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Abstract  

A constructed wetland (2.1 ha; 2% of catchment area) in southeast Sweden, in a catchment with 

35% arable land on clay soils, was investigated with respect to phosphorus (P) retention, focusing 

on particulate P (PP) and sediment accretion. The aims were to i) estimate P retention and 

identify the dominating retention processes; ii) investigate how well estimates of P retention 

based on inflow-outflow measurements compared with the amount of P accumulated in the 

sediment. 

 

In- and outflow of P was measured during four years with continuous flow measurements and 

flow proportional weekly composite samples. P in the accumulated sediment was estimated based 

on core samples and analyzed using sequential fractionation. Total P load during four years was 

65 kg/ha and intensive sampling events detected 69% as PP. Based on inflow-outflow estimates 

the mean P retention was 2.8 kg/ha/yr, or 17%, but the amount of P accumulated in the inlet zone  

equated 78% of the TP load. This discrepancy showed the need to add studies of sediment 

accumulation to inflow-outflow estimates for an improved understanding of the P retention.  

 

The dominating P forms in the sediment were organic P (38%) and P associated with iron or 

aluminum (39%), i.e. potentially mobile forms. In areas colonized by Typha latifolia, the amount 

of P in the upper sediment layer (390 kg) was more than double the total P load of 136 kg. 

Cycling and release in those areas is a potential source of P that deserves further attention.
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Introduction 

As part of the Baltic Sea Action Plan, the construction of wetlands has been suggested as a 

measure to reduce the transport of phosphorus (P) from agricultural land to aquatic ecosystems 

(HELCOM, 2007). Many studies have shown that constructed wetlands can function as effective 

sinks for P from both point and non-point sources (Reddy et al., 1999; Richardson, 1999; Kadlec, 

2005), and also in cold climate regions with high loads in wintertime (e.g. Koskiaho et al., 2003; 

Braskerud et al., 2005) . However, results from input/output studies over a couple of years may 

not reflect the long-term capacity of wetlands to retain phosphorus. Richardson & Qian (1999) 

suggested that the P concentration in the outflow increases exponentially after a P loading 

threshold (1 g/m
2
/yr) has been exceeded, though wetlands may serve the function of reducing P 

transport to downstream water bodies even at higher loads than this. To be able to manage such 

wetlands for a sustained P retention, it is important to identify the dominant retention processes, 

whether it is sediment sorption of dissolved P (Bruland & Richardson, 2006), sedimentation of 

particulate P (Braskerud, 2002; Coveney et al., 2002; Koskiaho et al. 2003) or biological P 

uptake, or a combination of all. 

 

Several studies have shown that in runoff from agricultural fields in clay and silt dominated areas, 

the P is transported predominately as particulate P (PP) (Uusitalo et al., 2000; Koskiaho et al., 

2003; Uusitalo et al., 2003; Ulén, 2004). In a Finnish study, 73-94% of the P in runoff from an 

agricultural area was associated with particulate matter (Uusitalo et al., 2003), whereas 69% was 

PP in a Swedish study (Ulén, 2004). PP usually consists of soil particles and organic matter that 

are eroded from arable land during irrigation, precipitation or snowmelt, either as surface runoff 

or through the drainage system. Clay particles can contain 12 times the amount of P found 

associated with sand particles (Pacini & Gächter, 1999). A substantial part of this PP is 
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potentially bioavailable; e.g. 45% in a study of a Swedish catchment (Persson, 2001). A recent 

study of sediments in constructed wetlands confirmed this, as the clay content correlated well 

with the potentially bioavailable P (Maynard et al., 2009). Hence, wetland retention of clay 

particles is of prime importance for downstream water bodies prone to eutrophication. 

