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1 Abstract 
A low-loaded constructed wetland was investigated with respect to 
phosphorus retention. Since the main long-term phosphorus retention 
mechanism is sedimentation and sediment accretion, the study focused on 
these processes. The purpose of the study was 1) to investigate how the 
calculated value of phosphorus retention (Pin � Pout), corresponded with 
the measured amount of phosphorus in the sediment, 2) to find out where 
in the wetland the phosphorus had accumulated, and in what form it was 
retained, and 3) to investigate the role of vegetation. The calculated value 
was 12 kg ha-1 and the measured value was 104 kg ha-1, which indicated 
the importance of internal phosphorus circulation, where plants probably 
take phosphorus from the underlying clay. Hence, vegetation could 
possibly increase the total phosphorus content in the wetland. The 
composition of phosphorus in the sediment was analysed using sequential 
fractionation. The dominating form of phosphorus in the sediment was 
iron-bound phosphorus (29 %). In total, 48 % of the phosphorus was 
stable, i.e. tightly bound in the sediment, and 35 % was relatively stable. 
The bioavailable fraction, which could cause eutrophication in 
downstream waters, was 17 % of the total phosphorus content, or 41 kg 
ha-1. The amount of total phosphorus was significantly higher near the 
inlet, compared to the outlet, which is explained by rapid sedimentation 
of particulate phosphorus entering the wetland. The phosphorus amount 
near the inlet represented 80 % of the total phosphorus load � which 
indicates the importance of internal circulation of phosphorus, both 
biological and geochemical.  
 
Keywords: constructed wetland, long-term retention, phosphorus removal 
efficiency, sediment, sequential fractionation.  

2 Introduction 

2.1 Background 
Phosphorus is the limiting nutrient in many freshwater ecosystems (Kalff, 
2002). The reason is that phosphorus compounds are highly reactive and 
form complexes with inorganic and organic substances. Because most of 
the phosphorus is bound in complexes, there is little left available for 
plants and microorganisms (Leonardson, 2002). Water from catchments 
draining agricultural areas is an important source of nutrients, which 
contributes to the eutrophication problem in lakes and watercourses 
(Liikanen et al., 2004). As part of the Swedish Environmental Objective 
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�No eutrophication�, the construction of wetlands has been suggested as 
a means to reduce the transport of phosphorus from agricultural land 
(Tonderski et al., 2002). 

In wetlands, phosphorus is found in inorganic and organic forms. 
The inorganic molecule orthophosphate is available to plants and 
microbes, and is taken up by these organisms and converted to organic 
phosphorus � a process known as immobilization (van der Valk, 2006). 
Not all inorganic phosphorus that enters a wetland is bioavailable, though. 
Inorganic phosphorus can be bound to particles � in which case, it must 
be transformed in some way to become available to plants and microbes. 
This is the case for organic phosphorus as well (Reddy et al., 1999). 
Many studies have shown that constructed wetlands can function as 
effective sinks for phosphorus from both point and non-point sources 
(Braskerud et al., 2005; Bruland & Richardson, 2006). By retaining some 
of the phosphorus in such a wetland, water bodies downstream are 
protected from eutrophication. Due to the potential of wetlands to lessen 
the nutrient load to downstream waters it is of great importance that we 
understand by what mechanisms this positive effect is generated. 

2.1.1 Phosphorus retention 
Retention can be defined as the capacity of a wetland to remove 
phosphorus from the water column, and retain the phosphorus in an 
insoluble, i.e. not bioavailable, form in the sediment, so that leakage back 
to the water is prevented (Reddy et al., 1999). The initial removal can 
happen through physical (sedimentation), chemical (sorption and 
precipitation) and biological (uptake by plants and microbes) processes 
(Dunne et al., 2005). 

Sedimentation occurs when phosphorus bound to particles and 
aggregates enters a wetland. The velocity of the water is reduced, and the 
phosphorus particle can settle on the bottom. A study by Braskerud (2002) 
showed that sedimentation of particulate phosphorus was the main 
retention process in small constructed wetlands in Norway receiving 
stream water rich in suspended matter.  

The chemical removal of phosphorus is caused by both sorption and 
precipitation. Incoming phosphorus can be adsorbed on soil or sediment 
particles if they contain sufficient Al-, Fe- and Ca-compounds. In acidic 
soils, phosphate is adsorbed on hydrous oxides of iron and aluminium, 
and phosphorus may also precipitate as Fe- and Al-phosphates. When pH 
is greater than 8.0, phosphorus is precipitated as Ca-P or Mg-P 
(Richardson, 1999).  
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The third mechanism for removing phosphorus from the water is 
through biological uptake by plants and microorganisms. This uptake can 
be very rapid, and as soon as available phosphorus enters the wetland, it 
is assimilated by phytoplankton and periphyton. Microbial uptake is very 
fast, but the amount stored is low (Vymazal, 2007). However, as stated in 
Braskerud et al. (2005), because of the short summer in this part of the 
world, it is likely that biological uptake only has a minor role for the 
annual phosphorus retention relative to the other mechanisms described 
above. 

The ability of a wetland to retain phosphorus efficiently depends on 
a number of factors. One of them is obviously the concentration of 
phosphorus in the incoming water, and also the hydraulic load (Tonderski 
et al., 2005). If a high concentration of phosphorus enters a wetland at a 
high rate, the retention ability is reduced. Another factor affecting the 
retention capacity is residence time � the amount of time the incoming 
water spends in the wetland. The longer time water stays in a wetland, 
the more phosphorus can be removed through the different mechanisms 
described above. Reinhardt et al. (2005) suggest that the residence time 
should not be lower than seven days, to retain at least 50 % of the 
bioavailable phosphorus. Furthermore, the availability of Fe-, Al- and 
Ca-ions, which are involved in the process of precipitation, can also 
determine the efficiency of phosphorus retention. Fe-bound phosphorus 
can be released into the water column during periods of anoxia, since 
iron is sensitive to changes in redox potential. Hence, the redox potential 
is another factor affecting the phosphorus retention. However, in 
freshwater sediments, redox reactions are often reversible � this means 
that phosphorus can be resorbed on sediment particles as soon as the 
bottom is oxygenated again (Uusitalo et al., 2003). 

A distinction is often made between long-term and short-term 
retention (Bruland & Richardson, 2006) where the long-term option is 
desirable, since it will retain phosphorus permanently. Short-term 
retention often refers to plant and microbial uptake (Liikanen et al., 
2004), because most of the assimilated phosphorus is released back into 
the water column after the death of the organism � 35 to 75 % of the 
plant phosphorus is rapidly released, according to Richardson (1985). 
However, some of the organically bound phosphorus remains in the 
sediments after the organisms die. The three most important mechanisms 
for long-term phosphorus retention is sedimentation of incoming particles 
with associated phosphorus, formation of chemical precipitates 
containing phosphorus, and the accumulation of organic material in the 
sediment � and the phosphorus associated with this material (Reddy et al., 
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1999). From this, one can conclude that most of the phosphorus retained 
in a wetland should be found in the sediment. 

