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Abstract 

 
The polluted agricultural wastewater, after reaching marine recipients, can cause eutrophication. This problem can be tackled and mitigated 

by using constructed wetlands as water treatment systems. The fact that constructed wetlands work through long periods of time has led many 

scientists to evaluate how long they can still treat their influents effectively. The development and growth of vegetation and the accumulation 

of nutrients on the soils in a wetland are expected to occur. These processes change the wetland efficiency to remove pollutants. In this study, 

a set of wetlands constructed to treat agricultural wastewater were analyzed in different periods to assess if there is a difference in removal 

efficiency of nitrogen and phosphorus. This assessment was performed by analyzing the retention rate, k and k20 values, which are variables 

that quantify the nutrients removal, in different periods of each employed wetland. Some of the observations demonstrated differences when 

comparing different periods of the wetlands. The nitrogen removal presented better performance in one of the employed wetlands when this 

was older. Another employed wetland has not shown a clear difference between different periods. In the wetlands with high vegetation 

densities, the nitrogen removal was more stable over consecutive years. The occurrence of oscillations in nitrogen removal was observed 

more often in the wetlands with the highest vegetation densities over consecutive years. The phosphorus removal presented no clear 

differences between different periods. The results suggest that the removal of nitrogen improves after wetland creation due to the growth of 

vegetation. In addition, they suggest that wetlands with high vegetation densities tend to oscillate the nitrogen removal more or less often 

according to the density of the vegetation due to the balance between denitrification and decomposition. Further, the results suggest that the 

removal of phosphorus remains unchanged over longer periods than the periods considered in this study (four to six years) due to the 

deposition of organic matter on the soils. 

 

 

Keywords: agricultural wastewater, constructed wetlands, long term assessment, nutrients removal 
 

 

 

Introduction 
 

Wetlands are capable to treat agricultural wastewater which is 

rich in nutrients before this water reaches the sea. This was 

demonstrated by several studies (Verhoeven et al., 2006). 

This way, wetlands mitigate the occurrence of eutrophication 

in marine recipients (Cleneghan, 2003). However, there are 

still few studies assessing the efficacy of wetlands to work 

over long term. In addition, these studies were usually 

conducted within the first five years of operation (Gottschall 

et al., 2007), when the wetlands were still developing their 

mechanisms of retention to remove the pollutants efficiently. 

The lack of evaluations makes it difficult to do any prediction 

about how wetlands will function over time. 

Wetlands treat their contaminated influents through 

physical, chemical and biological processes. The quality of 

the treatment will significantly depend upon the presence of 

microorganisms and vegetation (Mustafa et al., 2009) as well 

as the properties of the soil. However, we expect that the 

treatment may be harmed if wetlands receive high loads of 

nutrients continuously. In agricultural catchment areas, high 

loads of nutrients are commonly leached and carried into 

wetlands (Verhoeven et al., 2006). 

Nitrogen in agricultural wastewaters occurs largely in the 

form of nitrate (NO3-N). Its removal is mainly attributed to 

denitrification that is performed by denitrifying bacteria. This 

process removes most of the nitrogen from the wetland to the 

atmosphere in the form of nitrogen gas (N2). In wetlands, it 

has been shown that denitrification is affected by the density 

of vegetation (Milenkovski et al., subm.), dissolved oxygen 

levels, temperature and availability of organic matter (Poe et 

al., 2003). In addition to denitrification, plant uptake and 

burial of nitrogen into the sediments are also processes which 

contribute to the removal of nitrogen (Weisner and Thiere, 

2010). Since the vegetation grows after wetland construction, 

the removal of nitrogen is expected to increase over time. The 

growth of vegetation offers more attachment sites and organic 

matter to support the growth of denitrifying bacterial 

population (Gottschall et al., 2007). More organic matter also 

increases the depletion of oxygen in the sediments, once the 

decomposition process augments the oxygen demand. The 

emergence of anaerobic zones supports denitrification since it 

is an anaerobic process (Weisner and Thiere, 2010). On the 

other hand, the high incidence of vegetation may also bring 

opposed effects to nitrogen removal. It intensifies the 

decomposition process which returns part of the nitrogen 

from the plants to the water. Further, it decreases the 

hydraulics efficiency by preventing the water from spreading 

equally over the wetland. Instead, it favors the passage of the 

water through specific channels. 