 

Sedimentation velocities can be predicted for different particle sizes using Stoke´s law, and in a 

study of constructed wetlands in Norway, Braskerud (2003) showed that fine clay particles from 

arable land had sedimentation velocities similar to coarse clay or silt, indicating a high degree of 

aggregation. As a result, an efficient retention of P was observed also at high hydraulic loads, and 

explained by sedimentation of PP (Braskerud, 2002). However, periods of P release have been 

observed in several constructed wetlands (e.g. Braskerud, 2002; Koskiaho et al., 2003), and 

Koskiaho et al. (2003) attributed this to the annual development of vegetation with resuspension 

occurring during seasons with decaying vegetation. Another process that can release P is 

resuspension of PP during high-flow periods, making particle size an important determining 

factor since large or aggregated particles will be less prone to resuspension.  

 

Both geological, topographical and meteorological conditions differ between regions and affect 

the loss of clay particles and the degree of aggregation of soil from arable lands. In comparison 

with Norway, Sweden has lower runoff (220 mm/yr compared to 500 mm/yr) and erosion (220–

650 kg/ha/yr (Ulén, 2006) compared to 100–3500 kg/ha/yr
 
(Øygarden et al., 2006)), but a larger 

proportion of clayey soils and a high content of colloidal particles in the runoff (Ulén, 2004; Ulén 

et al., 2007). Hence, though P losses are in the same range: 0.03–1.5 kg/ha/yr for Sweden; 0.3–

2.6 kg/ha/year for Norway (Ulén et al., 2007), the form in which P is transported can be different. 

This may reduce the effect of wetlands as sinks for P in clay-dominated agricultural areas; hence 
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there is a need for more studies on wetland P retention in catchments with different 

characteristics. 

 

Input/output studies suffer from the difficulty to get accurate data on mass inflow and outflow of 

P, as it is difficult to obtain representative samples of the particulate fraction with an automatic 

water sampler. The concentrations can be both over- and underestimated, as it is difficult to 

capture the event-based movement of particles even if flow-proportional sampling is employed 

(Jarvie et al., 2002). Adding measurements of actual sediment accumulation and the sediment 

content of P could result in a better understanding of the fate of PP in wetlands. Apart from the 

studies by Braskerud (Braskerud et al., 2000; Braskerud 2002, 2003), there have been few efforts 

focusing on measurements of sediment accumulation and retention/release of PP in wetlands 

constructed to reduce P transport from non-point sources in temperate regions.  

 

Simple design models for wetland P removal usually incorporate the inflow P concentration, 

hydraulic load and the residence time (c.f. Kadlec, 2005; Tonderski et al., 2005), but a major 

constrain is that they do not deal with the variable runoff driven pulses of P loads that occur in 

agricultural catchments. Kadlec (2005) cites a successful application of a model for storm water 

wetlands in Florida that employed a variable P storage component, which increased during 

periods of high P availability, and decreased during periods of less available P, and where the 

wetland at all times was assumed to produce residual sediments containing unavailable P. This 

implies that more information about factors affecting the accumulation, transformation and 

release of P in constructed wetlands receiving agricultural runoff could help to improve 

predictions of the longevity of wetlands as P sinks. For wetlands receiving most of the P in a 
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particulate form, understanding the flow driven particle transport dynamics may be one of the 

most important aspects.  

 

The aims of this study were to i) estimate P retention and identify the dominating retention 

processes; and ii) investigate how well estimates of P retention based on inflow-outflow 

measurements compared with the amount of P accumulated in the sediment. 

 

Materials and methods 

Site description 

The wetland investigated in this study is situated at Södra Stene farm, in Southeast Svealand, 

Sweden (58°59'39'' N, 17°22'37'' E). It was constructed in 2003 to increase biodiversity and favor 

nutrient removal. The wetland was constructed on a mineral clay soil by digging out and flooding 

an old ditch, and the removed top soil was used to create four islands. The size of the wetland is 

2.1 ha with a catchment area of 96 ha (34 ha arable land, 56 ha forest, and 6 ha pastures). The 

catchment is divided into three areas, where the largest sub-catchment (area 1 with 80 ha 

including 27 ha arable land) drains to the inlet pipe, and the other two to the sides of the wetland 

(Fig. 1). Sanitary wastewater from two households is discharged through a sewage pipe from area 

3. A monitoring study has shown that the wastewater contained mainly soluble P; approximately 

88% of the total P (TP) in the incoming wastewater (Karlsson, 2005).  

