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Abstract 17 

Peatland-based treatment wetlands that purify incoming water by means of 18 

natural physical, chemical and biological processes belonging to the peatland 19 

ecosystem are widely used at Finnish peat extraction sites. They can comprise 20 

either undrained or drained overland flow areas (OFAs or DOFAs), with the OFAs 21 

representing the best available technology (BAT) for peat extraction. We analyse 22 

here the long-term treatment performance of these OFAs and DOFAs and factors 23 

affecting this performance. Data on 14 OFAs and DOFAs in different parts of 24 
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Finland were taken from the extensive long-term environmental pollution control 25 

databases. Nearly half of these wetlands had been monitored for at least 4 years 26 

and seven for 8-23 years. The results indicated that peatland-based treatment 27 

wetlands purify drainage water as efficiently as other natural treatment wetlands 28 

on soils in general, the common challenge being phosphorus retention. Iron was 29 

also efficiently retained. The average reductions were highest in OFAs with good 30 

hydraulic function, and these also showed long-term water protection 31 

performance. An important factor affecting purification efficiency was the 32 

hydraulic loading rate. Important system design elements in this regard were the 33 

size of the wetland in relation to its catchment area, its gradient, the length of the 34 

water flow route within the wetland, and the efficient flow area of the wetland. The 35 

results regarding the latter two design elements strongly indicate that not all the 36 

areas potentially suitable in DOFAs for water purification are yet being used 37 

efficiently. 38 

 39 
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 43 

1. Introduction 44 

 45 

Peatland-based treatment wetlands that purify incoming water by means of 46 

natural physical, chemical and biological processes that occur in the peatland 47 

ecosystem are now being widely used as water pollution control methods in 48 
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Finnish peat extraction areas. They are built on either undrained or formerly 49 

drained overland flow areas (OFAs or DOFAs). 50 

 51 

The drainage water from a peat extraction area flows from the sedimentation 52 

basin via the outlet and distribution ditches to the OFA, and horizontally through 53 

the water-permeable surface moss and peat layers in it (Ihme et al., 1991b; 54 

Ronkanen & Kløve, 2008) to the collection ditches downstream of it.  There is 55 

generally also a sedimentation basin above a DOFA, where water is spread by a 56 

ditch or pool, although perforated pipes spreading through the wetland are also 57 

often used (Postila et al., 2014). In DOFAs the water flows both in the ditches and 58 

in the moss/peat surfaces between the ditches, the ditches being partly blocked 59 

with peat or straw dams. 60 

 61 

According to the treatment wetland classification of Kadlec & Wallace (2008), 62 

these peatland-based wetlands that purify water by means of natural physical, 63 

chemical and biological processes inherent in the peatland ecosystem can be 64 

viewed as natural systems. In many cases the drainage water to be purified also 65 

flows into these wetlands naturally by gravity, although nowadays this is more 66 

commonly achieved by pumping. 67 

 68 

OFAs are considered to represent the best available water purification technology 69 

(BAT) for peat extraction sites in Finland and have been in general use for this 70 

purpose since the early 1990s. The Finnish “model” for the method, the OFA of 71 

the Kompsasuo peat extraction site in northern Finland (65o45´N, 26o00´E, 110 72 
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m a.s.l.), gave good purification results in the early years following its 73 

establishment in 1987 (Ihme et al., 1991 a, b; Ihme, 1994) and has also done so 74 

in recent times (Karjalainen et al., 2016), to the extent that the official 75 

dimensioning and operating instructions for OFAs (Ihme et al., 1991b; Savolainen 76 

et al., 1996; Ministry of the Environment, 2013) are largely based on the structural 77 

properties of this wetland. 78 

 79 

It has been shown that peat extraction water can also be purified using DOFAs 80 

(Postila, 2007; Postila , 2016; Postila et al., 2011, Postila et al., 2014). In fact their 81 

use in peat extraction areas is increasing, because the Finnish areal planning 82 

strategy (Ministry of the Environment, 2007) directs peat extraction operations to 83 

already drained peatland areas.  84 

 85 

Other water pollution control methods applied in peat extraction areas are 86 

careful peat lifting practices, field ditch retainers, peak runoff control and 87 

sedimentation basins (Ihme et al., 1991c; Marttila and Kløve, 2009). These 88 

methods mainly reduce loading with suspended solids (SS) and the particulate 89 

P, N, C and Fe transported by these. In addition to SS, OFAs and DOFAs also 90 

reduce loading with dissolved nutrients (PO4-P, NO2,3-N, NH4-N). Peat 91 

extraction water can also be purified by chemical methods (Heiderscheidt et al., 92 

2013). 93 

 94 

We examine here the long-term performance of OFAs and DOFAs and factors 95 

affecting this, using data taken from the comprehensive, long-term mandatory 96 
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environmental pollution control databases of Vapo Oy for different parts in 97 

Finland. We aim to study i) how peatland-based treatment wetlands operate on 98 

a long-term basis, and ii) how the physical properties of wetlands affect the 99 

purification results. 100 

 101 

2. Water-purifying processes in peatland-based treatment wetlands 102 

 103 

The natural physical, chemical and biological processes taking place in the 104 

peatland ecosystem that serve to purify the water entering peatland-based 105 

treatment wetlands have been studied mainly in the OFAs, the main site for this 106 

research being the Kompsasuo OFA in northern Finland (65o45´N, 26o00´E, c. 107 

110 m a.s.l.). It is probable, however, that largely the same processes also occur 108 

in DOFAs, especially in the undrained peatland surfaces between the ditches. 109 

 110 

The Kompsasuo OFA is situated in a minerotrophic peatland area in the southern 111 

aapa mire zone. The mire, which is surrounded by coniferous forests of the mid-112 

boreal type, was prepared for peat extraction in 1986-89, and actual extraction 113 

started in 1989. The OFA was taken into use at the beginning of 1987, during the 114 

preparation phase.  115 

 116 

Kompsasuo is a pine mire, with a typical field layer vegetation for its area, 117 

including Carex spp, Menyanthes trifoliata, Vaccinium spp., Potentilla palustris 118 

and Betula nana. The ground layer vegetation is highly dominated by Sphagnum 119 

spp. species. A careful survey of its vegetation was conducted at the time of its 120 
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peak standing crop in mid-August 1992 (Huttunen et al., 1996), when it had been 121 

in use for 6 years, the main aim of the survey being to study the role of the 122 

vegetation as a nutrient sink (see section 2.1.). Out of the 54 taxa identified in the 123 

OFA, 18 are indicators of swamp influence (additional nutrient input from surface 124 

flow), among which the projection coverages of Menyanthes trifoliata and Carex 125 

lasiocarpa in particular, being species that favour flooded sites, were highest in 126 

the upper part of the OFA, near its distribution ditch. The peat mosses in the 127 

ground layer were dominated by Sphagnum angustifolium, but also included S. 128 

papillosum, S. warnstorfii and seven other Sphagnum species. The predominant 129 

brown moss species in the area were Aulacomnium palustre, Calliergon 130 

stramineum, Plagiomnium ellipticum  and Warnstrorfia exannulata. Eleven other 131 

brown moss species were also found in the area.   132 

 133 

The prevailing peat type in the 0-5 cm surface layer of the Kompsasuo OFA was 134 

Menyanthes-Carex-Sphagnum peat with the degree of humification between H1 135 

and H3 on the von Post scale (von Post, 1922) in September 1989, when the 136 

OFA had been in use for almost three years. The corresponding properties in the 137 

5–15 cm and 15-50 cm depth layers were Menyanthes-Carex-Sphagnum peat 138 

(H3) and the Sphagnum-Carex peat (H4), respectively. In 2001, after 14 years of 139 

use for water purification, the prevailing peat types were the Sphagnum-Carex 140 

peat in the 0-30 cm layer and Carex-Sphagnum in the 30-80 cm layer (Ronkanen 141 

and Klove, 2005) indicating increases in the projection coverages of Carex sp. in 142 

the OFA, as could also be seen by visual observation. The degree of humification 143 

was H1-H5 in the upper 0-30 cm layer and H4-H5 deeper down, at 30-80 cm. 144 
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During the both periods the degree of peat humification in the OFA increased with 145 

increasing depth of the peat layer as in other peatlands (Huikari, 1959; Boelter, 146 

1969; Korpijaakko and Radforth, 1972; Päivänen, 1973). 147 

 148 

The water flow in an undrained peatland-based treatment wetland (OFA) is 149 

lateral, because the hydraulic conductivity (K, in situ) of peat decreases with its 150 

increasing degree of humification (Huikari, 1959; Boelter ,1969: Korpijaakko and 151 

Radforth, 1972; Päivänen, 1973). This flow is affected also by the 152 

microtopography (small forms) of the peatland surface layers. The Kompsasuo 153 

OFA is situated in the area of aapa-mires in northern Finland, where this 154 

microtopography is formed by higher hummock banks and lower flarks and 155 

strings (rimpis, puddles). In this environment water flows across strings and 156 

percolates through the surface layers of the peat. During the momentary local 157 

high water conditions, after prolonged rain or during spring melt, low strings may 158 

become submerged and water movement may occur as sheet flow across 159 

broader areas of the wetland. As the water level falls, usual surface flow is 160 

continued. 161 

 162 

It is important that water is percolated also within the peat matrix, because many 163 

processes in the peat have central roles in water purification. On the basis of K-164 

value measurements in 2001 Ronkanen and Klove (2005) calculated the 165 

following flow velocities for the different peat layers in the Kompsasuo OFA:  6.1 166 

m h-1 in the 0-10 cm surface layer and 5.0 m h-1, 5.3 m h-1, 5.6 m h-1, 3.0 m h-1, 167 

