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Abstract
Agriculture is the main source of nitrogen (N) and phosphorus (P), which are the nutrients
accelerating the eutrophication of waters in Finland. Hence, mitigation measures are needed to reduce
the nutrient loading from the arable land. Since Finland's accession to the EU in 1995 and the
subsequent adaptation to its agri-environmental policy, constructed wetlands (CWs) have been one
of the mitigation measures for which farmers may receive agri-environmental subsidies. The aim of
this study was to find out how efficiently such CWs are able to retain the loading and how they should
be designed and dimensioned in order to optimize their performance. Particular attention was paid to
CW hydrology and hydraulics, since the dynamics of the water flowing through a CW is the major
factor governing retention. Water quality and flow measurements were made in three CWs located in
agricultural watersheds in southern Finland during 1999-2002. Hydraulic properties were examined
in 2 of the CWs by simulations with 2-dimensional hydrodynamic and water quality models.
According to the calculations of material fluxes, the maximum annual retention was 72% for solid
material (TSS), 67% for total P and 40% for total N. The lowest retentions were slightly negative,
because the CW with the smallest CW-to-watershed area ratio (0.5% in the Alastaro CW) sometimes
acted rather as a source than a sink of nutrients. The highest percent retentions were found in the Hovi
CW with the largest CW-to-watershed area ratio (5%). In terms of mass per CW area, the Hovi CW
retained 25 kg of total P and 300 kg of total N per one hectare per one year. In the Hovi CW also
dissolved reactive P retention was high (49% in situ and 34% in laboratory microcosm experiments),
obviously due to high contents and low P saturation of Al and Fe oxides of the CW soil. The basic
underlying reason behind the high retentions of both dissolved nutrients and particulate matter in the
Hovi CW was the long water residence time coupled with high hydraulic efficiency. In the deep part
of the Hovi CW, near-bottom increase of dissolved O2 was found in phase with diurnal temperature
changes. The oxygen transport by this kind of convective circulation of CW water inhibited near-
bottom anoxia and thus decreased the risk of P desorption. According to the hydrodynamic
simulations coupled with simulated tracer tests made for the Hovi CW, a 40% improvement in
hydraulic efficiency was achieved by baffles directing the main flow to optimally exploit the CW
area. The rectangular, elongated shape of the Alastaro CW also showed fairly high hydraulic
efficiency. Hydrodynamic simulations were also coupled with a sediment transport model, which
proved to be a useful method in predicting the change of TSS concentrations in CWs. Hourly datasets
of inflow and outflow revealed high attenuation of runoff peaks in the well-designed and -
dimensioned Hovi CW. The hourly outflow modeled with the reservoir routing method corresponded
to the observed with a reasonable accuracy. When carefully designed, painstakingly implemented and
wisely located, CWs may – even in cold climate – efficiently contribute to agricultural water pollution
control.

Keywords: agriculture, constructed wetlands, hydraulic efficiency, nutrients, retention
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1 Introduction 

1.1  Background 

Finland is a country of wetlands. As much as one third of Finland's area is classified as 
peatlands (Aapala 2001) such as raised bogs and aapa mires. In fact, our country has the 
world's highest proportion of peatland to the total area (Ruuhijärvi 1983). By now, 
however, only 12% of the present peatland area in Finland are under conservation and 
almost one half of the peatland area is ditched (Virkkala et al. 2000), mainly due to the 
needs of forestry and peat mining. Wetlands have also been ditched and the water level of 
many lakes lowered to obtain more land for agricultural use. As for the hydrologic regime 
of the watersheds with such intensified drainage, this development has changed the 
originally slow motion of water, characterized by low rates of erosion and high rates of 
nutrient (nitrogen (N) and phosphorus (P)) retention, into faster movement of runoff with 
increased concentrations of eroded material and nutrients into the recipient waterbodies. 
Particularly in agricultural watersheds, the decreased water storage and the thereby 
increased runoff velocities have led to increased erosion (Mansikkaniemi 1982) and 
nutrient loading (Kauppi 1984, Rekolainen 1993, Vuorenmaa et al. 2002). 

In 2004, the share of arable land was 7% of the total area of Finland (Statistics Finland 
2005). Even if this percentage may appear insignificant, agriculture still plays an 
important role in terms of water pollution. Field cultivation is the predominant form of 
land use in many lake-poor watersheds in southern and western Finland that discharge 
runoff to the Gulf of Finland, the Archipelago Sea and the Gulf of Bothnia. In the regions 
where the proportion of agricultural land use is low, agriculture is often concentrated in 
fertile soils near lakes and rivers (Rekolainen 1993). The intensification of agricultural 
production with more efficient field drainage, including the clearing of the ditch networks 
(Puustinen et al.1994), as well as the increased (until the 1990s) fertilizing (Kemira 1992) 
have led to a trend of increased annual loadings of suspended solids and nutrients from 
the fields. This has been one of the factors behind the degraded quality of the Finnish 
surface waters.  

The loading from industry and municipalities has been greatly reduced since 1970s as 
a consequence of the efficient water treatment facilities required for many point source 
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polluters. Consequently, agriculture has been left as the most significant nutrient source 
of lakes, rivers and coastal waters in Finland (Valpasvuo-Jaatinen et al. 1997). Locally 
also forestry and peat mining pollute waters. Improved water quality of the lakes and 
rivers has been noted where point sources dominate whereas the quality of the recipient 
waters with a high portion of agricultural loading has not been ameliorated (Mitikka & 
Ekholm 2003). Eutrophication caused by excessive nutrient loading has been noted in 
many regions (Meeuwig et al. 2000, Räike et al. 2003). The reduction of diffuse loading 
for the improvement of water quality calls for remedial solutions in all phases of the 
runoff route from the fields to the recipient water body. The role and potential of 
constructed wetlands (CWs) in this context is discussed in the following.  

1.2  Origin and characteristics of loading from arable areas 

In the Finnish climatic conditions, the flood periods usually occur during snow melting in 
spring and after autumnal rainstorms (Hyvärinen 1994). In midsummer and in midwinter, 
runoff is usually low and may even cease in small watersheds. Recently, however, mild 
winters with snow recurrently falling and melting and even with rainfalls have become 
more and more common in southern Finland (Hyvärinen 2003). On the other hand, in 
occasional summers so heavy rains may take place that – in spite of evapotranspiration 
and full vegetation cover in fields – discharge increases up to the annual maximum in 
some watersheds. Such summer floods occurred in southern Finland in June-August 2004 
(Finnish Environment Institute 2004). Hence, even if the probability of the most 
significant floods to take place is highest in spring and autumn, a high runoff peak may 
occur in any day of the year. The importance of flood peaks is crucial to annual loading 
estimates due to the tendency of the pollutant concentrations to increase with increasing 
runoff. Indeed, a substantial part of the annual loading from small watersheds takes place 
during short-term high-flow periods (III). 

The most important properties of agricultural watersheds that affect the loading from 
them are their area, land use and slope gradients (Ekholm et al. 2000), as well as the 
roughness, water permeability, texture (Seuna 1983) and nutrient content (Quinton et al. 
2003) of their soil. Also climatic conditions play an important role; the distribution and 
character of loading in mild and rainy climate is different from that occurring in cold and 
dry conditions. It is obvious that runoff velocity, and thus loading, are higher in a 
watershed with inclined topography than in a horizontally flat one. For example, 
Mansikkaniemi (1982) measured an annual erosion of 5000 kg ha-1 from steep fields in 
southwestern Finland while Tattari et al. (2001) reported that annual erosion from flat 
fields may be as low as 200 kg ha-1. According to the sample survey of Puustinen et al. 
(1994), the mean slope of the Finnish fields varies between 1.6 and 1.9%. In an older 
survey, Juusela & Wäre (1956) estimated that the median slope is 1%. According to both 
that survey and the GIS examination by Rekolainen (1993), the steepest fields are found 
in central, eastern and southern Finland and the flattest ones in western Finland. As for 
watershed size, specific loading (mass per a unit of watershed area) has been reported to 
decrease as the watershed area increases (Prairie & Kalff 1986). Land use is an important 
factor behind loading in respect that it can be affected by management practices. A rough 
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description of land use can be made on the basis of the field percentage of a watershed; a 
rule of thumb is that the higher the share of agricultural land, the higher the loading. For 
example, Vuorenmaa et al. (2002) reported that the mean annual losses of TP and TN 
specific to agricultural land in Finland amounted to 1.1 and 15 kg ha-1y-1, respectively. 
The TP loading was more than 10-fold and the TN-loading 6-fold when they were 
compared with the forested areas.  

The land use in arable areas can be described in terms of the type of cultivation and 
drainage practiced in the fields. Although many cultivation practices exist (Puustinen et 
al. 2005a), they can – in general terms – be divided into three main categories: ploughing 
(into a depth of 25 cm or more), reduced tillage (e.g. harrowing into a depth of 5 cm) and 
no-tillage (e.g. direct sowing). Many studies (Inamdar et al. 2001, Koskiaho et al. 2002, 
Puustinen et al. 2005a) suggest that the loading of particulate substances and nitrogen is 
higher from ploughed fields than from those belonging to the types reduced tillage or no-
tillage. On the other hand, in terms of dissolved P the same studies reported increased 
loading from the fields under reduced or no-tillage. During the late 1990s the arable area 
under reduced tillage and no-tillage cultivation increased due to the requirement of the 
agri-environmental subsidies to keep at least 30% of a farm's acreage under vegetation 
cover during winter (Palva et al. 2001). Subsurface drainage is an efficient means of 
maintaining beneficial growing conditions for the cultivated plants (Muirhead et al. 1996, 
Zhao et al. 2000). In most cases, a subsurface drainage system in good condition 
efficiently reduces surface runoff and thereby soil erosion and particulate-P loss, but it 
also tends to increase N losses (Turtola & Paajanen 1995). By the year 2003, 57% of the 
Finnish arable land was under subsurface drainage (Salaojakeskus 2005).  

Maximum runoff, and thus loading, is lower in watersheds with rough surface (Jain et 
al. 2005) and high water-permeability (Coquet et al. 2005) of soil. The character of 
agricultural loading is also dependent on soil texture (Rekolainen 1993). Generally, fine 
soil types are rather problematic in terms of water protection. Firstly, once eroded from a 
field, fine soil (clay) fragments stay in suspension in water for a very long time before 
they settle again (Cordoba-Molina et al. 1978), which makes them hard to be trapped 
before they enter the recipient water body. Secondly, fine particles with high P sorption 
capacity carry a much higher P loading potential than coarser ones (Sharpley et al. 1981). 
In the most intensively cultivated regions of Finland in the southern and southwestern 
parts of the country, approximately as much as 70% of the fields are clayey (Puustinen et 
al. 1994). The P content – and hence the susceptibility of dissolved P leaching – of 
cultivated soil is strongly dependent on the fertilization history of the soil (Yli-Halla et al. 
1995, Turtola & Yli-Halla 1999). The use of commercial fertilizers in Finland increased 
strongly after the 2nd World War and reached its peak at the turn of the 1980s and the 
1990s (Kemira 1992). Since then the use has, particularly in terms of P, decreased 
(Pyykkönen et al. 2004). Nevertheless, as the input of P has been higher than the output 
during 4 decades since the late 1940s, the P content of the Finnish arable soils has 
increased (Rekolainen 1993) and thus created a long-lasting source of P loading to 
surface waters. The N content of soil has increased only slightly due to limited sorption in 
soils and removal by natural processes (Rekolainen 1993). 
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1.3  Constructed wetlands as a treatment method 

Construction, or re-establishment, of wetlands provides a means to bring back some of 
the lost capacity of agricultural watersheds to retain floods, erosion, and nutrient 
transport. In the last decade, this method has gained increasing interest particularly in the 
USA (Hammer 1992, Mitsch 1995, Woltemade, 2000, Stone et al. 2003) but also 
elsewhere, e.g. in the Nordic countries (Hoffmann et al. 1998, Uusi-Kämppä et al. 2000). 
Although – as discussed later in this chapter – the retention processes are not at their most 
effective in low temperatures, there are lots of encouraging experiences on wetland 
treatment in cold conditions both in terms of wastewaters (Sundblad & Wittgren 1996, 
Vymazal et al. 1998, Mander & Jenssen 2002, Jenssen et al. 2005) and runoff waters 
(Heikkinen et al. 1995, Uusi-Kämppä et al. 2000, Braskerud 2001, Wedding 2003). Thus, 
even in boreal climate, CWs can be regarded as a promising tool for the treatment of 
agricultural runoff that is, in practice, impossible to control by conventional wastewater 
purification techniques. In this context, the main purpose of the CWs is to trap suspended 
solids, P and N.  

In the design and construction of wetlands, it is important to create a suitable 
environment for the physical, chemical, and biological processes responsible for the 
retention. The removal of suspended material eroded from the fields is important as 
nutrients are attached to sediment particles. Sediment retention also prevents silting of 
downstream water bodies. The removal of P is of particular importance in upcountry 
lake-rich watersheds because there the main concern often is the condition of the local 
lakes and, in most cases, P is the major limiting nutrient for algal growth in freshwater 
ecosystems (Wetzel 2001). In marine ecosystems N normally limits the net primary 
production (Kivi et al. 1993, Blomqvist et al. 2004). Hence, in the watersheds near either 
the seashore or rivers discharging straight into the sea without intercepting lakes, 
especially N removal should be design target. 

1.3.1  Hydrology and hydraulics 

The driving forces behind the existence and functions of a CW are closely linked to 
hydrology and hydraulics. In this context, the difference between these two concepts is 
that hydrology describes the quantity and temporal distribution of the flow from a 
watershed into a CW whereas hydraulics is related to the patterns and velocities of water 
movement within a CW. Hydrology is driven by stochastic weather phenomena and, as 
described in the previous chapter, its variations (i.e. the fluctuations of runoff) determine 
the loading of different substances from an agricultural watershed into a CW. 
Hydrological dimensioning of a CW basically means setting constraints for (i) the surface 
load and (ii) the nominal residence time. The surface load (m d-1) into a CW is the inflow 
(m3d-1) divided by the CW area (m2). In theory, suspended particles with a settling speed 
(m d-1) equal to or higher than the surface load of a CW are trapped in the CW (Ruohtula 
1996). As for the retention processes of dissolved nutrients, the nominal residence time of 
water (tn, days) in a CW is perhaps a more relevant parameter. It can be calculated from 
the equation (1): 
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Q
Vtn =  (1) 

where V is the volume (m3) of a CW and Q is the inflow (m3d-1) to the CW. As will be 
discussed later, numerous complex factors affect the retention processes. Therefore it is 
difficult to present any unequivocal recommendation for tn. Leonardson (1994) suggested 
in an extensive literature study based on empirical experiences that tn should be at least 
3–5 days during normal high water periods. Moreover, Arheimer & Wittgren (2002) 
concluded that CWs with average residence times less than 2 days should not be made if 
the purpose is nitrogen removal. 

In practice, tn is the period during which all parcels of the water entering a CW at a 
certain point of time would flow at an equal velocity through the CW. In reality, however, 
this is never the case but the inflowing water has many residence times, i.e. a residence 
time distribution (RTD), of which the function can be measured by injecting dissolved 
inert tracer material into the CW inlet and then measuring the tracer concentration as a 
function of time at the CW outlet (Kadlec & Knight 1996). In order to obtain reliable 
RTD, it is important to achieve a 100% (or near 100%) recovery of the injected tracer, i.e. 
to collect at the outlet virtually all of the material injected at the inlet. Hence, 
noninteractive, inorganic substances like KBr should be used as tracers (Kadlec & Knight 
1996). The "tail" of the RTD curve after the tn depicts the last parcels of water exiting the 
wetland. According to Kadlec and Knight (1996), the "last" water typically leaves the 
wetland after about 3 mean detention times.  

As presented by Persson et al. (1999), the closer the peak value (tp) of an RTD curve is 
to tn (see Fig. 1), the better is the hydraulic efficiency (λ) of a CW (Eq. (2)). 