 

Water sampling analyses and load calculations 

Since April 2004, rainfall has been measured and flow proportional water samples have been 

taken at the inlet and outlet using combined flow meters and water samplers, SIGMA 900 MAX. 

Sampling volume and frequency was regulated depending on season and expected water flow. 
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The sampling volume varied between 15 and 100 ml, and the sampler was set to take a sample 

every 3–25 m
3
 depending on the flow. This has resulted in an extensive set of in- and outflow 

nutrient concentrations and water flow data, available for an accurate calculation of long-term 

retention of P based on load and outflow measurements. The water quality analyses have been 

made at the commercial laboratory ALCONTROL AB using Swedish Standard methods (SIS, 

2005).  

 

Fig.1. Catchment area for S. Stene wetland. The dark grey area represents the wetland. The 

sampling stations at the in- and outlet are marked with stars. The sampled inlet receives drainage 

water from sub-catchment 1, and the wetland receives diffuse P loading from sub-catchments 2 

and 3 (Karlsson, 2005). The extension shows the wetland, and the division into five sampling 

areas; IN=inlet area, T1= shallow section close to the inlet dominated by T. latifolia, T2=shallow 

section close to the outlet dominated by T.latifolia, OPEN=deep open water area, Ts=shallow 

section with T.latifolia receiving drainage water. 

 

During three high-flow periods (3–16 April 2007, 19 Nov–8 Dec 2007, and 29 Feb–13 Mar 

2008), grab samples were taken twice daily for 2–3 weeks, filtered in the field (0.45μm), frozen 
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and analyzed for TP (autoclave-mediated digestion, 120°C, 100 kPa, with K2S2O8 and H2SO4) for 

unfiltered and filtered samples, representing TP and dissolved P (DP), respectively. 

 

The wetland in S. Stene has a catchment area with diffuse contributions from sub-catchments 2 

and 3 as well as a sewage point source (Fig. 1), apart from the sampled inlet. This means that the 

load from all three sub-catchments plus the sewage has to be included to make a correct 

calculation of the P load and retention. A previous study has investigated the percentage of P load 

originating from the smaller sub-catchments (Karlsson, 2005); by extrapolating the load from 

sub-catchment 1 and assuming that the P loss per area agricultural land and forest was equal in 

the other two. Results from the investigations showed that sub-catchment 1, i.e. the sampled inlet, 

contributed 79% of the P load, and sub-catchments 2 and 3 contributed 21%. In addition, the P 

content and flow of the sewage was measured using automatic sampler. The total P load could 

thus be calculated. The resulting source apportionment indicated that the wastewater contributed 

14% of the annual P load, and that most of the P entering the wetland originated from the arable 

land (Eriksson et al., 2009). 

  

Sediment sampling and analysis 

The wetland was divided into five areas, representing the inlet (IN), open area near the outlet 

(OPEN), and the shallow areas dominated by Typha latifolia L. (Ts at the sewage pipe discharge, 

T1 near the inlet and T2 near the outlet; Fig. 1). In February 2008, six sampling sites were 

randomly selected in each area. In each site, two sub-samples were collected using a core sampler 

(diameter 7 cm). In samples taken near the inlet, the accumulated sediment (light brown) could be 

easily distinguished from the dense clay (grey) forming the original bottom of the wetland. The 

two layers were separated from each other and the upper layer was brought to the laboratory for 
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further analyses. Additional samples for density determination were collected using steel 

cylinders (192 cm
3
). For each core sample, the thickness of the accumulated sediment was also 

measured. Additional measurements of sediment thickness were done in the shallow areas (IN, 

n=13; T1, n=6; T2, n=13; Ts, n=6) using a metal rod that was gently pushed down into the 

sediment until it hit the denser underlying clay. The volume of the sediment in T1, T2, Ts and 

OPEN was calculated by multiplying each surface area with the mean sediment thickness. For the 

inlet, the P content of each sediment sample was first calculated, and the mean was multiplied 

with the inlet surface area.  