Wetlands also remove phosphorus through their high 

capacity to store it (Braskerud, 2002b). Phosphorus 

assimilation depends, e.g., on the influent phosphorus 

concentration and the internal biomass cycling (Kadlec, 1999; 

Wallace and Knight, 2006). The latter includes the growth, 

death and decay of plant biomass. Thus, vegetation is partly 

responsible for storing phosphorus. Studies on wetland 

ecosystem and function, on the other hand, have shown that 

soils are the compartments which provide the longest 

phosphorus storage. Processes such as phosphorus 

sedimentation and adsorption on the soil control the long 

term storage of phosphorus (Mustafa et al., 2009). Ballantine 

and Schneider (2009) showed that the phosphorus amounts 

increase in the soils along with the increase in the wetland 
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age. The phosphorus treatment performed by wetlands during 

their initial operating periods (one to two years) is likely to be 

effective. This is due to a high availability of sorption sites 

where the phosphorus compounds can bind. Further, high 

uptake of phosphorus by the growth of vegetation enhances 

the removal of phosphorus (Wood et al., 2008).  However, it 

is expected that the wetland ability to remove phosphorus 

may drop over time. It might happen because of the reduction 

of the sorptive capacity of the soil as it saturates with 

nutrients (Kadlec and Knight, 1996; Craft, 1997). 

Effective long term removal of nitrogen and phosphorus in 

wetlands are expected by wetland managers. This is due to 

the high contents of these pollutants in the majority of 

agricultural wastewaters. They also expect that wetlands with 

long term capacity need less maintenance. Implementation of 

management practices at the farm scale may need to be 

supported in case there are evidences that wetlands treatment 

capacity tends to decline over time (Wood et al., 2008). 

These practices aim to diminish the amount of nutrients that 

come into wetlands. The effects of vegetation growth on the 

nitrogen removal efficiency can also be better understood. 

This might contribute to improve wetlands function, e.g., 

plantation or harvest of plants according to the wetland age 

and vegetation density. Long term evaluations also address 

attention to soils. These evaluations can support 

improvements in projects design, e.g., selection of 

construction sites based on soils quality (Pant and Reddy, 

2003). This way, the removal of phosphorus can also be 

prolonged. 

The study performed by Mustafa et al. (2009) has not 

shown any significant change in nitrogen and phosphorus 

removal in a constructed wetland treating farmyard runoff 

over seven years. The author states that a wetland, if well 

designed, can last longer with proper operation. Cui et al. 

(2009), on the other hand, showed a sharp increase followed 

by a continuous decrease of total nitrogen and total 

phosphorus removal by a wetland over five years. These 

observations were also found in similar studies. This study 

emphasizes the role of vegetation growth on nutrients 

removal. In addition, Braskerud (2002a) observed a clear 

decrease in nitrogen removal in this study which took ten 

years of aging process. Likewise, Fleischer et al. (1994) 

presented data showing that the two oldest shallow ponds in 

this study were among the ones with the lowest nitrogen 

removals. Wood et al. (2008) tested the performance of a 

five-year wetland in phosphorus removal. It was found that 

the adsorption capacity of the wetland soil was maintained as 

long as the hydraulic loads did not surpass certain limits. 

In this study, we hypothesize that (i) the removal of 

nitrogen tends to increase and then decrease according to the 

effects of vegetation growth and high vegetation density, 

respectively, and (ii) the removal of phosphorus tends to 

decrease due to the saturation of the soils with nutrients. This 

study aims to assess the performance of a set of constructed 

wetlands in treating nitrogen and phosphorus from 

agricultural wastewater over time. 

 

 

Methods 
 

Site description 

 

The wetlands analyzed in this study are located in lowland 

agricultural regions in the south-west of Sweden near 

Halmstad. They are continuous flow systems with a 

permanent freshwater body. One wetland is located in 

Gullbrandstorp (56º41´ N, 12º46´ E). Another wetland is 

located in Bölarp (56º34´ N, 13º06´ E). The other wetlands 

are experimental and comprise 18 units located in Harplinge 

(56º43´ N, 12º43´ E). All these wetlands receive underground 

water from agricultural farms in their surroundings by 

drainage pipes. All of them were created in 2002. 

The wetland in Gullbrandstorp has a water catchment area 

of 100 ha and treats the water before it reaches the 

Nyrebäcken stream. This wetland has 3265 m
2
 of area and 

0.73 m of average water depth. The wetland in Bölarp has a 

water catchment area of 225 ha and treats the water before it 

reaches the Vessingeån stream. This wetland has 2844 m
2
 of 

area and 0.77 m of average water depth. These two wetlands 

contain one inlet and one outlet pipe. They aim to reduce the 

incoming nitrogen concentrations (ranging 2.16 – 7.03 mg l
-1

 

in the wetland in Gullbrandstorp and 4.88 – 10.32 mg l
-1

 in 

the wetland in Bölarp during the study period). Likewise, 

they aim to reduce the incoming phosphorus concentrations 

(ranging 12.86 – 110.12 μg l
-1

 in the wetland in 

Gullbrandstorp and 4.27 – 114.14 μg l
-1

 in the wetland in 

Bölarp during the study period). These wetlands made part of 

a large-scale Swedish program to create 12000 ha of wetlands 

in agricultural areas until 2010 (SJV, 2000). They were not 

planted after construction and have assembled their biotic 

communities by natural succession. 