 =
n

p

t
t

    λ  (2) 
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Fig. 1. A description of tracer concentration – time distribution. 

The higher the λ, the better the water flowing through a CW utilizes the CW volume, and 
thus the higher portion of the water is efficiently involved with the retention processes 
occurring in the CW. The λ value may be highly varying in different CW  
layouts having a similar volume and thus a similar tn (Persson et al. 1999). 

In order to optimize the conditions for the retention processes discussed in the 
following, the designer of a CW must primarily cling to these two things, hydrology and 
hydraulics. On the one hand, the designer should reserve an adequate space for a CW to 
reach a desired surface load and tn, and, on the other hand, further improve the retention 
performance by increasing the λ value with appropriate choices of CW form and 
morphology.  

1.3.2  Retention processes in CWs 

The foremost physical retention process in CWs is sedimentation, which is an important 
mechanism for the removal of particulate inorganic and organic material. Sedimentation 
occurs by settling of both the suspended solids of input waters and the particles of the 
dead cells of wetland vegetation. The subsequent accretion of solid material onto the CW 
bottom is considered to be the major long-term nutrient storage in wetlands (Howard-
Williams 1985, Reddy et al. 1993). However, part of the accumulated nutrients may be 
dissolved into the overlying water by decomposition of the organic material (Reddy & 
D'Angelo 1994) and by release of P from inorganic particles (Gomez et al. 1999). 
Another physical retention process in CWs is the filtration of nutrient-containing particles 
into the CW soil (Vymazal 2002), periphyton (Dodds 2003) and vegetation (Deletic 
2005). Filtration into the soil can, however, take place only when the CW sediment is 
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porous enough to allow flow through it which, as previously noted, is seldom the case for 
treatment ponds in Finnish agricultural watersheds.  

Biological nutrient retention processes in CWs include immobilization via uptake by 
macrophytes (Tanner 1996, Toet et al. 2005), algae (Havens et al. 1999), periphyton 
(Dodds 2003), or microorganisms (Richardson 1985, Waiser 2001) as well as nitrification 
(Cooper & Williams 1990, Nurk et al. 2005) and denitrification (Xue et al. 1999) of N. 
The uptake by biota provides only a short-term removal due to the nutrient release in the 
next phase of the life cycle of vegetation, i.e. death and decomposition. However, as 
previously discussed, part of the nutrients can be sustainably retained through accretion 
of the sediment.  

Nitrification, i.e. the bacterial oxidation of ammonium (NH4-N) into nitrite (NO2-N) 
and nitrate (NO3-N) is a very important intermediate process in N removal when the bulk 
of the input N is in the form of NH4-N, which is often the case in wastewater treatment 
(Cooper et al. 1999, Tanner et al. 2002). In the runoff waters from arable land, however, 
N is "already" mostly in the form of NO3-N (I). Hence, denitrification, i.e. microbial 
reduction of NO3-N into gaseous nitrogen (N2 and N2O), takes place more 
straightforwardly, without the intermediate phase of nitrification, in the treatment of 
agricultural runoff waters than in that of wastewaters. Since denitrification irreversibly 
removes N from the system, it is regarded as the most important single nutrient removing 
process in CWs (Gersberg et al. 1983, Reddy & D'Angelo 1994, Xue et al. 1999). 
Denitrification requires anoxic conditions (Martin & Reddy 1996) as well as a supply of 
organic carbon and NO3-N (Reddy & D'Angelo 1997) which are all present in CWs with 
varying water depths, abundant vegetation, and agricultural input waters. Moreover, the 
rate of denitrification increases with increasing temperature (Xue et al. 1999). According 
to Toet et al. (2003), periphyton on plant surfaces is an important site where 
denitrification occurs in CWs. 

The main chemical retention process in CWs is the adsorption of dissolved P into the 
CW soil. Attachment of P to inorganic particles containing Fe and Al (in acid soils) and 
Ca (in alkaline soils) may offer a more long-term storage for P than vegetation (IV). 
However, the P storage to soils is not infinite but will eventually become saturated (Pant 
& Reddy 2003, Kadlec 2005), and hence limit the functioning of CWs in cases where the 
sorption of phosphates to sediments is the main process for P retention. The saturation 
point is dependent on the amount of the available Al- and Fe-sorption sites left in CW 
soil. The degree of P saturation of soil can be described by the EPC (Equilibrium 
Phosphate Concentration, Taylor & Kunishi 1971) in which there is no net adsorption to 
or desorption from soil particles. As long as the inflow DRP concentration exceeds the 
EPC, P sorption to soil should take place. However, Fe-bound P is readily released under 
anoxic conditions (Reddy & D'Angelo 1997, Ann et al. 2000). In this respect, Al-oxides 
are less sensitive and may even re-adsorb the P desorbed from Fe-oxides (Koski-Vähälä 
et al. 2001). In general, the less there is P and the more there are sorptive components – 
particularly Al – in the soil of a wetland, the longer-lasting its P retention capacity will 
be. There is a consensus among the wetland scientists that mineral soils are in general 
more efficient in retaining P than organic soils (Richardson 1985, Gale et al. 1994). 
Moreover, in a recent study Graham et al. (2005) found the P retention capacity higher in 
natural marshes than in recently restored marshes. This was supposed to be due to the soil 
subsidence as a consequence of long-term drainage in the recently restored marshes. 
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1.3.3  Potential of CWs in water protection 

The basic requirement for CWs to be able to efficiently trap nutrients and thereby avail 
water protection is that they are carefully designed and built. In a wider, watershed-scale 
context the question is: How many CWs can be made and where should they be located 
within a watershed? As presented by van der Valk & Jolly (1992), the two basic strategies 
of CW siting are either to establish many small CWs at the headwaters (Fig. 2a) or to 
construct fewer but large CWs at the lower reaches (Fig. 2b) of a watershed. The former 
strategy is more easily feasible in terms of dimensioning of the CWs as the required land 
area per CW is smaller than in the latter case. Another advantage of the strategy shown in 
Fig. 2a is that the CWs lie closer to the sources of loading and hence receive higher, 
undiluted input concentrations. This, as previously noted, enhances both the N and the P 
removal processes. A drawback of this approach is that quite many CWs at carefully 
selected sites are needed in order to have an adequate portion of the runoff from the 
watershed treated. The scattered locating of CWs involves many landowners, all of whom 
are not necessarily willing to consider establishing CWs in their lands. The approach 
presented in Fig. 2b is profitable in respect that it allows to treat more of the runoff from 
the watershed with an equal CW area. As presented by the modeling studies of Crumpton 
et al. (1995 and 1997, Ref. by Woltemade 2000), this strategy – even though the 
individual percent retentions of large downstream CWs tend to be lower than those of 
small upstream CWs – leads to higher overall retention if the CWs in the competing 
strategy are located so that only a small portion of the runoff will get treated. However, 
one or a few downstream CWs usually require a huge area, which often means that a 
private landowner has to make a great sacrifice and that there are many other private and 
public interest groups involved. In such cases the establishment of CWs requires large, 
well-planned projects with solid funding and management, whereas the upstream single-
farm CWs are less complicated to implement.  
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Fig. 2. The two basic strategies of the siting of constructed wetlands (CWs) in agricultural 
watersheds as presented by van der Valk & Jolly (1992): a) many small CWs at the 
headwaters and b) fewer large CWs at the lower reaches. The black areas denote CWs.  

According to Hammer (1992), it is recommendable to establish CWs on 2% of a 
watershed with agricultural non-point source loading so that virtually all runoff will get 
treated. The percentage is similar to that proposed for single CWs by Ihme (1994) and 
Ruohtula (1996). However, to reserve such areas for the establishment of CWs is often in 
practice rather challenging, particularly if the subsidy system is not supportive of the 
landowners. Therefore, it is a delusion to regard CWs as the solution for the 
eutrophication problem. Instead, they should be seen as one – though a useful and 
efficient one – element of wide range of protective measures. The key issue is 
comprehensive watershed-scale planning, where variety of measures are soundly targeted 
to the most appropriate locations of the watershed. In the cultivated fields these measures 
include careful control of fertilizing, reduced tillage practices, and controlled drainage. 
The most efficient actions that can be taken outside the fields are probably riparian buffer 
zones and CWs (Uusi-Kämppä et al. 2000). 

1.3.4  Ancillary benefits of CWs 

In addition to water quality improvement, CWs are known to produce ancillary benefits 
like aesthetic improvement of landscape, increased biodiversity, recreational uses, 
possibilities for hunting etc. (Knight 1992). Agricultural areas are typical monocultures 
where the original biodiversity has been impoverished. For this malady, CWs offer an 
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attractive remedy by increasing the local diversity of flora and fauna. The basic factor 
behind the improved biodiversity is that wetlands are, due to the ample supply of water 
and nutrients, very fertile in terms of photosynthetic production of plants. In comparison 
with adjacent uplands, the net primary productivity of wetlands may be even fivefold 
(Richardson 1979) which means that there is a plentiful supply of food for many species 
of wildlife. The beneficial conditions for the secondary production of animals in CWs can 
be utilised e.g. for small-scale production of "domesticated" species like crayfish, baitfish 
or freshwater mussel (Wengrzynek & Terrell 1990, Knight 1992). Moreover, CWs may 
provide good opportunities for waterfowl hunting. While such "household" use of a CW 
may interest the landowner, conservationists are usually more interested in wildlife 
populations that naturalize in CWs. Probably the most well-known form of wildlife 
associated with CWs is the avifauna. Because of the ability of CWs to attract birds to 
feed, rest, and even nest there, they are highly regarded by bird-watchers. An example of 
increased birdlife by a CW in an agricultural watershed was presented by Puustinen et al. 
(2001), where it was demonstrated how even a less-than-1-ha CW may significantly 
increase the number of waterfowl and other bird species in an agricultural region. 

In order to gain wider public acceptance than that of conservationists and bird-
watchers, CWs have to be aesthetically pleasant and fit well into the local landscape. 
Thus, careful design of morphology, shorelines, embankments, inlet, outlet, vegetation 
etc. is needed. According to Mitsch (1992), the landscape design of CWs should be based 
on the principles of ecological engineering, which include minimizing the need of 
maintenance and avoidance of regular forms like rectangular basins, straight shorelines 
etc. The layout of the CWs treating agricultural runoff should comprise deep, 
permanently open water areas as well as shallow, vegetated areas (Schueler 1992, 
Puustinen et al. 2001). Such multiform design does not only improve the appearance of a 
CW but also, as previously discussed, may enhance denitrification. A well-designed CW 
and its surroundings may serve as a recreational area where joggers, hikers, nature-lovers, 
families with children etc. can enjoy. Sometimes these ancillary benefits may even 
override the water protection values, which is the case in a 16-ha CW treating secondary 
wastewaters in Florida (Bays et al. 2005). In this park-like, very popular CW area there 
are bridges, boardwalks, gazebos, educational signs etc. built for the visitors.  

1.4  Constructed wetlands as a part of the Finnish  
agro-environmental policy 

The most important mitigation tools against agricultural water pollution, i.e. the Finnish 
Agri-Environmental Programme (FAEP) and the special measures included in its 
Supplementary Protection Scheme (SPS), were introduced in 1996. (Valpasvuo-Jaatinen 
et al., 1997). During the first phase of FAEP (1996–1999), 90% of the farmers joined in 
its General Agri-Environmental Protection Scheme (GAEPS). Requirements for receiving 
the GAEPS subsidies include reduced fertilizing rates, establishment of buffer strips 
alongside water bodies (main ditches, rivers, lakes etc.) and reduction of tillage intensity. 
The SPS measures, such as wide buffer zones and CWs, have been optional choices for 
farmers. During the ongoing second phase (2000–2006), the content of FAEP is almost 
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equal to that of the previous one, although the FAEP structure has slightly changed. By 
now, FAEP has been pursued for 10 years. While 95% of the Finnish cultivated area are 
covered by FAEP, implementation of the SPS measures has not been very popular so far. 
This may partly explain why neither the quality of the runoff waters from (Palva et al. 
2004) nor the status of the lakes in (Mitikka & Ekholm 2003) the Finnish agricultural 
watersheds has been much improved. Another possible reason is that mild winters with 
less soil frost and more runoff events have recently become more common (Hyvärinen 
2003). This trend may have counteracted the improvement gained by the FAEP actions 
(Puustinen et al. 2005b). 

Not very many CWs have been constructed by FAEP funding so far in Finland. In 
2003, only 113 farms had a contract entitling to receive the SPS subsidy for CWs. 
Meanwhile wide buffer zones, for which suitable places are more readily available than 
for CWs, have gained more popularity (1970 contracts in 2003). As for sedimentation 
ponds, the number of contracts was at its highest in 1999 (504 contracts) and has declined 
since that (274 contracts in 2003). It has been proposed that in the renewed FAEP that 
will be launched in 2006, CWs would be regarded as ”non-productive investments” i.e. 
actions that are linked with environmental goals like improvement of the NATURA-areas 
or other publicly valuable environments. The renewed subsidy system is supposed to be 
more encouraging than the present one and thus get farmers to establish more CWs in 
Finnish arable areas.  

1.5  Objectives of this study  

The main objectives of this study were to increase the information on the sediment and 
nutrient retention performance of pond-type CWs in the treatment of agricultural runoff 
in boreal conditions, and to find out the characteristics that mostly influence the 
performance. Special attention was paid to the hydrology and hydraulics of CWs. 
Moreover, the aim was to assess the potential role of CWs in water protection. To fulfill 
the objectives, the following questions were to be answered: 

−  How large should a CW be vis-à-vis the hydrological loading? (I, III) 
−  What kind of CW forms are hydraulically efficient? (II) 
−  How do the properties of a CW soil affect P retention? (IV) 
−  Do convective currents play a role in O2 transfer in CWs? (V)  
−  How can the previously mentioned issues be taken into account in CW design? (I–VI) 
−  How large a portion of the input loading can be trapped and how much the inflow 

peak can be attenuated in a well-designed CW? (I, VI)  



2 Materials and methods 

2.1  Study areas 

2.1.1  Hovi 

The Hovi CW (60°25´ N, 24°22´ E, Fig. 3) was constructed as a demonstration wetland 
of the Life-VIHTA project (Puustinen 2001) in 1998. By 2003, several studies had 
already made using the data produced in this CW (I, II, IV, V, VI). The Hovi watershed is 
located at the headwaters of the river Karjaanjoki that discharges into the Gulf of Finland. 
The nearest water bodies downstream the Hovi watershed are the small river Vihtijoki at 
300 m distance from the CW, and the 160-ha lake Averia 2.5 km below the CW. 
Agriculture is the only form of land use in the Hovi watershed, i.e the entire area is under 
field cultivation. The 12-ha watershed is, with respect to average Finnish conditions, 
rather inclined, with a mean slope of 2.8%. More than half (55%) of the watershed's soil 
is clay (Seuna & Kauppi 1981) which, in terms of soil type, makes Hovi a typical 
example of the agricultural watersheds in southern and southwestern Finland. When 
determined by acid ammonium acetate extraction (Vuorinen and Mäkitie 1955), the 
average P status of the cultivated topsoil of the Hovi watershed (10.1 mg P l-1 soil 
according to Uusitalo (unpublished)) is less than the average of the Finnish fields (14.3 
mg P l-1 soil according to Mäntylahti (1999)). As typical for small inclined watersheds, 
the hydrograph of the Hovi watershed is characterized by high and sudden peaks induced 
by snowmelt and heavy rains, and prolonged dry periods in summer and winter.  
As for the design of the Hovi CW, there were several aims that were pursued. The 
foremost goal was, naturally, water treatment efficiency but also landscape aspects and 
increased biodiversity were given serious consideration. Both a literature review and a 
belief network (Varis 1995, Tattari et al. 2003) examination were used to find out an 
optimal solution that would ensure adequate water residence time for the water purifying 
processes, fit aesthetically in the local field scenery, and improve local biodiversity e.g. 
by attracting birds and other animals. In the belief network study, 5–10 experts were 
interviewed on the issues important in terms of the aims set for the CW. Although the 
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study revealed that there was a great deal of uncertainty in the knowledge on CWs and 
their design, it pointed out the essential factors. The first design task was, however, to 
find an optimal place for the CW in relation to up- and downstream conditions. In order 
to ensure faultless drainage of the upstream fields, it was quite obvious that a site on the 
plateau underneath the inclined cultivated fields should be selected (Fig. 4). On the other 
hand, in order to avoid the rising of flood waters from the nearby river Vihtijoki into the 
CW, the site on the plateau was chosen as far from the river as possible.  