0.6 m h-1 and 9.1 mm h-1 at depths of 10-20 cm, 20-30 cm, 30-40 cm, 40-50 cm, 168 
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50-60 cm and 60-70 cm, respectively. The authors drew two important 169 

conclusions from these results regarding the hydraulic properties of the OFA: 1) 170 

The effective flow depth, i.e. that at which water purification occurs in the OFA, 171 

can extend to 50 cm, and 2) fairly high hydraulic conductivity is maintained in the 172 

OFA despite it having been used for water purification for several years. 173 

 174 

On the basis of material balance studies of the Kompsasuo OFA performed by 175 

Huttunen et al. (1996; see section 2.1) plant uptake represents only a small 176 

annual N and P sink in peatland-based treatment wetlands in undrained peatland 177 

areas, as is also generally true of other treatment wetlands (Richardson and 178 

Nichols, 1985; Vymazal and Kröpfelova, 2008; Kadlec and Wallace, 2008). This 179 

indicates that there are other processes at work in the water-permeable moss 180 

and peat surface layers of OFAs that are important for water purification. 181 

 182 

One notable sink for N in OFAs is probably biological nitrification-denitrification, 183 

as also found generally in horizontal subsurface flow constructed wetlands (HS 184 

CWs) (Vymazal, 2010).  The surface layers of these undrained peatland-based 185 

treatment wetlands show a rapid decrease in redox potential (Eh) with increasing 186 

depth, as is common in peatlands (Lähde, 1969; Papendick and Runkles, 1966). 187 

In September 1991 the following Eh-values were measured at the different depths 188 

of the peat layer in the Kompsasuo OFA, 50 m below the distribution ditch (OFA) 189 

and the reference peatland area being situated 25 m from the OFA collection 190 

ditches (RA): 191 

 192 

The depth of the peat layer (cm) Eh in OFA (mV) Eh in RA (mV) 193 

2-6   from 26 to 49 from 81 to 161 194 
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8-10   from -31 to -110 from 70 to 134 195 

10-20   from -110 to -305 from 146 to -151 196 

20-30   from -192 to -304 from -131 to -181 197 

30-40   from -122 to -192 from -121 to -136 198 

 199 

The results indicate that there is decrease in the Eh –values with increased water 200 

flow in the OFA. They also show that aerobic/anaerobic interfaces for sequential 201 

nitrification and denitrification are created in OFAs with increased depth of their 202 

peat layers, whereupon the air space is diminished and the oxygen content of the 203 

soil water reduced. The number of these interfaces is increased further by oxygen 204 

transport into the root zone through the air spaces of the stems and roots of 205 

aquatic macrophytes growing in the area, as normally found in wetlands (Reddy 206 

et al., 1989). There are also plenty of surface moss and peat layers and tissues 207 

of vascular plants in the OFAs that offer living environments for the bacterial 208 

biofilms involved in the nitrification-denitrification process (Bastviken, 2006). All 209 

this data indicates that the role of nitrification-denitrification in reducing N in OFAs 210 

should be studied further. More data should be acquired, especially on the effects 211 

of soil acidity on denitrification, which proceeds slowly below pH 5.5 (Lance, 212 

1972). During field studies at the Kompsasuo OFA in 1991 the pH values in its 2-213 

10 cm surface layer ranged from 5.6 to 5.7 and those in the deeper 10-40 cm 214 

layer from 5.2 to 5.8. 215 

 216 

There is also adsorption of NH4
+ to peat in OFAs (Heikkinen et al., 1995a),  217 

although this is mainly temporary, because the adsorbed NH4
+ is exchangeable 218 

and can be mobilized from the peat as a result of nitrification and subsequent N 219 

loss through denitrification. NH4
+ can also be assimilated by plants and peat 220 

microbes in the OFA. 221 
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 222 

The main PO4 retention process in an OFA is chemical adsorption to the peat 223 

(Heikkinen et al., 1995b). There is also retention of organic Fe-P-colloids 224 

(Heikkinen and Ihme, 1995) and SS (particulate P, N, Fe and also organic and 225 

inorganic matter) from the peat extraction water. In order to obtain good water 226 

purification results, an OFA must be planned and constructed so that the purified 227 

water is in contact with the surface moss and peat layers of the wetland. 228 

 229 

One  N and P sink in OFAs could also be the microbial cell tissue. It has been 230 

noted in many treatment wetlands (Jenkinson and Ladd, 1981; Nichols, 1983; 231 

Jonasson and Michelsen, 1996) that microbial biomass also has a role in annual 232 

long-term N and P retention, and this should be clarified further in the case of 233 

peatland-based treatment wetlands. 234 

 235 

Runoff water from peat extraction sites is characterized by high concentrations of 236 

dissolved organic matter (DOM) and Fe. In this water, as in organically coloured 237 

river and lake water in general (Heikkinen, 1990; Jones et al. 1993), Fe is bound 238 

mainly by the high apparent molecular weight DOM fraction (HAMW DOM) 239 

(Heikkinen, 1990). In peat extraction areas the Fe content of this fraction 240 

(Heikkinen, 1990), and thus probably also its susceptibility to physical, chemical, 241 

and biological precipitation (Kunze, 1982), is elevated, which is likely to be the 242 

main reason for the increased sedimentation of fine particulate matter with a high 243 

Fe content on stream and river riffle beds downstream from peat extraction areas 244 

(Laine and Heikkinen, 2000). This Fe accumulation may be a crucial factor in 245 
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weakening the conditions for salmonid reproduction (Laine et al., 2001) and 246 

growth (Laine, 2001) in these areas. These impacts can be reduced by purifying 247 

the water in OFAs and DOFAs, which retain Fe-rich HAMW DOM from peat 248 

extraction drainage water (Heikkinen and Ihme, 1995; Heikkinen and Karppinen, 249 

2015). 250 

 251 

2.1 The role of plants in water purification 252 

 253 

Material balance studies of the Kompsasuo OFA have indicated that plant uptake 254 

represents only a small annual N and P sink in the treatment wetlands created 255 

on undrained peatlands (Huttunen et al., 1996), as in other treatment wetlands 256 

(Richardson and Nichols, 1985; Vymazal and Kröpfelova, 2008; Kadlec and 257 

Wallace, 2008). These studies were performed at the time of the peak standing 258 

crop in mid-August 1992 (Huttunen et al., 1996), when the OFA had been in use 259 

for 6 years, and involved a careful survey of the vegetation of the OFA and its 260 

reference area (RA), the latter being situated in a peatland area 25 m from the 261 

OFA collection ditches. The work included analyses of above-ground and below-262 

ground plant biomass in 12 quadrats of 1 m x 1 m in the OFA and 8 quadrats of 263 

the same size in the RA, the above-ground biomass being classified into three 264 

groups: shrubs, sedges plus graminoids, and herbs. Biomass samples of 265 

bryophytes were gathered from areas of 0.02 m2. The below-ground parts 266 

(rhizomes and roots) were collected from peat monoliths of volume 2 l (cross-267 

section 10 cm x 10 cm and cut down to a depth of 20 cm, thus comprising the 268 

“essential subterranean phytomass”, Sjörs, 1991), and all living parts with a 269 
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diameter of at least 1 mm were separated out manually. Analyses with two 270 

replicates were performed for total N and total P on all the biomass samples. The 271 

increases in N and P in the total phytomass of the OFA were estimated by 272 

subtracting the values measured in the RA from those measured in the OFA and 273 

comparing the results with the figures for the total retention of N and P in the OFA 274 

as indicated by hydraulic and water quality monitoring (Ihme, 1994). The main 275 

results of this study at the species level are presented in part 2 of this paper. 276 

 277 

The results indicate that during the 6 years of using the OFA for water purification 278 

there was an increase in the amount of N in its total phytomass, but that this 279 

increase accounted for only about 4% of the total inorganic N removal monitored 280 

during this period. In the case of P there was a decrease in the total phytomass 281 

which accounted for nearly 20% of the PO4-P retention monitored. There were 282 

changes in the amounts of phytomass, but also in their nutrient content. The 283 

phytomasses of herbs, sedges, graminoids and below-ground parts of plants 284 

increased, but those of shrubs and bryophytes decreased. The average N 285 

concentration of the total phytomass in the OFA increased from 1.00 to 1.24% of 286 

dry weight, but the average P concentration decreased from 0.26 to 0.22% of dry 287 

weight. The highest N and P concentrations were measured in the herbs and the 288 

lowest in the below-ground phytomass.  289 

 290 

The role of the vegetation as a nutrient sink may be more prominent in DOFAs 291 

than in OFAs. Silvan et al. (2004) reported a major role for plant uptake in nutrient 292 

removal in a restored peatland buffer, i.e, a peatland drainage area restored for 293 
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water protection purposes to form a buffer between a land used for active forestry 294 

and a water body. It is probable, however, that in the long term the role of the 295 

vegetation as an annual nutrient sink is also small in DOFAs, as it is in water 296 

pollution control wetlands in general.  297 

 298 

Although the role of the vegetation as an annual nutrient sink is small in OFAs, it 299 

is important that the vegetation should grow well in them, because this 300 

accelerates the functioning of water purifying processes in many ways. For 301 

example, it provides a substrate for the growth of bacterial nitrification-302 

denitrification biofilms (Eriksson and Weisner, 1997; Toet, 2003; Bastviken, 303 

2006), diffuses oxygen from roots to the rhizosphere, and insulates the bed 304 

surface during the cold season (Brix, 1994). As we all know, vegetation is also a 305 

prerequisite for the existence of peatlands, since these are formed by the 306 

accumulation of organic matter (peat) from dead and decaying plant material 307 

under conditions of permanent water saturation. 308 

 309 

 310 

 311 

3. Materials and methods 312 

 313 

Data on the peatland-based treatment wetlands to be studied here, together with 314 

monitoring data on outflow discharge and the quality of the inflow and outflow 315 

water, were taken from the Vapo environmental database, which covers 39 such 316 

treatment wetlands. A monitoring period of at least one year was required. On 317 
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this basis a database covering 28 treatment wetlands in different parts of Finland 318 