 

In all samples from the upper sediment layer, plant material was removed, and then they were 

dried at 35 ºC, ground with a mortar and sieved (mesh size 2 mm). TP was determined by a 

method described by Andersen (1976) and recommended by Svendsen et al. (1993). One gram of 

dried sediment was ignited at 550 ºC for three hours. After ignition, 25 ml 1M HCl was added, 

and the solution was boiled for 20 minutes. Total inorganic P (Pi) was determined by the same 

method, only with unignited samples. The difference between Pi and TP represented the organic 

P fraction (Po).  

 

The different Pi fractions were separated with a sequential fractionation procedure (for details, 

see Singh et al. (2005)). Pi was divided into 1) NH4Cl-P = bioavailable P, 2) NH4F-P = 

aluminum-bound P, 3) NaOH-P = P bound to iron-oxides, and 4) H2SO4-P = calcium-bound P. 

The P left in the soil after the fractionation procedure is considered biologically unavailable, 

hence representing a long-term storage pool in a wetland (Diaz et al., 2006). This insoluble 

fraction was given by the difference between TP and the sum of the fractions (Rydin, 2000).  
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The dissolved P in all extracts was generally measured as molybdate reactive P (MRP) using the 

Swedish standard for P determination (SIS, 1997). 

Statistical analysis 

Data (TP) was tested for normal distribution, and then analyzed by analysis of variance 

(ANOVA), to investigate possible differences between the five areas. Possible relationships 

between concentrations in grab water samples and corresponding flow data were analyzed by 

linear regression. All statistical analyses were performed in the software MINITAB 15 2007. 

 

Results 

During the study period, the wetland received a mean hydraulic load of only 6 mm/day during the 

warm low flow season and up to five times higher during the winter, Dec–Feb (Table 1). This 

represented an average runoff of 143 mm per year from the catchment. Seasonal mean 

concentrations of TP at the main inlet varied between 0.07 and 0.18 mg/l with the highest values 

in spring, Mar–May.  

 

The results from analyses of grab samples during three high-flow periods showed that PP was the 

dominant form both in the inflow and outflow water (Fig. 2), with PP constituting 69±19% and 

78±13% of TP, respectively. Linear regression analyses showed a positive relationship between 

PP concentration and water flow both at the inlet and outlet (Fig. 3); R
2
(in) =0.61 (p<0.001), 

R
2
(out) = 0.78 (p<0.001). However, at the inlet the proportion of PP was low during low-flow 

and high in high-flow periods, whereas at the outlet there was a constant high proportion of PP in 

the water (Fig. 2).  
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Fig.2. Proportion of particulate phosphorus for in- and outflow water in S. Stene wetland at three 

sample occasions. Inflow water comes from the main sub-catchment area, and water flow was 

measured in the inlet.  
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Fig.3. Relationship between water flow and concentration of particulate phosphorus, based on 

grab sampling at three different occasions (I: 3-16 April 2007, II: 19 Nov-12 Dec 2007, III: 29 

Feb-13 Mar 2008) at a) the inlet, and b) the outlet of S. Stene wetland. 
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Since the start of measurements in April 2004, P was retained in the wetland, based on inflow 

and outflow water quality analyses and flow measurements, with a mean retention of 17%, which 

equaled 2.8 kg/ha/yr (Table 2). There was a large interannual difference with 6.2 kg/ha/yr during 

the year with highest load. P was released from the wetland during some cold months with high 

flows (Fig. 4), but not during high flows in other seasons, for example in April–May 2005 and 

2006 or Feb–Apr 2007. In the first years, the P release from the wetland corresponded with 

periods of temperature below zero, and possible ice cover.  

 

Fig.4. Phosphorus retention, based on inflow and outflow calculations, water flow and daily air 

temperature for S. Stene wetland. Water flow was measured at the outlet. Negative temperature 

could indicate ice coverage in the wetland, which is marked by double lines above the 

temperature diagram. 
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Sediment thickness was more than four times higher at the inlet compared to the other parts of 

the wetland (Table 3), and the sedimentation rate in this area was 22 kg/m
2
/yr (with a mean dry 

bulk density of 550 kg/m
3
). The amount of P contained in that sediment corresponded to almost 

80% of the P load (Table 3). The amount of P in the uppermost, newly formed sediment in the 

areas dominated by T. latifolia was >3 times larger than the total P load during four years of 

wetland operation. In the open area closest to the outlet, half of the samples had no visible 

accumulated sediment layer. 