The experimental area where the experimental wetlands 

were constructed is 76 x 32 m. Each wetland covers a 

rectangular area of 40 m² (10 x 4 m) at ground level. They 

distance 4 m from each other (Fig. 1a). The ground within the 

experimental area (between and around the wetlands) is 

grassed and without shadows, since there are no trees nearby. 

Natural colonization of plants, insects and birds, for example, 

could happen during the development of the wetlands, since 

they are open systems. Heavy clay is the soil present in the 

local and at the bottom of the wetlands. It prevents the 

infiltration of water. The wetlands have 1.2 m of depth and 

their side slopes are 45º (Fig. 1b). Their outlet pipes are 

adjustable to regulate the water depth. The wetlands 

maximum water depth was set to 0.8 m with a mean water 

depth of 0.55 m. Their subsequent water surface area was 29 

m². Incoming nitrogen concentrations ranged 8.17 - 10.63 mg 

l
-1

 during the study period. Water flows through the wetlands 

 

(a) 

 
(b) 

 
Fig. 1 (a) The experimental area showing the 18 wetland units and the 

three vegetation treatments. (b) Longitudinal section of an experimental 
wetland. Both figures show inlet and outlet pipes (in black). Grey areas 

represent the water-filled part of the wetlands. 
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were adjusted using valves at their inlet pipes. The wetlands 

residence time was set to four days. 

Three vegetation treatments were randomly distributed 

among the 18 experimental wetlands. Six wetlands were 

planted with emergent vegetation species (Phragmites 

australis Trin., Glyceria maxima Hartm. and Phalaris 

arundinacea L.) and six with submerged vegetation species 

(Elodea canadensis Rich., Myriophyllum alterniflorum DC. 

and Ceratophyllum demersum L.) in the spring of 2003. 

Further, six wetlands were left unplanted, allowing natural 

establishment of vegetation (Fig. 1a). The emergent and 

submerged vegetation species were planted by transplanting 

shoots with adherent rhizomes and shoot fragments, 

respectively, from nearby ponds and riparian areas (Weisner 

and Thiere, 2010). 

This study started six years after the construction of the 

experimental wetlands. The unplanted wetlands, therefore, 

could develop their own vegetation. From the beginning of 

this study, the submerged vegetation and the unplanted 

wetlands presented similar vegetation density. This way, they 

were expected to present similar results. Thus, the 

experimental wetlands were divided into two distinct groups: 

the submerged vegetation and unplanted wetlands group and 

the emergent vegetation wetlands group. 

 

Sampling methods 

 

The wetland in Gullbrandstorp was sampled in different dates 

in May, August and November in 2005, and in May, August 

and September in 2006. In 2011, it was sampled once every 

week from May to the beginning of September. The wetland 

in Bölarp was sampled in different days from the middle of 

November of one year to the end of July of the following year 

in three periods: 2004/2005, 2005/2006 and 2008/2009. The 

experimental wetlands were sampled from April to the end of 

August during four years (2008 – 2011). One to four 

sampling days was set for each month. The samplings were 

performed to calculate the retention rates and k-values of 

nitrogen and phosphorus and the k20-values of nitrogen only. 

In the wetlands in Gullbrandstorp and Bölarp, four 

replicates of inlet water were collected at their inlet pipes and 

four replicates of outlet water were collected at their outlet 

pipes in each sampling occasion. Two replicates of the inlet 

water and two replicates of the outlet water were then filtered 

using glass microfiber filters. These replicates were used to 

measure nitrate (NO3-N) and phosphate (PO4-P) 

concentrations. The others two remaining replicates of inlet 

and outlet water were used to measure total nitrogen (total-N) 

and total phosphorus (total-P) concentrations. Moreover, the 

flow in and out of water was measured in these wetlands. 