2.1.2 The role of vegetation 
As mentioned above, biological uptake is normally considered to be a 
short-term retention mechanism. However, in low-loaded wetlands, plant 
uptake can have an important role, and the vegetation can at high 
productivity periods contain a large amount of phosphorus. Reddy and 
Debusk (1987) showed that Typha sp. had a phosphorus content of 0.5-4 
g kg-1 d.w. They also showed that the species of the genus Typha have a 
phosphorus storage capacity of 45-375 kg P ha-1. For a low-loaded 
wetland with a substantial amount of vegetation, a large proportion of the 
incoming phosphorus could theoretically be held in the biomass.   

Vegetation can also influence the retention capacity of a wetland in 
other ways. The velocity of incoming water is reduced by emergent 
vegetation, since the turbulence is reduced. This will enable particles to 
settle (Craft, 1997). However, if the density of the stems becomes too 
great, the water is unable to flow through them � it will take a short-cut, 
and the actual residence time will become reduced (Braskerud, 2001).  

Because of the vegetation�s capacity to stabilise the soil through 
their root network, resuspension of particulate phosphorus is mitigated 
(Uusi-Kämppä et al., 2000; Braskerud, 2001). Vegetation can also 
influence the chemical environment in the sediment, for example by 
releasing oxygen through the roots (Stephen et al., 1997; Fisher & 
Acreman, 2004). This can enhance the formation of phosphorus-iron 
complexes � a process which is affected by oxygen availability, as 
mentioned above. 

2.1.3 Mass balances 
A seemingly simple method to determine the phosphorus retention in a 
wetland is to compare the amount of incoming phosphorus with the 
amount leaving the wetland. The difference is equal to the amount of 
phosphorus that is retained in the wetland (Moustafa et al., 1996). 
However, this method has its limitations, since sampling at the inlet and 
outlet often results in samples that are not accurate with respect to 
particulate phosphorus. The concentrations of in- and outgoing water 
could be both over- and underestimated as it is difficult to capture the 
event-based movement of particles. Moreover, studies of in- and 
outgoing masses of phosphorus often exclude the internal movements of 
phosphorus within a wetland. Further, the potential mobility of the 
phosphorus in the wetland sediment is unknown. 
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Studies of in- and outgoing masses of phosphorus to wetlands 
receiving agricultural runoff often show that the retention is positive 
(Braskerud et al., 2005), but more information about the different forms 
and mobility of the retained phosphorus is desirable to assess the 
longevity of the wetlands as phosphorus sinks. 

2.2 Aims and hypotheses 
The aim of the project was to evaluate the long-term retention of 
phosphorus in a low-loaded wetland receiving mainly agricultural runoff. 
The project investigated (1) how well the phosphorus retention estimated 
from inflow-outflow balances agrees with estimates of the amount of 
phosphorus accumulated in the sediment, (2) the spatial distribution of 
accumulated phosphorus, (3) in what form the phosphorus is retained, 
and (4) if the composition of phosphorus forms varied between vegetated 
and non-vegetated parts � hence, assessed the role of biological uptake 
for phosphorus accretion.  

First, one can hypothesize that the phosphorus amount in the 
sediment is higher close to the inlet compared to the outlet. A study made 
on a wetland in Oxelösund, Sweden, showed that a large proportion of 
the incoming phosphorus had settled near the inlet (Gunnarsson, 1997). 

Second, one can hypothesize that the sediment in deeper parts with 
little vegetation will contain predominantly inorganic phosphorus 
compounds � particles with adsorbed phosphorus that have sunk to the 
bottom. In areas where emergent macrophytes are dominant, the 
proportion of organic phosphorus in the sediment should be larger 
compared to the deeper parts without vegetation. A study made in the 
Doñana Marshes in Spain showed that the concentration of organic 
matter was higher in sediments covered by vegetation, compared to 
neighbouring open-water areas (Reina et al., 2006).  

Third, the vegetated areas should have a higher total phosphorus 
content (Ptot) than the open-water areas (the inlet not included). This is 
because of the role of vegetation in increasing sedimentation by reducing 
the velocity of the incoming water. There is often an increased 
sedimentation in dense stands of macrophytes (Uusi-Kämpää et al., 
2000). 

3 Materials and methods 

3.1 Site description 
The wetland investigated in this study is situated at Södra Stene farm, 
between Gnesta and Vagnhärad in southeast Svealand, Sweden. It was 
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constructed in 2003 to favour nitrogen and phosphorus retention, and to 
increase biodiversity. The wetland is 2.1 ha and its catchment area is 96 
ha and consists of forest (56 ha), arable land (34 ha), and pastures and 
lots (6 ha) (Karlsson, 2005; Kynkäänniemi, 2006). The catchment is 
divided into three areas, as seen in Figure 1. In the figure, area 4 
represents the wetland itself. The largest subcatchment, area 1, drains 
water to the inlet, and the other two to the sides of the wetland. 

 
Figure 1. The catchment area of the Södra Stene wetland. The actual wetland 
is area 4. 
 
A sewage pipe with sanitary wastewater enters the eastern part of the 
wetland. The wetland is low-loaded, meaning that the incoming amount 
of both nitrogen and phosphorus is low (Andersson et al., 2006). 
Previous studies of the wetland and its catchment have shown that the 
wastewater contributes a great part of the phosphorus load, 24 %, 
although most of the phosphorus entering the wetland has its origin in the 
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agricultural land. The wastewater contains mainly soluble phosphate, 88 
% of the total phosphorus in the incoming wastewater (Karlsson, 2005).  

The wetland was constructed by digging out and flooding an area 
around an old ditch. Hence there is a deep trench from the inlet to the 
outlet. This part is the deepest, and the maximum depth is 1.8 meters. 
The rest of the wetland is shallow, 0.2-0.5 meters, and covered by Typha 
latifolia L. and Juncus sp L. (Fig. 2). The four islands in the wetland 
were constructed to increase the hydraulic efficiency and diverge the 
water flow, and have also provided nesting grounds for birds. During the 
wetland�s first years, the incoming water continued its previous flow 
through the former ditch, and a large portion of the wetland was not 
involved in the nutrient retention processes. This was prevented in 2005, 
when an embankment was constructed near the inlet. This measure 
helped to diverge the flow, and the residence time in the wetland was 
increased (Kynkäänniemi, 2006).  