 

On average, 22% of the P in the accumulated sediment in S. Stene wetland was found in stable 

forms i.e. bound to calcium-carbonate or the residual fraction not extracted in the sequential 

fractionation (Table 4). NH4Cl-P represents the bioavailable P in the sediment, and this fraction 

was small (0.2%). The Fe/Al-P fraction was large (almost 40%), though the proportion bound as 

Fe-P could not be successfully separated with the chosen fractionation scheme.  

 

At the inlet, where almost all the P from sub-catchment 1 settled, 24% of the P was found in 

stable forms (i.e. Ca-P and residual-P), and 43% was bound to organic material. Here, the Fe/Al-

P fraction was 33%. A comparison of P fractions in the inlet sediment and two of the T. latifolia 

dominated areas (T1 and T2), showed a significantly higher amount of calcium-bound P at the 

inlet (p=0.003). 

 

Discussion 

The wetland in S. Stene received a low hydraulic load when comparing with wetlands in other 

studies, and could therefore be expected to have high relative (% of load) retention. The analysis 

of data from 15 wetlands by Braskerud et al. (2005) indicated that the relative TP retention 
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increased with an increasing ratio wetland area to catchment area and leveled out at about 1–2%. 

However, the variation was high and two out of four wetlands with similar hydraulic and TP 

loads had a relative removal efficiency of 23% in comparison with 62–88% for the other two. 

During individual years, negative retention was occasionally observed in that data set, as has also 

sometimes been reported for natural wetlands (Fisher & Acreman, 2004). In a more recent study 

of a low-loaded wetland in Switzerland, the retention was 23% of the P load, or 11 kg/ha/yr 

(Reinhardt et al., 2005). As commonly observed for constructed wetlands (Kadlec, 2005), the 

area-specific TP retention in S. Stene was higher during high-flow years when the load was 

higher. However, in comparison with the cited studies, both the mean area-specific and relative P 

retention in S. Stene wetland was low, 2.8 kg/ha/yr or 17% of the load (Table 2). One possible 

explanation could be an underestimation of the P load at the main wetland inlet. As noted by 

Jarvie et al. (2002) it is hard to obtain representative samples when sampling water with a high 

proportion of PP. The measured TP loss from the arable land in S. Stene catchment was 0.26 

kg/ha/yr (when sewage pipes and background leakage from forest had been accounted for), and a 

study of a drained clay soil situated in the same geographical area showed a very similar P loss of 

0.29 kg/ha/yr (Ulén & Persson, 1999). PP dominated (63%) with MRP and other 

colloidal/dissolved forms amounting to 23% and 14%, respectively, which agrees well with the 

measured PP and total dissolved P proportion of 69 and 31% in the wetland inlet during high 

flow periods. This suggests that the results from the water sampling program were reasonable 

estimates of the actual P load to the wetland. As the land use and soil type is the same in the 

entire catchment, it is likely that the non-measured P losses from the agricultural fields in sub-

catchments 2 and 3 (17% of the area; Fig. 1) were similar to catchment 1. The P load from the 

sewage pipe was measured during one month using an automatic sampler (Karlsson, 2005) and a 



 16 

mean value used in the load calculations. Hence, the estimated part of the total P load is probably 

reasonably accurate (Table 2).  

 

Another possible explanation for the low retention could be a short-circuiting of the flow from 

the sewage pipe, as it discharged mainly dissolved P near the wetland outlet. The P in sewage 

contributed about 14% of the total annual P load, but during low-flow periods it accounted for the 

major part of the load. During Jun–Aug 2004 (Fig. 4), sewage P input amounted to 78% of the 

total TP load, and the corresponding figure for Jun–Aug 2007 was 90%. However, the total P 

retention was high during those periods (2004: 0.19 kg/ha/month or 92%; 2007: 0.20 kg/ha
/
 

month or 88%) suggesting that sewage short-circuiting was not a main cause for the low annual P 

retention.  