Inlet and outlet water temperatures were measured in the 

wetland in Gullbrandstorp only. In the experimental 

wetlands, three replicates of outlet water were collected at 

their outlet pipes in each sampling occasion. Three replicates 

of inlet water were collected at each of the three water entries 

which supply all these wetlands. All these replicates were 

used to measure nitrogen (total-N and NO3-N) concentration 

only. Moreover, flow out of water and inlet and outlet water 

temperatures were measured in these wetlands. The total-N, 

NO3-N, total-P and PO4-P concentrations were analyzed by 

photometric methods through flow injection analysis using 

standard methods on a FIAstar 5000 Analyzer (Foss Tecator, 

Höganäs, Sweden). Measurements of total-N and total-P 

concentrations were attained after digestion to the soluble 

reactive phases (NO3/NO2-N and PO4-P) achieved by 

exposure of the sample to potassium peroxide (nitrogen) 

combined with sulphuric acid (phosphorus). 

The sampling in the experimental wetlands was performed 

in days without rain prior to them. This was taken into 

account to avoid dilution effects, which could result in lower 

concentrations of the measured parameters. The precipitation 

data were obtained either from measurements on the site or 

from a nearby (5 km) weather station. We avoided sampling 

in a day with more than 10 mm of precipitation two days 

preceding it. 

 

Data Analysis 

 

The calculation of nitrogen and phosphorus retention rates 

was done by subtracting the inlet concentration by the outlet 

concentration and then multiplying by the hydraulic load. 

This was done for each sampling occasion. The inlet 

concentrations of the experimental wetlands were the mean 

values of the three water entries in each sampling occasion. 

The first-order area-based rate coefficients (k) for nitrogen 

and phosphorus were also calculated. This was done by using 

the tank-in-series model, as depicted below. According to 

Kadlec (2005), this model quantifies the nitrogen removal 

more precisely. 

 

                                               (1) 

 

In this model, the outlet nitrogen and phosphorus 

concentrations (Cout) depend on their background 

concentrations (C*) in the wetland, their inlet concentrations 

(Cin), the hydraulic efficiency (N) of the wetland and the 

hydraulic load (q). The background concentration of total 

nitrogen in the wetland in Gullbrandstorp was set to 0.5 mg l
-

1
. In the wetland in Bölarp and in the experimental wetlands, 

it was set to 1.5 mg l
-1

. The background concentration of 

nitrate and total phosphorus was set to zero and 0.002 mg l
-1

, 

respectively, in all wetlands. All these values were employed 

according to stipulations done in Kadlec and Wallace (2009). 

These stipulations take into account the inlet concentrations 

of nitrogen and phosphorus in the wetland. The hydraulic 

efficiency in the wetlands in Gullbrandstorp and Bölarp was 

set to 4.5. This value is the average value calculated from 

datasets obtained from 61 wetlands in the U.S. (Kadlec, 

2005). The hydraulic efficiency in the experimental wetlands 

was set to 2. This value suited them better after performing 

adjustments. 

The modified Arrhenius temperature dependent model for 

nitrogen removal, used in Kadlec and Knight (1996), as 

depicted below, was also calculated. This way, the 

temperature effects could be analyzed. This calculation was 

done for the wetland in Gullbrandstorp and the experimental 

wetlands only. 

 

                                                           (2) 

 

The first-order area-based rate coefficient at 20 
o
C (k20) 

was calculated after finding the k-value from equation 1. This 

model also depends on the water temperature (T) (Bastviken 

et al., 2009) and the temperature coefficient (θ). The 

temperature coefficient of nitrate was set to 1.088. This value 

is the average value calculated from datasets obtained from 

61 wetlands in the U.S. (Kadlec, 2005). The temperature 

coefficient of total nitrogen was set to 1.081. This value 

suited better in the range 5 ≤ T ≤ 25 
o
C (Arheimer and 



6 

 

Wittgren, 1994), which includes the temperatures registered 

in this study. 

Retention rates, k and k20 values were then compared 

between the periods investigated for each wetland. 

 

Statistical Analysis 

 

In the wetlands in Gullbrandstorp and Bölarp, Mann-Whitney 

U-test (IBM SPSS Statistics 20) was carried out to compare 

the nitrogen and phosphorus removals in the different 

periods. It aimed to evaluate the effects of time on nitrogen 

and phosphorus removals. The choice of this non-parametric 

test was due to the uncertainty of the normality of the data. 

Further, the datasets from each period were independent from 

each other. 

In the experimental wetlands, two groups were considered: 

the submerged vegetation and unplanted wetlands group and 

the emergent vegetation wetlands group. Paired t-test and 

Wilcoxon signed rank test (IBM SPSS Statistics 20) were 

carried out to compare the nitrogen removal between the 

years. These tests were performed for each group. They 

aimed to evaluate the effects of time on nitrogen removal. 