(Fig. 1, Table 1) was established for further study. Of these wetlands, 14 were 319 

undrained (OFAs) and 14 drained (DOFAs). 320 

 321 

All the wetlands forming the database (Tables 1 and 2) had been planned and 322 

constructed on peatlands according to the existing operating instructions (Ihme 323 

et al., 1991b; Savolainen et al., 1996; Ministry of the Environment, 2013), and 324 

their plans and realizations had also been checked by the water authorities, 325 

because environmental permits are required for peat extraction. 326 

 327 

 328 
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 329 
Fig.1. Map of Finland showing the location of the peat extraction areas where 330 

the peatland-based treatment wetlands studied are situated. 331 

 332 

 333 

 334 

 335 

 336 

 337 
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Table 1. Location, monitoring period and frequency, area, percentage of wetland in relation to catchment area, length/width-
ratio, and peat thickness of the wetlands studied. Location: S-F = Southern Finland, M-F = Middle Finland, W-F = Western 
Finland, E-F = Eastern Finland, N-F = Northern Finland. 
 

 Wetland Location Monitoring Area Length/width 
ratio 

Peat 
thickness 

(m) 

   Period n  ha % of 
drainage 

basin 

  

OFA with good hydraulic function        
 Konnunsuo OFA2 E-F 2007-2012 66  24.6 9.8 0.9 1.4 
 Korentosuo N-F 2008-2013 35  10.5 5.6 1.2 1.0 
 Kuivastensuo E-F 2003-2012 139  2.8 3.4 1.1 3.0 
 Linnansuo E-F 2003-2012 158  6.3 9.0 1.6 0.9 
 Muljunaapa N-F 2004 10  4.5 3.3 0.8 3.0 
 Nanhiansuo W-F 2006-2013 157  3.3 3.8 2.2 2.9 
 Puutiosuo OFA 2-3 N-F 2001-2012 77  6.2 3.5 2.1 2.1 
 Ristineva M-F 2006-2013 122  9 4.1 4.4  
 Rukoneva E-F 2009-2013 90  3.9 5.4 2.5  
 Saariaapa N-F 2012-2013 14  6.9 8.9 1.2 1.5 
 Siiviläniemenaapa N-F 2005-2006 20  4.4 2.9 1.3 1.6 
 Vasamaneva N-F 2011-2013 23  2.8 4.7 1.1 2.0 

OFA with weak hydraulic function        
 Laukkuvuoma N-F 2004-2005 20  1.1 2.6 1.9 0.8 
 Savonneva W-F 2001-2004 62  2.7 2.5 6.1 0.5-2.0 

DOFA        
 Hankilanneva DOFA2 N-F 1991-2012 72  8.6 2.6 0.7 2.1 
 Hormaneva northern W-F 2008-2010 48  4.6 4.2 3.0 1.9 
 Isoneva E-F 2003-2005 62  10.0 7.9 1.1 2.7 
 Kapustaneva N-F 2008-2010 47  6.9 4.4 0.5 1.4 
 Karhunsuo E-F 1997-2009 113  7.0 2.8 1.1 2.5 
 Kiihansuo E-F 1999-2009 76  2.8 3.8 1.4 3.7 
 Kynkäänsuo DOFA1 N-F 2007-2011 6  3.9 3.5 1.0 0.7 
 Luomaneva N-F 2009-2010 15  3.2 2.7 0.8 2.6 
 Okssuo S-F 2002-2008 67  3.0 3.8 3.6 2.0 
 Rajasuo E-F 1998-2010 128  22.5 6.4 2.5 1.3 
 Röyhynsuo S-F 2008-2010 29  7.8 4.8 0.4  
 Saarineva E-F 2011-2013 22  6.0 5.1 0.8 1.7 
 Vittasuo W-F 2005-2009 97  2.5 4.2  3.9 
 Äijönneva N-F 2008-2010 47  5.8 5.3 0.5 1.2 

  338 



17 
 

Nearly half of the treatment wetlands in the database were monitored for at least 339 

4 years, and in seven cases for even longer, 8 – 23 years (Table 1). In most cases 340 

the water samples were taken at two week intervals in summer and autumn, 341 

monthly in winter, and weekly in spring, always from the inflow and outflow of the 342 

wetland. They were then analysed for total nitrogen (total N), total phosphorus 343 

(total P), chemical oxygen demand (CODMn) and SS. During frost-free periods 344 

the concentrations of NH4-N, NO2,3-N, PO4-P and total iron (total Fe) were also 345 

analysed. The analyses were performed in FINAS-accredited laboratories using 346 

standard (SFS and ISO) methods. 347 

 348 

Discharges were monitored by means of triangular Thompson´s measuring weirs 349 

below the wetlands, some of the weirs being equipped with an automatic water 350 

level recorder. These discharge values were taken to represent the hydraulic 351 

loads imposed on the wetlands, since typically there was no inflow discharge 352 

information available. 353 

 354 

The OFAs were classified on the basis of their hydraulic function (Table 1), which 355 

was assessed in the field. In this classification good hydraulic function was taken 356 

as implying an absence of obvious bypass flows and a uniform distribution of 357 

water in the wetland. 358 

 359 

Data on the design elements of the wetland system were taken or calculated from 360 

the environmental permits issued to the peat extraction company, Vapo. These 361 

included the size of the wetland in relation to its catchment area, the length of 362 
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water flow route within the wetland, and the efficient flow area and gradient of the 363 

wetland. The efficient flow area was taken to be the proportion (%) of the wetland 364 

area over which run-off water is spread in the OFAs and DOFAs in summer. For 365 

practical water management purposes this proportion is estimated mainly by eye 366 

during the early use of the wetlands and again later as needed. Although this 367 

estimation method is quite rough, it gives valuable information on the internal flow 368 

patterns of a wetland and possible reconstruction needs. 369 

 370 

Nutrient, SS, CODMn and Fe reductions were calculated as the difference 371 

between the periodic mean inflow and outflow concentrations during the frost-372 

free (May – October) and winter (November – April) periods. The effects of 373 

hydraulic loading and wetland system design elements on the reduction 374 

performance were analysed by Spearman correlation and regression analysis 375 

using the OFA, DOFA, and OFA + DOFA data, while the effect of the hydraulic 376 

loading rate was also assessed using data for each of the treatment wetlands. 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

4. Results and discussion 386 
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 387 

4.1 System design elements, hydraulic loading rate and the quality of 388 

water purified  389 

 390 

The surface area of the treatment wetlands ranged from 1.1 to 24.6 ha (Table 1), 391 

comprising 2.9-9.8% of the drainage basin in the case of the OFAs, and 2.6-7.9% 392 

for the DOFAs. Six OFAs were smaller than 3.8% of their drainage basin, the 393 

minimum size recommended for OFAs in the present water pollution control 394 

regulations (Ihme et al. 1991a, Savolainen et al. 1996, Ministry of the 395 

Environment 2013). The length/width ratio of the OFAs ranged between 0.8-6.1, 396 

and that of the DOFAs between 0.4-3.6.The peat depth ranged from 0.5 to 2.9 m 397 

in the OFAs, and was 0.5 m or over in all cases, as recommended in the 398 

regulations. In the DOFAs the peat depth was 0.7-3.9 m.  399 

 400 

The hydraulic loading rate ranged from 133 to 1499 m3d-1ha-1 in the OFAs, and 401 

from 66 to 1637 m3d-1ha-1 in the DOFAs (Table 2). These values based on outflow 402 

discharges are probably slight underestimates in the DOFAs due to 403 

evapotranspiration losses and recharging of the ground-water system below 404 

some of the wetlands (Postila et al., 2015a). The hydraulic loading rate was 405 

mostly controlled by pumps above the wetlands. 406 

 407 

The length of the water flow route within the wetland was 170-570 m in the OFAs 408 

and 50-600 m in the DOFAs, and the gradient was 0.002-0.8% and 0.003-0.8%, 409 

respectively. There were bypass flows in about half of the OFAs and most of the 410 
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DOFAs. The efficient flow area, i.e. the active surface area for water purification 411 

purposes, was 60–100% in the OFAs and 40–100% in the DOFAs, but estimates 412 

of the efficient flow area were not available for six OFAs and seven DOFAs. 413 

 414 

The concentrations of suspended solids (SS) are quite high in the peat 415 

extraction waters purified (Table 3). The main characteristics of these waters 416 

are also high concentrations of dissolved organic matter, Fe and P. Dissolved 417 

organic P has been estimated to form approx. 30% of the total P found in the 418 

runoff water from the OFA of Kompsasuo in 1989 (Ihme et al., 1991b).  419 

 420 

 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

  444 

 445 
Table 2. Method used for spreading incoming water, average hydraulic loading rate, length of water flow route, gradient, 
proportion of tussocks, bypass flows and efficient flow area during dry summer periods in the wetlands studied. 