Fig. 3. Locations of the three constructed wetlands examined in this study. 

In the light of both the literature review and the belief network study it became clear that 
favourable conditions for three major sediment and nutrient removing processes should 
be created in the CW, namely for sedimentation of particulate matter, for denitrification 
of N and for adsorption of P. The utmost important factor favouring all removal 
mechanisms is the residence time of water (WRT) in the CW. The nominal WRT (tn, see 
eq. (1)), can be increased by increasing the CW volume. In the case of Hovi, the average 
of the annual maximum runoff from the watershed during 1980–1994 (MHq) was 250 l s-

1 km-2, which meant an inflow of 2592 m3 d-1 into the planned CW. According to the 
recommendations found in the literature (e.g. Leonardson 1994), our aim was that the tn 
should clearly exceed 1 day at MHq. However, instead of making the CW deep 
throughout its entire area we wanted give it a varying morphology and its average depth 
became less than 1 m. The 0.9-ha area reserved for the total CW construction site 
included embankments, flood zones, spits of land and an elevated area with a rock 
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formation (Fig. 4). Thus, the total inundated CW area during a flood was only 0.6 ha 
which, with a 0.7 m mean depth, still provided a tn of more than one and a half day at 
MHq. In spite of the loss of CW volume and thereby the reduced tn, spits of land (baffles) 
and an islet were constructed in the CW. The foremost purpose of the baffles was to avoid 
short-circuiting of the throughflow, in other words to direct the flow to optimally use the 
whole CW area. This was believed to increase the actual WRT and thereby the retention 
performance of the CW. Another purpose of the baffles and the islet was to increase the 
scenic liveliness and provide access into the different parts of the CW. Soil material for 
the baffles was easily obtained from the excavation masses dug from the CW 
immediately after the inlet ditch (Fig. 4). The excavation was done to create a deep open 
water area, which is a vital element in stormwater CWs (Schueler 1992, Lawrence & 
Breen 1998). A deep basin at the beginning of a CW helps to even out the inflow peaks 
and offers large storage volume for the coarsest and most easily settling particles entering 
the CW. Moreover, the low-oxygen conditions formed in the deep part were thought to 
enhance the denitrification process. 

In addition to the distinct deep and shallow parts, a portion of the CW area was 
reserved for a very mildly sloping flood zone that, during dry periods, is a part of the 
meadow between the isolation ditch and the CW (see Fig. 4). The flood zone was planned 
to work together with the v-notch weir at the outlet. A sharp angle (30º) was chosen for 
the weir, which means that even small increases in inflow tend to rapidly increase the 
water table in the CW. However, owing to the flood zone offering the space into which 
water can spread, every inflow peak is accompanied by a clearly lower and smoother 
outflow peak (VI). In other words, the CW was planned to efficiently even out the flow 
fluctuations and thereby intercept –or at least retain– the material transport from the 
watershed. During prolonged dry periods in summer the water table may fall as much as 
into 40 cm below the v-notch bottom. In such situations, heavy short-term rains are not 
able to fill the CW up to the v-notch and the outflow does not begin before the longer-
lasting autumn rains.  
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Fig. 4. A schematic map of the Hovi constructed wetland. Numbers 1–5 denote the soil 
sampling spots (before construction), A and B denote the sediment sampling spots (after 
construction), and DP and VZ denote the locations of temperature and oxygen probes in the 
deep part and the vegetation zone, respectively. 

In terms of scenic design, a central element of the Hovi CW was the rock formation that 
was exposed due to the excavation works. The rock formation not only forms a natural 
embankment at the eastern side of the CW into which the constructed embankment was 
easy to incorporate, but it also serves as a vantage point from which one readily gets a 
good general view of the CW. Shrubs and a young stand of deciduous trees behind the 
rock formation also characterize the appearance of the Hovi CW. Moreover, colourfully 
blooming irises (Iris pseudacorus) were planted at the shoreline near the rock formation. 
Other species planted into the CW were club-rush (Scirpus sylvaticus), cattail (Typha 
latifolia), compact rush (Juncus conglomeratus) and meadowsweet (Filipendula 
ulmaria). In addition to the plantings, seeds of many other species were sown into the 
CW as a part of the construction. All seeds and plants introduced into the Hovi CW were 
collected from the nearby areas.  

A geotechnical analysis of the CW site was made prior to construction. The analysis 
showed that the soil of the CW area was heavy clay with a low water permeability 
(3.0*10–7 – 1.5*10–15 m s–1), which suggested that there should be no risk of seepage into 
or recharge from the groundwater. As the major part of the CW area was cultivated field 
that had been fertilized for a long time, the topsoil (0–30 cm) was removed to avoid P 
release. The removed topsoil was used as soil enrichment in the nearby fields.  



 30

2.1.2  Alastaro 

The Alastaro CW (60°56´ N, 22°56´ E, Fig. 3) is located 200 m from the river Loimijoki, 
an important tributary of the river Kokemäenjoki that empties into the Bothnian Sea at 
the city of Pori. The CW was established in 1996 by a farmer who applied and received 
the FAEP subsidies for the improved treatment of runoff waters from his fields. The CW 
is located downstream of a 90-ha watershed that is clayey, almost entirely (90%) arable 
land, and located in flat landscape typical of that region. According to the fertility 
measurements made in the farm, the P concentration of the cultivated topsoil in the fields 
bordering the CW was, on average, 10.1 mg P l-1. The form of the Alastaro CW is simple, 
i.e. an elongated, rectangular basin consisting of two parts: a 0.26-ha open-water pond 
followed by a somewhat smaller (0.22 ha) vegetated area (Fig. 5). MHq from the 
watershed (170 l s-1 km-2) translates into an inflow of 13 200 m3 d-1 which, with a 0.8 m 
mean water depth in the CW at such flood, implies a tn of 6 h. In spite of the almost equal 
acreage to the Hovi CW, the more than 7-fold larger watershed is responsible for the 
substantially shorter tn of the Alastaro CW. Like presented in (I), subsurface drainage 
pipelines from a 13-ha area were led into the Alastaro CW, which probably caused some 
underestimation of the performance of the CW, particularly in terms of NOx-N.  

Fig. 5. A schematic map of the Alastaro constructed wetland. 

Even if there is always a shade of subjectivity in the matters of outward appearance, it is 
obvious that the Alastaro CW and its surrounding landscape cannot match the scenery of 
the Hovi CW and its surroundings. Although the Alastaro CW is by all means an 
exemplar of no-nonsense agricultural engineering, the monotonic arable region coupled 
with a rectangular pond with straight shorelines and the excavation masses heaped as a 
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huge bluff on the other side of the CW does not offer a great joy for an eye. Nevertheless, 
by the end of the study period (Spring 2000) the vegetation in the shallow end part of the 
Alastaro CW had been spread rather well and could be described as mature, as proven by 
the dense stands of cattail with vigorous common waterplantains (Alisma plantago-
aquatica). Other species found in the Alastaro CW were thread rush (Juncus filiformis), 
soft-rush (J. effuses), little meadow-foxtail (Alopecurus aequalis), common spikesage 
(Eleocharis palustris) and beggarticks (Bidens sp.). All species of vegetation, save cattail 
the seeds of which the farmer sowed in the shallow part after the construction, were 
spread naturally in the Alastaro CW.  

2.1.3  Flytträsk 

The small river – or brook – Solbergån begins at the outlet of the Flytträsk wetland 
(60°08´ N, 24°05´ E, Fig. 3) and joins the river Ingarskilaån which, in turn, drains a small 
coastal basin into the Gulf of Finland. Flytträsk is a 60-ha seminatural wetland that, as 
indicated by its Swedish name (‘träsk’ means ‘lake’), was a lake until the 1910s when it 
was drained to conquer land for agriculture. The Flytträsk wetland could have been 
regarded as a "CW" ever since the 1980s when it was ditched to avoid flooding of the 
nearby fields. On the other hand, a sill was made at the outlet of the CW to keep its water 
table at an adequate level during intermediate and low flow periods in order to conserve a 
waterfowl habitat. As presented in Fig. 6, five ditches lead to the CW from the almost 20-
km2 watershed. The subwatersheds of the inlet ditches 1, 2, 3, 4 and 5 cover 140, 710, 
200, 180 and 750 ha, respectively. The arable areas in the watershed are relatively flat, 
whereas the topography of the forested areas are more varying. The 2 largest 
subwatersheds also included small peatlands. In the CW, the 5–8 m wide and 0.9–1.3 m 
deep ditches gradually unite into one large outlet (Fig. 6) which is equipped with a 
graduated scale of water level besides the outlet weir. At average and low runoff, water 
flows through the CW in the ditches whereas during floods, as water spreads onto larger 
areas, the water volume of the CW increases. Hence, paradoxically, the tn is at its shortest 
(< 12 h) at intermediate runoff (15–25 l s-1 km-2), but should exceed 1 day at typical 
annual maximum runoff (90 l s-1 km-2). 

As for groundwater discharge/recharge, it is likely that to some extent they do exist in 
the Flytträsk CW, of which the soil consists of peatland to a larger extent than clay. 
However, the groundwater effects probably played an insignificant role in terms of CW 
performance. 

According to the surveys made in 1981 (Nybom 1981) and 1998 (I), the vegetation 
type in Flytträsk was not much changed due to the ditching and damming made during 
the 1980s. The CW was still dominated by a large reed (Phragmites australis) area in the 
middle, with other species of vegetation sparsely existing among the reeds. These 
included loosestrifes (Lythraceae sp.), water sedges (Carex aquatica) and common 
skullcaps (Scutellaria galerigulata) as well as willows (Salix sp.) by the sides of the 
ditches and in the fringes of the CW. Flytträsk is an important eating, resting and nesting 
place for birds. Moreover, many species of wildlife like moose, foxes, hares and deer 
thrive at the CW and its sparsely populated surroundings. 
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Fig. 6. A schematic map of the Flytträsk constructed wetland.  

2.2  The measurements made at the CWs 

2.2.1  Monitoring programmes for water quality and flow 

Monitoring programmes were launched at the beginning of the VIHTA-project in spring 
1998 in the Alastaro and Flytträsk CWs (in April 1999 in the Hovi CW) and ended in 
May 2000. In addition to this, monitoring was carried out in the Hovi CW during April 
and October-November 2001. Thus, in Alastaro and Flytträsk, 2 uninterrupted one-year 
periods were monitored, whereas from Hovi only one uninterrupted one-year dataset was 
collected. In the monitoring programmes, water flow and quality were measured in order 
to calculate the material transports of suspended solids and nutrients for both inflow and 
outflow (I). The retention performance of the CWs was then estimated by subtracting the 
transport by inflow from that by the outflow.  

A statistical significance test was made for pairs of daily material inputs and outputs. 
Only the days when daily inflow exceeded the mean inflow were included. This was 
because the test was nonparametric and the low-flow days would have had too high 
weight in relation to their actual contribution to the material transport.  
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In the Hovi and Alastaro CWs, the daily mean outflows were derived from the curves 
drawn by continuously recording water level gauges at the control weirs installed at the 
outlets (I and II). At Hovi, inflow record was readily available because the runoff from 
the catchment had been recorded for previous studies and monitoring since the 1960s and 
continued during this study. In Flytträsk, the flow monitoring was based on the readings 
of the graduated scale showing the water level at the outlet of the CW (Fig. 6). The 
readings were taken during the water sampling occasions. In the Alastaro and Flytträsk 
CWs, the inflows were not measured, and they were assumed to equal the outflows.  

In the Hovi and Alastaro CWs, water samples were taken from both the inflow and the 
outflow at 8-h intervals by automatic samplers equipped with refrigerators. Both CWs 
were visited weekly to collect the samples. However, not all the 48 bottles filled up with 
inflow and outflow waters during the previous week were taken to the laboratory, but 2 to 
5 days were chosen on the basis of the hydrograph to obtain samples representative of the 
rising and falling limbs of major runoff peaks. For the chosen days, daily composite 
samples for the water analysis were made by mixing equal amounts of three 8-h samples 
(I). Occasionally in winter, manual sampling had to be used because of the risk of 
freezing of the automatic samplers and the flow monitoring equipments.  

As for the samples taken automatically at Hovi and Alastaro there was, in spite of the 
cooled conditions in the refrigerators, a potential source of errors for the DRP results due 
to the chemical sorption reactions between dissolved P and the TSS particles during the 
storage (Haygarth et al. 1995). According to Uusitalo et al. (2000), it seems more likely 
that P was desorbed from rather than adsorbed to the soil particles. Whether this was the 
case at Alastaro and Hovi remains unknown. And so does the question whether more P 
was desorbed in the inlet than in the outlet sample bottles or vice versa. Hence, it is very 
difficult to assess the actual effect of this error.  

In summer 1999, no samples in Hovi and very few in Alastaro were taken due to the 
very dry weather and the thereby ceased flow through the CWs. In Flytträsk, manual 
water sampling with frequency varying between once per month (during low flow) and 4 
times per week (during high flow) was used. The samples representing the input waters of 
the Flytträsk CW were made by mixing the samples taken from the 5 inflowing ditches 
(Fig. 6) in proportion to the sizes of their subwatersheds. In all, 98, 126 and 85 pairs of 
samples for the chemical analyses were obtained in Hovi, Alastaro and Flytträsk, 
respectively.  

Water samples were analysed for total suspended solids (TSS), total P (TP), dissolved 
reactive P (DRP), total N (TN), nitrite + nitrate N (NOx–N), ammonium N (NH4–N) and 
pH at the laboratories of the Finnish Environment Institute (samples from Hovi and 
Flytträsk) and the Southwest Finland Regional Environment Centre (samples from 
Alastaro). The analyses were made according to appropriate Finnish and European 
standards. More detailed descriptions of the water analyses are presented in (I). 

2.2.2  Soil sampling and analyses 

In Hovi, the properties of the soil were studied before the construction of the CW in 
spring 1998 by analyzing the soil samples taken both from surface soil and from subsoil 
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(max. 60 cm depth) at five different locations (Fig. 4) within the site of the future CW. 
The samples represented the soil to be removed and the soil to be left as the CW bottom. 
Two of the sampling spots (1 and 2 in Fig. 4) were located in the meadow and three (3, 4 
and 5 in Fig. 4) in the actively cultivated area. The soil samples were taken with a shovel, 
put into plastic buckets and taken to the laboratory of the University of Helsinki for the 
analyses for sorption components (e.g. Al and Fe), P content, and P exchange 
characteristics. To determine the effect of the inflow DRP concentration and the O2 
availability on P removal, sediment samples were taken in summer 2001 from the deep 
water area (water depth 1.5 m, spot A in Fig. 4) and from the littoral area (water depth 0-
10 cm, spot B in Fig. 4) directly to the incubation tubes with a piston core sampler. These 
samples were taken to the laboratory of the University of Kuopio, where the intact CW 
sediments were incubated using a continuous water flow technique (Liikanen et al., 
2002). The P adsorption to (or release from) the soil (mg m–2 d–1) was determined from 
the differences between the DRP concentrations of the in- and outflowing water. 
Moreover, the pH and the O2 concentration in the overlying water, as well as the redox 
potential in the surface sediment, were measured. Water analyses were made according to 
the standards used with the samples taken for water quality monitoring (I). More detailed 
descriptions of the soil analyses are presented in (IV). 