Independent t-test and Mann-Whitney U-test were carried out 

to compare the nitrogen removal between the two groups. 

These tests were performed for each year. They aimed to 

evaluate the effects of vegetation treatment on nitrogen 

removal. The choice of these parametric and non-parametric 

tests was due to the uncertainty of the normality of the data 

and to increase the reliability of the results. P-values less than 

0.05 represented significant differences. 

 

 

Results 
 

Removal of nitrogen over time 

 

The wetland in Gullbrandstorp exhibited better retention rate 

in 2011 than in 2005/2006 when the hydraulic load was 

below or equal to 0.2 m/d (Fig. 2). This difference was 

evident for total-N only. However, when the hydraulic load 

was higher than 0.2 m/d, the difference between these periods 

was no more evident. Mann-Whitney U-test revealed that the 

k and k20 values between 2005/2006 and 2011 were not 

significantly different (p-values > 0.05) (Table 1). However, 

this test revealed that the k and k20 values were higher in 

2011 than in 2005/2006 when the hydraulic load was below 

or equal to 0.2 m/d (p-values < 0.05) (Table 1). These 

significant differences were found for total-N only. 

The wetland in Bölarp exhibited no evident difference in 

 

(a) 

   (b) 

 
Fig. 2 Retention rates of total-N (a) and NO3-N (b) in 2005/2006 and 

2011 according to different hydraulic loading rates (HLR) in the wetland 

in Gullbrandstorp. 

 

(a) 

 
(b) 

 
Fig. 3 Retention rates of total-N (a) and NO3-N (b) in the 2004/2005 and 

2005/2006 periods and 2008/2009 according to different hydraulic 

loading rates (HLR) in the wetland in Bölarp. 
 

retention rate between the 2004/2005 and 2005/2006 periods 

and 2008/2009 (Fig. 3). In the 2004/2005 and 2005/2006 

periods, however, lower retention rates of NO3-N were 

observed. Mann-Whitney U-test revealed that the k-values 

between the 2004/2005 and 2005/2006 periods and 

Table 1 Medians of k and k20 values of total-N, NO3-N and total-P in the wetland in Gullbrandstorp in 2005/2006 and 2011 when all hydraulic load 

values were considered (left side) and when the hydraulic load was below or equal to 0.2 m/d (right side). Comparisons between these periods (effect 
of time) are shown in the underside of the medians. 

when all hydraulic load values were considered when the hydraulic load was below or equal to 0.2 m/d

total-N NO3-N total-P total-N NO3-N total-P

k-value

2005/2006 0.0256 0.0354 -0.0408 0.0008 0.0274 -0.0331

2011 0.0360 0.0497 -0.0296 0.0396 0.0422 -0.0043

2005/2006 - 2011 0.504 0.726 0.750 0.017 0.143 0.877

k20-value

2005/2006 0.0399 0.0519 0.0011 0.0313

2011 0.0474 0.0568 0.0474 0.0526

2005/2006 - 2011 0.524 0.874 0.014 0.190  
P-values reported according to Mann-Whitney U-test. 
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Table 2 Medians of k-value of total-N, NO3-N and total-P in the wetland 
in Bölarp in the 2004/2005 and 2005/2006 periods and 2008/2009. 

Comparisons between these periods (effect of time) are shown in the 

underside of the medians. 

total-N NO3-N total-P

k-value

2004/2005 and 2005/2006 0.0207 0.0044 -0.0119

2008/2009 0.0212 0.0239 -0.0588

2004/2005 and 2005/2006 - 2008/2009 0.598 0.003 0.458  
P-values reported according to Mann-Whitney U-test. 

 

2008/2009 were not significantly different for total-N (p-

value > 0.05) (Table 2). For NO3-N, the difference was 

significant (p-value = 0.003). 

The experimental wetlands exhibited a slight increase in 

retention rate, k and k20 values from April to September in 

most of the observations (Figs. 4 and 5). The submerged 

vegetation and unplanted group presented less clear 

differences between the years than the emergent vegetation 

group. 

The emergent vegetation group presented best removal in 

2010 (Fig. 5). The worst removal was in 2009. This group 

presented similar removals between 2008 and 2011 in most 

part of the time. Thus, this group showed to oscillate its 

removal efficiency from 2008 to 2011. 

Statistical analyses were performed to detect significant 

differences between the years in retention rate, k and k20 

values. In the submerged vegetation and unplanted group, 

paired t-test revealed significant differences between 2008 

and the other years (p-values < 0.05) (Table 3). Significant 

differences were also found between 2009 and 2010. 