 

The depth of accumulated sediment close to the inlet ranged from 10-30 cm (Table 3) with a 

thicker layer closest to the inlet pipe, showing that the wetland functioned as a sedimentation unit. 

The P content of this accumulated sediment amounted to almost 80% of the P load, so there was 

an efficient settling of PP, as has been concluded in several other studies of wetlands constructed 

for treatment of nutrients from diffuse sources (e.g. Braskerud, et al., 2000; Carleton et al., 2001; 

Coveney et al., 2002; Braskerud, 2002, 2003). The amount of P in the accumulated sediment in 

the inlet (Table 3) was calculated using the mean P content for the whole area of 1150 m
2
. Using 

the minimum and maximum concentrations resulted in a variation of 87–125 kg, indicating that 

the particle settling in the inlet zone corresponded to a removal of between 64–92% of the TP 

entering the wetland. This is considerably more than what was indicated from the inflow and 

outflow estimates alone. Hence, the interpretation of the results from such studies would benefit 

from measurements of sediment accumulation.   



 17 

 

The efficiency of the wetland as a trap for inflowing particles is also seen in the data from one of 

the grab sampling periods, when in the period Feb 29–Mar 13 2008 a sudden increase in the inlet 

PP concentrations occurred as the water flow increased above 1100-1200 m
3
/d (Fig. 3). The lack 

of a corresponding concentration increase in PP at the outlet also confirmed that a substantial part 

of the inflowing particles settled in the wetland. The high particle settling in the inlet zone 

corresponded to an annual sedimentation rate of 22 kg/m
2
/yr, which is lower than the 40–90 

kg/m
2
/yr observed in small wetlands receiving high loads of particle rich water in Norway 

(Braskerud et al., 2000). Despite the high hydraulic load in those wetlands, a large proportion of 

fine particles (silt and clay) settled in the sedimentation basin near the inlet. Settling of particulate 

matter at the inlet is a retention process that requires continuous management, e.g. by removing 

accumulated sediment in order to maintain the retention capacity (Søndergaard et al., 2003). 

 

As seen from Figure 4, there were periods of net P release from S. Stene wetland, despite the 

efficient removal of inflowing PP. All those periods occurred during cold months and were 

coherent with relatively high flows. Release of TP during high flow periods has often been 

observed in inflow/outflow studies of constructed wetlands receiving non-point source runoff (e.g. 

Reinelt & Horner, 1995; Braskerud, 2002; Hoffmann et al., 2009). Carleton et al. (2001) 

reviewed data from 49 wetlands receiving storm water runoff and fitted both an areal P removal 

model (where the wetland volume is not included) and a volumetric model (where the detention 

time is used instead of the hydraulic load) to the data set. They found that the difference in TP 

removal between wetlands was better described by the model including differences in mean 

detention time. The authors suggested that a partial explanation could be that when intermittent 

high inflow rates occur, settled solids are resuspended and this offsets the influence of a low 
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mean hydraulic loading rate. In S. Stene, the proportion of PP was high in the outflow water 

during all the grab sampling periods (Fig. 2), which shows that PP was the dominant form of P 

leaving the wetland during both high and low-flow periods. Since most of the inflowing PP 

settled close to the inlet, most of the PP leaving the wetland must have originated from within the 

wetland. As the outflow zone consisted of an open pond dug in clay, internal erosion caused by 

e.g. high water flow could have contributed to resuspension of fine particles. The thin layer of 

newly formed sediment in this part of the wetland (in half of the samples, no accumulation at all 

could be observed) gives some support for this explanation (Table 3). Bioturbation by 

invertebrates or the large amount of birds feeding and resting in the wetland, as well as growth of 

algae, could have contributed to a high proportion of PP in the outflow during the warmer months, 

but those periods with low water flows had little importance for the overall P retention in the 

wetland (Fig. 4). 