 
Figure 2. The wetland in Södra Stene. The wetland was constructed by 
digging out and flooding an area around a ditch. The former ditch stretched 
from the inlet to the outlet in a straight line. The dominating plant is Typha 
latifolia, which grows in the shallow sections of the wetland. The inlet, outlet, 
sewage pipe and the embankment are marked in the figure. 
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Since its construction, regular water samples have been taken and 
analysed. Hence, vast data of the incoming and outgoing nutrient 
concentration, rainfall and water flow exist for this particular wetland. 
This made it ideal for calculating the long-term retention of phosphorus. 
Previous investigations have shown an annual phosphorus retention of 
17-21 % (Andersson et al., 2006). 

3.2 Sediment sampling 
To investigate the hypotheses described above, the wetland was divided 
into five different areas (Fig. 3) representing the inlet (area 1 = IN), outlet 
(area 3 = OUT), sewage pipe (area 5 = Ts), shallow vegetation close and 
far from the inlet, respectively (areas 2 and 4 = T1 and T2). The sampling 
took place in February 2008, and in each area, six sample points were 
randomly selected. Each sample point contained two sub samples, which 
were collected using a core sampler (ø = 7 cm). There was a distinct 
border between the softer sediment, accumulated during the four years 
the wetland has been functioning, and the denser, underlying clay, which 
was the original bottom of the wetland (Fig. 4). The newly accumulated, 
softer sediment was separated from the denser clay sediment and brought 
to the lab. The underlying clay was also brought to the lab � the amount 
of total phosphorus in the clay represents a background level of 
phosphorus. Additional samples were collected using steel cylinders of a 
certain volume (192 cm3), for determination of the density of the 
sediment. For each sample the thickness of the softer sediments was 
measured, to validate the measurements made by the ground penetrating 
radar, further described below. 
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Figure 3. The different sediment sampling areas (1-5), and their 
corresponding sections (IN, T1, T2, Ts and OUT, represented by a dotted line) 
in Södra Stene wetland. In each area six sediment samples (a-f, randomly 
selected), were collected and brought back for chemical analyses. 

 
Figure 4. There was a visible border between the newly accumulated 
sediment and the underlying clay in Södra Stene wetland.  
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3.3 Ground penetrating radar 
To measure the thickness of the newly accumulated sediment, a ground 
penetrating radar (GPR) was used. This part of the project can be viewed 
as a pilot test, to see if the method is useful for future sediment studies, 
compared to the conventional method of manual measurements of the 
sediment thickness. The measurements were performed in February 2008, 
and the equipment used was a shielded georadar from Malå Geoscience. 
The antenna frequency was 500 MHz, to get enough penetration in the 
deeper parts of the wetland. The measurements were carried out along 
profiles in the wetland (Figure 5). The interpretation of the radar results 
was done using GroundVision from Malå Geoscience, and ReflexW by 
K.J. Sandmeier.1 Supplementing manual measurements were performed 
in vegetated and open water (e.g. no ice coverage) areas using a metal rod 
that was gently pushed down into the sediment until the rod hit the denser 
underlying clay � the thickness of the sediment could then be estimated. 

The volume of the sediment in the five different area was then 
calculated by multiplying each surface area with the mean sediment 
thickness, given by the GPR and manual measurements. 

 

 
Figure 5. The different transects in Södra Stene wetland, where 
measurements using a ground penetrating radar were performed in February 
2008. 

                                                
1 pers. comm. Bosse Olofson, The Royal Institute of Technology.  
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3.4 Sediment analyses 
The steel cylinders for determining the density of the sediment were 
dried in 60 ûC until no further weight loss occurred. The cylinders were 
then weighed, and the density expressed in kg m-3. pH was determined by 
shaking 25 g sediment with 50 mL H2O for two hours, then measuring 
pH of the decanted solution. 

The sediment and clay samples for phosphorus analyses were first 
dried in 35 ûC, ground and sieved (2 mm). All sediment samples were 
analysed for total phosphorus and the organic fractions described below. 
Twelve sediment samples (four samples from each of areas IN, T1 and 
Ts) were analysed for the inorganic fractions. Clay samples from area T1 
and T2 were analysed for total phosphorus. Loss on ignition was 
measured in all sediment and clay samples. This was done by heating one 
gram of soil to 550 ûC for 2-3 hours. The difference between the weight 
before and after the ignition represented the amount of organic material 
in the soil sample (Heiri et al., 2001).  

To separate the different fractions of phosphorus, the method of 
sequential extraction was useful. Different forms of phosphorus are 
separated based on their different solubility in various chemical 
extractants (Reddy et al., 1999). The fractionation schemes for both 
organic and inorganic phosphorus are further described below. 

3.4.1 Total phosphorus 
Total phosphorus, Ptot, 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 ûC for three hours. After ignition, 25 
mL 1 M HCl was added, and the solution was boiled for 20 minutes. 
Total inorganic phosphorus, Pi was determined by the same method as 
above, only with unignited samples. The difference between Ptot and Pi 
represents the organic fraction, Po.  

For all phosphorus determinations, the Swedish standard for 
phosphorus determination was used, i.e. the ammonium molybdate 
spectrometric method (SIS, 1997).  

3.4.2 Fractionation of organic phosphorus 
Organic phosphorus can be divided into following groups: 1) labile 
organic phosphorus, which includes RNA, nucleotides and 
glycerophoshate (Fan et al., 1999), 2) moderately labile organic 
phosphorus, 3) moderately stable organic phosphorus, which includes 
fulvic acids, 4) highly stable organic phosphorus, which includes humic 
acids (Yang et al., 2006), and 5) residual organic phosphorus, which is 
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biologically unavailable, hence represents a long-term storage pool in a 
wetland (Diaz et al., 2006). Following fractionation scheme was used 
(Yang et al., 2006).  

The first chemical added to one gram of sediment was 25 mL 0.5 M 
NaHCO3. After ultrasonical treatment, shaking and centrifugation (3000 
rpm), the supernatant solution was analysed for phosphorus. The first 
extraction step extracted the labile organic phosphorus. The remaining 
soil was rinsed twice with saturated NaCl, then 50 mL 0.05 M NaOH was 
added. After ultrasonical treatment, shaking and centrifugation, the 
supernatant solution was analysed for phosphorus. This second 
fractionation step extracted the stable organic phosphorus (SOP), which 
included both the fulvic and humic acids. To separate these, the 
supernatant from the previous step was adjusted to pH 3.1, shaken for 5 
hours and centrifuged. The supernatant represented the fulvic acids, 
MSOP. The highly stable organic phosphorus or the humic acids (HSOP), 
were given by the difference between the stable organic phosphorus and 
the fulvic acids (1). 
 