 

Wetland 

Method of 
spreading the 

water 
GR=gravitation 

Hydraulic 
loading  

(l s-1 km-2) 

Length of water 
flow route within 

the wetland 
(m) 

Gradient 
(%) 

Obvious 
bypass 
flows 

Average 
utilization 

rate at 
dry 
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PU=pumping summer 
period  

(%) 

OFA with good hydraulic function      
 Konnunsuo OFA2 PU 183 500 0.002 no 70 
 Korentosuo PU 368 400 0.38 yes 90 
 Kuivastensuo PU 491 170 0.80 no 90 
 Linnansuo PU 581 300 0.50 no 100 
 Muljunaapa PU 458 220 0.60 yes 60 
 Nanhiansuo PU 355 230 0.40 yes 65 
 Puutiosuo OFA 2-3  233 430 0.35 yes 90 
 Ristineva PU 339 570  yes  
 Rukoneva GR 499 320  no  
 Saariaapa GR 437 260  no  
 Siiviläniemenaapa PU 1734* 225 0.08 no  
 Vasamaneva PU 334 190 0.30 yes  

OFA with weak hydraulic function      
 Laukkuvuoma GR 154 170    
 Savonneva PU 393 380 0.30 no 90 

DOFA      
 Hankilanneva DOFA2 PU 752 270 0.07 yes 100 
 Hormaneva northern PU 828 50 0.25 yes 10 
 Isoneva PU 371 225 0.30 no 70 
 Kapustaneva PU 333 130 0.30 yes  
 Karhunsuo PU 340 225 0.35   
 Kiihansuo PU 546 200 0.80 yes 90 
 Kynkäänsuo DOFA1 PU 439 250 0.20 yes  
 Luomaneva PU 139 175 0.80 yes  
 Okssuo PU 514 270 0.14 yes  
 Rajasuo PU 76 600 0.003 yes 100 
 Röyhynsuo PU 192 150  yes 80 
 Saarineva PU 1894* 210 0.40 yes  
 Vittasuo PU 432  0.65   
 Äijönneva PU 322 135 0.25 yes 40 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

Table 3. Average quality of the inflow water purified in the peatland-based treatment wetlands at peat extraction areas in 
Northern (N-F), Southern (S-F), Eastern (E-F) and Western (W-F) Finland.  

Period n CODMn     Total Fe  
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Peat 
extraction 
area 

Loca-
tion 

SS           
(mg l-1) 

(mg O2 l-1) (mg l-1) 
Total P         
(µg l-1) 

PO4-P    
(µg l-1) 

Total N 
(mg l-1) 

NH4-N 
(mg l-1) 

NO2,3-N 
(mg l-1) 

Siiviläniemen 
-aapa N-F 2005-2006   20 17.0 17.7 10.0   39 19 2.4 1.2 0.1 

Konnunsuo N-F 2007-2009   36 13.3 27.9   3.5 103 18 1.4 0.2 0.2 

Karhunsuo S-F 1998-2009 112 15.1 70.5   2.7   79 30 2.3 0.6 0.04 

Okssuo S-F 2002-2008   67 18.6 68.4   4.6 120 30 2.6 1.3  

Isoneva E-F 2003-2005   47 17.9 64.1   5.5 107 18 2.5 1.1 0.1 

Linnansuo E-F 2003-2009 120 17.7 34.1   1.6   40  1.3 0.5 0.1 

Hormaneva W-F 2008-2010   48   8.2 48.1   2.5 100 32 2.9 1.6  

Savonneva W-F 2001-2004   63 16.6 60.4   3.7   97 15 2.8 0.8   

 464 

 465 

 466 

 467 

 468 

4.2 Treatment efficiency 469 

 470 

The results indicated that both types of peatland-based wetlands remove and 471 

retain nutrients and SS from drainage water as effectively as do other natural 472 

treatment wetlands on soils in general (Tables 4 and 5). In a study by Fisher & 473 

Acreman (2004) collating data on P and N reductions in 57 natural wetlands in 474 

16 countries around the world retention of nutrients was observed in most of 475 

these wetlands (80%). Inorganic N and PO4-P are also reduced effectively in 476 

forested (Vikman et al., 2010; Hynninen et al., 2011) and restored (Silvan et al., 477 

2005) peatland buffer zones in Finland. The average reductions in OFAs with 478 

good hydraulic function during the frost-free period according to our present data 479 

(Table 4) were of the same order as reported for HS CWs treating wastewater: 480 

SS 75% (n= 367), total P 50% (n=272) and total N 43% (n=208) (Vymazal, 2010). 481 

The reduction levels were also generally similar to those in the Finnish model, the 482 

Kompsasuo OFA, at the start of its use for runoff water purification in 1987 -1989: 483 

SS 61%, CODMn 23%, total N 56%, inorganic N 60%, total P 54% and PO4-P 51% 484 
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(Ihme et al., 1991a). This indicates good treatment performance for the OFAs 485 

with respect to water protection.  486 

 487 

Retention of SS, P, N and Fe was also observed in winter in the OFAs with good 488 

hydraulic function (Table 5), although the average N reduction was clearly lower 489 

than during the frost-free period and the average SS and P reductions somewhat 490 

lower (Tables 4 and 5). The poorer treatment performance of the OFAs in winter 491 

was probably mainly due to the low temperatures, at least partial freezing of the 492 

surface peat layers, and the lack of nutrient-assimilating vegetation. It is also 493 

possible that there may have been a decrease in peat P sorption capacity, as P 494 

sorption reactions are endothermic (Jin et al., 2005). The average N reduction in 495 

the present DOFAs was markedly smaller in winter than during the frost-free 496 

period (Tables 4 and 5), but the average SS, total P, PO4-P and total Fe 497 

reductions were slightly higher. This is probably mainly due to increased SS 498 

retention in ditches blocked with ice and snow in winter. Seasonal fluctuations in 499 

inorganic N removal have also been reported for many other treatment wetlands 500 

(Sutton et al., 1975; Poe et al., 2003; Bastviken, 2006; Hernandez and Mitsch, 501 

2007; Postila et al., 2015b). 502 

 503 

 504 

 505 

 506 

  507 

Table 4. Reduction (%) in organic matter (CODMn), suspended solids (SS), phosphorus, nitrogen and 
iron in the undrained and drained overland flow areas (OFAs and DOFAs) during the frost-free period. 
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Reductions calculated on the basis of mean concentrations during the period at sampling points 
upstream and downstream the OFAs and DOFAs. Inorganic N = NH4-N + NO2,3-N 

  
CODMn SS Total P PO4-P Total N 

Inorganic 
N 

Total Fe 

OFA with good hydraulic function       
 Mean -1 76 53 57 42 77 51 
 Min. -42 52 16 11 26 57 24 
 Max. 17 92 70 88 58 97 74 
 n 12 12 12 12 12 9 12 
 OFAs with 

negative total 
reduction (n) 

5 0 0 0 0 0 0 

OFA with weak hydraulic function       
 Mean 5 62 41 49 35 57 34 
 Min. 3 62 35 26 32 54 26 
 Max. 6 62 48 73 37 59 43 
 n 2 2 2 2 2 1 2 

DOFA       
 Mean -12 55 27 -5 27 60 24 
 Min. -52 16 -3 -135 9 35 -19 
 Max. 17 87 74 53 45 86 67 
 n 14 13 14 12 14 8 13 
 DOFAs with 

negative total 
reduction (n) 

9 0 1 4 0 0 2 

 508 

 509 

 510 
Table 5. Reduction (%) in organic matter (CODMn), suspended solids (SS), phosphorus, nitrogen and 
iron in the undrained and drained overland flow areas (OFAs and DOFAs) in winter. Reductions 
calculated on the basis of mean concentrations during the period at points upstream and downstream 
the OFAs and DOFAs. Inorganic N = NH4-N + NO2,3-N 

  
CODMn SS Total P PO4-P Total N 

Inorganic 
N 

Total Fe 

OFA with good hydraulic function       
 Mean -22 71 46 44 27 55 48 
 Min. -125 48 22 -34 -8 36 34 
 Max. 18 93 69 71 47 82 54 
 n 10 10 10 8 10 5 6 
 OFAs with 

negative total 
reduction (n) 

6 0 0 1 1 0 0 

OFA with weak hydraulic function       
 Mean -5 65 -10 -105 25  -43 
 n 1 1 1 1 1 0 1 

DOFA       
 Mean -9 58 30 13 15 26 31 
 Min. -21 0 -11 -55 -6 17 -66 
 Max. 15 94 67 62 39 45 61 
 n 9 8 9 9 9 4 8 
 DOFAs with 

negative total 
reduction (n) 

7 0 1 3 1 0 1 

 511 

 512 

 513 

 514 
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P retention is a challenge in peatland-based wetlands, as in other treatment 515 

wetlands (Johannesson, 2011). The average total P reduction was negative in 516 

one DOFA and PO4-P reduction was negative in four DOFAs during the frost-free 517 

period (Table 4), while in winter there was a negative average reduction in total 518 