 

Another source of TP in the outflow could be P released during decomposition of litter and 

sediment organic matter. About 70% of the P was found in the newly formed sediment of the T. 

latifolia areas; equivalent to more than three times the P load (Table 3). The source of this P was 

likely not PP from sub-catchment 1, since a majority of that P settled immediately upon entering 

the wetland. Sub-catchments 2 and 3 contributed approximately 21% of the total P load to the 

wetland, but this input alone can not explain the high amount of P in the upper sediment layer of 

the shallow vegetated areas. Emergent macrophytes, such as T. latifolia, are able to supply their 

nutrient demand from the sediments alone, acting as P “pumps” transferring P from the sediment 

to the aboveground plant tissues (Granéli & Solander, 1988). Though the topsoil had been 

removed, it is likely that the mineral soil on which the wetland was constructed contained P 

available to plants as it was formerly agricultural land. Gottschall et al. (2007) studied an eight 
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years old wetland treating dairy wastewater in eastern Ontario and found that at the end of the 

growing season the P storage in above- and below-ground biomass of a Typha spp. community 

was 39-48 kg/ha. In S. Stene, more than 50% of the wetland was covered by emergent vegetation, 

predominantly T. latifolia, representing >1 ha. Assuming a similar P content as in the Canadian 

study, an amount equivalent of the whole P load (16 kg/ha/yr)
 
could have been incorporated into 

the plant community that established during the initial four years. However, it is known that more 

than 80% of P can be released after die back of plants due to litter decomposition (Kadlec, 2005). 

Puriveth (1980) studied decomposition of T. latifolia litter in a temperate region and showed that 

most of the P was rapidly released. After three months, the P loss amounted to 60% and 80% in 

the above- and below-ground litter, respectively. Although not quantified in the present study, 

this internal cycling of P could have affected the net TP retention in the wetland.  

 

The lack of difference in organic-P content between the sediment from the inlet area and the T. 

latifolia dominated areas (Table 4) was not surprising since the wetland was young (4.5 years). 

The P fractionation results suggest that up to 80% of the P in the upper sediment layer (the 

organic and iron- and aluminum bound P) was potentially available for cycling and/or release 

(Table 4), though not directly mobile. The P fraction associated with iron and aluminum 

compounds in the areas dominated by T. latifolia (80 kg) alone amounted to more than double the 

annual load to the wetland (Table 3). This further emphasizes the risk for future P losses in the 

course of P diagenetic processes in the wetland sediment. It is possible that during the winter 

2005/2006 release of dissolved P bound to Fe (III) oxides contributed to the observed net losses 

in December and January; however it was not investigated in detail (Fig. 4). Release of soluble P 

from sediment storage pools, resulting in recently restored wetlands acting as net sources of P has 

been observed but commonly when flooding agricultural soils rich in organic matter (reviewed by 
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Reddy et al., 1999; Kadlec, 2005; Hoffmann et al., 2009). S. Stene was constructed on a mineral 

soil, and as much of the topsoil was removed there was little risk for release of mobile P from the 

soil. However, as more litter and organic sediment accumulate in the vegetated areas, the risk for 

development of anoxic conditions, with subsequent release of P bound to Fe (III) oxides, increase. 

Harvesting the aboveground plant biomass could be one way of removing organic matter and 

decreasing the oxygen demand in the sediments. In addition, considerable amounts of P would be 

removed; Hoffmann et al (2009) give values of 4–15 kg P/ha/yr in harvested biomass from 

wetlands. The timing and frequency of harvest must be properly chosen to sustain a high P 

uptake as studies have noted that frequent above-ground harvesting can slow the growth and 

biomass production of both T. latifolia and T. angustifolia (Sale & Wetzel, 1983; Jinadasa et al., 

2008). 