HSOP = SOP � MSOP     (1)  
 
The soil residual was rinsed twice with saturated NaCl, then 50 mL 1 M 
H2SO4 was added. After ultrasonical treatment, shaking and 
centrifugation, the supernatant solution was analysed for phosphorus. 
This last step of the procedure extracted the moderately labile organic 
phosphorus. The phosphorus left in the soil residual represented insoluble 
organic phosphorus, and was calculated by the difference between total 
organic phosphorus content, Po, and the fractions extracted above (Rydin, 
2000).   

3.4.3 Fractionation of inorganic phosphorus 
The method for obtaining the inorganic fractions of the sediment was 
designed by Chang & Jackson (1957), modified by Hartikainen (1979) 
and described in Singh et al. (2005). Inorganic phosphorus can be 
divided into easily soluble, aluminium-bound, iron-bound and calcium-
bound fractions (Reddy et al., 1999).  

One gram of sediment was mixed with 50 mL 1 M NH4Cl, then 
shaken for 30 minutes and centrifuged. The supernatant was analysed for 
phosphorus, and represented the easily soluble phosphorus fraction � the 
amount that is immediately available for biota (Fytianos & Kotzakioti, 
2005). The remaining sediment was mixed with 50 mL 0.5 M NH4F, then 
shaken for one hour and centrifuged. The supernatant was analysed for 
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phosphorus, and represented the phosphorus bound to aluminium. The 
soil residual was rinsed twice with saturated NaCl, after which 50 mL 0.1 
M NaOH was added. The sample was shaken for 18 hours, and then 
centrifuged. The supernatant represents the phosphorus bound to iron 
oxides. The remaining sediment was again rinsed twice with saturated 
NaCl, and then 50 mL of 0.025 M H2SO4 was added. After shaking for 
one hour and centrifuging, the supernatant solution was analysed for 
phosphorus, and represented the phosphorus bound to calcium. The 
phosphorus left in the soil residual represents tightly bound and highly 
stable phosphorus, and is calculated by the difference between Pi and the 
fractions extracted above (Rydin, 2000).  

3.5 Calculations for determining P retention and P content 
By subtracting the outgoing amount of phosphorus from the incoming 
amount, information on the amount retained in the wetland can be 
obtained (Moustafa et al., 1996). Since the wetland in Södra Stene has a 
complex catchment area, with diffuse contributions from the small local 
catchments and not only the sampled inlet, one has to incorporate all 
three sub catchments to make a correct calculation of the phosphorus 
retention. Thanks to previous studies (Karlsson, 2005; Kynkäänniemi, 
2006) the percentage of incoming phosphorus from the different 
catchments is known, and based on this information, the total load of 
phosphorus to the wetland was calculated as follows. 

The catchment is divided into three sections (Fig. 1), where 
catchment one (C1) is the largest contributor of phosphorus. The 
following formula was used for calculating the amount of phosphorus 
that enters the wetland via the inlet: 
 
Pin(C1) = (Qout × 0.816 × CP(in)) 1000-1   (2) 
 
where  

Pin(C1) is the amount incoming phosphorus from C1, kg. 
Qout is the outgoing water flow, m3 day-1 . The cited previous studies 
of the wetland have shown that the incoming water flow is 81.6 % of 
the outgoing water flow. In the past, there have been problems with 
the flow meter at the inlet, and as a general rule, calculations are 
made by measuring the outflow and multiplying with 0.816. 2 
CP(in) is the incoming concentration of phosphorus, mg L-1.  

                                                
2 pers. comm. Jonas Andersson, WRS Uppsala AB. 
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The following formula was used to calculate the amount of phosphorus 
that enters the wetland via catchment two and three (C2+3): 
 
Pin(C2+3) = Pin(C1) (0.789 × 0.211)-1    (3) 
 
C1 represents 78.9 % of the incoming phosphorus from the catchment, 
and C2+3 represent 21.1 %.  

The sewage tube that enters the wetland (Fig. 1) also contributes to 
the phosphorus load. The inflow of phosphorus via the sewage was 
assumed to be constant, 4.5 kg year-1 (Kynkäänniemi, 2006), which 
correspond to Psewage = 0.0125 kg day-1. The total incoming amount of 
phosphorus was calculated by summarizing the amounts from C1, C2+3, 
and the contribution from the sewage tube: 
 
Pin(tot) = Pin(C1) + Pin(C2+3) + Psewage    (4) 
 
To calculate the amount of phosphorus that leaves the wetland, the 
following formula was used: 
 
Pout = (Qout × CP(out)) 1000-1    (5) 
 
where 

Pout is the amount of phosphorus in kilos. 
Qout is the outgoing flow, m3 day-1. 
CP(out) is the concentration of phosphorus exiting the wetland, mg L-1. 

The retention was calculated by subtracting the outgoing amount of 
phosphorus from the incoming. 
 
Pret(kg) = Pin(tot) � Pout      (6) 
 
The wetland�s relative phosphorus retention efficiency was calculated as: 
 
Pret(%) = Pret(kg) Pin(tot)

-1     (7) 
 
The actual amount of phosphorus found in the sediment, was calculated 
as follows: 
 
P = (V × δ × Pd.w.)     (8) 
 
Where 

P is the amount of phosphorus in the sediment in mg. 
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V is the volume of the sediment in m3. 
δ is the density of the sediment in kg m-3. 
Pd.w. is the phosphorus amount in mg kg-1, d.w. 

3.6 Statistics 
Data (mean Ptot) were tested for normal distribution by performing a 
histogram in MINITAB, and then analysed statistically by analysis of 
variance (ANOVA), with a confidence interval of 95 %, and the null 
hypothesis that there is no difference between the different areas 
regarding phosphorus content. All statistical analyses were performed in 
the software MINITAB 15 2007.  

4 Results  

4.1 Volume and density of the sediment 
The volume of the newly accumulated sediment was estimated to 823 m3.  
The area where most material had accumulated was area IN. The area 
with the thinnest sediment layer was area OUT. The density of the 
sediment ranged from 550 to 1036 kg m-3, with a mean of 751 kg m-3 
(Tab. 1). The mean pH (H2O) was 4.54.  
 
Table 1. Surface area, mean sediment thickness, volume, density, Porg and 
Ptot of the newly accumulated sediment in five sections in Södra Stene 
wetland. 

  
Surface area 

(m2) 
Sediment thickness 

(m) 
Volume 

(m3) 
Density  
(kg m-3) 

Porg 
(kg) 

Ptot 
(kg) 

IN 1150 0.16 187 550 48 99
OUT 4350 0.03 131 751 17 71
T1 4225 0.05 190 784 51 124
T2 4250 0.04 152 1036 39 126
Ts 3875 0.04 163 777 32 109
Total   823  187 529
  

4.2 Phosphorus content and different forms of phosphorus 

4.2.1 Total phosphorus 
The inlet had significantly higher phosphorus content than the outlet (p ≤ 
0.03, Fig. 6). In area T2, two of the samples displayed unusually high 
phosphorus content. This could be explained by the fact that the wetland 
was constructed by digging out an arable field; hence, these samples 
could contain traces of the original topsoil since they were situated close 
to the islands, which were constructed by the topsoil. The field had been 
fertilised in the past, and the two samples were removed from the 
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analysis since they were not regarded as representative for the sediment 
in the area. 

