about 750 mm, highest in late 
summer and autumn and lowest in winter and spring. The dominant soil texture is silty 
clay loam/silty clay, and the organic matter content of the topsoil is from 5 to 10%. 
Cereal production is combined with grass (milk) production. The catchment area is  
1.5 km2 and the wetland 900 m2. The ratio of wetland surface area to catchment area is 
0.06%. As a result, the hydraulic loading rate is very high (average 620 m yr–1), and 
the detention time short (less than 10 hours in average). The hydraulic loading rate is 
runoff (m3 yr–1) over wetland surface area (m–2). 

Constructed wetlands are located in the stream at the outlet of the catchments. They 
consist of a sedimentation basin about 1 m deep and a wetland filter that is 0.5 m deep 
(Figure 1).  

Sedimentation
       basin Wetland filter

Threshold 
with V-notchDelta

#
Inlet Outlet

#

 
Figure 1. Different parts of a constructed wetland. Depths were originally 1 m in the 
sedimentation basin and 0.5 m in the wetland filter (After Braskerud, 2003). 
 
 
Undisturbed soil samples were collected from the upper 10 cm of the agricultural soil 
and from the upper 10 cm of the sediments in the wetlands under the water surface. 
The agricultural soils were sampled upstream the wetland in a plateau and a convex 
and concave slope position and the wetland in the sedimentation basin and in the 
wetland filter near the inlet and near the outlet. 

Thin sections (90 x 60 mm2) (Figure 4) were prepared from the undisturbed 
samples at the laboratory of Petrology and Mineralogy (Ghent University, Belgium) 
and studied using a polarising microscope. The terminology of the Guidelines for 
analysis and description of soil and thin sections (Stoops, 2003) was used for the 
micromorphological descriptions. The thickness of the thin sections was 30 µm or 
slightly less. Aggregates and grains with a smaller diameter can therefore partly 
overlap each other.  
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3. Results 
 
The soil thin sections, from the agricultural fields at different landscape positions, 
were in general very similar. All soils showed a subangular (with partly rounded 
edges) and/or granular microstructure (Figure 2 left), with very homogeneous soil 
material mainly composed of sand-sized mineral grains and Fe and Mn oxide nodules 
embedded in the fine fraction. Fragments of a sedimentary layer, with parallel oriented 
clay particles were sometimes observed inside the larger aggregates in all landscape 
positions. The diameter of the aggregates varied between 0.1 mm and several mm. 
Except for a higher amount of Fe and Mn oxide nodules in the plateau soil, no clear 
differences were found between the samples from the different landscape positions. 

Sizes and relative amounts of aggregates of soil material (with diameter larger than 
0.02 mm) and of single mineral grains were determined in the thin sections of the 
wetland (Table 1). There was a clear grading according to size of the aggregates and 
mineral particles, with the size decreasing towards the wetland outlet. The aggregates 
in the wetland were similar in composition to the aggregates in the soil thin sections of 
the agricultural fields but they were more rounded (Figure 2 right and 3) and smaller 
(diameter from more than 2 mm to less than 0.02 mm). Fine silt and clay particles 
(finer than 0.006 mm) were only found as an undifferentiated mass inside the 
aggregates and not as layers.  
 
Table 1. Relative size distribution of aggregates (x) and isolated single mineral grains (o) in 
the different samples of the wetland. Diameter classes in mm.  