Wilcoxon signed rank test revealed the same significant 

differences shown in the paired t-test (Table 3). These 

significant differences indicated that the retention rate 

decreased from 2008 to the following years. In addition, they 

indicated that the k and k20 values decreased from 2008 to 

2009 and then increased from 2009 to 2010. 

In the emergent vegetation group, paired t-test revealed 

significant differences between consecutive years (p-values < 

0.05) (Table 3). Significant differences reported by k and k20 

values were also found between 2008 and 2010. Wilcoxon 

signed rank test revealed the same significant differences 

shown in the paired t-test (Table 3). These significant 

differences indicated that the retention rate, k and k20 values 

decreased from 2008 to 2009, increased from 2009 to 2010 

and then decreased from 2010 to 2011. Thus, this group 

statistically showed to oscillate its removal efficiency from 

2008 to 2011. 

Independent t-test revealed significant difference between 

the submerged vegetation and unplanted group and the 

emergent vegetation group in 2010 (p-value < 0.05) (Table 

3). Significant differences reported by k and k20 values were 

also found in 2008. Further, the k20-value reported significant 

difference in 2011. Mann-Whitney U-test revealed the same 

significant differences shown in the independent t-test (Table 

3). Further, this test revealed a significant difference in 2008 

reported by the retention rate. These significant differences 

indicated that the emergent vegetation group removed 

nitrogen more efficiently. 

 

Removal of phosphorus over time 

 

The wetland in Gullbrandstorp exhibited no evident 

difference in retention rate between 2005/2006 and 2011 

(Fig. 6). Mann-Whitney U-test revealed that the k-values 

between 2005/2006 and 2011 were not significantly different 

(p-value > 0.05) (Table 1). This test also revealed that the k-

values between these periods were not significantly different 

when the hydraulic load was below or equal to 0.2 m/d (p-

value > 0.05) (Table 1). 

 

(a)                                                                                        (b) 

  
(c)                                                                                        (d) 

  
(e)                                                                                         (f) 

  
Fig. 4 Retention rates, k and k20 values of total-N (a, c and e) and NO3-N (b, d and f) in 2008, 2009, 2010 and 2011from April to September in the 

submerged vegetation and unplanted group. 
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(a)                                                                                        (b) 

  
(c)                                                                                        (d) 

  
(e)                                                                                        (f) 

  
Fig. 5 Retention rates, k and k20 values of total-N (a, c and e) and NO3-N (b, d and f) in 2008, 2009, 2010 and 2011from April to September in the 
emergent vegetation group. 

 

(a) 

 
(b) 

 
Fig. 6 Retention rates of total-P (a) and PO4-P (b) in 2005/2006 and 2011 
according to different hydraulic loading rates (HLR) in the wetland in 

Gullbrandstorp. 

 

The wetland in Bölarp exhibited no evident difference in 

retention rate between the 2004/2005 and 2005/2006 periods 

and 2008/2009 (Fig. 7). Mann-Whitney U-test revealed that 

the k-values between the 2004/2005 and 2005/2006 periods 

and 2008/2009 were not significantly different (p-value > 

0.05) (Table 2). 

 

 

Discussion 

 

Removal of nitrogen over time 

 

The wetland in Gullbrandstorp has improved its removal in 

(a) 

 
(b) 

 
Fig. 7 Retention rates of total-P (a) and PO4-P (b) in the 2004/2005 and 
2005/2006 periods and 2008/2009 according to different hydraulic 

loading rates (HLR) in the wetland in Bölarp. 

 

later periods when the hydraulic load was low. However, it 

was observed that this wetland has only improved its removal 

of total-N, since no improvement in its removal of NO3-N 

was observed, as reported by the retention rate, k and k20 

values. This implies that there was no improvement of 

denitrification, but of other processes of nitrogen removal. 

Despite this observation, it is still believed that denitrification 

has improved, since most of the incoming total-N was 

composed by NO3-N with a mean portion of 93%. However, 

the time between the periods was probably not long enough 

to result in a significant difference. A parallel improvement 

of nitrification which converts NH4-N to NO3-N might also 

have occurred and counteracted the removal of NO3-N. 
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Table 3 Means of retention rate, k and k20 values of total-N and NO3-N in the submerged vegetation and unplanted group (SV+U) and the emergent 
vegetation group (EV) in 2008, 2009, 2010 and 2011. Comparisons between these years (effect of time) for each group are shown in the underside of 

the means by the paired t-test and Wilcoxon signed rank test. Comparisons between these groups (effect of vegetation treatment) for each year are 

shown in the right side of the means by the independent t-test and Mann-Whitney U-test. 