 
Figure 6. Sediment total phosphorus content in the five different sample areas 
in Södra Stene wetland (mean ± SE). IN= inlet, T1= vegetated area close to 
the inlet, T2= vegetated area close to the outlet, OUT= outlet, Ts= area close 
to the sewage pipe. Two extreme values in area T2 are shown as markers. 
Bars �a� and �b� are statistically different (p < 0.05) . 
 
The total phosphorus content ranged from 727 mg kg-1 (outlet) to 955 mg 
kg-1 (inlet) with a mean of 838 mg kg-1. When comparing the inorganic 
fraction with the organic fraction (given by the chemical analysis 
described in 3.4.1), the inorganic fraction dominated (Fig. 7). The 
organic phosphorus content was significantly higher in area IN than in 
area OUT (p = 0.008). Area IN had almost three times higher Po content 
(mg kg-1) than area OUT (Fig. 10).  

 
Figure 7. Ratio between organic and inorganic phosphorus fractions in Södra 
Stene wetland sediment (mean ± SE). IN= inlet, T1= vegetated area close to 
the inlet, T2= vegetated area close to the outlet, OUT= outlet, Ts= area close 
to the sewage pipe. Bars �a� and �b� are statistically different. 
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There was no significant difference between vegetated and open water 
sites for inorganic, organic and total phosphorus. There was a tendency 
for a higher amount of Ptot and Po in the vegetated sites, but it could not 
be proven statistically.  

Chemical analyses of the underlying clay were also carried out. Two 
areas (T1 and T2) had their phosphorus content in the newly accumulated 
sediment compared with the underlying clay (Fig. 8). There was a 
significantly higher amount of Ptot in the top sediment than in the 
underlying clay (p = 0.021) in area T1. No such pattern could be seen for 
area T2. In this area, the number of samples was only three due to 
reasons mentioned before (pg. 15). 
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Figure 8. Ptot (mean ± SE) for sediment and underlying clay for two areas, T1 
and T2,  in Södra Stene wetland.  
 
For all five areas, the sediment and clay samples were compared with 
respect to the loss on ignition. The softer sediment had a significantly 
higher loss on ignition (p = 0.000) which means that overall, the newly 
accumulated sediment had a higher organic content than the underlying 
clay (Table 2). 
 
Table 2. Loss on ignition (% of d.w.) in the five sample areas in Södra Stene 
wetland. 
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4.2.2 Phosphorus fractions 
After sequential fractionation for organic phosphorus, it was clear that 
the largest part of the extracted fraction in the sediments was the 
moderately labile organic phosphorus (Fig. 9). However, the non-
extractable, highly stable Po fractions were dominating three of the areas. 

Area Ts, situated close to the sewage inlet, had a significantly higher 
amount of labile organic phosphorus than the areas IN and T2, p = 0.027, 
with areas T1 and OUT having intermediate levels. There was also a 
significant difference between the inlet and the outlet with respect to the 
amount of labile organic phosphorus (p = 0.002).  
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Figure 9. Proportion of the different fractions of organic phosphorus in Södra 
Stene wetland. The amount, in mg P kg-1, is shown above the bars of the five 
different areas. The highly stable Po is calculated as the difference between 
the total Po and the sum of fractions. In area OUT, the sum of fractions were 
larger than the total Po, hence, the highly stable Po is negative.  

 
By summarising the Po fractions, a total amount of organic phosphorus in 
the sediment was obtained. The difference between the sum of the 
fractions and the calculated value of organic phosphorus (as described in 
3.4.1) represents highly stable and immobile phosphorus fractions, i.e. 
the phosphorus left in the sediment sample after all the chemical 
extractions were made (Fig. 10). Area IN had the largest amount of 
highly stable Po, followed by area T1. The negative amount in area OUT 
could be explained by sample and laboratory errors. 
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Figure 10. Sediment total organic phosphorus, Po , and the sum of extracted 
fractions in Södra Stene wetland. IN= inlet, T1= vegetated area close to the 
inlet, T2= vegetated area close to the outlet, OUT= outlet, Ts= area close to 
the sewage. The difference between bars in the same area represents the 
phosphorus that is tightly bound in the sediment. Bars �a� and �b� are 
significantly different (p < 0.05). 
 
The dominating inorganic phosphorus fraction from the sequential 
extraction was phosphorus bound to iron (p=0.000, Fig. 11). However, 
the non-extractable, highly stable Pi fraction was almost as large in all 
three areas. The separate fractions were not significantly different 
between the three areas. Area Ts had a higher amount of total extractable 
inorganic phosphorus than the other areas (p = 0.031). 
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Figure 11. Different fractions of inorganic phosphorus in the sediment in 
Södra Stene wetland. IN = inlet, T1 = vegetated area close to the inlet, and Ts 
= area close to the sewage pipe. The figure shows the proportion of the 
different fractions. The amount, in mg P kg-1, is shown above the bars of the 
different areas. The smallest fraction was the soluble Pi, which is barely seen 
in the figure. 
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By summarising the Pi fractions, a total amount of extractable inorganic 
phosphorus in the sediment was obtained. The difference between this 
value and the total inorganic phosphorus (as described in 3.4.1) 
represents highly stable and immobile inorganic phosphorus fractions, i.e. 
the phosphorus left in the sediment sample after all the chemical 
extractions were made (Fig. 12). 

 
Figure 12. Sediment total inorganic phosphorus, Pi, and the sum of extracted  
fractions in Södra Stene wetland. The fractionation procedure was performed 
for areas IN, T1 and Ts (the inlet, the vegetated area close to the inlet, and 
the area close to the sewage pipe, respectively). The difference between bars 
in the same area represents the phosphorus that is tightly bound in the 
sediment. Bars �a� and �b� are statistically different. 
 
In summary, the four dominating forms of phosphorus in Södra Stene 
wetland were iron-bound P, moderately labile organic phosphorus, and 
residual Pi and Po (Table 3). 
 
Table 3. Mean values and the proportion of the different forms of phosphorus 
in the sediment in Södra Stene wetland. 