P in one DOFA and in PO4-P in three DOFAs. Leaching of P from DOFAs has 519 

been reported previously by Postila et al. (2014). Similarly, one of our OFAs also 520 

showed an average negative PO4-P reduction in winter (Table 5). Monthly 521 

negative P reductions coinciding with both high flow and warm low flow periods 522 

have been observed in constructed wetlands purifying drainage water from arable 523 

land in Sweden, during the former because of the flushing of particulate P straight 524 

through the wetland or resuspension of particulate P from deposited sediment, 525 

and during the latter because of PO4-P release from wetland sediments under 526 

anoxic conditions (Johannesson, 2011). These are probably also important 527 

reasons for the leaching of P from OFAs and DOFAs. Under high flow conditions, 528 

however, the purification efficiency of OFAs and DOFAs is also hampered by the 529 

decrease in contact between the incoming water and the surface moss and peat 530 

layers. 531 

 532 

The average total Fe reduction in all OFAs and most DOFAs was positive during 533 

the frost-free period and in winter (Tables 4 and 5). There was a positive 534 

correlation between SS and total Fe reductions (r = 0.52, p = 0.01, n = 26) in the 535 

complete dataset for the OFAs and DOFAs, indicating Fe retention in particulate 536 

form, i.e. in SS particles, and most likely also in the Fe-organic precipitates 537 

formed after the precipitation of HAMW DOM with an elevated Fe content 538 
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(Heikkinen, 1990; Kunze, 1982) in the peat extraction water entering the 539 

wetlands. This DOM fraction is probably at least partly precipitated also in the 540 

OFAs (Heikkinen and Ihme, 1995) and DOFAs (Heikkinen et al., 2015). 541 

 542 

The average total Fe reduction was negative in two DOFAs during the frost-free 543 

period (Table 4) and in one DOFA in winter (Table 5). It is probable that this Fe 544 

leaching coincided with SS leaching under high flow conditions and with Fe 545 

release from the anoxic peat/soil layers during low flow periods. 546 

 547 

The average reduction in SS, P, N and Fe was higher in the OFAs with good 548 

hydraulic function than in the DOFAs both during the frost-free period (Table 4) 549 

and in winter (Table 4), and this was also the case for inorganic N, even though 550 

the more intensive change in internal flow patterns and oxygenated/anoxic 551 

conditions in DOFAs could be expected to offer better environments for 552 

nitrification-denitrification processes than in OFAs. The most probable reason for 553 

the weaker purification results in the DOFAs is that the potential water purification 554 

capacity of their surface moss and peat layers remains at least partly unutilized 555 

because of the ditches. The increase in the water velocity in the ditches (Postila 556 

et al., 2015a) will also shorten the nitrogen residence time in the DOFAs. The 557 

degree of humification of the surface peat layers is also higher in DOFAs than in 558 

OFAs (Postila et al. 2011), probably mainly due to drainage. This in turn would 559 

reduce the water permeability and purification potential of the surface peat layers 560 

in DOFAs. 561 

 562 
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The results clearly demonstrated that the loads of DOM (mainly humic 563 

substances) from peat extraction areas cannot be reduced in OFAs or DOFAs as 564 

is still surprisingly often expected in practical water management projects. These 565 

treatment wetlands are located on peat, which acts as a source of DOM in the 566 

drainage basin (Wartiovaara, 1978).  Leaching of organic matter occurred from 567 

many of the OFAs and DOFAs studied here (Tables 4 and 5). 568 

 569 

 570 

4.3 Needs and possibilities for increasing P retention  571 

 572 

PO4-P is retained in peat-based treatment wetlands mainly by chemical 573 

adsorption in the surface peat layers, and the P sorption capacity of these layers 574 

increases with increasing Fe and Al content of the peat (Heikkinen et al., 1995b; 575 

Karjalainen et al., 2016; Ronkanen et al., 2016). Similarly, colloidal retention 576 

processes typical of naturally coloured waters (Heikkinen, 1990; Jones et al., 577 

1993) exist in peat extraction site runoff water (Heikkinen and Ihme, 1995), where 578 

P is also to be found as dissolved organic P carried by HAMW organic-Fe colloids, 579 

which is therefore retained along with colloid retention (Heikkinen and Ihme, 580 

1995; Karjalainen et al., 2016). The positive correlation between total Fe and 581 

PO4-P reductions (r = 0.74, p = 0.00, n = 26) in OFAs and DOFAs found in our 582 

data indicates that P retention is closely controlled by Fe processes in peatland-583 

based wetlands. 584 

 585 
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The P retention capacity of the surface peat layers in the OFAs may also be 586 

increased by the retention of Fe with SS and organic HAMW colloids (Heikkinen 587 

and Ihme, 1995). The Fe concentrations in the uppermost surface layers of the 588 

Kompsasuo OFA were markedly higher than those in the reference area after five 589 

years of use for the purification of peat extraction water (Heikkinen et al., 1995b). 590 

It is also possible that the long-term retention time of P in the microbial biomass 591 

(Jenkinson and Ladd, 1981; Jonasson and Michelsen,1996) might be an 592 

important factor preventing the leaching of P from peatland-based treatment 593 

wetlands, as already suggested by Silvan et al. (2004) for constructed peatland 594 

buffers installed for forestry purposes. 595 

 596 

The use of material with a high P sorption capacity has proved necessary to 597 

increase the P treatment performance of many HF CWs (Vymazal, 2007), and 598 

this method has also been applied to DOFAs (Postila et al., 2017). Ronkanen et 599 

al. (2016) succeeded in maintaining the P sorption capacity of the peat column in 600 

their long-term filtration tests with additions of Al and Fe to the incoming water, 601 

and Callery et al. (2015) also found that the adding of Fe and Al to peat increased 602 

its P sorption capacity. The use of artificial P sorption materials should still be 603 

carefully considered at least in OFAs in natural, undrained peatland areas, where 604 

a range of natural processes are involved in P retention. Trials with additives to 605 

increase adsorption should be supported with environmental impact 606 

assessments. 607 

 608 

 609 
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4.4 Effect of hydraulic loading and wetland system design elements on the 610 

purification efficiency of treatment wetlands 611 

 612 

4.4.1 Hydraulic loading   613 

 614 

The 12 OFAs with good hydraulic function in our dataset typically showed a 615 

decrease in pollutant reductions with increasing hydraulic loading rates (Table 6), 616 

an effect that has been reported previously for P and N in buffer zones 617 

established in peatlands for forestry purposes (Hynninen, 2011; Hynninen et al. 618 

2011). Large amounts of water and high flow velocities limit the contact between 619 

the water and the peat, moss and vascular plant layers in OFAs and other 620 

peatland-based wetlands, and also shorten the residence time of the water for all 621 

purification processes, especially nitrification and denitrification. In addition, an 622 

increase in the leaching of elements is possible. A high hydraulic loading rate 623 

could also have other negative effects on purification processes, as observed in 624 

many treatment wetlands (Bastviken, 2006) and macrophyte-dominated systems 625 

(Claret and Fontvieille, 1997; Eriksson, 2000). Limited contact of water with P-626 

adsorbing soil particles has been suggested as the main reason for low P 627 

retention in free water surface constructed wetlands (Vymazal, 2010).  628 

 629 

Of the 14 DOFAs included in the dataset, one showed a decrease in SS and total 630 

Fe reductions with increasing hydraulic loading rates, two a decrease in total P 631 

reductions and one a decrease in PO4-P reductions (Table 6). Inorganic N (NH4-632 

N + NO2,3-N) reductions also decreased with increasing hydraulic loading rates 633 
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in two of the seven DOFAs monitored for this parameter. The reason for these 634 

decreases was probably mainly the same as in the OFAs. There was also a 635 

decrease in the average SS reduction with increasing hydraulic loading rates in 636 

the whole DOFA dataset (Fig. 2). The SS reduction was about 61% at a hydraulic 637 

loading rate of 500 l s-1 km-2 and about 48% at a rate of 1000 l s-1 km-2, although 638 

the variation in the average reductions was large.  639 

 640 

 641 

 642 

 643 
Table 6. Number of treatment wetlands in undrained and drained peatland-based overland flow areas 
(OFAs and DOFAs) with a negative (n) and positive (p) correlation (p<0.05) between hydraulic loading 
rate and reductions in  CODMn, suspended solids (SS), phosphorus, nitrogen and iron in the complete 
database. Inorganic N = NH4-N + NO2,3-N 

 
n CODMn SS Total P PO4-P Total N 

Inorganic 
N 

Total Fe 

  n p n p n p n p n p n p n p 

OFA with 
good 
hydraulic 
function 

12 - 7 3 1 4 2 
1 

(n=10) 
- - 3 

3 
(n=9) 

- 2 - 

OFA with 
weak 
hydraulic 
function 

2 - 1 - 2 - - - - - - 
1 

(n=1) 
- - - 

DOFA 
14 - 7 1 3 2 1 

1 
(n=11) 

2 1 3 
2 

(n=7) 
- 1 - 

 644 

 645 

 646 

 647 
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 648 
Fig. 2. Effect of hydraulic loading rate on the average suspended solids (SS) 649 

reduction in drained overland flow areas (DOFAs).  650 

 
 651 

 652 

There were statistically significant increases in CODMn, SS, total P and total N 653 

reductions with increasing hydraulic loading rate in both the OFAs and DOFAs 654 

(Table 6). This was probably at least partly due to an increase in the 655 

concentrations of these elements in the inflow water, which in turn would lead to 656 

better reductions. Another possible reason for these increases observed in 657 

DOFAs, however, could be the more effective spreading of water to the peat and 658 

moss layers between the ditches at times of high flow conditions. The quite 659 

common increase in CODMn reduction with increasing hydraulic loading rates in 660 

both OFAs and DOFAs (Table 6) might also be at least partly a result of enhanced 661 

retention of dissolved organic HAMW Fe-P colloids with increasing flow velocity, 662 

turbulence and oxygen content of the drainage water. CODMn values are affected 663 

by the concentrations of organic matter, and also by the concentrations of many 664 

inorganic substances in the water sample, especially Fe2+ (SFS 3036). 665 

4.4.2 Wetland size in relation to catchment area 666 
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 667 

There was no interdependence between wetland size in relation to its catchment 668 

area (Awetland/Acatcment, Aw/Ac ratio) and the reductions observed for the OFAs and 669 

