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Abstract 

 

Two mesocosm studies were performed in a laboratory to figure out the relevance of  the 

phosphorus concentration to the nitrogen removal in wetlands. The main intention was to see 

if phosphorus is limiting the process of denitrification. In both experiments, plastic beakers 

(n=20) were filled with inlet water and plant litter material from the ground of  a constructed 

wetland near Halmstad, Sweden.. The litter consisted mainly of dead leaves of Phragmites 

australis and the water, originating  from an agricultural site, had a high concentration of total 

nitrogen (around 9 mg/L), but a low concentration of phosphorus (around 20 µg/L). The 

experiment was performed in darkness and in the mesocosms prevailed anaerobic conditions.  

Half of the beakers were filled with phosphorus enriched water and water samples were 

obtained at several times and analyzed for nitrate, total nitrogen and total phosphorus to 

determine the nitrogen removal. In addition the plant material was analyzed for nitrogen and 

carbon content before and after the experiment with a carbon/nitrogen-analyzer. The mean 

removal rates of nitrogen were higher in the mesocosms which were treated with additional 

phosphorus. In a long-term perspective from the second experiment, the mean removal rates 

are declining faster in the non phosphorus treated beakers. The analysis of the plant litter 

material could not show if nitrogen was removed from systems through denitrification or just 

taken up and stored by microorganisms. The experiment was carried out under controlled 

conditions. The results show that the effect of P on denitrification is not completely 

understood yet and further research especially on the N uptake by microorganisms and long-

term experiments are needed. 
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1 Introduction 

1.1 The role of nitrogen removal  

Nitrogen pollution is considered as one of the greatest consequences of human-accelerated 

global change on marine coastal areas in the world (Boesch, 2002; Scavia, et al., 2002; 

Vitousek, et al., 1997). Nitrogen compounds play a major role in eutrophication, they affect 

the oxygen content of receiving waters and can be toxic to aquatic organisms (Kadlec & 

Knight, 1996). Nitrogen and phosphorus are limiting nutrients in aquatic systems. Their 

enrichment causes diverse problems, such as the loss of oxygen, biodiversity, aquatic plant 

beds and increase algal bloom and fish mortality (Carpenter et al., 1998).  

Nitrogen releases from agricultural sites are the main sources of nitrogen inputs at the swedish 

west coast. Håkansson (2002) estimated that the load of nitrogen increased by 40% from 

1970s. Past management techniques rely on the implementation of improved management 

practices and constructed wetlands, which intend to decrease the release of nitrogen into water 

bodies. 

1.2 Constructed Wetlands  

Although wetlands have been created incidentally by humans and animals in the past, the 

intentional construction of wetlands to provide habitat and water quality functions began with 

the environmental movement in the 1970s (Kadlec & Knight, 1996). Hammer (1992) defines 

"created" wetlands as non-natural wetlands built primarily for habitat replacement and 

mitigation, while "constructed" wetlands are systems especially built for water quality 

treatments. There are four different types of constructed wetlands: (1) constructed habitat 

wetlands; (2) constructed treatment wetlands; (3) constructed flood control wetlands; and (4) 

constructed aquaculture wetlands (Kadlec & Knight, 1996). The focus of this thesis lies on the 

type of constructed treatment wetlands. Constructed treatment wetlands are a cost-effective 

alternative to conventional wastewater treatment plants (Lee, et al., 2009). Wetlands can 

reduce the inorganic N concentration effectively through nitrification and denitrification 

(DeLaune, et al., 2005). Other advantages of constructed wetlands are that maintenance have 

to be conducted only periodically compared to waste water treatment plants, they tolerate 

water flow fluctuations, provide habitats for wetland organisms and have aesthetic benefits for 

the landscape. The disadvantages are that they usually require more land area than waste 
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water treatment plants, the efficiency varies seasonally and the organisms can be sensitive to 

toxic chemicals (Kadlec & Knight, 1996). 

1.3 Nitrogen processes in wetlands 

The nitrogen cycle in wetlands is very complex and consists of many different processes. 

Nitrogen is continuously transformed between organic, soluble inorganic and gaseous 

nitrogen compounds and it is hard to control the most basic processes in wetlands (Bastviken, 

2006). The main transformation processes like ammonification, nitrification and 

denitrification are illustrated in Figure 1. The nitrogen transformations are affected by several 

factors like water chemistry, climate, vegetation, water depth and water flow. Ammonification 

is the biological mineralization of organic nitrogen to ammonia caused by bacteria and fungi 

and is the first step of the mineralization of organic nitrogen (Reddy & Patrick, 1984). 