Phosphorus form mg P kg-1 % 
Unstable Po 13.7 2% 
Fulvic acids 47.6 6% 
Humic acids 12.2 1% 
Moderately labile Po 125.2 15% 
Residual Po 97.3 12% 
Soluble Pi 1.2 0.2% 
Fe-P 237.1 29% 
Ca-P 90.5 11% 
Residual Pi 201.6 24% 
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4.3 Phosphorus retention in Södra Stene 
Based on inflow and outflow measurements it is clear that the wetland 
generally serves as a phosphorus trap (Fig. 13). However, in some 
occasions since the construction of the wetland, there has been a negative 
retention � the wetland has actually released phosphorus to the nearby 
lake at these occasions. This often occurred during the winter months, 
when anoxia can occur in the wetland. It is therefore possible that the 
negative retention of phosphorus is caused by phosphorus-iron 
complexes that release phosphorus during anoxic periods.  
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Figure 13. The incoming and outgoing amount of phosphorus (kg) since 
Södra Stene wetland was constructed. Retention is also seen in the figure, as 
a black line. 
 
The result after four years of nutrient removal is a retention efficiency of 
21 %, i.e. 21 % of the inflowing phosphorus has been retained (Tab. 4). 
This is equivalent to 25 kg, or 12 kg ha-1.  
  
Table 4. Calculated mass inflow, outflow and retention of phosphorus in 
Södra Stene wetland during the four years since it was constructed. Total 
retention (kg) represents the total amount of phosphorus that is believed to be 
stored in the sediments.  

P in P out Retention Retention Retention
Year (kg) (kg) (kg) (kg ha-1 year-1) (%)

1 13 10 3 1 21
2 16 13 3 1 17
3 67 54 13 6 19
4 28 21 7 3 25

Accumulated 123 98 25 3 21  
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5 Discussion 

5.1 Phosphorus retention 
The calculated annual phosphorus retention in Södra Stene wetland 
ranged from 16 to 25 % since its construction, but amounted to only 3 kg 
ha-1 yr-1. Studies on wetlands in Norway showed a similar relative 
retention efficiency, but a much higher area specific removal (kg ha-1 yr-1) 
as those wetlands were high loaded (Braskerud, 2002). A wetland in 
Switzerland retained 23 % of the phosphorus load � equal to 11 kg ha-1 
yr-1 (Reinhardt et al., 2005). In these temperate parts of the world, the 
seasonal variation affects wetland vegetation and water flow (with more 
flow during autumn and spring), hence affecting the phosphorus retention 
capacity. Studies of wetlands in more tropical and subtropical parts of the 
world, where the seasons are less variable, have a higher percentile 
retention of phosphorus compared to wetlands in Sweden, Finland and 
Norway. A marsh in Florida, for example, had a mean annual Ptot 
removal efficiency of 72 % (Moustafa et al., 1996). 

Södra Stene clearly functioned as a phosphorus trap. There are some 
occasions when the wetland has released phosphorus to the lake 
downstream, but these events are few and can be explained by periods of 
anoxia during winter when the wetland was covered by ice (Andersson et 
al., 2006). The wetland�s retention capacity helps reducing the 
phosphorus load to the lake downstream. However, as stated in several 
studies, wetland function is known to decrease over time when the 
sediments become saturated with phosphorus (Fisher & Acreman, 2004). 
Both sorption and precipitation are satiable and will decrease over time, 
which is stated in Vymazal (2007). Also, the sedimentation of particulate 
matter at the inlet is a retention process that requires repeated 
management, e.g the removal of accumulated sediment. Hence, it is 
uncertain how long this positive retention pattern, we now see for Södra 
Stene, will last. 

5.2 Theoretical retention vs. measurements 
The first question, how well the difference between inflow and outflow 
phosphorus compares with the amount of phosphorus retained in accreted 
sediment can be answered in different ways. The area near the inlet 
contained a thick layer of settled particles � it was four times thicker than 
in the other areas. The phosphorus in area IN represented 18 % of the 
total amount bound in the sediment, but 77 % of the incoming amount, 
based on mass balances (Tab. 1 and 4). The sediment in area IN 
contained 99 kg phosphorus, which is four times higher than the retained 
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25 kg estimated from in- and outgoing masses (Tab. 4). However, it is 
still lower than the estimated total load the four years since the wetland�s 
construction.  

The total sediment accretion in the wetland amounted to 823 m3. 
This sediment contains more than 500 kg phosphorus, which is four times 
more than the amount that has flowed into the wetland from the time of 
its construction.  

When summarising Ptot of area IN with the top sediment layer in 
areas T1 and Ts, which are assumed to have the highest P load, the 
amount of phosphorus in newly formed sediment was 218 kg. This 
amount is in the same range as the calculated phosphorus load, 123 kg. 
The sediment contains more than 500 kg phosphorus, and the big 
difference suggests that a substantial amount of phosphorus is added 
internally in the wetland. Another explanation for the higher measured 
amount could be that the phosphorus concentrations, used when 
calculating retention, are gravely underestimated. As mentioned above, 
particulate phosphorus is difficult to measure in incoming and outgoing 
water (pg. 4). Hence, a large portion of incoming phosphorus could 
theoretically enter the wetland �unnoticed�. However, this portion alone 
can not explain the large difference between the calculated and measured 
amount of phosphorus in the sediment � some form of internal 
phosphorus loading probably occur. 

In summary, even if we only consider the amount that has visibly 
accumulated in the IN area, the results suggest that the in-out balance 
underestimates the portion of the phosphorus load that has been retained 
in the wetland. Apparently, phosphorus cycling processes cause a release 
from other phosphorus pools in the wetland. 

Estimating sediment accretion with GPR was of limited use. 
Because of the warm winter this year, the ice was thin, only 3 cm or less, 
which made the measurement difficult. Also, it was difficult to see the 
sediment layer in some of the transects. To give clear results, the GPR 
must register a difference in the electrical and/or magnetic properties of 
the investigated matter. The lack of a visible sediment layer in some of 
the transects could be explained by only a negligible difference in 
electrical and/or magnetic properties between the sediment and the 
underlying clay. 

5.3 Phosphorus fractions and their effect on retention 
Compared to other similar studies (Uusitalo et al., 2003; Singh et al., 
2005; Bruland & Richardson, 2006) the phosphorus concentrations in the 
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sediment of the wetland in Södra Stene, was relatively low, 838 mg kg-1 
compared to 1200-3000 mg kg-1. 

The inorganic fractions dominated in the Södra Stene wetland 
sediment (Figure 7). This has also been stated in other sediment studies 
in wetlands, for example Reina et al. (2006). One explanation for the 
slightly higher Pi content could be that the mineralization, or breakdown 
of Po to Pi, is greater than the immobilisation, or assimilation of Pi into 
microbial biomass. The balance between these processes is dependent on 
a number of factors � for example, the C/P ratio of the organic matter and 
whether the environment is aerobic or anaerobic (Reddy et al., 1999). 