DOFAs in the dataset. This was probably mainly due to the quite small variation 670 

in Aw/Ac values in the data because of the existing system design instructions 671 

(Ihme et al., 1991b; Savolainen et al., 1996), but it may also be related to the fact 672 

that water was being pumped to most of the wetlands (25 wetlands out of the 28 673 

studied) (Table 2), the pumps being used to control the amount of water released 674 

onto the wetlands. Increases in total-N and total-P reductions with increasing 675 

Aw/Ac ratios have been reported in constructed wetlands (Kadlec and Knight, 676 

1996), in water pollution control wetlands in agriculture (Puustinen et al., 2007) 677 

and in peatland buffer zones used in forestry (Vikman et al., 2010; Hynninen et 678 

al., 2011).  679 

 680 

The Aw/Ac ratio is nevertheless an important system design element for OFAs and 681 

DOFAs intended for treating drainage water from peat extraction areas, as it 682 

determines the magnitude of the hydraulic load that is introduced onto the 683 

wetland (Kadlec and Knight, 1996) and indicates the extent of the chemical and 684 

biological sinks contributing to nutrient retention and the residence time available 685 

for the water-purifying processes. In order to achieve good water pollution control 686 

at peat extraction sites, it is recommended that the size of an OFA should be at 687 

least 3.8% of that of the drainage basin (Ihme et al., 1991b; Savolainen et al., 688 

1996) and that of a DOFA at least 5% (Ministry of the Environment, 2013). In the 689 
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set of wetlands studied here theOFAs were mainly larger than the minimum size 690 

recommended, but the DOFAs were mainly smaller (Table 1).  691 

 692 

 693 

4.4.3 Length of water flow route within the wetland 694 

 695 

There was an increase in the average reduction in inorganic N (NH4-N + NO2,3-696 

N) with increasing length of the water flow route in the OFAs (r = 0.812, p <0.01, 697 

n = 8) and DOFAs (r = 0.843, p <0.01, n = 8) (Fig 3), as also in the whole dataset 698 

of OFAs and DOFAs (r = 0.804, p <0.01, n = 16). This could be seen also in total 699 

N reduction (r = 0.585, p <0.01, n = 27) and total P reduction (r = 0.393, p <0.05, 700 

n = 26) in the OFA + DOFA datasets (Fig. 3). It is probable that there was an 701 

increase in nitrogen residence time with increasing length of the water flow route 702 

in these peatland-based wetlands, as also reported for many other treatment 703 

wetlands (Sutton et al., 1975; Phipps and Crumpton, 1994; Ishida et al., 2006). 704 

Increasing length of the water flow route will also increase the area of the biofilm 705 

surface that removes inorganic N from the water. An increased rate of inorganic 706 

N (Vikman et al. 2010) and NH4-N (Hynninen et al., 2011) removal with increasing 707 

peatland buffer width has also been reported in a forestry context in central 708 

Finland. It is also probable that there was increased retention of particulate P and 709 

PO4-P (Heikkinen et al., 1995b) with increasing contact between the drainage 710 

water and the moss and peat surface layers of wetlands. 711 

The increase in inorganic N reductions with increasing length of the water flow 712 

route was more intensive in the DOFAs than in the OFAs (Fig. 3). Doubling of the 713 
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route length in the DOFAs also doubled the inorganic N reduction, indicating 714 

strongly that not all the environments that are potentially suitable for inorganic N 715 

removal in these wetlands, especially the peat and moss surface layers between 716 

the ditches, are yet being used effectively. Also, the N residence times in DOFAs 717 

under high flow conditions may be too short for effective nitrogen removal, 718 

because of the ditches. Inorganic N as a proportion of total N is high in peat 719 

extraction site water, e.g. it averaged 66% in the runoff water from the 720 

Kompsasuo peat extraction area in 1988-1989 (Ihme et al., 1991). It is thus 721 

important to develop strategies and methods for planning and constructing long 722 

water flow routes for efficient N removal, especially for DOFAs.  723 

 724 

 725 

 726 

 727 

Fig. 3. Effect of the length of the water flow route within the wetland on 728 

reductions in total N (A) and total P (B) in the whole database of undrained and 729 
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drained overland flow areas (OFAs and DOFAs), and on reductions in inorganic 730 

N (NH4-N + NO2,3-N) in OFAs (C) and DOFAs (D). 731 

 732 

 733 

4.4.4 The efficient flow area of a wetland 734 

 735 

There was an increase in the total N (r = 0.937, p <0.01, n = 7) and total P 736 

reductions (r = 0.811, p <0.05, n = 7) with increasing efficient flow area in the 737 

DOFAs (Fig. 4). As in the case of the water flow route within the wetland, the 738 

results indicate that not all the environments potentially suitable for N and P 739 

removal in DOFAs are yet being used effectively, because of the ditches. This 740 

especially involves use of the peat and moss surface layers between the ditches. 741 

There were no other statistically significant regressions between the wetland 742 

system design elements and the water quality parameters in the DOFAs and 743 

OFAs in the database. 744 
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 745 

Fig. 4. Effect of efficient flow area on total N and total P reductions in drained 746 

overland flow areas (DOFAs).   747 

 

 748 

 749 

 750 

 751 

 752 

4.4.5 Wetland gradient  753 
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Of the water quality parameters studied, only inorganic N (NH4-N + NO2,3-N) 755 

showed a statistically significant regression with the wetland surface slope or 756 

gradient. This could be seen in the OFAs, where the average inorganic N 757 

reduction increased with decreasing gradient (r = -0.929, p <0.01, n = 7) (Fig. 5). 758 

The main reasons for this were probably the increased water flow rate and 759 

reduced nitrogen residence time resulting from an increased gradient. 760 

 761 

The gradients of the OFAs ranged from 0.002 to 0.8% (Table 2), i.e. they were 762 

less than the maximum of 1% recommended by Ihme et al. (1991b).  The 763 

inorganic N (NH4-N + NO2,3-N) treatment performance of the OFAs was good in 764 

this gradient range (Tables 4 and 5), indicating that there is no need to change 765 

the maximum gradient recommendation.  766 

 767 

 768 

 769 

 770 
Fig. 5. Effect of wetland gradient on the reductions in inorganic N (NH4-N + 771 

NO2,3-N) in overland flow areas (OFAs). 772 
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 773 

 774 

 775 

 776 

5. Conclusions 777 

 778 

The long-term data recorded during mandatory water pollution control monitoring 779 

at the peat extraction sites considered here indicate that peatland-based 780 

treatment wetlands can remove and retain nutrients and SS from drainage water 781 

just as effectively as natural soil-based treatment wetlands in general.  782 

 783 

The average reductions in SS, P, N and Fe were higher in the OFAs on undrained 784 

peatlands with good hydraulic function than in the DOFAs on drained peatlands 785 

both during the frost-free period and in winter. The OFAs also showed good long-786 

term treatment performance with respect to water protection.  787 

 788 

There was some leaching of P from the peatland-based treatment wetlands, 789 

particularly from the DOFAs. The leaching of P from many constructed wetlands 790 

has been reduced by using a material with a high P sorption capacity, and a 791 

similar method has been developed for DOFAs. The use of additional sorption 792 

materials in the case of OFAs on undrained peatlands, where a variety of natural 793 

processes are involved in P retention, nevertheless requires careful 794 

consideration. The environmental impacts of these sorption materials on water 795 

bodies further downstream should also be considered. 796 

 797 
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The loads of DOM, mainly humic substances (HS), in drainage water from peat 798 

extraction areas cannot be reduced by means of OFAs and DOFAs, despite the 799 

common expectations of practical water managers. It is possible, however, to 800 

reduce the environmental impacts of Fe-rich HS in water bodies downstream of 801 

peat extraction areas by using OFAs or DOFAs. 802 

 803 

The hydraulic loading rate is an important factor in water purification using OFAs 804 

and DOFAs. In the individual treatment wetlands studied here, there were 805 

generally decreases in the SS, P, N, CODMn, and Fe reductions with increasing 806 

hydraulic loading rates, but also some increases. It is probable that there is a 807 

decrease in the contacts between the discharge water and the moss and peat 808 

layers of the wetland with increasing hydraulic loading rate, which would in turn 809 

reduce the physical, biological and chemical retention processes that are 810 

dependent on this contact and contribute to the efficiency of water purification. 811 

The main probable reason for the increases is that a greater hydraulic loading 812 

rate will increase the concentrations of inflow water and thus also the magnitude 813 

of the reductions. On the other hand, the increase in CODMn reduction observed 814 

quite frequently with increasing hydraulic loading rates might at least partly be the 815 

result of enhanced retention of dissolved organic HAMW Fe-P colloids with 816 

increasing flow velocity, turbulence and oxygen content of the drainage water. 817 

 818 

There was an increase in inorganic N (NH4-N + NO3-N) reductions with increasing 819 

length of the water flow route within the OFAs and DOFAs. This was more 820 

intensive in the DOFAs, where the reductions in total N, inorganic N, and total P 821 
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also increased with the efficient flow area of the wetland. These results strongly 822 

indicate that not all environments that are potentially suitable for water 823 

purification, especially in the moss and peat layers between the ditches, are yet 824 

being used efficiently in DOFAs. Methods for spreading the incoming water more 825 

efficiently in DOFAs and for planning and constructing longer water flow routes in 826 

them should be developed.  827 

 828 

In the OFAs there was an increase in the average reductions in inorganic N (NH4-829 