2.2.3  Measurements of water temperature and dissolved O2 

In the Hovi CW, water temperatures (ºC) were measured during summer 2001 with 
sensors (WQ101, Global Water Instrumentation Inc., Gold River, CA, USA) installed at 5 
cm above the bottom and near the water surface in the deep part and in the vegetation 
zone (spots DP and VZ in Fig. 4, respectively). Besides the temperature measurement 
spots, dissolved O2 saturation (%) was measured simultaneously with the temperatures 
with sensors (model WQ401, Global Water Instrumentation Inc., Gold River, CA, USA) 
installed at 20 cm above the bottom. A datalogger model GWMS-2001 (GWM Systems 
Oy, Kuopio, Finland) was used to record and store the data, which were downloaded with 
a laptop PC during the weekly field trips made to the CW.  

2.3  Calculation of material retentions in the CWs 

Daily transports of TSS, N and P to and from the three CWs were calculated by 
multiplying the daily concentration by the daily flow for the same day. Concentrations for 
the days between the sampling days were estimated by the linearly interpolated lines 
drawn between the measured values. Linear interpolation was also used to estimate the 
missing daily flows in Flytträsk. Daily retentions were calculated by subtracting the daily 
output from the daily input. Seasonal and annual retentions were calculated by summing 
up the daily results.  
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2.4  Calculation of attenuation and translation of flow 

Sixteen flood events experienced in the Hovi CW were examined in terms of the 
magnitude difference (attenuation, Eq. (3)) and the time gap (translation, Eq. (4)) 
between 36 inflow and subsequent outflow peaks 

( )
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−

=  (3) 

where ATT is attenuation of flow (%), Ip is inflow peak (l s-1) and Op is outflow peak  
(l s-1). 

OpIp ttTR −=  (4) 

where TR is translation of flow (h) while tIp and tOp are the points of time when the peak 
inflow and outflow are observed, respectively. 

2.5  Modelling tools 

In this work, no new models were developed. Instead, a variety of readily available 
models and a calculation procedure were used in order to clarify the CW hydraulics. 
Rather than adjusting the model parameters to optimize the fit with field observations, the 
main aim here was to utilize the models as tools for the examination of flow dynamics 
and sediment transport in CWs and to find out some key figures for comparisons between 
different shapes and design solutions for CWs (II and VI). Field observations for 
verification of the output produced by hydrodynamic models were not available as it 
would have been difficult and expensive to gather such data (flow velocities and 
directions in different parts of the CW) with the available resources. A tracer test was 
made in the Hovi CW in autumn 2001, but its results lacked reliability because of the 
poor recovery (2%) of the tracer (KBr). The reason for this failure was that after a high 
initial peak just after the tracer input, the flow through the CW decreased rapidly to near 
zero, thus leaving most of the tracer in the CW. Indeed, in the Hovi CW with a long tn, it 
is quite difficult to catch an adequately high and long-lasting flood for a successful tracer 
test in situ. For this problem, the hydrodynamic models provided invaluable help. In 
terms of sediment transport and flow attenuation, the field data produced by monitoring 
programmes proved to be usable for model verification (II, VI). 
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2.5.1  Models used for simulations of hydrodynamics, tracer tests 
and sediment transport 

Flow velocities and directions in the different parts of the Hovi and Alastaro CWs were 
examined by the two-dimensional depth-averaged numerical hydrodynamic RMA2 
model (King et al. 1975). To produce the outputs, the RMA2 computes a finite element 
solution of the Reynolds form of the Navier-Stokes equations for turbulent flows. For the 
RMA2 simulations, 3-dimensional digital meshes describing the geometries of the CWs 
were created on the basis of field surveys of the CW dimensions (x- and y-coordinates) 
and depths (z-coordinates). In addition to the CW bathymetry, the most important RMA2 
input data comprised inflow rates, water level at the outlets, surface roughness 
coefficients and eddy viscosities for the different material types defined in the meshes.  

Tracer tests in the Hovi and Alastaro CWs were simulated by the water quality 
transport model RMA4 (King et al., 1973). As output data, the model produced the outlet 
concentrations of the CWs by simulating the advection-diffusion process in water within 
the computational meshes describing the CWs. RMA4 inputs included diffusion 
coefficients for each material type defined in the meshes, initial concentrations in CWs, 
and inlet concentration at the beginning of the simulations. Flow fields for the RMA4 
simulations were obtained by repeated RMA2 simulations with boundary conditions 
corresponding the flood situations, i.e. the MHq was set as the inflow in both CWs. 

TSS retention was examined with a two-dimensional model for transport of sediments 
(SED2D). The theoretical basis of SED2D was presented by Ariathurai and Krone 
(1976). The requisite hydrodynamic data was obtained by RMA2 runs simulating the 
flood events during which the sediment transport was examined. The most important 
input parameters for the SED2D simulations were the bottom type (sand or clay) of the 
CW, the initial TSS concentration in the CW and the settling velocity of the inflowing 
particles. As the output file, SED2D produced a time series of the outlet TSS 
concentrations. 

2.5.2  Modelling of the outflow time series with Reservoir 
Routing procedure  

The 16 flood events measured at the Hovi CW were analysed according to the principles 
of reservoir routing (Chadwick & Morfett 1993). By this approach, the outflow 
hydrograph of a CW can be determined according to the inflow hydrograph and the CW 
volume which is governed by water height and CW morphology. Based on equations with 
these variables, a tabular solution of the corresponding outflow for every hourly observed 
inflow was made on a PC spreadsheet (VI). The calculated outflow hydrographs of the 
flood events were then compared with observed outflow in terms of peak similarity.  
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2.5.3  The SMS tool as an aid for modelling 

The SMS (Surfacewater Modeling System) computer interface (BOSS International, 
Madison, WI, USA) was used as a tool for creating the 3-dimensional meshes describing 
the CWs. Moreover, the SMS was an invaluable device for interpretations of the results 
with its quick and illustrative outputs, e.g. the spatial variation of water velocity printed 
with different colours and arrows depicting the water directions on plan drawings of the 
CWs (II). Even animations of the water flowing through the CWs were easy to make with 
the SMS. As the SMS includes a capability of calculating areas and volumes of the 
meshes created with it, it was also used to determine the CW volume at different water 
heights in the Reservoir Routing calculations (VI). 



3 Results and discussion 

In the following, the number of tables and figures presented is rather limited as the results 
in those forms can be found in the original publications. However, seasonal and annual 
TSS, TP and TN retentions in the CWs as well as the mean flow through them are 
presented in Table 1 to support the reader. Some key figures of the results are highlighted 
in the text as a basis for the discussion and the synthesis which play the main role in this 
chapter. 

3.1  Material retentions in CWs 

3.1.1  Total suspended solids 

As presented in Table 1, the seasonal TSS retention in the Hovi CW varied from –5% 
(October 2001) to 76% (autumn 1999). The exceptional TSS outflow from the CW 
experienced in Oct. 2001 was probably due to an unusually vigorous green algae 
(Cladophora sp.) bloom that occurred in the CW during the preceding summer. The 
outflow of the decomposed algae later in the following autumn obviously increased the 
particulate organic matter (and TSS) in the outflow water. However, in terms of 
particulate mass this negative retention was not very considerable. Slightly more than 100 
kg ha-1 TSS was washed away from the CW while e.g. in autumn 1999 almost 800 kg ha-1 
TSS was retained. The highest TSS amounts in the Hovi CW were, however, captured in 
spring, as much as 22 900 kg ha-1 in spring 2000. In the Alastaro CW, TSS were retained 
only in summer 1998 and during winter-spring 1998/1999 (first study year), whereas 
during the other seasons no TSS were trapped at all (Table 1). On the other hand, in 
spring 1999, as much as 53% of the TSS input was retained in the Alastaro CW. Also the 
amount captured per CW hectare (19 850 kg) was high, actually almost as much as that 
retained in Hovi one year later.  
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Table 1. Total suspended solids (TSS), total phosphorus (TP) and total nitrogen (TN) 
retention and mean flow (q) in the experimental wetlands (CWs) during 1998–2001.  

Period CW TSS TP TN  q 
  kg ha-1  l s-1 km-2 
Spring 1998 Hovi(a  

Alastaro(a  
Flytträsk 

 
 

157 (27%) 

 
 

-0.03 (-/4%) 

 
 

2.6 (6%) 

  
 

12.9 

Summer 1998 Hovi(a  
Alastaro 
Flytträsk 

 
800 (20%) 
178 (20%) 

 
2.9 (22%) 
0.22 (11%) 

 
80 (9%) 

20 (23%) 

  
6.6 
8.2 

Autumn 1998 Hovi(a  
Alastaro 
Flytträsk 

 
-447 (-6%) 
-261 (-9%) 

 
-4.3 (-20%) 
0.26 (5%) 

 
-107 (-8%) 
9.9 (6%) 

  
7.4 

15.7 

Winter 1998/1999 Hovi(a  
Alastaro 
Flytträsk 

 
418 (64%) 

29 (9%) 

 
0.50 (59%) 
0.11 (15%) 

 
-2.0 (-17%) 
-0.30 (-1%) 

  
0.2 
6.1 

Spring 1999 Hovi 
Alastaro 
Flytträsk 

8200 (44%) 
19 850 (53%) 
1047 (41%) 

17 (60%) 
22 (28%) 
1.4 (27%) 

107 (50%) 
40 (4%) 

26 (13%) 

 35.6 
20.6 
24.9 

Summer 1999 Hovi(b 
Alastaro(b 
Flytträsk 

 
 

37 (38%) 

 
 

0.19 (43%) 

 
 

2.5 (38%) 

  
 

1.9 

Autumn 1999 Hovi 
Alastaro 
Flytträsk 

760 (76%) 
-350 (-9%) 
84 (29%) 

1.1 (72%) 
-0.9 (-8%) 
0.18 (31%) 

100 (51%) 
-440 (-23%) 

15 (27%) 

 4.6 
7.3 
4.4 

Winter 1999/2000 Hovi 
Alastaro 
Flytträsk 

650 (19%) 
-248 (-/8%) 

58 (2%) 

1.2 (20%) 
-1.0 (-11%) 
0.41 (7%) 

86 (24%) 
5.0 (0.5%) 
4.8 (1%) 

 20.5 
3.7 

30.3 

Spring 2000 Hovi 
Alastaro 
Flytträsk 

22 900 (73%) 
-1214 (-4%) 
217 (18%) 

22 (70%) 
-2.9 (-5%) 
0.51 (25%) 

92 (44%) 
-78 (-6%) 
4.7 (5%) 

 27.1 
16.3 
11.4 

April 2001 Hovi 
Alastaro(a 
Flytträsk(a 

4100 (36%) 
 
 

7.8 (53%) 
 
 

63 (48%) 
 
 

 50.5 
 
 

October 2001 Hovi 
Alastaro(a 
Flytträsk(a 

-111 (-/5%) 0.52 (17%) 4.4 (9%)  21.8 

1st study year Hovi(a 
Alastaro  
Flytträsk 

 
20 600 (41%) 
1100 (16%) 

 
21 (19%) 
1.9 (15%) 

 
11 (0%) 

57 (11%) 

  
8.8 

14.2 

2nd study year Hovi 
Alastaro 
Flytträsk 

24 300 (68%) 
-1800 (-5%) 

410 (8%) 

24 (62%) 
-4.8 (-6%) 
1.3 (14%) 

280 (36%) 
-520 (-12%) 

27 (5%) 

 10.8 
6.9 

12.1 
(a No measurements, no data 
(b No flow through CW, no data 
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In Flytträsk, most of the retention occurred – as in the other CWs – during the snowmelt, 
particularly in spring 1999 (Table 1). The maximum seasonal retention was both in 
relative (41%) and absolute (1050 kg ha-1) terms less than that measured in Hovi and 
Alastaro. On the other hand, negative TSS retention occurred in Flytträsk in only one 
season, in autumn 1998. On the annual basis, the Flytträsk CW showed less variation in 
TSS retention (8 to 16%, 410 to 1100 kg ha-1) than the Alastaro CW (-5 to 41%, -1800 to 
20 600 kg ha-1). The only full one-year period measured at Hovi (from May 1999 through 
April 2000) showed high TSS retention both in terms of the percents of the input (68%) 
and mass per CW area (24 300 kg ha-1 y-1). The results from April-May 1999 (44%) and 
April 2001 (36%) suggest that the TSS retentions during the preceding and the following 
one-year periods were probably lower. Statistically, only the Hovi CW showed significant 
(p<0.05) TSS retention (I). 

In (I) it was concluded that the main explanation behind the differences in TSS 
retentions between the CWs was the actual WRT that highly depends on the CW-to-
watershed area ratio. Of the CWs of this study, this ratio was by far highest in Hovi 
where high TSS retentions were – save October 2001 discussed earlier – constantly 
measured. However, also other factors exist that have probably contributed to the 
superiority of Hovi. One of them is the high input TSS concentrations (I) that were due to 
the high (100%) field percentage and the steep slope of the watershed. The steeper the 
slope, the higher the flow velocity and its erosive force and thus the coarser the particles 
that may detach from the watershed soil and be carried into the CW. And the coarser the 
input particles, the faster they settle. The high rate of initial settling at the beginning of 
the Hovi CW was confirmed by the weighing of the sediment trapped in the 9 collector 
buckets that were laid in March 2002 on the bottom of the Hovi CW to represent the deep 
part, the vegetation zone and the shallow area (see Fig. 4). The weighing done in late 
October 2002 revealed that the 3 buckets placed in the deep part had captured 80% of the 
material settled in the 9 buckets (unpublished data).  

An interesting theory that may apply to the results of this study, is the formation of 
clay particles into faster settling aggregates at high flow velocities (Stone & Walling 
1997, Braskerud 2000). It is possible that this phenomenon occurred at a greater rate in 
the more inclined and smaller Hovi watershed than in the flat and large Alastaro 
watershed. According to Braskerud (2000), the longer transport time of the clay 
aggregates in streams, the more readily they are disturbed and broken into the primary 
(slowly settling) particles. The effects of vegetation on TSS retention were probably 
rather low both in the Hovi and in the Alastaro CWs, as the bulk of the retentions took 
place in spring when there were only flattened remains of the vegetation of the previous 
growing season in the CWs. Nonetheless, during the measurements, the vegetation was 
clearly denser in the Alastaro CW than in the Hovi CW. In fact, the outflow of the organic 
particles detached from the decaying vegetation may partly explain the poor autumnal 
TSS retention in the Alastaro CW.  

As discussed in (I), one reason for the big difference between the TSS retentions in the 
first and the second study years in the Alastaro CW can probably be found in the 
differences in the winter/spring weather conditions. The resuspension induced by higher 
flow velocity cannot explain the difference as it was, both in terms of mean and 
maximum, higher in the first study year, i.e when the TSS retention was higher. The cold 
weather in winter 1998/1999 at Alastaro probably generated a good layer of frozen soil 
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and perhaps ice on the bottom of the shallow part of the CW, which protected the soil 
from resuspension for a long time in winter and the subsequent spring. Moreover, the CW 
was covered with a thick layer of snow which melted into a considerable amount of 
water. The TSS-rich input waters were diluted with this meltwater in the CW before 
flowing out. This is probably why the output concentrations decreased. In the second 
study year, snow melting occurred already in the winter, causing considerable amounts of 
flow through the CW (mean runoff was 3.7 l s-1 km2 in winter 1999/2000, whereas the 
corresponding figure for winter 1998/1999 was only 0.2 l s-1 km2). In such conditions, the 
soil of the Alastaro CW was obviously less protected and more susceptible for the 
resuspensive forces of the overflowing water in spring 2000 than in spring 1999. This 
experience from the Alastaro CW is one example of the challenges that the climate 
change towards milder winters (Hyvärinen 2003, Puustinen et al. 2005b) will set for 
water protection measures in the future. 