Nitrification is a microbial process, where ammonia is converted to nitrate under aerobic 

conditions. In the first step of this two-step process, bacteria of the genus Nitrosomonas are 

responsible for the oxidation of ammonia is to nitrite. The second step is the conversion of 

nitrite to nitrate, which is implemented by Nitrobacter (White & Reddy, 2009). Anaerobic 

ammonium oxidation (ANAMMOX) is the conversion of nitrate/nitrate and ammonia to 

gaseous nitrogen under anerobic conditions (Mulder et al., 1995; van de Graaf et al., 1995). 

Nitrogen fixation from the air to ammonia by bacteria is not considered significant in nitrogen 

rich waters like constructed wetlands (Kadlec & Knight, 1996). Nitrogen assimilation is the 

conversion of inorganic nitrogen to organic nitrogen in cells and tissue. For aquatic systems 

with high nitrogen loads, plant assimilation represents only a small percentage of the total 

nitrogen removal (Tanner et al., 1995). The process, where ammonia in the ammonium-

ammonia equilibrium is transferred to the air is called ammonia volatilization. Nitrogen losses 

are lower in acidic conditions compared to wetlands with high temperatures and pH values, 

where the nitrogen losses tend to be more significant (Reddy & Patrick, 1984). Other nitrogen 

processes like sedimentation, also known as burial of organic nitrogen, the reversing 

processes of decomposition or resuspension and ammonia adsorption, become insignificant if 

the nitrogen load is high (Kadlec & Knight, 1996).    
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Figure 1: Simplified nitrogen processes in wetlands (ON - organic Nitrogen; AN - ammonium nitrogen; NN - 

nitrate nitrogen) (Bastviken, 2006) 

 

Denitrification is considered to be the most important process in nitrogen removal in wetlands 

receiving water from agricultural sites (Trepel & Palmeri, 2002; White & Reddy, 2009). It is 

an energy-requiring reduction process where electrons, mostly from an organic source, are 

added to nitrate or nitrite resulting in the production of nitrogen gas (N2), nitric oxide (NO) or 

nitrous oxide (N2O). (Kadlec & Knight, 1996). This process occurs under anaerobic 

conditions, mostly in soils, sediments and anoxic zones of aquatic systems. Certain genera of 

bacteria, like Bacillus, Enterobacter, Micrococcus, Pseudomonas and Spirillum, can use the 

oxygen atoms in nitrate and nitrite molecules as final electron acceptors, due to the use of 

enzyme nitrate reductase (Kadlec & Knight, 1996). They can switch easily from anaerobic to 

aerobic metabolism. Because they prefer free oxygen, denitrification does not occur under 

aerobic conditions. Denitrifiers are chemoorganotrophs, which require a source of organic 

carbon (Kadlec & Knight, 1996). 
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1.4 The role of phosphorus 

The cycling of phosphorus is a complex composition of biological and physicochemical 

processes. Biotic uptake, sorption, precipitation and sedimentation regulate the P 

concentration in the water column, while the long-term retention and release of P from the 

soils is controlled by microbial processes and adsorption-desorption mechanisms (Richardson 

& Vaithiyanathan, 2009). The initial biotic P uptake is many times higher than the long-term 

removal by soil or sediment build-up (Richardson & Vaithiyanathan, 2009). P is very 

important for the growth of organisms in wetlands. The most rapid uptake is performed by 

microorganisms like bacteria, fungi and algae, due to their high growth rates (Kadlec & 

Knight, 1996). The addition of phosphorus to wetlands stimulates growth and increases in the 

amount of biomass (Kadlec & Knight, 1996). Nevertheless plant uptake is not a suitable 

measurement of the P net removal rate in wetlands, unless plants are harvested. Most of the 

stored P is returned to the water quickly as a result of the microbial decomposition. 