N + NO3-N) with decreasing gradient. The gradients of the OFAs were within the 830 

maximum recommended value of 1% (Savolainen et al. 1996), ranging from 831 

0.002 to 0.8%. The results regarding inorganic N removal in this gradient range 832 

indicate that there is no need to change the maximum gradient recommendation. 833 

It is also probable that choosing peatland areas with smaller gradients for OFAs 834 

would increase P and Fe leaching from these wetlands. 835 

 836 

 837 

Acknowledgements 838 

 839 

We wish to express our warm-hearted appreciation to our departed colleague, 840 

Prof. Esko Lakso of the Water Resources and Environmental Engineering Unit at 841 

the University of Oulu for his initiation of the development of peatland-based 842 

treatment wetlands, and for his long-term participation in this work. We thank also 843 

Mrs. Minna Kuoppala for her technical support in this work and Mr. Malcolm Hicks 844 

for correcting the English. The study was supported by Nordic Centre of Excellent 845 

BIOWATER (An integrating nexus of land and water management for a 846 



41 
 

sustainable Nordic bioeconomy), the LIFE+ Environment Policy and Governance 847 

project LIFEPeatLandUse (Quantification and valuation of ecosystem services to 848 

optimize sustainable re-use for low-productive drained peatlands),  the peat 849 

extraction company Vapo Oy and the Finnish Environment Institute. 850 

 851 

 852 

References 853 

 854 

Bastviken, S., 2006. Nitrogen removal in treatment wetlands – Factors influencing spatial 855 

and temporal variations. Doctoral dissertation, Linköping University. 856 

Boelter, D.H., 1969. Physical properties of peat as a related to degree of 857 

decomposition. Division S-6 – Soil and Water Management and 858 

Conversation, pp. 606-609. 859 

Brix, H., 1994. Functions of macrophytes in constructed wetlands. Wat. Sci. Tech. 29, 860 

71-78. 861 

Callery, O., Brennan, R.B., Healy, M.G., 2015. Use of amendments in a peat soil to 862 

reduce phosphorus losses from forestry operations. Ecological Engineering, 863 

Volume 85, 2015, Pages 193-200, ISSN 0925-8574, 864 

https://doi.org/10.1016/j.ecoleng.2015.10.016. 865 

(http://www.sciencedirect.com/science/article/pii/S0925857415302391) 866 

Claret, C., Fontvieille, D., 1997. Characteristics of biofilm assemblages in two contrasted 867 

hydrodynamic and trophic contexts. Microb. Ecol. 34, 49-57. 868 

Eriksson, P.G., Weisner, S.E.B., 1997. Nitrogen removal in a wastewater reservoir: The 869 

importance of denitrification by epiphytic biofilms on submersed vegetation. J. 870 

Environ. Qual. 26, 905-910. 871 



42 
 

Eriksson, P., 2000. Regulation and role of epiphytic nitrification and denitrification in 872 

macrophyte-dominated systems. Phd-thesis. Limnology, Department of Ecology. 873 

Lund University, Lund. 874 

Fisher, J.. Acreman, M.C., 2004. Wetland nutrient removal: a review of the evidence. 875 

Hydrology and Earth System Sciences 8 (4), 673-685. 876 

Heiderscheidt, E., Saukkoriipi, J.T., Ronkanen, A-K., Klöve, B., 2013. Optimisation of 877 

chemical purification conditions for direct application of solid metal salt coagulants: 878 

Treatment of peatland-derived diffuse runoff. Journal of Environmental Sciences 879 

25(4), 659–669. 880 

Heikkinen, K., 1990. Nature of dissolved organic matter in the drainage basin of a boreal 881 

humic river in northern Finland. J. Environ. Qual. 19, 649-657. 882 

Heikkinen, K., Ihme, R., 1995. Retention of organic Fe-P-colloids from peat mining water 883 

in an overland flow wetland treatment system in northern Finland. Arch.Hydrobiol. 884 

134, 547-560. 885 

Heikkinen, K., Ihme, R., Lakso, E., 1995a. Contribution of cation exchange property of 886 

overflow wetland peat to removal of NH4
+ discharged from some Finnish peat mi-887 

nes. Appl. Geochem. 10, 207-213. 888 

Heikkinen, K., Ihme, R., Osma, A-M., Hartikainen, H., 1995b. Phosphate removal by peat 889 

from peat mining drainage water during overland flow wetland treatment. J. En-890 

viron. Qual. 24, 597 - 602. 891 

Heikkinen, K., Karppinen, A., 2015. Nature of humic substances in undrained  and 892 

drained treatment peatlands (OFAs and DOFAs).  - In: Karppinen, A., Postila, H. 893 

(eds.). 2015. The formation of peat extraction related pollution and its management 894 

opportunities. Final report of the SulKa project. Reports of the Finnish Environment 895 

Institute  23/2015. pp. 61-65. (In Finnish) 896 

Hernandez, M.E., Mitsch, W.J., 2007. Denitrification in created riverine wetlands: 897 

Influence of hydrology and season. Ecol. Eng. 30, 78–88. 898 



43 
 

Huikari, O., 1959. Kenttämittaustuloksia turpeiden vedenläpäisevyydestä (Referat: 899 

Fieldmessungsergebnisse uber die wassedurchlässigkeit von torfen). 900 

Communicationes Instituti Forestalis Fenniae 51, 1-26. 901 

Huttunen, A., Heikkinen, K., Ihme, R., 1996. Nutrient retention in the vegetation of an 902 

overland flow treatment system in northern Finland. Aquatic Botany 55, 61-73. 903 

Hynninen, A., 2011. Use of wetland buffer areas to reduce nitrogen transport from 904 

forested catchments: Retention capacity, emissions of N2O and CH4 and 905 

vegetation composition dynamics. Dissertationes Forestales 129. 53 p. Available 906 

at http://www.metla.fi/dissertationes/df129.htm 907 

Hynninen, A., Sarkkola, S., Laurén, A., Koivusalo, H., Nieminen, M., 2011. Capacity of 908 

riparian buffer areas to reduce ammonium export originating from ditch network 909 

maintenance areas in peatlands drained for forestry. Boreal Environment 910 

Research 16, 430-440. 911 

Ihme, R., 1994. Use of the overland flow wetland treatment system for the purification of 912 

runoff water  from peat mining areas. VTT Julkaisuja – Publikationer 798, Technical 913 

Research Centre of Finland, Espoo, 140 p (in Finnish). 914 

Ihme, R., Heikkinen, K., Lakso, E., 1991a. Purifying runoff water from peat production 915 

areas by overland flow method. Publications of the Water and Environment 916 

Administration – series A75. 192 pp. (in Finnish) 917 

Ihme, R., Heikkinen, K., Lakso, E., 1991b. The use of overland flow for the purification 918 

of runoff water from peat mining areas. Publications of the Water and Environment 919 

Research Institute 9, 3-24. 920 

Ishida, C.K., Kelly, J.J., Gray, K.A., 2006. Effects of variable hydroperiods and water 921 

level fluctuations on denitrification capacity, nitrate removal, and benthic-microbial 922 

community structure in constructed wetlands. Ecol. Eng. 28, 363–373. 923 



44 
 

Jenkinson, D.S., Ladd, J.N., 1981. Microbial biomass in soil: Measurement and turnover. 924 

In: Soil Biochemistry Vol. 5. E.A. Paul and J.N. Ladd (Eds.), pp. 415-471. Marcel 925 

Dekker, New York. 926 

Jin, X., Wang, S., Pang, Y., Zhao, H., Zhou, X., 2005. The adsorption of phosphate in 927 

different trophic lake sediments. Colloids and Surfaces A: Physicochemical 928 

Engineering Aspects 254, 241-248.  929 

Johannesson, K., 2011. Analysis of phosphorus retention variations in constructed 930 

wetlands receiving variable loads from arable lands. Linköping Studies in Science 931 

and Technology,Thesis No. 1482. LIU-TEK-LIC-2011:21, Department of Physics, 932 

Chemistry and Biology, Kinköpings universitet, SE-581 83 Linköping, Sweden. 933 

Jonasson, S., Michelsen, A., 1996. Nutrient cycling in subarctic and arctic ecosystems, 934 

with special reference to the Abisko and Torneträsk region. Ecological Bulletins 45, 935 

45-52. 936 

Jones, R., Shaw. P.J., de Haan, H., 1993. Effects of dissolved humic substances on the 937 

speciation of iron and phosphate at different pH and ionic strength. Environ. Sci. 938 

technol. 27, 1052-1059. 939 

Kadlec, R. H., Knight, R.L., 1996. Treatment Wetlands, 893 pp., CRC Press, Boca Raton, 940 

Fla. 941 

Kadlec, R., Wallace, S., 2008. Treatment Wetlands, Second Edition, 2nd ed, 942 

booksgooglecom. CRC Press, Boca Raton. 943 

Karjalainen, S.M., 2016. Identification of processes leading to long-term wastewater 944 

purification in northern treatment wetlands. Doctoral dissertation. Acta Universitatis 945 

Ouluensis C Technica 576. 946 

Karjalainen, S.M., Heikkinen, K., Ihme, R., Kløve, B., 2016. Long-term purification 947 

efficiency of a wetland constructed to treat runoff from peat extraction. Journal of 948 