The model simulations of the reduction of TSS concentration during three flood events 
experienced in the Hovi and Alastaro CWs further confirmed the differences between the 
TSS retention performance of these CWs (II). While the simulation of the flood event 
with the lowest flow in the Alastaro CW showed a 43% reduction of TSS concentration, 
the simulations of the two higher flood events led to outlet TSS concentrations that were 
increased in the CW by 2% and 13%, i.e. indicating negative TSS retentions. The 
simulations for the Hovi CW showed 26, 46 and 74% reductions in TSS concentrations, 
the highest reduction coinciding with the lowest flow and vice versa. Given the huge 
complexity in the CWs in reality, particularly during the snow melting, the simulations 
obviously over-simplified the mechanisms affecting the TSS concentrations during the 
flood events. Nevertheless, as confirmed by the observed TSS concentrations during the 
simulated flood events (II), it seems that while the flow velocities in the Alastaro CW 
may increase to an extent inducing resuspension, it is very unlikely that the flow in the 
Hovi CW could ever increase enough to cause net TSS outflow. 

The Flytträsk CW was in many ways an exception among the CWs in this study. Its 
large watershed with a high proportion of non-agricultural land use brought about low 
TSS concentrations (I) in the runoff which neither rose as quickly as in Hovi and Alastaro 
nor even once dried out during the study period. Due to these factors, the input TSS 
particles in the Flytträsk CW were presumably not very coarse which, in turn, did not 
give a reason to anticipate high rates of TSS retention enhanced by high settling 
velocities. The nevertheless fairly constant TSS retention was probably due to the large 
CW-to-watershed area ratio during the high flow periods when the main channels were 
over-flooded and water was spread onto the entire CW. As the flood went down, 
respectable amounts of TSS were obviously retained in the large area. The dense and 
mature vegetation of the Flytträsk CW may also have played a role by the filtration and 
attachment of the suspended particles from the water, the level of which slowly declined 
from the large CW area into the narrow main channels again. The poor TSS retention in 
autumn 1998 in Flytträsk may, as in the case of the Alastaro CW, be explained by the 
autumnal outflow of organic material. 

The highest TSS retentions measured in this study suggest that CWs, when properly 
dimensioned and established in right locations, are noteworthy alternatives for the control 
of solid material loading from agricultural catchments. In clayey watersheds, in which the 
runoff includes TSS particles with very low settling velocities, CWs may sometimes 
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retain rather small amounts, or even nothing, of the input TSS. As this is often the case in 
the most intensively cultivated regions in Finland, special attention should be paid not 
only to the design and dimensioning of CWs but also to their location. The CWs should 
preferably be established below inclined watersheds that produce large amounts of 
particulate loading with increased probability of high settling velocity of the particles. 

3.1.2  Phosphorus 

In the Hovi CW, the TP was retained at rather similar seasonal and annual percent rates as 
TSS (Table 1). This was an expected result as the bulk (92%) of the mean input TP 
concentration was particulate P (calculated as TP - DRP). However, in the two seasons 
monitored in 2001, the observed P (both TP and DRP) retention percentages were 
considerably higher than those of TSS. This suggests that while sedimentation was low, 
the adsorption of DRP from the inflow water into the CW soil was still occurring at a 
high rate. As for the seasonal distribution of the retentions of P fractions in the Hovi CW, 
DRP was retained in autumns at higher percent rates than TP, and in springs vice versa. 
The high autumnal DRP retention was a little surprising since P is often thought to be 
released from the decaying vegetation after the growing season in CWs. In the Hovi CW, 
however, there was not much abundant vegetation from which the release could have 
occurred during the autumns 1999 and 2001. Instead, the soil of the Hovi CW with 
excellent P retention properties (I, IV) was probably more available for the adsorption of 
DRP from the input water in the autumns than in the springs when snow, ice and soil frost 
inhibited the contact between the water and soil and thereby probably reduced the rate of 
the adsorption process. Moreover, in spring P may have been released (as described by 
Rekolainen (1989)) from the P-rich TSS particles in the inflow that was mixed with dilute 
snowmelt water in the CW, and thereby decreased the observed DRP retention. Another 
possible source of P in the CWs in spring are the thawing, ice-broken plant cells (Ulén, 
1984). The relatively poor DRP retention in spring 2000 led to an annual value (27%) that 
was clearly below the annual TP retention (62%) reported in (I). 

The sediment samples taken from the deep and shallow areas of the Hovi CW were 
found to efficiently adsorb P (IV) and, not surprisingly, the shallow littoral area was 
found to be more effective than the deep pond-part. The most obvious reason for this was 
the higher oxygen concentration in the overlying water in the former one (IV). Another 
explanation for the difference might be that the deep water sediments probably contained 
more newly-settled, P-containing material than the littoral sediments. The deep water area 
was close to the inlet and – as previously noted – thus received the most readily settling 
material first. Nevertheless, P was released neither with low input DRP concentrations 
nor in the anoxic conditions that were arranged in the laboratory for the deep water 
sediments. Phosphorus adsorption with low ambient DRP concentration is possible, 
provided that the concentration still exceeds the EPC of the soil, which was virtually 
always the case in the Hovi CW. In fact, in the whole inflow record there were only two 
samples with a DRP concentration lower than the soil EPC (3 µg l-1). The fact that 
adsorption also occurred with low ambient oxygen is obviously related to the high 
amount of Al oxides with low P saturation in the soil of the Hovi CW (I, IV).  
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The outstanding P retention of the Hovi CW, which was statistically significant at the 
level p<0.001 for both TP and DRP, was a sum of many factors. Of these, the most 
important were the long actual WRT and the beneficial soil properties. Also the 
periphyton, i.e. "biofilm" formed of organisms and their remains onto the CW soil and 
macrophytes, may have enhanced P retention. According to Dodds (2003), periphyton 
plays several roles in removing P from the water column, including P uptake and 
deposition, filtering particulate P from the water and increasing O2 concentrations near 
the sediment surface thus encouraging the adsorption of dissolved P.  

Nevertheless, in terms of DRP retention, no CW is an infinite sink but the sorption 
sites of the soil will gradually become saturated with P. As this holds true also for the 
Hovi CW, it would be very interesting to find out when and how much its DRP retention 
will decline. For this, some reference information can be obtained from the findings in 
CWs treating wastewaters, which suggested that even CWs with a fairly low P-sorption 
capacity can maintain high P-sorption if the inflow waters supply the CWs with sorbing 
anions (Karjalainen et al. 2003). These questions give good starting points for further 
studies at the Hovi CW. 

In the Alastaro CW, the inflow concentrations of both TP and DRP were, on average, 
lower than in the Hovi CW but higher than in the Flytträsk CW (I) and, as in all CWs, the 
bulk (81%) of the input P was in particulate form. The seasonal TP retention followed 
that of the TSS, except for spring 1999 when a clearly lower portion than from the TSS 
input, though as much as 28% of the TP input, was retained (Table 1). In terms of DRP, 
the Alastaro CW was a source rather than a sink. Negative seasonal retentions, save in 
summer 1998, were observed throughout the study period, which summed to annual 
retentions of -33% and –6%. The statistical testing further confirmed the significant 
(p<0.001) net DRP outflow from the Alastaro CW. Since such thorough soil analyses as 
in Hovi was not made in the Alastaro CW, it remains unknown whether an exceptionally 
high P content of the CW soil would have caused the P leaching from the Alastaro CW. 
There is, however, a fact that speaks against this: the formerly fertilized topsoil was, just 
like in Hovi, peeled off before the construction in the Alastaro CW. However, the 
excavation masses were not transported away from the close proximity of the CW but – 
on the contrary – heaped right besides it (see Fig. 5). Heavy rains and snow melting may 
have eroded P-rich material from the steep bluff and, consequently, increased the P 
concentrations in the CW water and thus in the outflow. It seems rather unlikely that the 
subsoil on which the Alastaro CW was established was itself rich in P. On the other hand, 
the poor functioning of the DRP removal makes it hard to believe that the contents of P-
retaining Fe and Al oxides in the subsoil of the Alastaro CW would have been as high as 
in the Hovi CW. While the 18% DRP retention measured at Alastaro in summer 1998 
may have been due to the uptake by the rich vegetation, a part of the negative retention in 
the following autumn might be explained by the release of P from the decaying biota. 
Moreover, since macrophytes in wetlands readily take the bulk of their P from soil 
(Carignan and Kalff, 1980), they may later during the decomposition actually have 
transferred P from soil to water in the Alastaro CW. In this respect, the less abundant 
vegetation may even have been an advantage for the Hovi CW. The P release phenomena 
during the snow melting, which were previously discussed concerning the Hovi CW, may 
partly explain the poor spring-time DRP retention in Alastaro. Finally, a possible, though 
speculative, factor behind the poor DRP retention in the Alastaro CW is the error in DRP 
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samples caused by prolonged storage before the laboratory analyses, which was discussed 
above in the section 2.2.1.  

The Flytträsk CW retained 15 and 14% of the incoming TP (1.9 and 1.3 kg ha-1) 
during the first and second study years, respectively (Table 1). As for DRP, a similar 
portion as that of TP was retained in the first study year, whereas no retention took place 
during the second year. Seasonally, the largest amounts of both TP and DRP (1.4 and 0.18 
kg ha-1, respectively) were retained in spring 1999, whereas the highest percent retentions 
were detected in summer 1999 (43 and 68% for TP and DRP, respectively). According to 
the sign test, however, neither the TP nor the DRP retention observed at Flytträsk was 
significant. As in the other CWs, also in Flytträsk the portion of particulate P of the 
inflow TP was high (86%). Hence, the seasonal variation of the TP retention was quite 
similar to that of the TSS. As for DRP, the moderate retention was rather expected as the 
very low input concentrations (I) were likely to be lower than the EPC of the Flytträsk 
soil. Moreover, even if the soil properties would have been favourable for P adsorption, 
the throughflowing water would not – for most of the time – have even been in contact 
with the soil due to the canalized form of the CW. Hence, the adsorption/desorption 
processes played probably a lesser role in P retention in Flytträsk than in Hovi and 
Alastaro. Instead, at least in summer, nutrient assimilation by biota may have been 
substantial in the Flytträsk CW. One reason for the lower overall DRP removal in 
Flytträsk (and in Alastaro) than in Hovi was the almost twice as high P content of the 
inflow TSS coupled with clearly lower inflow DRP concentration (I). Hence the 
adsorption of DRP to the TSS particles during the throughflow must have been lesser. 

As per CW area, the highest annual TP retention observed in this study (24 kg ha-1 y-1 
in the Hovi CW) falls in the lower range of those found for ponds and CWs in the Nordic 
countries (20–1160 kg ha-1 y-1) by Uusi-Kämppä et al. (2000). In that study, however, the 
highest per area retentions were obtained in ponds with high loading and small area, i.e. 
contrary to the Hovi CW. It is obvious that if any net retention occurs in such small CWs, 
the retention will be readily high in terms of mass per area but low in terms of percents 
from the input. Supporting this duality, Wedding (2003) reported annual TP retentions 
in 3 constructed ponds in southern Sweden that varied between 9–50% and 17–40 kg 
ha-1 y-1. 

3.1.3  Nitrogen 

Unlike for TP, most of the inflow TN (80%) was in dissolved (NOx-N + NH4-N) form in 
all three CWs of this study. This means that sedimentation could not have played as high 
a role in TN retention as it played in TP retention. Of the dissolved N in the inflow, the 
portions of NH4-N were very low. Even if some additional NH4-N was obviously formed 
in the CWs by the mineralization of organic N, the role of the nitrification process was 
likely to remain minor the CWs. Instead, it is rather obvious that denitrification without 
the intermediate processes was the main N removal process in the CWs of this study. As 
previously noted, in the CWs treating municipal wastewater nitrification is often required 
for TN removal as wastewaters contain mainly N as NH4-N (Hallikainen 2003). On the 
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other hand, in the "wastewater CWs" the inflow water is warmer, which improves the 
facilities for N removal when compared with the CWs treating runoff waters. 

In this study, the highest annual TN retention per CW area (280 kg ha-1 y-1) was 
measured in the Hovi CW, which also retained the highest share (36%) of the annual 
input (Table 1). Seasonally, the retention was at its highest in spring and autumn 1999, 
when more than half of the TN input was retained. The same applied to NOx-N in 
autumn, whereas in spring its retention was weaker than that of TN. This suggests that the 
sedimentation of organic N may have played a role in spring, while in autumn 
denitrification was virtually the only process removing N. On the other hand, in winter 
1999/2000 and in October 2001 the dissolved inorganic N (NOx-N+NH4-N) retention 
exceeded the TN retention, which indicates that organic N was washed out from the Hovi 
CW during those periods. As for the October, this finding is – when presumed that 
organic N was in particulate form – in line with the negative TSS retention discussed 
earlier. 

As previously noted, the vegetation in the Hovi CW was rather sparse during the study 
period. Therefore, significant rates of biological uptake during the growing season and 
release upon senescence appear unlikely. In terms of denitrification, the less abundant 
vegetation means less abundant supply of organic C. However, at least two of the other 
prerequisites of denitrification were present in the Hovi CW, namely long actual WRT 
and high NOx-N concentrations. In the CWs of this study these two factors seemed to be 
of higher importance for denitrification than the supply of organic C which was, after all, 
still quite adequate in the Hovi CW. Indeed, the Alastaro and Flytträsk CWs with denser 
vegetation (I) showed clearly poorer N retention performance. Nevertheless, the low 
ambient temperature probably limited denitrification in all CWs of this study. If we 
suppose that all of the NOx-N removed by the Hovi CW was denitrified, the daily 
denitrification rate (0.07 g m-2 d-1 as calculated from the annual NOx-N retention) would 
fall in the ranges reported by Xue et al. (1999): 0.05–0.28 g m-2 d-1 and Fleischer et al. 
(1994): 0.001–0.48 g m-2 d-1. However, this denitrification rate is likely to be a slight 
overestimate because, as noted earlier, some organic N was probably also removed by 
sedimentation. 

The zero, and even negative, annual TN retention of the Alastaro CW was rather 
unexpected as at least two of the basic requirements of denitrification, namely abundant 
vegetation as a source of organic carbon, and high NOx-N concentrations as electron 
acceptors for the denitrifying bacteria, were obviously present in the CW. Moreover, the 
deep pond part was supposed to provide the anoxic environment needed in 
denitrification. Although some of the poor result may, as is presented in (I), have been 
biased by the inaccuracies and disturbances associated with the measurements, the 
bottom line is that the Alastaro CW was able to remove N from the inflow only 
occasionally, like in summer 1998, and not even then very much (9%, see Table 1). In the 
light of the experience gained from the Hovi and Alastaro CWs, it seems likely that the 
cold, boreal conditions are so challenging for the denitrification process, that the only 
way to remove considerable amounts of N from the agricultural runoff with CWs is to 
design them so that the actual WRT is long. Also Braskerud (2002) reported low annual 
N removal rates (3–15%) in Norwegian CWs with a small CW-to-watershed area ratio. 
On average higher – though with high variation – percent removals (4–45%) were found 
in the CWs established in southern Sweden (Wedding 2003), where higher mean 
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temperatures than those in Finland and Norway probably led to higher denitrification 
rates. 

The Flytträsk CW with ample sources of organic C but low concentrations of input 
NOx-N (I) showed rather low (5 and 11%) annual TN retentions (Table 1). Nevertheless, 
according to the sign test (I), both the TN and the NOx-N retentions in the Flytträsk CW 
were significant (p<0.05 and p<0.001, respectively). The seasonal differences of the N 
retentions in Flytträsk were quite apparent: while TN retentions of 23 and 38 % were 
measured in summers 1998 and 1999, respectively, practically no N at all was retained 
during the winters included in the study period (I). This finding gives further evidence for 
the importance of temperature in N retention. The annual retentions of dissolved 
inorganic N (NOx-N + NH4-N) somewhat exceeded those of TN, which suggests a net 
outflow of organic N from the Flytträsk CW. On the other hand, in both study years more 
than half of the incoming NH4-N was removed, which may be a consequence of 
biological uptake and/or good conditions for nitrification in the CW.  