1.5 Purpose of the study 

Constructed wetlands are effective management techniques to serve as water treatment 

systems and protect the eutrophication of water courses. Therefore, the efficiency and 

function of constructed wetlands are of paramount importance. The design of a successful 

constructed wetland depends on several conditions like climate and the composition of the 

water to treat. The findings of previous studies show that in this special case the nitrate 

concentration is high, with around 11 mg/L while the concentration of total phosphorus is low 

with  around 8 µg/L (Bastviken, et al., 2009; Yang, 2011). Low P concentrations are not 

common, but also found in other wetlands, for example in Ontario, USA (Kadlec & Wallace, 

2008). The results of a previous master thesis at Halmstad University (Yang, 2011) indicate 

that low concentrations of phosphorus may have a limiting effect on the nitrogen removal. 

This study and also other studies (Nowicki, 1994) mentioned this, but the focus did not lie on 

phosphorus. The purpose of this study is to put a special focus on the role of phosphorus in 

terms of nitrogen removal. The hypothesis is that low phosphorus concentrations are limiting 

the nitrogen removal. The aim is to see, if these results can be replicated and find out about 

the fate of nitrogen and phosphorus in the wetlands.  
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2 Methods 

2.1 Study site 

The plant litter and water samples for the laboratory experiments were taken from 

experimental wetlands in south-west of Sweden. The wetland system is situated 15 kilometers 

north-west of Halmstad (56°43'N, 12°43'E) and was constructed in 2002. The study site is 

explained in detail in Weisner & Thiere (2010). In summary, there are 18 constructed 

wetlands which are divided into three groups of different vegetation treatments, which are 

arranged randomly. The vegetation treatments are 1) tall emergent vegetation (Phragmites 

australis, Glyceria maxima and Phalaris arundinacea), 2) submerged vegetation (Elodea 

canadensis, Myriophyllum aterniflorum and Ceratophyllum demersum) and 3) unplanted to 

allow vegetation to develop freely (Weisner & Thiere, 2010). 

         

 

 

 

2.2 Water and plant samples 

The sampling for the first experiment took place in the afternoon on February 6
th

, 2014. The 

water samples of the first experiment were taken directly in a plastic canister from the water 

inlet before it flows into the wetland. The plant litter samples were taken by hand from the 

sediment near the inlet and put into a plastic bucket filled with water from the wetland. Care 

was taken that no sediments or litter material from other plant species have been picked up. 

Plant litter material was collected from three wetlands of the vegetation type 1) with emergent 

vegetation, where the common reed Phragmites australis is the dominant plant species. The 

Constructed Wetlands - Study site 

Halmstad 

Figure 2: Study site of the constructed 

wetlands, north-west of Halmstad 
(Google Maps, 2014) 

Figure 3: Map of Sweden 

(http://www.hh.se/english/

academics/registeredstude

nt/studyinhalmstad/sweden

az/az/geographyandnature.

8013.html) 
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samples were stored in darkness and transported to the laboratory, immediately. The sampling 

for the second Experiment took place on April 3
rd

, 2014 and followed the same procedure 

from the first experiment. 

2.3 Preparation of the samples 

The litter material was mixed and cut in small pieces of ca one to two centimeter.  The reason 

for the cutting was to increase the available surface of the litter, where microorganism could 

colonize and reproduce. Six to eight centimeter of litter were placed in plastic buckets and 

filled up with the water from the inlet and stored in darkness in the same room where the 

experiment was carried out. The acclimatization period to room temperature of 22° C lasted 

for four days. The buckets were carefully shaken every 12 hours to mix the water column. 

Here it is important to avoid entering oxygen during shaking. This preparation procedure was 

conducted for both experiments in the same way. 

2.4 Experiment design 

The experiment was performed in a laboratory to control several factors. To achieve 

anaerobic conditions the study was performed under darkness to avoid photosynthesis. The 

creation of replicates was possible by taking same kind and amounts of litter and the sampling 

of the water samples was logistically easier. The mesocosms comprised one-liter beakers 

where litter material from the wetlands lay on the bottom and filled with water from the 

wetland. Half of the beakers were filled with phosphorus enriched water (P+ treatment) and 

for the other half the wetland water was not treated (P0 treatment). Water samples were  taken 

at certain times to analyze the nitrogen removal rate in the closed systems over several days. 

Because the mass of plant litter (DW) was different in each beaker, the differences of the 

concentrations from the start to the end were divided with the DW of the plant litter to get the 

removal rate per g of biomass. The plant material was also analyzed for the amount of 

nitrogen before and after the experiment to detect changes in the litter composition. 

2.4.1 First Experiment 

The first experiment was carried out from the 10
th

 to the 13
th

 of February 2014 over 60 hours. 