Environmental Science and Health, Part A, Vol. 0, NO 0:1-10. 949 

http//dx.doi.org/10.1080/10934529.2015.11205 19. 950 



45 
 

Karjalainen, S.M., Ronkanen, A-K., Heikkinen, K., Kløve, B., 2016. Long-term 951 

accumulation and retention of Al, Fe and P in northern peatlands used in water 952 

pollution control. Ecol Eng 93, 91–103. 953 

Korpijaakko, M. and Radforth. N.W., 1972. Studies on the hydraulic conductivity of peat. 954 

The Proceedings of the International Peat Congress, Volume III, pp. 323-334. 955 

Kunze, H., 1982. Iron clogging in soils and pipes, analysis and treatment. German Assoc. 956 

for Water Resour. and Land Improvement, Boston, MA. 957 

Laine, A., 2001. Effects of peatland drainage on the size and diet of yearling salmon in 958 

a humic northern river. Arch. Hydrobiol. 151 (1), 83-99. 959 

Laine, A., Heikkinen, K., 2000. Peat mining increasing fine-grained organic matter on the 960 

riffle beds of boreal streams. Arch. Hydrobiol. 148, 9-24. 961 

Laine, A., Heikkinen, K., Sutela, T., 2001. Incubation success of brown trout (Salmo trutta 962 

eggs in boreal humic rivers affected by peatland drainage. Arch. Hydrobiol. 150 963 

(2), 289-305. 964 

Lance, J.C., 1972. Nitrogen removal by soil mechanisms. J. Water Poll. Contr. Fed. July 965 

1972. 966 

Lundin, L., Nilsson, T., Lucci, G., 2008. Mires as buffer areas for high water quality in 967 

forest lands. In: Farrell, C. and J. Feehan, (eds.), After Wise Use – The Future of 968 

Peatlands, Proceedings of the 13th International Peat Congress, Tullamore, 969 

Ireland 8-13 June 2008, vol. 1, Oran presentations, International Peat Society, pp. 970 

491-494.  971 

Lähde, E., 1969. Biological activity in some natural and drained peat soils with special 972 

reference to oxidation-reduction conditions. Acta For. Fenn. 94. 973 

Marttila, H., Klöve, B., 2009. Retention of sediment and nutrient loads with peak runoff 974 

control. J. Irrig. Drainage Eng. ASCE 134, 210-216. 975 



46 
 

Ministry of the Environment, 2007. Finnish government decision-in-principle on Water 976 

Protection Policy Outlines to 2015. The Finnish Environment 10/2007 (in Finnish 977 

with English summary). 978 

Ministry of the Environment, 2013. Guidelines for environmental protection in peat 979 

mining. Environmental Administration Guidelines 2/2013 (in Finnish with English 980 

summary). 981 

Nichols, D.S., (1983) Capacity of Natural Wetlands to Remove Nutrients from 982 

Wastewater. J. Water Pollut. Control Fed. 55, 495–505. 983 

Papendick, R.I., Runkles, J.R., 1966. Transient-state oxygen diffusion in soil: II. A case 984 

when rate of oxygen consumption varies with time. Soil Sci. 102, 223-230. 985 

Phipps, R.G., Crumpton, W.G., 1994. Factors affecting nitrogen loss in experimental 986 

wetlands with different hydrologic loads. Ecol. Eng. 3, 399–408. 987 

Poe, A.C., Piehler, M.F., Thompson, S.P., Paerl, H.W., 2003. Denitrification in a 988 

constructed wetland receiving agricultural runoff. Soc. Wetl. Sci. 23, 817–826. 989 

Postila, H., 2007. Development of constructed wetlands for peat production runoff 990 

waters. Reports of North Ostrobothnia Regional Environment Centre   6/2007. 111 991 

pp. (in Finnish) 992 

Postila, H., 2016. Peat extraction runoff water purification in treatment wetlands 993 

constructed on drained peatlands in a cold climate. Acta Universitatis Ouluensis C 994 

570. 995 

Postila, H., Heikkinen, K., Saukkoriipi, J., Karjalainen, S.M., Kuoppala, M., Härkönen, J., 996 

Visuri, M., Ihme, R., Kløve, B., 2011. Round-year treatment of runoff from peat 997 

extraction areas – Final report of the TuKos project.  The Finnish Environment 998 

30/2011. 155 pp. (in Finnish) 999 

Postila, H., Ronkanen, A-K., Marttila, H. & Kløve, B., 2015 a. Hydrology and hydraulics 1000 

of treatment wetlands constructed on drained peatlands. Ecol. Eng. 75, 232-241. 1001 



47 
 

Postila, H., Ronkanen, A-K., Kløve, B., 2015 b. Wintertime purification efficiency of 1002 

constructed wetlands treating runoff from peat extraction in a cold climate. Ecol. 1003 

Eng. 85, 13-25. 1004 

Postila, H., Saukkoriipi, J., Heikkinen, K., Karjalainen, S.M., Kuoppala, M., Marttila, H., 1005 

Kløve, B., 2014. Can treatment wetlands be constructed on drained peatlands for 1006 

efficient purification of peat extraction runoff? Geoderma 228-229, 33-43. 1007 

Puustinen, M., Koskiaho, J., Jormola, J., Järvenpää, L., Karhunen, A., Mikkola-Roos, M., 1008 

Pitkänen, J., Riihimäki, J., Svensberg, M., Vikberg, P., 2007. Multipurpose 1009 

wetlands for agricultural water protection – guidelines of wetland planning and 1010 

dimensioning. The Finnish Environment 21/2007, 77 pp. (in Finnish) 1011 

Päivänen, J., 1973. Hydraulic conductivity and water retention in peat soils. Acta 1012 

Forestalia Fennica 129, 1-70. 1013 

Reddy K.R., Patrick, W.H., Jr., Lindau, C.W., 1989. Nitrification-denitrification at the plant 1014 

root-sediment interface in wetlands.  Limnol. Oceanogr. 34(6), 1004-1013. 1015 

Richardson, C.J., Nichols, D.S., 1985. Ecological analysis of wastewater management 1016 

criteria. In: Godfrey, P.J., Kaynor, E.R., Pelczaerski, S., Benforado, J., (eds.): 1017 

Ecological considerations in wetland treatment of municipal wastewater.  New 1018 

York, Van Nostrand Reinhold Company. pp. 350 – 388. 1019 

Ronkanen, A-K., Kløve, B., 2005. Hydraulic soil properties of peatlands treating 1020 

municipal wastewater and peat harvesting runoff. Suo 56(2), 43-56. 1021 

Ronkanen, A-K., Marttila, H., Celebi, A., Klöve, B., 2016. The role of aluminium and iron 1022 

in phosphorus removal by treatment peatlands. Ecol. Eng. 86, 190-201. 1023 

Savolainen, M., Heikkinen, K., Ihme, R., 1996. Regulations for the peat production water 1024 

pollution control. Environment Guide 6, 84 pp., North Ostrobothnia Regional 1025 

Environment Centre. (in Finnish) 1026 



48 
 

SFS 3036. Determination of chemical oxygen demand (CODMn –value or KMnO4 –1027 

number) in water. Oxidation with permanganate. Suomen Standardisoimisliitto, 1028 

National Board of Waters 1981. 1029 

Silvan, N., Vasander, H., Laine, J., 2004. Vegetation is the main factor in nutrient 1030 

retention in a constructed wetland buffer. Plant and Soil 258, 179-187. 1031 

Silvan, N., Sallantaus, T., Vasander, H., Laine, J., 2005. Hydraulic nutrient transport in a 1032 

restored peatland buffer. Boreal Environment Research 10, 203-210. 1033 

Sjörs, H., 1991. Phyto- and necromass above and below ground in a fen. Holarct. Ecol. 1034 

14, 208-218. 1035 

Sutton, P.M., Murphy, K.L., Dawson, R.N., 1975. Low-temperature biological 1036 

denitrification of wastewater. Water Pollut. Control 47, 122–134. 1037 

Toet, S., 2003. A treatment wetland used for polishing tertiary effluent from a sewage 1038 

treatment plant: performance and processes. Phd.thesis. Biology. Utrecht, Utrecht. 1039 

Wartiovaara, J., 1978. Phosphorus and organic matter discharged by Finnish rivers to 1040 

the Baltic sea. Publications of the Water Research Institute 29. National Board of 1041 

Waters, Finland. Helsinki 1978. 1042 

Vikman, A., Sarkkola, S., Koivusalo, H., Sallantaus, T., Laine, J., Silvan, N., Nousiainen, 1043 

H., Nieminen, M., 2010. Nitrogen retention by peatland buffer areas at six forested 1044 

catchments in southern and central Finland. Hydrobiologia 641, 171-183. 1045 

von Post, I., 1922. Sveriges geologiska undersöknings torvinventering och några av dess 1046 

hittils finna resultat. Mosskulturför. Tidskr. 1, 1-27. 1047 

Vymazal, J., 2007. Removal of nutrients in various types of constructed wetlands. Sci. 1048 

Tot. Environ. 2007, 380, 48-65. 1049 

Vymazal, J., 2010. Constructed Wetlands for Wastewater Treatment. Review. Water 1050 

2010 (2), 530-549. 1051 

Vymazal, J., Kröpfelová, L., 2008. Is concentration of dissolved oxygen a good indicator 1052 

of processes in filtration beds of horizontal-flow constructed wetlands? In 1053 



49 
 

Wastewater Treatment, Plant Dynamics and Management; Vymazal, J., Ed.; 1054 

Springer, Dordrecht, the Netherlands, pp. 311-317. 1055 