3.2  Modelling of flow in the Hovi and Alastaro CWs 

Steady inflow rates of 29 and 153 l s-1 were used in the RMA2 simulations for the Hovi 
and Alastaro CWs, respectively (II). The choice was made according to the nomogram 
presented by Seuna (1983) so that the flow rates would represent the daily mean flow at 
typical maximum spring floods (MHq) in their watersheds. The aim was to simulate the 
“critical” situations when tns are at their shortest and large portions of the annual loads 
are transported through the CWs. Manning’s n values were used as roughness 
coefficients. They were chosen in accordance with the suggestions of Barfield et al. 
(1981). A relatively low n value (0.025) was assigned for the major part of the Hovi CW 
with large open water areas. A higher n-value (0.050) was assigned for the more densely 
vegetated spits of land and the shorelines of the shallow part, and the highest one (0.080) 
for the inlet ditch and the shorelines of the deep part (see Fig. 4). As for the Alastaro CW, 
an n-value of 0.085 was used for the densely vegetated shallow part, whereas for the open 
water pond part the same n-value (0.025) as for the similar areas in the Hovi CW was 
assigned. According to the suggestions found in the RMA2 user’s guide, an eddy 
viscosity value of 50 Pa s was chosen for all elements in both CWs. Flow patterns in the 
CWs were examined by comparative RMA2 simulations made for the existing and 
hypothetical geometries, the latter ones representing optional CW layouts. With respect to 
the outer limits, the hypothetical CW layouts were identical with the existing ones (II). As 
for the Hovi CW, the only hypothetical layout was made by removing the baffles and the 
islet. The two hypothetical layouts of the Alastaro CW were made by changing the 
position and size of the inlet.  

Hydraulic efficiencies (λ, see Eq. 2) of the different layouts were determined by the 
approach presented by Persson et al. (1999). The RMA4 simulation periods (120 h for 
Hovi and 20 h for Alastaro) were chosen so that they well exceed the tns of the CWs. 
Flow fields for the RMA4 simulations were obtained by repeating the previously 
presented RMA2 simulations for these periods (40 time steps for each CW). For both 
CWs, 32 mg l-1 was used as the tracer input concentration at the first time step. The outlet 
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concentration was plotted after every time step to obtain a simulated RTD curve and tp to 
determine the λ. The closer to 1 the λ is, the less there are ineffective zones, and the better 
the hydraulic efficiency of a CW layout. Moreover, the flatter the shape of a tracer 
response curve is, the more likely there occurs short-circuiting and re-circulating of flow 
by which the hydraulic efficiency of the CW is decreased (Persson et al. 1999). 

In the Hovi CW, the maximum simulated flow velocity (5 mm s-1) was found in the 
narrow, ditch-like part just before the deep part of the CW. After that, as the main flow 
approached the deep part, the flow velocity decreased rapidly into 0.5 mm s-1. As the CW 
gradually becomes shallower, the flow speed increased again being at its highest  
(4 mm s-1) in the bend between the two shallow regions of the CW. Thus, the RMA2 
simulations clearly demonstrated the slowness of the water movement in the Hovi CW. 
Not even the maximum flow velocity was near the critical velocity (21 mm s-1) for the 
resuspension of clay (Ø<0.002 mm) particles (Huisman 1973). As presented in (VI), the 
maximum hourly inflow in the Hovi CW during 2001–2002 was 84 l s-1. Additional 
simulations were made with this inflow and even with that used for the Alastaro CW (153 
l s-1), the latter representing the "theoretical momentary maximum" that hardly ever could 
exist in the Hovi CW in reality. The results of the previous (I) and the extra simulations 
(Table 2) further confirm the previously discussed deduction that the risk of resuspension 
in the Hovi CW is in all conditions negligible.  

Table 2. Maximum flow velocity in the Hovi CW with different inflow volumes as 
simulated by RMA2 model. 

Inflow  Max. flow velocity (mm s-1) in 
 the CW area  the ditch at the beginning of the CW 
Long-term mean of daily maximums (29 l s-1) 4  5 
Hourly maximum in 2001–2002 (84 l s-1) 13  16 
Theoretical momentary maximum (153 l s-1)  24  30 

As is demonstrated in (II), the effect of the baffles was dramatic. Without them almost a 
quarter of the Hovi CW area (the deep part) would be a stagnated zone with no or very 
slow water movement and no distinct direction towards the outlet. Such "dead" zones 
would be inefficient in terms of pollutant removing processes and, consequently, would 
lead to weaker retentions. In the Hovi CW as it is, there is a zone with slower water 
movement in the shorelines of the deep water area (Fig. 7). However, this zone is not 
very large and, unlike in the stagnated zone in the layout without the baffles, the flow has 
a consistent direction towards the shallow water area. RMA4 simulations demonstrated 
the superior hydraulic efficiency of the layout of the existing Hovi CW (λ = 0.65; sharp, 
rapidly declining tracer response curve) over the hypothetical layout (λ = 0.24; flat, long-
tailed tracer response curve). Part of the lower λ-value of the hypothetical layout was, 
however, due to the larger water volume and thereby longer tn.  
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Fig. 7. Flow velocity and direction in different parts of the Hovi constructed wetland as 
simulated by RMA2 model with an inflow of 29 l s-1. Tone value of the shading as well as the 
arrow size expresses flow velocity (mm s-1). 

In the Alastaro CW, flow velocity exceeded the above-mentioned critical value  
(21 mm s-1) in a ca. 25 m2 area just before the outlet weir, thus indicating the increased 
risk of resuspension already during a normal spring flood situation. Hence, momentary 
flow peaks during extreme flood events pose a threat of TSS outflow from the Alastaro 
CW. As for the design options regarding the inlet, signs of re-circulation of flow were 
found in the layout with inlet and outlet at the same side of the Alastaro CW (II). This 
finding was supported by Persson et al. (1999) who reported that in terms of hydraulic 
efficiency it is more recommendable to place the inlet and the outlet of a CW at different 
sides. In the Alastaro CW, however, the hydraulic efficiencies of these two layouts were 
equal (λ = 0.52), neither showing any signs of serious short-circuiting. As concluded in 
(II), the beneficial length to width ratio of the Alastaro CW (4:1) and the leveling effect 
of the low terrace between the deep and shallow parts probably decreased the 
susceptibility for short-circuiting. As expected, the layout with the inlet along the whole 
width of the CW showed the best hydraulic efficiency (λ = 0.55) in the simulations of the 
Alastaro CW. This layout also had a less flat tracer response curve than those with narrow 
inlets. In general, the hydrodynamic simulations made for the Alastaro CW suggest that a 
simple, elongated shape is not a bad choice when CW-to-watershed area ratio is low. In 
such cases, terrestrial elements like islets and baffles, which in other circumstances would 
be advantageous, would occupy a part of the already low CW volume and thus reduce 
the tn. In cases with a more generous ratio, as in Hovi, the inevitable loss of CW volume 
is not a crucial issue. 
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3.3  Retention of inflow in the Hovi CW 

The maximum hourly inflow peak volume (Ip) of the 16 flood events examined in the 
Hovi CW was 84 l s-1, i.e. 3 times higher than the MHq of the Hovi CW, whereas the 
maximum outflow peak volume (Op) was 22 l s-1. The mean values of the Ip and the Op 
were 36 and 11 l s-1, respectively. On the average, the inflows were attenuated by 64%. 
ATT was found to significantly depend on the Ip, i.e. the higher the inflow peak was, the 
lower portion of it was detected in the outflow (VI). The visual inspection of the 
hydrographs clearly illustrated the differences between the inflow and the outflow: while 
the outflow hydrographs were flat and smooth, the inflow hydrographs were distinctively 
sharp and precipitously falling. The most probable reason behind the conspicuous ATT in 
the Hovi CW was the sharp angle (30º) of the outlet weir coupled with the "expansion 
areas" at the gently sloping shorelines at the shallow part of the CW (see Fig. 4). Hence, 
when the inflow rapidly increased, the outlet did not allow high amounts of water to 
discharge quickly, but rather forced the water table to rise and spread onto the expansion 
areas. Another obvious factors increasing ATT in the Hovi CW were the previously 
discussed high CW-to-watershed area ratio and the hydraulically efficient form. 

The translation times (TR) of the flood events varied between 1 and 26 h (mean 6.3h, 
median 5 h). Unlike ATT, TR did not correlate with the Ip. However, some of the 36 peaks 
included in the flood events were frequently repeating due to the snow melting according 
to diurnal temperature variations in spring (VI), which probably distorted the assessments 
of TR. This assumption was supported by the examinations of the "single" peaks without 
adjacent ones, where dependence between the TR and Ip was found (VI). This 
dependence may be another example of the effects of the flood expansion area and the 
sharp-notched outlet weir. At low Ip the rise of the water table at the outlet was moderate 
and, consequently, little or no water was spread over the expansion area, and the Op 
occurred quickly. At high and rapidly accelerated Ip, the sharply notched weir made the 
water table to rise much more in order to discharge the quickly increased amounts of 
water. However, owing to the expansion area, there was extra storage volume into which 
the water was spread and the rising phase of the outflow hydrograph continued therefore 
longer. 

As calculated with the reservoir routing method, the mean Op was somewhat higher 
(14 l s-1) and the mean ATT thus lower (56%) than the observed. The calculated TR was, 
on average, longer (8.2 h) than the observed one. In general, however, the outflow 
hydrographs produced by reservoir routing were rather precise (an example presented in 
Fig. 8). Hence, the method appeared to be an accurate and reliable tool for the 
assessments of flow behaviour in CWs, and hence a useful aid for CW planning. 
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Fig. 8. Hourly hydrographs of the flood event experienced in the Hovi constructed wetland 
during 29 Mar – 7 Apr 2001. Thick black line = observed inflow, thin black line = observed 
outflow, thick grey line = outflow calculated by reservoir routing 

In the daily data, the average Ip and Op were only 15 and 9 l s-1, respectively. According 
to this, the inflows attenuated on average only by 39%. Unlike for the hourly data, no 
correlation whatsoever was detected between the daily Ip and the ATT. In terms of TR, 
the daily data showed "binary" results; in 11 cases the outflow peak came 1 day after the 
inflow peak, whereas in 7 cases the inflow and outflow occurred during the same day. 
Comparison of the hourly and daily datasets revealed the lack of flow variation and the 
underestimation of the flow peaks. In many CW planning cases, however, hourly flow 
data is not available. Thus it should be kept in mind that the momentary flow volumes 
– and thus water velocities – may be even several times higher than the maximums found 
in datasets based on daily mean flow. 

3.4  Convective currents in the Hovi CW 

Pronounced increases of the near-bottom O2 saturation were measured in the Hovi CW 
during the summer 2001. As discussed in (V), they could be explained by neither 
molecular nor turbulent diffusion. Hence, convective currents were left as the only 
believable mechanism accounting for the measurements. Convective O2 transport from 
the surface to the bottom in a CW occur when heavier, oxygen-rich water overlies lighter 
oxygen-poor water lower down in the vertical profile. This kind of layering may take 
place e.g. during summer nights as the surface water cools and thereby becomes heavier 
than the water close to the bottom. The convective flow (Tritton 1991) will start as soon 
as the instability of these layers overrides the counteracting influences of viscosity 
resisting the flow and heat conduction decreasing the temperature difference. A measure 
of the tendency towards convection is the Rayleigh number (Ra): 
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where  g = acceleration of gravity 
 αV = coefficient of expansion 

T2 and T1 the water temperatures at the bottom and the surface, respectively 
 h = water depth 
 ν = kinematic viscosity of water 
 κ = thermal diffusivity of water. 

According to Tritton (1991), a critical (minimum) Ra number for convection is 1700. By 
assigning the values α = 18 • 10−5 K−1, κ = 0.14 • 10−6 m2 s-1, ν = 1.3 • 10-6 m2 s-1 and h = 
1.2 m, Ra ≈ 1010 per one degree of the temperature difference (T2 − T1). Hence, in the 
deep part of the Hovi CW (Fig. 4) the critical Ra number is exceeded virtually 
immediately when the surface temperature falls below the bottom temperature. This in 
line with the findings of Mowjood et al. (1997), who studied convective flows in paddy 
fields and reported them to start at temperature differences less than one degree. The 
prompt beginning of convection in the Hovi CW was not, however, immediately reflected 
in O2 saturation near the bottom of the Hovi CW. Figure 9, for example, shows how the 
reaction of the O2 saturation to the temperature difference is delayed by 1-2 hours. This 
kind of a lag between the onset of convection and the rise in the O2 content near the 
bottom was not unexpected, as the O2 enriched particles of the surface water had to travel 
a distance of approximately 1 m (in the deep part) at a fairly low velocity. 

During the late summer 2001, between 30 July and 7 September, there were 34 nightly 
periods when the surface water became colder than the bottom water in the Hovi CW. 
Here, these have been termed “convection periods”. An example of a convection period 
can be seen in Fig. 9. In the deep part, clear increases of O2 saturation were noted in 74% 
of the convection periods. In the vegetation zone, increases were not only noticed less 
frequently (44% of the periods), but also more equivocally and with weaker rates. A 
reason for this was that the average initial O2 saturation, i.e., the saturation at the 
beginning of a convection period, was clearly higher in the vegetation zone (71%) than in 
the deep part (43%). This difference was probably due to the transport of O2 through the 
emergent cattails into their roots, and, subsequently, to the deep water in the vegetation 
zone. Moreover, the stems of the dense vegetation may have induced resistance to 
convective water transport from the surface into the bottom. 
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Fig. 9. A convection period measured at the Hovi constructed wetland during summer 2001. 

The finding of the increase of oxygen by convective currents in the deep parts of a CW is 
important with regard to CW functioning. The decreased risk of anoxia implies decreased 
risk of P release (Andersen 1974) from the soil of a CW. Moreover, the oxygen input to 
an otherwise anoxic environment may create a convenient environment for sequential 
nitrification-denitrification (Reddy & Patrick 1984). The intermediate nitrification 
process is of particular importance in cases when bulk of the input N consists of organic 
N and NH4-N. A CW planner may try to create beneficial conditions for the convective 
circulation by favouring the shading in the deep parts of a CW because the warmer the 
surface water is, the longer time it takes for it to cool enough for the onset of convective 
flow. At least in some cases, shading is provided by nearby trees that should, if possible, 
be left at the southern side of a CW.  
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4 Concluding remarks 

The bulk of the agricultural loading under cold boreal conditions occurs during spring 
and autumn, when the biological activity is low. Hence, neither nutrient uptake by 
vegetation nor denitrification can play as an important role in nutrient retention in the 
CWs under boreal climate as in those established in places with warmer conditions. 
Instead, as a process that is not affected by temperature, sedimentation is of high 
significance in terms of the performance of the Finnish CWs. Indeed, all three CWs of 
this study retained particulate substances in higher percentages than they retained 
dissolved nutrient fractions. In this study, the highest TSS retention was measured at the 
Hovi CW, obviously due to its longest WRT, its best hydraulic efficiency and its most 
inclined watershed which brings in higher TSS concentrations and probably coarser 
particles/aggregates than the other two CWs. As for the nutrients, especially P seems to 
be retained by sedimentation because the bulk of the P transported from arable areas is in 
particulate form, whereas N enters into the agricultural CWs mostly in dissolved form. 
Nevertheless, as suggested by the results of Hovi, under beneficial conditions also 
denitrification and dissolved P adsorption may occur at rather effective rates. Particularly 
the P adsorption is benefited by the convective oxygen transport from the water surface 
into the deeper, unvegetated parts of a CW during late summer and early autumn. Even if 
rather low portion of the annual loading typically occurs during this part of the year, the 
reduction in P loading in late summer should decrease the risk of the often contemporary 
algal blooms.  