  >1 1–0.6 
0.6–
0.4 

0.4–
0.2 

0.2–
0.1 

0.1–
0.08 

0.08–
0.06 

0.06–
0.04 

0.04–
0.02 

Sedimentation basin          
 Coarse-grained layer xx xx x x      
   o o      
 Fine-grained layer    x xx xx x   
     o oo oo oo o 
Start of wetland filter       x xx x 
        o oo 
Filter near outlet        x xx 
          oo 
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1 mm 1 mm 

 
Figure 2. Aggregates in soil and sediment thin sections . Left: Topsoil, plateau position: suban-
gular and rounded aggregates composed of well homogenized soil material where coarser 
fractions, sand grains and nodules, are embedded in the fine fraction. Right: Sedimentation 
basin: coarse rounded nodules and subrounded and rounded aggregates similar to the 
aggregates observed in the soil but more rounded. 
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Figure 3. Aggregates in the thin section from the wetland filter. Left: Small rounded aggregates 
of soil material (similar to the small aggregates observed in the soil, but more rounded), some 
Fe and Mn nodules and some organic residues. Right: Detail of picture at the left.  
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Figure 4. Thin section of the sedimentation basin, showing the clear stratification of the 
sediment: mostly coarse aggregates and nodules in the upper part and mostly finer aggregates 
in the lower part. In the lower part alternating layers of finer and coarser aggregates are 
observed.  
 
 
The stratification of the sediments was best expressed in the sedimentation basin 
(Table 1 and Figure 4): coarse-grained layers composed mostly of Fe and Mn oxide 
nodules (diameter ranging from 0.02 to more than 3 mm) and few coarse single 
mineral grains, fragments of stratified clay and aggregates of soil material (diameter 
between 0.2 and more than 2 mm), alternated with fine grained layers dominated by 
small aggregates of soil material (diameter ranging from 0.04 to 0.6 mm). The single 
mineral grains and the nodules in general had a smaller diameter than the aggregates 
in the same layer (Table 1). The boundaries between these layers were mainly very 
sharp. Further down in the wetland filters, some stratification was observed but not as 
clear as in the sedimentation basin (Table 1). The size of the aggregates and of the 
mineral grains gradually decreased, and the separated mineral grains and the nodules 
had also in general a smaller diameter than the aggregates. In the samples collected 
closest to the outlet of the wetlands, the diameter of the aggregates was less than  
0.1 mm and often less than 0.02 mm. 
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4. Discussion and conclusions 
 
In the sediment thin sections, rounded aggregates with the same composition as the 
catchment soil were clearly present. Moreover, no layers with horizontal parallel 
oriented clay, typical for unconsolidated sediments, were observed. This indicates that 
the clay and fine silt present in the wetlands have indeed moved as aggregates and not 
as isolated particles and confirms the explanation given by Braskerud (2003) that the 
high clay settlement in the wetlands resulted from soil being transported and settled as 
aggregates. The results of traditional textural analysis with dispersion of the clay are 
thus not suitable for determining the amount of retained clay and the efficiency of 
wetlands in retaining clay. The fact that the aggregates in the wetlands were generally 
found to have a larger diameter than the single mineral fragments and the nodules of 
the same layers can be explained by the different sedimentation velocity of porous 
aggregates, mineral particles and nodules due to their different densities.  

The round shape of the aggregates in the wetlands indicates that they have 
undergone erosion on the way from the agricultural site to the wetland where the 
sedimentation has taken place. The wetlands should therefore be constructed as close 
as possible to the field where the erosion occurs, to minimise the erosion of the 
aggregates. 

The finer fraction of eroded material, fine silt and clay, was not found back in the 
wetlands, nor were layers with parallel orientated clay and aligned micas, which such 
sedimentation should create, apparent in any of the samples studied. This means that 
the fractions resulting from the breakdown of aggregates were probably too small to 
settle during the available settling time and were further transported  

The presence of more or less intact aggregates in the wetland sediments can 
explain the equal or higher P-content in the wetland sediments than in the agricultural 
topsoil found by Braskerud (2002). It is also likely that aggregates play an important 
role for the retention of other pollutants adsorbed to particles, such as pesticides 
(Haarstad and Braskerud, 2005). 

The wetland sediments studied consisted of fine, stable aggregates similar to those 
found in the topsoil of the agricultural soils. Sediments excavated from filled wetlands 
would therefore probably be very suitable for soil mixtures and for recycling to 
agricultural fields unless polluted by industrial waste. 
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