In total, 48 % of the phosphorus was stable, i.e. tightly bound in the 
sediment (residual Pi and Po, calcium-bound P and humic acids). Another 
35 % of the phosphorus was relatively stable (iron-bound phosphorus and 
fulvic acids). However, there was still a phosphorus fraction that was 
more or less available to plants and microbes in the wetland � 
approximately 17 %. This represents about 41 kg ha-1, equivalent to 68 % 
of the annual phosphorus load. 

The dominating forms of phosphorus in the sediment were iron-
bound phosphorus, moderately labile organic phosphorus, and residual 
inorganic and organic phosphorus (Tab. 3). The stability of these forms 
affects the long-term phosphorus retention in the wetland. Iron is 
sensitive to changes in the redox potential � if anoxia occurs, the 
phosphorus bound to iron can be released into the water column (Diaz et 
al., 2006). This could explain the negative retention during the winter, 
when standing water often becomes anoxic (Fig. 13). For example, in the 
winter 2005/2006 the wetland was covered with thick ice, and the period 
of anoxia was prolonged (Andersson et al., 2006). Because of this, iron-
bound phosphorus can not be considered to be a highly stable, long-term 
sink for phosphorus. However, as long as the sediment is oxygenated, the 
phosphorus bound to iron remains tightly bound in the sediment. In other 
similar studies, the dominating form of phosphorus was Ca-P which is 
more stable than Fe-P (Reina et al., 2006; Diaz et al., 2006). In Södra 
Stene wetland, the calcium-bound phosphorus fraction was 11 % of the 
total phosphorus. This could be because of the low pH in the soil � as 
mentioned earlier, in acidic soils, phosphorus is more bound to Fe and Al 
than Ca.  

The residual inorganic and organic phosphorus, on the other hand, 
are highly resistant and biologically unavailable (Reddy et al., 1999). The 
residual fractions represented an important long-term sink for phosphorus 
in the wetland.  
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The moderately labile organic phosphorus fraction is, as the name 
implies, not a stable fraction. As stated in Yang et al. (2006), both labile 
and moderately labile organic phosphorus are very dynamic, and play a 
key role in phosphorus cycling and transformation. This fraction, which 
represented 15 % of the total phosphorus in Södra Stene wetland, or 37 
kg ha-1, can not be considered a resistant, long-term phosphorus sink � 
rather the reverse.  

The directly bioavailable phosphorus (labile Po and soluble Pi) 
constituted 2.2 % of the total phosphorus content, or 4.4 kg ha-1. This 
pool normally accounts for approximately 2 % of the total phosphorus 
(Reddy et al., 1999). Since these fractions are directly available for plants 
and microbes, it is positive that this pool was small, from a phosphorus 
retention perspective. However, according to Turner et al. (2005), plants 
can obtain phosphorus from Po fractions that are defined as �stable�. In 
Södra Stene wetland, this could be of concern, since one of the largest 
fractions of phosphorus was the moderately labile Po, which thereby 
could be more bioavailable than previously thought. 

5.3.1 Methodological problems 
Organic phosphorus can be obtained through different methods, and most 
of them involve a subtraction between Ptot and Pi, as described above 
(Liikanen et al., 2004; Bruland & Richardson, 2006). In this project, 
however, a more thorough analysis of the organically bound phosphorus 
in the sediment was required. Sequential fractionation is a good method 
because it uses small soil samples, is quite simple to perform, and require 
only basic laboratory equipment. However, the method may, according to 
Turner et al. (2005), be unreliable for a detailed quantitative analysis of 
organic phosphorus. The dissolvent agents used for the fractionation are 
not specific with respect to the target compounds. It is also possible that 
specific groups of compounds are present in more than one fraction. 
Hence, until more thorough information on organic phosphorus fractions 
is available, these results should be interpreted with caution. Also, Turner 
et al. (2005) argues that the conventional classification of the 
bioavailability of organic phosphorus, based on chemical solubility, 
should be revised. 

The same methodical problems exist for inorganic phosphorus 
fractions. According to Lüderitz & Gerlach (2002), an exact 
stochiometric and structural identification and quantification of Pi species 
is very complicated. The phosphorus compounds are very complex and 
that fact makes most extraction methods difficult to interpret. Another 
problem when using sequential fractionation is that some residual 
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solution always remains in the solid phase � which would enhance the 
concentration of phosphorus in the next extract.  

During the practical work in the laboratory, some technical problems 
occurred. The centrifuge was broken for a week, during which the 
solutions were separated from the solids by sedimentation over night 
instead of centrifugation. This deviation from the normal fractionation 
procedure has affected the final result to some extent. 

In the fractionation of inorganic phosphorus, the second step would 
extract Pi bound to aluminium. In the chemical analysis made on the 
sediment, the concentration of Al-P was zero. This is unexpected, and an 
explanation is difficult to find. The fraction could have been included in 
the first step of the extraction. However, since this fraction was small it is 
unlikely. 

5.4 Difference between inlet and outlet 
When water from the catchment enters the wetland, the velocity is 
reduced and settleable materials, for example particulate phosphorus, can 
leave the water column and settle on the bottom of the wetland (Nairn & 
Mitsch, 2000). For Ptot and Po, the amount was significantly higher near 
the inlet than at the outlet of the wetland. The inlet is the only area where 
Po is larger than Pi (Fig. 7). This could possibly be explained by a rapid 
uptake of inorganic soluble phosphorus by algae and microbes � the 
inorganic phosphorus is transformed into organic phosphorus and gets 
involved in the phosphorus cycle in the wetland. However, this 
explanation is contradicted by the fact that the labile Po fraction was 
smaller than the moderately labile Po (Fig. 9). If the explanation above 
was true, most of the organic phosphorus should be in an easily soluble 
form. Another explanation could be that the incoming water contains a 
large proportion of organic phosphorus, which simply settles on the 
bottom when entering the wetland. This suggests that the large proportion 
of the phosphorus that leached from the clayey soils in the catchment was 
in the form of relatively stable organic phosphorus. No data on the 
proportion of organic phosphorus content in incoming water exists. 

There was no difference between inlet and outlet with respect to Pi, 
in mg kg-1. This could be explained by the fact that Pi represents a more 
long-term storage. The organic phosphorus will sooner or later be 
transformed into inorganic P and remain tightly bound in the sediment. 
Hence, the outlet, where most of the phosphorus should have had time to 
be transformed into inorganic forms, does not differ from the inlet in 
regard to Pi content.  
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Field measurements of the thickness of the newly accumulated 
sediment can further support the thought that more material have settled 
closer to the inlet. In Gunnarsson�s study of a wetland in Oxelösund 
(1997) the sediment was 40 cm thick near the inlet. The wetland 
examined in her study was constructed in 1993 to treat wastewater, and 
the sediment accumulation near the inlet should represent four years of 
sedimentation � which is similar to Södra Stene. In Södra Stene, the 
sediment thickness ranged from 20-30 cm near the inlet, however a 
thickness of over 70 cm has been reported closest to the inlet pipe.3 As a 
conclusion, sedimentation appears to be an important process near the 
inlet.  