In this study, only the Hovi CW was able to significantly retain P. In terms of 
dissolved P, probably the most important single planning decision behind the good result 
was the removal of the previously fertilized topsoil. This provided for efficient chemical 
sorption reactions of P onto the unsaturated oxides of Al and Fe, both abundantly present 
in the Hovi subsoil. If a CW is going to be established on arable land, the soil of the 
construction site should be analysed beforehand for its P content and P exchange 
characteristics. If – and often in agricultural areas, when – it turns out that the EPC value 
of the uppermost soil layer is higher than the input DRP concentrations, the topsoil 
should be removed and, as suggested by the cautionary example of the Alastaro CW, 
placed far enough from the CW. As for the N retention in a newly established CW, 
however, the topsoil removal is not as a beneficial action because the organic material 
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accumulated in the topsoil is known to enhance denitrification. Comparison of the results 
of the Hovi and Alastaro CWs clearly shows the importance of WRT for N removal in 
boreal conditions. Indeed, when temperature limits denitrification, the only way to make 
it work at a satisfactory rate is to give it enough time, i.e. to plan and build a CW so that 
its WRT is long and hydraulic efficiency high. On the other hand, in agricultural 
watersheds, where the proportion of nitrate in the TN loading is high, the supply of nitrate 
should not limit denitrification. The results obtained at Flytträsk suggest that CWs 
planned and built for other purposes, e.g. to provide a wildlife habitat, and not expressly 
to trap agricultural loading, are not always very effective in terms of retention 
percentages of loading. The retention percentages in such CWs tend to remain low 
because of the low input concentrations, poor hydraulic efficiency, P-enriched soil etc. 
However, in a large CW low removal percentages do not necessarily mean low removals 
in terms of kilograms of nutrients. For example, owing to its 100 times larger area than 
that of the Hovi CW, the absolute annual amount (kg) of nitrogen removed in the 
Flytträsk CW was 15-fold that of the Hovi CW. Thus, whenever there are initiatives or 
plans similar to the case of Flytträsk, the water protection aspects can be regarded as facts 
speaking in favour of the implementation. 

A typical feature of CWs is abundant vegetation. The nutrient uptake by vegetations 
can be regarded as a sink, but the net removal of N and P by this pathway is of minor 
importance as the nutrients are again released due to the decay processes after the 
growing season. As suggested by the literature study (III), the plant uptake does not seem 
to play a major role even if the vegetation is harvested and taken away. In cases when 
vegetation takes up nutrients from the CW sediment rather than from water, vegetation 
may even increase P loading (Carignan and Kalff 1980). However, such a consumption of 
the P reserves of soil probably delays the extinction of the P adsorption capacity of the 
CW (Lantzke et al. 1999). Nonetheless, the most important functions of vegetation with 
regard to load reduction in CWs are related to the physical effects of the plants. These 
include reduction of flow velocity (Kadlec 1990), stabilization of the CW soil by the 
roots of vegetation (Brix 1997) and filtering of suspended material (Deletic 2005). 
Moreover, vegetation provides surface area for microbiological growth and thereby 
increases denitrification (Weisner et al. 1994, Toet et al. 2003). An important function of 
emergent macrophytes comes from their ability to transfer oxygen from the atmosphere 
to the CW soil through their roots (V), and thereby potentially enhance P retention. The 
oxic-anoxic interfaces in the rhizosphere (Reddy et al. 1989) and in sediments (Toet et al. 
2003) are important sites of denitrification.  

In the light of the experience gained in the Hovi CW, the development of vegetation in 
CWs appears to proceed well without human interference, at least in terms of the biomass 
growth rate. In spite of the efforts to direct the vegetation at Hovi towards higher 
diversity by seeding and transplanting of many species, this "man-made growth" was 
overridden by the solely natural, vigorous proliferation of cattail (I, Puustinen et al. 
2001). Thus, even if the biodiversity was indeed improved when compared with the 
original field/meadow ecosystem, the outcome was perhaps not the best possible in terms 
of the diverseness of wetland vegetation. 

Because all retention processes need time to function efficiently, actual WRT is the 
crucial factor for the retention performance of CWs. Here, actual WRT is defined as the 
combination of nominal WRT (tn) and hydraulic efficiency (λ). The higher the actual 
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WRT, the slower the velocity of the main flow in the CW. If the flow velocity increases 
excessively, it not only shortens the time available for the retention processes, but may 
even induce resuspension and thereby export of the material previously captured in the 
CW. In cold conditions the importance of actual WRT is further emphasized because the 
rates of denitrification and – to some extent – P adsorption decrease with decreasing 
temperature. To ensure an adequately long actual WRT, the basic requirement for a CW – 
at least in Finnish hydrological conditions – is that it should be large enough in relation to 
its watershed. The question is then, how large? The results of this study suggest that the 
5% CW-to-watershed area ratio of the Hovi CW can be regarded as absolutely adequate. 
However, such a generous ratio is seldom possible in CW planning cases. On the other 
hand, as the results of the Alastaro CW show, a ratio like 0.5% seems to be too small, at 
least when the watershed is flat and clayey and the prerequisites for sedimentation 
thereby poor. Hence, a recommendable ratio probably lies somewhere between these two. 
Finnish recommendations can be found in Ruohtula (1996) and in Puustinen et al. (2001), 
who proposed a range of 1–2% and a minimum of 2%, respectively. A 2% ratio was also 
recommended by Hammer (1992), who did not, however, consider the dimensioning of 
single CWs, but rather the coverage of CWs over an entire watershed. Thus, the 2% ratio 
can be regarded as a reasonable "rule of thumb" for both planners of single CWs and 
managers of watersheds However, this recommendation is strongly based on the results 
of this study. When climate and hydrological conditions are different from those in 
Finland, e.g. with less annual runoff and/or lower runoff peaks, the recommendable CW-
to-watershed area ratio could be different. Hence, although CW-to-watershed ratio is a 
readily available and thus tempting to use for a CW planner, case-specific consideration 
with calculations of WRT based on actual local hydrology should be applied in the 
dimensioning of CWs. 

Nevertheless, the higher the hydraulic loading, the more important is the high λ value 
of a CW for the achievement of an at least tolerable actual WRT. The importance of 
hydraulic efficiency is emphasized in watersheds where land is expensive and the only 
way to build CWs cost-efficiently is to make them – sometimes at the expense of CW-to-
watershed area ratio – rather small but still efficient in terms of mass retained per one m2 
of CW. This means that a CW should be designed so that the main flow through it 
effectively utilizes as much of the CW area as possible. As shown by the example of 
Hovi, baffles are efficient design solutions for improving the efficiency and functioning 
of a CW. However, as terrestrial elements, baffles occupy a part of the water storage 
volume of a CW, and thus inevitably reduce its tn. Therefore, if the CW-to-watershed 
ratio is low, instead of a structure with baffles, a simple, elongated shape may be after all 
more suitable because it provides high λ value without the loss of volume. With such a 
CW layout, it appears that the position of the inlet has a minor effect on the λ value, 
whereas increasing the size of the inlet slightly improves it. As demonstrated by Persson 
et al. (1999), the higher the length-to-width ratio of a CW, the higher its λ value. 
However, increasing the length-to-width ratio should not be exaggerated since in very 
long and narrow layouts the flow velocity remains too high. In fact, the λ value of a plain 
ditch without any widening would certainly be high. On the other hand, for example the λ 
value of the Alastaro CW (0.52 obtained with a 4:1 length-to-width ratio) could have 
been easily improved with a slightly higher ratio, perhaps 5:1. Such a ratio provides 
requisites for a CW to have (i) a reasonably high λ value, (ii) an ability to substantially 
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decelerate flow and (iii) a decent outward appearance. The monotonousness typically 
reducing the appeal of elongated CWs can be avoided by e.g. small islets, varying 
vegetation zones and curved shorelines. A highly recommendable basic design solution of 
agricultural CWs is a layout with a deeper pond part at the beginning of an otherwise 
shallow CW. The deep part with a large storage volume efficiently levels the inflow peaks 
and may, when coupled with a terrace (as in Alastaro, see Fig. 5) or vegetation barrier (as 
in Hovi, see Fig. 4) before the shallow part, reduce the tendency of narrow, rapid 
preferential flow into the outlet. In other words, such a layout will further improve the λ 
value of a CW. 

Examinations of hourly hydrographs demonstrated the high ATT of flood peaks in the 
Hovi CW. By creating such well-designed and -dimensioned CWs in agricultural 
watersheds, the highest flow velocities in the stream (ditch) network can be decelerated to 
an extent that essentially prevents channel erosion below the CW. The examinations of 
ATT and TR in the Hovi CW, which lies below a small watershed, definitely proved the 
value of hourly hydrographs in CW studies and design. If hourly data is not available, a 
CW designer using the less accurate daily datasets should realize that the daily means of 
flow peaks are much lower than the hourly maximums included in them and, 
consequently, the ATT and the flow velocities are readily underestimated. This holds true 
particularly for small watersheds with high, sharply increasing runoff peaks and 
occasionally strong diurnal variation. Moreover, TR analyses applying daily datasets may 
be even useless because in reality the value of TR is often less than one day. 
Nevertheless, the larger the watershed, the better the daily datasets do. 

Two-dimensional hydrodynamic models proved to be useful tools for CW studies and 
planning. They enable inspection of flow directions, flow velocities, and water levels in 
different flood situations. When their output is coupled with water quality transport 
models, tracer tests can be simulated and the hydraulic efficiency of a CW evaluated. 
Using the hydrodynamic data as input into a sediment transport model, predictions of the 
TSS retention efficiency of a CW are possible with reasonable accuracy. In cases with 
missing outflow data, a tabular solution of reservoir routing equations provides a useful 
tool to reliably predict the outflow hydrograph. 

In comparison with the CWs treating point source loading, the CWs for the treatment 
of agricultural runoff receive their loading as higher volumes of water and lower pollutant 
concentrations (III). As for the latter group, this sets challenges for the treatment 
efficiency because material retentions in CWs tend to increase with increasing input 
concentrations. The reason for this is that the removal processes are generally enhanced 
by high concentrations. For example, adsorption of P requires that the input dissolved P 
concentration exceeds the equilibrium P concentration of the CW soil. Moreover, N 
removal by denitrification increases with increasing nitrate concentrations. Therefore, 
CWs should be located in places where the input concentrations are high, i.e. where 
agriculture comprises a high portion of the land use in the watershed upstream of a 
possible site. Properly designed CWs enrich the scenic values of surrounding landscapes 
and increase biodiversity. In particular, birds take advantage of the CWs by using them as 
places for resting, eating and nesting. As for design solutions, baffles and islets are 
recommendable not only due to the increased hydraulic efficiency but also because they 
create small-scale terrestrial areas in the middle of an aquatic environment thus (i) 
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enlivening the local landscape and (ii) providing habitat for many species of both flora 
and fauna.  

Given the shortage of suitable places for the establishment of CWs, the uncertainty of 
the landowners' willingness to establish CWs on their lands and the challenging 
conditions for the retention processes, it is obvious that CWs alone can not solve the 
problem of agricultural loading in the Finnish conditions. However, as a part of 
comprehensive, watershed-scale management strategy (III) CWs possess a strong 
potential in water protection. 



5 Yhteenveto 

Vesistöjen rehevöityminen eli liiallisen ravinnekuormituksen aiheuttama perustuotannon 
kasvu on yksi Suomen merkittävimmistä ympäristöongelmista. Maatalous on nykyisin 
suurin yksittäinen vesistöihin kohdistuvan typpi- ja fosforikuormituksen lähteistä. Tähän 
on johtanut teollisuuden ja yhdyskuntien jätevedenpuhdistamoiden laajamittainen raken-
taminen 1970-luvulta lähtien sekä toisaalta II maailmansodan jälkeinen maatalouden 
tehostuminen. Viljelyn modernisointiin liittynyt kemiallisten väkilannoitteiden käytön 
1990-luvulle jatkunut lisääntyminen on kasvattanut viljelyalueiden maaperän fosfori-
pitoisuutta ja siten vesistöjen fosforikuormitusta. Toisaalta peltojen raivaaminen ja niiden 
tehokas kuivatus on vähentänyt ravinteiden luontaista pidättymistä valuma-alueilla.  

Maatalouden aiheuttamaa vesistökuormitusta voidaan vähentää useilla eri keinoilla, 
jotka voidaan jakaa jo tuotantoalueilla (pelloilla) tehtäviin ja peltojen ulkopuolisiin 
menetelmiin. Edelliseen ryhmään kuuluvat esimerkiksi lannoituksen vähentäminen, 
kevennetty muokkaus, ympärivuotinen kasvipeitteisyys ja säätösalaojitus. Jälkimmäiseen 
luokkaan kuuluvat peltojen ja vesistöjen tai valtaojien väliin jätettävät suojakaistat ja 
-vyöhykkeet sekä alapuolisen valuma-alueen uomaverkoston yhteyteen rakennettavat 
laskeutusaltaat ja kosteikot. Vuoden 1995 jälkeen, Suomen liityttyä EU:hun ja otettua 
käyttöön EU:n maatalouden ympäristöpolitiikan, maanviljelijät ovat voineet hakea 
maatalouden ympäristötuen erityistukea edellä mainittujen toimenpiteiden toteuttamista 
varten. Kuluneiden kymmenen vuoden aikana kosteikoita on perustettu erityistuen avulla 
suhteellisen vähän, vain muutamia satoja. Osasyynä kosteikkojen vähäiseen suosioon on 
ollut paitsi tuen heikko kannustavuus, myös tiedon puute kosteikkojen toimivuudesta 
Suomen olosuhteissa sekä hyvin toimivan kosteikon suunnittelukriteereistä.  

Tämän tutkimuksen tavoitteena oli selvittää maatalouden valumavesien käsittelyä 
varten rakennettavien kosteikkojen ravinteidenpidätystehokkuutta ja tärkeimpiä 
tehokkuuteen vaikuttavia suunnittelukriteerejä. Koska kosteikkoon tulevan veden määrä 
ja ajallinen jakautuminen säätelee hyvin suurelta osin kosteikossa tapahtuvien pidättymis-
prosessien tehokkuutta, kiinnitettiin erityistä huomiota kosteikkojen hydrologiseen ja 
hydrauliseen mitoitukseen ja suunnitteluun. Tutkimusaineisto koottiin kolmelta Etelä-
Suomessa sijaitsevalta kosteikolta (Hovi, Alastaro ja Flytträsk), joilla suoritettiin 
ainepoistumien arviointia varten niihin tulevan ja niistä lähtevän veden laadun sekä 
niiden läpi virranneen veden määrän mittauksia vuosina 1999–2002 (osajulkaisu I). 
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Hovin ja Alastaron kosteikoista rakennettiin maastomittausten ja toteuttamis-
suunnitelmien pohjalta 3-ulotteiset maastomallit, joissa simuloitiin veden virtausta ja 
merkkiainekokeita 2-dimensionalisten hydrodynaamisten mallien avulla (osajulkaisu II). 
Kosteikkoprosesseihin ja kosteikkojen vesiensuojelulliseen merkitykseen perehdyttiin 
kirjallisuusselvityksessä (osajulkaisu III). Hovin kosteikolta otettiin maanäytteitä ennen 
kosteikon rakentamista ja sedimenttinäytteitä rakentamisen jälkeen kosteikon fosforin-
pidätystehokkuuden ja siihen vaikuttavien maaperäominaisuuksien arvioimiseksi 
(osajulkaisut I ja IV). Hovin kosteikolla tutkittiin myös konvektiovirtauksia lämpötila- ja 
happimittausten avulla (osajulkaisu V). Lisäksi veden virtauksen hidastumista Hovin 
kosteikossa tutkittiin tunnittaisten virtaama-aikasarjojen ja "reservoir routing" laskenta-
menetelmän avulla (osajulkaisu VI). Seuraavassa esitetään tutkimuksen tulokset ja johto-
päätökset pääpiirteissään.  

Kuinka suuri kosteikon tulee olla suhteessa siihen kohdistuvaan hydrologiseen 
kuormitukseen?  