independent t-test Mann-Whitney U-test independent t-test Mann-Whitney U-test

SV+U EV SV+U EV

Retention rate

2008 0.2505 0.2883 0.090 0.025 0.2388 0.2731 0.103 0.111

2009 0.2085 0.2138 0.688 0.574 0.2281 0.2273 0.954 0.779

2010 0.1876 0.2696 0.000 0.001 0.2212 0.2943 0.000 0.001

2011 0.2042 0.2173 0.184 0.111 0.2301 0.2351 0.652 0.708

paired t-test

2008 - 2009 0.000 0.013 0.248 0.062

2008 - 2010 0.000 0.196 0.034 0.145

2008 - 2011 0.000 0.008 0.292 0.051

2009 - 2010 0.012 0.003 0.350 0.001

2009 - 2011 0.654 0.691 0.816 0.481

2010 - 2011 0.062 0.001 0.364 0.000

2008 - 2009 0.002 0.028 0.209 0.046

2008 - 2010 0.002 0.173 0.041 0.116

2008 - 2011 0.002 0.028 0.239 0.046

2009 - 2010 0.019 0.028 0.308 0.028

2009 - 2011 0.814 0.917 0.937 0.753

2010 - 2011 0.084 0.028 0.239 0.028

k-value

2008 0.0376 0.0452 0.079 0.031 0.0309 0.0364 0.047 0.111

2009 0.0330 0.0344 0.601 0.399 0.0277 0.0279 0.926 0.925

2010 0.0347 0.0561 0.000 0.001 0.0315 0.0448 0.000 0.001

2011 0.0338 0.0362 0.201 0.075 0.0302 0.0306 0.766 0.640

paired t-test

2008 - 2009 0.010 0.041 0.027 0.051

2008 - 2010 0.013 0.004 0.587 0.008

2008 - 2011 0.016 0.030 0.607 0.064

2009 - 2010 0.271 0.001 0.003 0.001

2009 - 2011 0.669 0.316 0.067 0.106

2010 - 2011 0.635 0.001 0.366 0.000

2008 - 2009 0.015 0.028 0.028 0.028

2008 - 2010 0.015 0.028 0.530 0.028

2008 - 2011 0.019 0.046 0.433 0.046

2009 - 2010 0.272 0.028 0.006 0.028

2009 - 2011 0.433 0.345 0.060 0.075

2010 - 2011 0.937 0.028 0.638 0.028

k20-value

2008 0.0627 0.0825 0.022 0.003 0.0540 0.0704 0.027 0.007

2009 0.0534 0.0613 0.089 0.160 0.0471 0.0523 0.131 0.092

2010 0.0547 0.0975 0.000 0.001 0.0523 0.0823 0.000 0.001

2011 0.0515 0.0651 0.001 0.004 0.0476 0.0580 0.002 0.007

paired t-test

2008 - 2009 0.004 0.026 0.015 0.031

2008 - 2010 0.001 0.012 0.488 0.033

2008 - 2011 0.000 0.025 0.019 0.046

2009 - 2010 0.581 0.001 0.018 0.000

2009 - 2011 0.489 0.172 0.799 0.045

2010 - 2011 0.243 0.001 0.074 0.000

2008 - 2009 0.008 0.028 0.015 0.028

2008 - 2010 0.006 0.046 0.583 0.046

2008 - 2011 0.002 0.046 0.060 0.046

2009 - 2010 0.695 0.028 0.023 0.028

2009 - 2011 0.530 0.173 0.638 0.028

2010 - 2011 0.388 0.028 0.084 0.028

Wilcoxon signed rank test

Wilcoxon signed rank test

SV+U - EV SV+U - EV

total-N NO3-N

Wilcoxon signed rank test

 
P-values reported according to paired t-test and Wilcoxon signed rank test (comparisons between the years), and independent t-test and Mann-Whitney 

U-test (comparisons between the groups). 
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The improvement of denitrification is believed to be 

associated with the growth of vegetation at the local. The 

growth of vegetation increases the availability of organic 

matter and substrates required for the development of 

denitrifying bacterial population, which removes most of the 

nitrogen in the nitrate form. The formation of layers of 

organic matter at the bottom also hinders the passage of 

oxygen to lower levels in the soils. This contributes to the 

emergence of anaerobic zones which are suitable for 

denitrification (Bastviken et al., 2005). Further, the 

decomposition of organic matter by heterotrophic organisms 

increases the consumption of oxygen. This, consequently, 

intensifies the depletion of oxygen in the water (Souza et al., 

2008). 