5.4.1 The effect of sewage 
The sediment in area Ts, situated close to the sewage pipe, was different 
from the other Typha dominated areas. It had a higher amount of labile 
organic phosphorus, iron-bound phosphorus and sum of the inorganic 
phosphorus fractions. These differences were not statistically significant, 
but there was a clear trend towards a higher amount in these cases. This 
suggests that the sewage pipe contribution of phosphorus affects the 
phosphorus cycling in the wetland. The sanitary water that enters the 
wetland through the sewage pipe consists mainly of soluble phosphate 
(88 %), and this could explain the higher amount of Pi in area Ts, as the 
incoming phosphate could react with inorganic substances in the 
sediment.   

5.5 Vegetation and its role in phosphorus retention 
Loss on ignition provides an indication of the organic content of the 
sediment. In Södra Stene, the newly accumulated sediment had a higher 
organic content than the underlying clay. This was expected, since the 
underlying clay was mineral soil from the construction of the wetland. As 
stated by Reddy et al. (1999), total phosphorus is usually higher in the 
surface layers and decreases with depth. This was also shown after the 
analysis of the sediment and clay phosphorus content in the vegetated 
area T1. There was a significantly higher amount of both Ptot and Po in 
the newly accumulated sediment compared with the underlying clay. No 
such patterns could be seen in area T2, however, which could be 
explained by a lack of data, since two of the sample points were removed 
(see discussion in chapter 4.2.1). Also, in this area, the topsoil had been 

                                                
3 pers. comm. Jonas Andersson, WRS Uppsala AB. 
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moved around to create the islands, and a larger fraction of the original 
soil might have been left when construction was completed. 

The second and third hypothesis stated that both the total 
phosphorus and the organic phosphorus fractions should be higher in 
areas where there was vegetation, compared to open water areas. The 
inorganic fraction, on the other hand, should dominate in the open water 
sites. In Södra Stene, vegetation was dominating the whole wetland, and 
only one of the areas (area OUT) could be defined as �open water�. The 
other so called open water site (area IN) was near the inlet. The data 
obtained from this zone differs from the others because of the high 
sedimentation of inflowing particles at the inlet. Hence, area IN was 
treated as neither open water nor vegetated site. No statistically 
significant differences were found between vegetated sites and the open 
water at the outlet (Fig. 6), though there was a tendency towards a higher 
Po and Ptot content in the vegetated sites. This could be explained by the 
vegetation�s activity in transforming Pi to Po, which later becomes 
accreted in the sediment. After the plants die, some of the organically 
bound phosphorus remains in the sediment and contribute to the higher 
amount of organic material in the upper layer. 

Reina et al. (2006) showed clearly that the vegetated sites in a 
natural wetland had a higher amount of total phosphorus. In a study of a 
treatment wetland in Oxelösund, Sweden, no difference in total 
phosphorus between the vegetated and open water sites could be 
observed (Gunnarsson, 1997). However, in the case of the wetland in 
Oxelösund, the inlet � with an accumulation of inflowing particulate 
phosphorus � was regarded as an open water site, and hence that is not 
representative for the differences that can be attributed to differences in 
the plant communities. It is possible that in Södra Stene, a difference 
between the areas will develop over time, as the biomass production is 
higher in Typha dominated areas. 

Reddy and Debusk (1987) showed that Typha sp. have a storage 
capacity of 45-375 kg ha-1 for phosphorus. More than 50 % of the 
wetland in Södra Stene is dominated by vegetation (T. latifolia, Fig. 2), 
which represents more than one hectare. The wetland is low-loaded, and 
has an annual phosphorus load of 15 kg ha-1. Therefore, all of the 
inflowing phosphorus could theoretically be absorbed by the plants. The 
organic phosphorus stored in the sediment was approximately 187 kg. 
This amount probably consists of predominantly phosphorus that the 
plants have obtained from the underlying clay, and not from the incoming 
water. 
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5.6 Conclusions 
- The amount of accumulated phosphorus in the inlet area 

represented 77 % of the incoming phosphorus load. Most of that 
incoming phosphorus remains in stable forms � half organic and 
half inorganic. Since most of the inflowing phosphorus settles 
rapidly upon entering the wetland, one can draw the conclusion 
that the phosphorus leaving the wetland is different from the 
inflow phosphorus.  

- When summarising area IN with the top sediment layer in areas T1 
and Ts, which are assumed to have the highest P load, the amount 
of phosphorus in newly formed sediment was 218 kg. This amount 
is in the same range as the calculated phosphorus load, 123 kg. 
However, the total amount of phosphorus in the accreted sediment 
was much higher, 529 kg, which indicates an internal addition and 
circulation within the wetland where plants take up and convert 
phosphorus from the underlying clay. 

- There was a gradual drop in the proportion of organic phosphorus 
from the inlet through the Typha areas. In the vegetated area 
affected by sewage, the proportion of labile and moderately labile 
phosphorus was higher than in the other vegetated areas. This 
could be attributed to a higher production of Typha, i.e. conversion 
of inorganic phosphorus to organic phosphorus. 

- Most of the phosphorus found in the sediment was retained in 
stable or relatively stable forms, which is positive in a long-term 
perspective. The iron-bound phosphorus, which was the 
dominating form in the wetland, could however become a source 
of phosphorus to the overlying water column, should anoxia occur. 
Moreover, there is still 17 % of the phosphorus, or 41 kg ha-1, that 
is more or less available for plants and microbes.  

- The wetland in Södra Stene is a phosphorus trap. However, since 
the main removal mechanism is sedimentation, the wetland will 
probably require management to continue a positive phosphorus 
retention. By repeatedly removing the accumulated sediment at the 
inlet, net retention will be promoted. 

- The internal circulation mentioned above, is probably caused by 
the activities of Typha latifolia. Because of this, phosphorus 
content in the wetland is probably higher than it would be if there 
was no vegetation. Hence, in this particular wetland, and only in 
regard to phosphorus retention, vegetation could do more harm 
than good.  
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- One possible role of vegetation is the mitigation of resuspension of 
particles, and in this particular wetland, the vegetation would have 
the largest positive effect close to the outlet, and not along the 
edges of the wetland. During the sample period in February, there 
were a lot of suspended particles in the water, and one can assume 
that some of these had phosphorus adsorbed to them. During high 
flow, particulate phosphorus could exit the wetland � something 
that could be prevented by a vegetation filter near the outlet. 
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