 

Conclusions 

During the first four years after construction, S. Stene wetland acted as a trap for clay-bound P, 

but with a low annual P retention of 2.8 kg P/ha, or 17% of the load. The dominating retention 

process was sedimentation, and a large proportion of inflowing particles settled immediately 

upon entering the wetland – 78% of the P load was found in the sediment near the inlet. The large 

discrepancy between the estimates shows the need to add measurements of sediment 

accumulation to inflow-outflow studies for an improved understanding of P retention in 

constructed wetlands.  

 

The rapid sediment accumulation at the inlet (22 kg/m
2
/yr) will require repeated removal of the 

sediment to sustain an efficient PP retention in this section. The stores of P in the upper sediment 

layer were substantially larger than the annual load of P to this wetland and there is a risk for 
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future release of P from those pools. Harvesting the emergent vegetation would be one way to 

reduce the risk for redox-induced release of soluble P and also to remove P from the wetland.  

 

Despite the high removal of inflowing PP, there was an outflow of predominantly PP from the 

wetland. Net release of P occurred each year during 1–2 cold months with high water flow. It 

remains open to which extent the release of P bound to Fe (III) oxides or other processes like 

sediment erosion or litter decomposition can explain this phenomenon.  
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Tables 

Table 1. Hydraulic load and concentrations of total phosphorus, TP (mean±SE) at the main 

inflow of S. Stene wetland. The values are seasonal means for four years (2004−2008). 

Time period Hydraulic load (mm/d) TP in (mg/l) 

Dec-Feb 28 ± 16 0.16 ± 0.05 

Mar-May 26 ± 5 0.18 ± 0.09 

Jun-Aug 6 ± 6 0.07 ± 0.004 

Sep-Nov 20 ± 27 0.11 ± 0.03 

 

Table 2. Phosphorus load and retention in S. Stene wetland during four years, based on flow 

proportional water samples (n=40 per year) and continuous flow measurements at the inlet and 

outlet. A sampling year was between 1
st
 April and 31

st
 March. The total relative retention 

represents the sum for the four years. Wetland area = 2.1 ha. 

Year Hydraulic load 

(m/yr) 

Pin 

(kg/ha) 

Pout 

(kg/ha) 

Retention 

(kg/ha) 

Retention 

(% of Pin) 

  Catchment 1 Catchment 2+3 

and sewage 

   

2004/2005 2.8 3.1 3.0 4.9 1.2 20 

2005/2006 3.4 6.1 3.8 8.2 1.7 17 

2006/2007 14 23 8.4 26 6.2 19 

2007/2008 6.5 12 5.3 15 2.1 12 

Total 27 44 21 54 11 17 
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Table 3. P amount (based on dry matter) in the sediments in the five different areas in S. Stene 

wetland compared to total P load and P retention based on mass balance estimates. Also surface 

area, sediment thickness (mean±SE) and phosphorus content (mean±SE) in the five different 

areas in S. Stene wetland. 

 P amount (kg) Area (m
2
) Mean sediment 

thickness (cm) 

TP (mg/kg) 

Subareas     

IN 106 1150 16 ±15 1056 ± 135 

OPEN 50 4350 1 ± 2 957 ± 83 

T1 142 4225 5 ± 2 953 ± 113 

T2 133 4250 4 ± 1 844 ± 184 

Ts 115 3875 4 ± 1 906 ± 174 

Total 546    

Load 

Retention 

136 

23 
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Table 4. Amount (based on dry matter) and proportion of organic phosphorus (P) and 

sequentially extracted inorganic P fractions according to Singh et al. (2005) for the accumulated 

sediment for the entire S. Stene wetland, inlet area and the mean of two shallow vegetated areas 

(Typha 1 and Typha 2). 

Extractant P form Whole wetland sediment Inlet sediment Typha 1 & 2 sediment 

  (mg/kg) (% of TP) (mg/kg) (% of TP) (mg/kg) (% of TP) 

 Organic 365 38 455 43 362 40 

 Inorganic:       

NH4Cl - bioavailable 

P 

2 0.2 2 0.2 2 0.2 

NH4F + 

NaOH 

- Al−P + 

Fe−P 

377 39 349 33 385 42 

H2SO4 - Ca−P 126 13 151 14 95 10 

 - Residual P 91 9 107 10 72 8 
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