Valumavesien käsittelyä varten rakennettavien kosteikkojen ainepoistuma-%:lla 
mitattavaan tehokkuuteen ei vaikuta niinkään kosteikon absoluuttinen koko (pinta-ala) 
vaan kosteikon pinta-alan suhde yläpuolisen valuma-alueen pinta-alaan. Tässä 
tutkimuksessa havainnoitujen kosteikkojen pinta-ala : valuma-aluesuhteet olivat 0,5 %, 3 
% ja 5 %. Vaikka saavutettuihin pidättymistuloksiin vaikutti muitakin tekijöitä, 
osoittautui juuri pinta-ala : valuma-aluesuhde merkittävimmäksi yksittäiseksi kosteikon 
puhdistustehokkuutta selittäväksi tekijäksi. Kun tarkastellaan sekä tämän että muiden 
vastaavien tutkimusten tuloksia, voidaan hyvällä syyllä päätyä samaan 2 %:n pinta-ala : 
valuma-aluesuhteen vähimmäissuositukseen, jota on esitetty muutamissa aiemmissakin 
selvityksissä ja tutkimuksissa. Monissa käytännön tapauksissa 2 %:n pinta-alasuhteen 
vaatimus voi kuitenkin olla epärealistisen suuri. Pienemmänkin suhteen omaavat 
kosteikot voivat silti olla hyödyllisiä esim. karkeita maalajeja sisältävillä alueilla. Lisäksi 
"2 %:n sääntöä" voidaan soveltaa siten, että k.o. suhteeseen pyritään koko valuma-alueen 
tasolla, jolloin yksittäisillä kosteikoilla suhde voi jäädä vähäisemmäksikin, kuten esim. 
uomaan rakennetussa allasketjussa. 

Millaiset kosteikon muotoiluratkaisut ovat hydraulisesti tehokkaita?  

Kosteikon hydraulisen tehokkuuden (λ) merkitys kasvaa erityisesti silloin, kun 
käytettävissä oleva pinta-ala suhteessa valuma-alueeseen on pieni. Näin siksi, että 
tehokkaalla koko kosteikkoalueen hyväksikäytöllä ilman oikovirtauksia ja seisovan veden 
alueita voidaan kompensoida lyhyttä nimellisviipymää. Periaatteessa mahdollisimman 
pitkänomainen virtausreitin muoto on hydraulisesti tehokas. Tämä ei välttämättä tarkoita, 
että kosteikosta täytyisi tehdä pitkä, suorakaiteen muotoinen allas, vaan tällaisen 
maisemallisesti ikävystyttävän ratkaisun sijaan pitkä virtausreitti voidaan saavuttaa 
kannasten avulla. Tästä hyvänä esimerkkinä on Hovin kosteikon muotoilu. Pitkän 
virtausreitin tavoittelussa ei kuitenkaan kannata mennä liiallisuuksiin, koska tällöin 
virtausnopeus alkaa kasvaa liiaksi. Suositeltava pituus : leveys suhde on 5:1, mikä takaa 
kosteikolle i) kohtuullisen korkean hydraulisen tehokkuuden, ii) kyvyn hidastaa 
merkittävästi virtausta ja iii) edellytykset maisemallisesti onnistuneeseen ratkaisuun. 

Vaikka virtausreitin muotoilu kannasten avulla Hovin tapaan takaakin korkean 
hydraulisen tehokkuuden, on kannasten huonona puolena se, että ne vähentävät 
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käytettävissä olevan kosteikkoalueen varastotilavuuspotentiaalia. Pitkänomaisella 
ratkaisulla saadaan alue tässä mielessä tehokkaammin hyödynnettyä, mikä voi olla tärkeä 
kriteeri tapauksissa, joissa kosteikolle varattu maa-ala on valuma-alueeseen nähden pieni. 
Pitkänomaisiin altaisiin usein liittyvää maisemallista yksitoikkoisuutta voidaan vähentää 
esim. pienillä saarekkeilla, vaihtelevilla kasvillisuusvyöhykkeillä sekä kaarevilla rantojen 
muodoilla. 

Erityisen suositeltava perusratkaisu on kaivaa syvempi, pysyvästi avovesipintaiseksi 
jäävä allasosa muuten matalan kosteikon alkupäähän. Tällainen veden varastotilavuutta 
lisäävä allas tasaa tehokkaasti kosteikkoon tulevia tulvahuippuja. Jos syvä ja matala osa 
vielä erotetaan toisistaan harjanteella (kuten Alastarossa) tai virtaussuunnassa 
poikittaisella kasvillisuusvyöhykkeellä (kuten Hovissa), niin oikovirtauksen riski edelleen 
vähenee. Ts. tällaiset ratkaisut edelleen parantavat kosteikon hydraulista tehokkuutta. 

Miten kosteikon maaperäominaisuudet vaikuttavat fosforin pidättymiseen?  

Tässä työssä tutkituista kosteikoista vain Hovi pidätti merkittävästi fosforia. Liuenneen 
fosforin osalta tärkein yksittäinen hyvää tulosta edesauttanut suunnitteluratkaisu oli 
aiemmin viljelykäytössä olleen ja siten pitkän lannoitushistorian omaavan 
ruokamultakerroksen poisto kosteikkoalueelta ennen kosteikon rakentamista. 
Rakentamisalueelta otetuista maanäytteistä tehdyt laboratorioanalyysit paljastivat 
pintamaan fosforinpidätyskyvyltään siinä määrin puutteelliseksi, että valuma-alueelta 
tulevan veden liuenneen fosforin pitoisuuksilla riski fosforin vapautumisesta ja 
joutumisesta alapuoliseen vesistöön olisi ollut ilmeinen. Pintamaan poisto esti tämän 
ongelman syntymisen, koska ruokamultakerroksen alapuolisen pohjamaan fosforin 
tasapainokonsentraatio oli laboratorioanalyysien mukaan niin matala, että fosforin 
vapautumista ei käytännössä voinut tapahtua. Tämä johtui siitä, että pohjamaassa oli 
runsaasti fosforilla kyllästymättömiä rauta- ja alumiinioksideja. Molemmat näistä 
yhdisteistä pidättävät fosforia hapellisissa (alumiinioksidit myös vähähappisissa) 
olosuhteissa. Lopulta pitkä viipymä yhdistettynä otollisiin maaperäominaisuuksiin takasi 
hyvän liuenneen fosforin pidättymistuloksen Hovin kosteikossa. 

Myös Alastaron kosteikosta pintamaa oli Hovin tapaan poistettu ennen kosteikon 
rakentamista, mutta siitä huolimatta liuenneen fosforin pidättymistä ei vuositasolla 
tapahtunut. Tarkkaa syytä heikkoon tulokseen on vaikea antaa, koska Alastaron 
pohjamaata ei analysoitu laboratoriossa samaan tapaan kuin Hovissa, mutta 
todennäköisimmät selittävät tekijät ovat lyhyempi viipymä ja pohjamaan oletettavasti 
matalammat fosforilla kyllästymättömien rauta- ja alumiinioksidien pitoisuudet kuin 
Hovissa. On myös mahdollista, että kosteikon toiselle sivustalle läjitetystä, kosteikosta 
poistetusta pintamaasta on tullut pintavalunnan mukana kosteikkoon fosforia, mikä 
heikensi mitattua pidätystulosta. Pintamaan poiston lisäksi tulisikin aina huolehtia myös 
siitä, että kuorittu ruokamulta kuljetetaan riittävän kauas kosteikosta. Liuenneen fosforin 
poistumia tarkasteltaessa on myös huomioitava, että niin Alastarossa kuin Hovissakin 
enimmillään n. viikon kestäneen automaattinäytteiden jääkaappisäilytyksen aikana 
mahdollisesti tapahtuneet liuenneen fosforin ja suspendoituneen kiintoaineksen väliset 
sorptioreaktiot aiheuttivat tuloksiin epävarmuutta, joka saattoi ilmetä esim. siten, että 
niiden perusteella lasketut Hovin ja Alastaron liuenneen fosforin pidätystehokkuudet 
olivat todellisia heikommat. Tarkkaa arviota virheen todellisista vaikutuksista on hyvin 
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vaikeaa tehdä, mutta sillä tuskin oli merkittävää vaikutusta kosteikkojen väliseen 
keskinäiseen eroon.  

Millainen merkitys konvektiovirtauksilla on hapen kulkeutumisessa kosteikossa?  

Hovin kosteikon syvänteestä ja kasvillisuusvyöhykkeestä mitattiin kesällä 2001 veden 
lämpötilaa ja hapen kyllästysastetta pinnan ja pohjan läheisyydestä. Elo-syyskuun aikana 
havaittiin etenkin syvänteessä selvää öisin tapahtuvaa happipitoisuuden nousua kosteikon 
pohjalla. Syynä tähän oli hapekkaan pintaveden kylmenemisen ja siten raskaammaksi 
muuttumisen aiheuttama virtaus kosteikon pohjalle, eli konvektiovirtaus. Kasvillisuus-
vyöhykkeessä ilmiö oli heikommin havaittavissa, koska siellä pohjanläheinen happi-
pitoisuus ei, todennäköisesti osmankäämien juurten sedimenttiin tuottaman hapen 
ansiosta, pudonnut päivisin kovin alas. 

Kosteikon pohjanläheisen hapellisuuden pysyminen mahdollisimman korkeana on 
tärkeää erityisesti liuenneen fosforin pidättymisen kannalta, koska adsorptioreaktio 
vedessä olevan fosforin ja maapartikkelien pinnoilla olevien rautaoksidien välillä 
edellyttää hapellisia olosuhteita. Hapettomissa oloissa ilmiö saattaa kääntyä 
päinvastaiseksi desorptioreaktioksi eli jo pidättyneen fosforin vapautumiseksi maa-
aineksesta. Siten konvektiovirtauksella on vesiensuojelullista merkitystä kesäaikaisen 
fosforin kosteikosta huuhtoutumisen vähentäjänä.  

Kuinka suuri osa tulevasta kuormituksesta voidaan pidättää ja virtaamahuipuista 
vaimentaa hyvin suunnitellun kosteikon avulla?  

Pääosa pelloilta lähtevästä vesistökuormituksesta ajoittuu Suomessa kevään 
lumensulamisjaksolle ja syyssateiden aikaan. Molempina vuodenaikoina lämpötilat ovat 
alhaiset ja biologinen aktiivisuus vähäistä. Tämä merkitsee sitä, että biologiseen 
toimintaan perustuvat poistoprosessit, kuten kasvillisuuden ravinteidenotto ja 
denitrifikaatio eivät toimi yhtä tehokkaasti kuin lämpimämmissä oloissa. Sen sijaan 
sedimentaatio eli kosteikkoon tulevassa vedessä suspensiona olevan kiintoaineen 
laskeutuminen ei riipu lämpötilasta, mikä tekee siitä ehkäpä tärkeimmän yksittäisen 
prosessin täkäläisiin oloihin rakennettavissa kosteikoissa. Niinpä maahamme 
rakennettavilla maatalouskosteikoilla voidaan poistaa kiintoainetta ja siihen sitoutunutta 
fosforia tehokkaastikin, kun taas typen poistumat jäävät useimmissa tapauksissa 
suhteellisesti vähäisemmiksi, koska pelloilta huuhtoutuva typpi esiintyy pääosin 
liuenneessa NO3-muodossa. Liuenneen, leville suoraan käyttökelpoisen fosforin poistuma 
ei sekään juuri riipu lämpötilasta vaan suurimmalta osin kosteikon 
maaperäominaisuuksista, minkä vuoksi poistumat eri kosteikoissa voivat vaihdella 
merkittävästi pohjamaan laadusta riippuen.  

Tässä tutkimuksessa havaitut ainepoistumat käyttäytyivät e.m. taustatekijöiden 
mukaisesti. Hovin kosteikossa kiintoaineen ja kokonaisfosforin poistumat olivat luokkaa 
60–70 %, mitä voidaan pitää erittäin hyvänä tuloksena kun otetaan huomioon, että Hovin 
valuma-alueen valtamaalaji on hitaasti laskeutuvaa savea. Kokonaistyppipoistuma oli 
selvästi matalampi, mutta silti huomattava (n. 35 %). Osajulkaisussa (I) raportoitu 
liuenneen fosforin poistuma Hovissa (jakso kesä 1999 – kevät 2000) jäi yhden 
kevätkuukauden aikaisen heikon tuloksen takia vain n. 30 %:iin. Osajulkaisussa (IV) 
esitetty selvästi korkeampi liuenneen fosforin poistuma (n. 50 %) sisälsi e.m. periodin 
lisäksi mittaukset vuoden 2001 kevät- ja syysjaksoilta. Pinta-ala : valuma-aluesuhteeltaan 
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pienemmässä Alastaron kosteikossa ja osin luonnontilaisessa Flytträskin kosteikossa 
ravinnepoistumat jäivät vähäisemmiksi ollen korkeimmillaankin vuositasolla 
kokonaisfosforille n. 20 % (Alastaro) ja kokonaistypelle runsaat 10 % (Flytträsk).  

Hovin kosteikolla tehty tulvahuippujen analyysi (osajulkaisu VI) osoittaa, kuinka 
voimakkaasti huippu vaimenee oikein suunnitellussa ja mitoitetussa kosteikossa. Korkein 
v. 2001–2002 tuntiarvoista havaittu Hovin valuma-alueelta tullut tulvahuippu oli 84 l s-1, 
eli kolminkertainen verrattuna kosteikkojen mitoituksessa yleisesti käytettyyn MHq-
arvoon (tietyn jakson päiväarvojen vuotuisten maksimien keskiarvo). Vastaavalla jaksolla 
kosteikosta lähtevä tuntiarvojen maksimi oli 22 l s-1. Tulevien ja lähtevien tulvahuippujen 
keskiarvot olivat tulo- ja poistoaukoilla 36 ja 11 l s-1. Siten tulvahuippu vaimenee Hovin 
kosteikon vaikutuksesta keskimäärin kolmasosaansa. Tulvahuipun voimakkaaseen 
vaimentumiseen vaikutti paitsi Hovin kosteikon suuri varastotilavuus, myös kosteikon 
poistoaukon muodon ja länsirannan loivapiirteisen tulva-alueen yhteistoiminta. 
Tulvahuipun tullessa kosteikkoon teräväkulmainen (30º) poistopato pakotti veden 
nousemaan nopeasti. Laajan tulva-alueen ansiosta vedellä oli nopean ulospurkautumisen 
sijaan tilaa levittäytyä ja siten viipyä kosteikossa pidempään. Tällainen kosteikon avulla 
aikaansaatava suurimpien vedennopeuksien hidastuminen vähentää tehokkaasti 
uomaeroosiota.  

Rakennettujen kosteikkojen merkitys vesiensuojelussa.  

Tulokset osoittavat selvästi miten suuri merkitys kosteikon suunnittelulla ja mitoituksella 
on niillä saavutettaviin ainepoistumiin. Riittävän viipymän takaaminen on erityisesti 
typenpoiston kannalta tärkeää, koska denitrifikaatioprosessi toimii sitä hitaammin mitä 
kylmemmät ovat olosuhteet ja Suomessa pääosa kuormituksesta ajoittuu kylmiin 
jaksoihin. Toisaalta erinomaisestikaan toimivat kosteikot eivät juuri paranna alapuolisen 
vesistön tilaa jos ne ovat pieniä ja niitä on valuma-alueella liian vähän. Vaikka esim. 
Flytträskissä saavutetut vuotuiset ainepoistumat olivat suhteellisesti (%:eina tulevasta 
kuormituksesta) vaatimattomia, ne olivat absoluuttisina kg:ina Hoviin verrattuna fosforin 
osalta 7- ja typen osalta jopa 15-kertaiset. Tämä vertailu korostaa sitä, että todellisten 
vesiensuojeluvaikutusten aikaansaamiseksi yksittäiset, hyvinkään toteutetut ratkaisut 
eivät sinällään riitä. Vesiensuojelun suunnittelun tuleekin olla kokonaisvaltaista valuma-
aluetasolla siten, että toimenpiteitä kohdennetaan oikeisiin paikkoihin ja toteutetaan 
riittävässä määrin tavoitteena olevan kuormitusvähenemän aikaansaamiseksi. Flytträskin 
esimerkki osoittaa lisäksi, että laajoista kosteikkohankkeista, joiden suunnittelun 
pääpaino on muualla kuin kuormituksen vähentämisessä (esim. tulvasuojelu tai 
habitaattien luominen linnustolle), on myös vesiensuojelullista hyötyä. 
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