An improvement of the storage of the incoming organic 

nitrogen on the soils is also believed to have occurred. This 

mechanism of removal, coupled with denitrification, might 

explain the improvement of total-N removal. An increase of 

the uptake of the incoming NH4-N by the vegetation might 

also have occurred, but it is believed to have had minor 

effects in the total-N removal. Soto-Jimenez et al. (2003) 

found a strong correlation coefficient between total-N and 

organic carbon contents on the sediments (R
2
 = 0.82, p-value 

< 0.001). This suggests that the deposited nitrogen is mainly 

bound to organic matter in a wetland. Thus, the increase of 

organic matter on the soils by the growth of vegetation in the 

wetland in Gullbrandstorp may have improved its capacity to 

accumulate organic nitrogen compounds. Therefore, after 

wetland creation, the nitrogen removal is expected to 

increase. 

When high hydraulic loads were taken into account, no 

difference in removal efficiency between the periods was 

found, as reported by the retention rate, k and k20 values. This 

might be because of decomposition of organic matter that 

releases nitrogen compounds back to the water. These 

compounds can reach the outlet pipe more readily when the 

hydraulic load is high. Older wetlands contain higher 

vegetation density and, therefore, more organic matter to be 

decomposed. This way, wetlands release more nitrogen by 

decomposition when they are older and when the hydraulic 

load is high. 

The wetland in Bölarp has not shown difference in removal 

efficiency between the periods, as reported by the retention 

rate and k-value. This may be due to the short time between 

the periods. The low retention rates of nitrate in the 

2004/2005 and 2005/2006 periods probably occurred because 

of nitrification. It is believed that high releases of ammonium 

in the catchment area by farmers took place at that time, since 

the difference between the inputs of total-N and NO3-N in the 

wetland was high. This would have stimulated the 

development of ammonia-oxidizing bacterial population and, 

consequently, higher yields of nitrate (Mustafa et al., 2009). 

In the experimental wetlands, the growth of vegetation and 

increase of temperature from April to September explain the 

slight increase of nitrogen removal in most of the 

observations. These wetlands have presented a higher 

vegetation density than the wetlands in Gullbrandstorp and 

Bölarp during the period of this study. This is because most 

of them were intentionally planted after their construction. In 

addition, they started being analyzed when they were older 

than the wetlands in Gullbrandstorp and Bölarp. 

The two groups of experimental wetlands showed to 

oscillate their removal efficiencies over the years. This was 

more often observed in the emergent vegetation group that 

presents a higher vegetation density. In a wetland, this 

suggests that the higher the vegetation density, the more often 

this wetland will oscillate its removal efficiency. These 

oscillations are believed to be due to a balance between 

denitrification that removes nitrogen from the wetland and 

decomposition that releases nitrogen back to the water. High 

vegetation density favors denitrification; however, it also 

favors decomposition by providing organic matter to the 

heterotrophic bacteria. Thus, these oscillations are probably 

related to factors which either stimulate or inhibit 

denitrification and decomposition. 

This study concludes that the nitrogen removal increases 

after wetland creation due to the growth of vegetation. It also 

concludes that the nitrogen removal oscillates in wetlands 

with high vegetation densities due to the balance between 

denitrification and decomposition. 

 

Removal of phosphorus over time 

 

The wetlands in Gullbrandstorp and Bölarp have not shown 

any difference in removal efficiency between the periods, as 

reported by the retention rate and k-value. This may be due to 

the short time between the periods. This suggests that 

wetlands take longer times to present differences in their 

removal efficiencies of phosphorus. This indicates that soils 

have a long term capacity to catch and hold phosphorus 

compounds. This might be due to the fact that the presence of 

organic matter adds new sorption sites and, consequently, 

prolongs the capacity of soils to catch and hold phosphorus 

compounds (Sharpley, 1995; Leinweber et al., 1999; Daly, 

2000). This way, the deposition of organic matter on the soils 

may have offset the decline in quantity of sorption sites. This 

would have avoided the saturation of the soils with nutrients. 

This study concludes that the phosphorus removal remains 

unchanged over longer periods than the periods considered in 

this study (four to six years) due to the deposition of organic 

matter on the soils. 

 

Recommendations from this study 

 

This study recommends two further assessments in this 

subject. One recommendation is the assessment of nitrogen 

removal from wetlands with high vegetation densities over 

longer periods than the period considered in this study (three 

years). This would assess if the oscillations are tending to 

increase or decrease the removal efficiency of nitrogen. The 

other recommendation is the assessment of phosphorus 

removal over longer periods than the periods considered in 

this study (four to six years). This would assess how long is 

the unchanged capacity of soils to catch and hold phosphorus 

compounds. 
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