Therefore, 24 g fresh weight (FW) of plant litter were placed into twenty one-liter beakers and 

filled up to the 600 ml marking. Ten beakers were filled with untreated inlet water from the 
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constructed wetland. The inlet water of the other ten beakers was P enriched by 0.2 mg/L with 

K2HPO4. Water samples of 20 ml were taken with a syringe after 1, 12, 24, 36, 48 and 60 

hours. A few minutes before the sampling the beakers have been shaken very carefully to mix 

the water with the lower plant material layer and to ensure of the concentration of the ions 

was distributed equally. The samples were filled in small bottles of polyethylene and stored in 

a dark freezer at -18 °C for later analysis. 

2.4.2 Second Experiment 

The second experiment was carried out on April, 8
th

 and ended on April, 13
th

, 2014. Like in 

the first experiment, 24 g fresh weight of the plant litter material have been used in each of the 

20 one-liter beakers, but here exactly 600 ml of inlet water were used for later calculations of 

total nitrogen amounts. For making observations about the long-term effect of the nitrogen 

removal, the second experiment can be divided into three steps, in the following referred to as 

A, B and C. Each step lasted 48 hours and afterwards the beakers were "refilled" with new 

water.   

In A, the inlet water of ten mesocosms was phosphorus enriched with about 0.2 mg/L like in 

the first experiment. Then, 20 ml of water samples were taken with a syringe after 1, 12, 24, 

36 and 48 hours for the nitrogen analysis. Additionally to the first experiment another 20 ml 

samples were taken after 1, 24 and 48 hours of each step for the total phosphorus (TP) 

analysis. The beakers have been shaken very carefully a few minutes before each sampling. In 

the end 160 ml of water was sampled from each beaker after the first 48 hours of A. To 

achieve the volume of 600 ml water for the start of B, another 140 ml were obtained and 300 

ml of new inlet water was added. The water of the beakers with the additional phosphorus 

treatment, was enriched again with 0.2 mg/L of phosphorus. Since only half of the original 

water was replaced, the refill water was nitrogen enriched with KNO3 with additional 6 mg/L 

to achieve the close start concentration of A. The same procedure was conducted for C which 

started 48 hours after the first refill. A complete refill of the water in the beaker between each 

step was not possible without disturbing the anaerobic conditions. 

2.5 Chemical analysis of the water samples 

The water samples were analyzed spectrophotometrically for nitrate (NO3-N), total amount of 

nitrogen (TN) and total phosphorus (TP) with flow injection analysis (FIA) according to ISO 
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13395 standard methods (Application Note 5201, 5202 and 5421)  on a FIAstar 5000 

Analyzer (Foss Tecator, Höganäs, Sweden). 

2.6 Analysis of the plant material 

During the preparation of the beakers for both experiments, samples of the wet plant litter 

material have been taken from the acclimatization buckets. They were put into aluminum 

molds and were weighed immediately. Afterwards they were dried in an oven for 8 hours at a 

temperature of 105°C. After cooling down to room temperature, they were weighed again to 

measure the dry weight (DW) of the material. In the first experiment, six samples were dried. 

For the later analysis of the elemental composition of the plant material, the samples were cut 

down with a knife into very small pieces and then ground with mortar and pistil. Ten samples 

from the second experiment were dried in the same way as the first experiment. This time the 

samples were ground into very small pieces with a shredding device, because this machine 

was more effective than the manual cutting and grinding. All samples were stored in darkness 

at room temperature and covered with aluminium foil to prevent contamination. After both 

experiments, the plant materials from the beakers were dried as described before and ground 

according to the different methods from both experiments. The ground samples were analyzed 

twice with the C/N-analyzer of their elemental nitrogen and carbon content. The sample 

weight was approximately 20 mg. In the end, the absolute amounts of nitrogen in the litter 

were calculated  and compared with the absolute amounts of nitrogen from the water column 

in the beaker. 

2.7 Statistics 

The values of the following tables are arithmetic mean (mean) values with standard deviation 

(SD). The parameter "n" in the following tables and figures indicates the number of 

replications. Correlations between the nutrient concentrations and time were evaluated with 

SPSS 17.0 statistics and checked for significance (two-tailed). The correlation coefficients are 

shown as R
2
. In the first experiment independent student t-tests were performed for the water 

and plant samples. For the second experiment an ANOVA was performed with SPSS 17.0 

statistics. The plant material and additional checks of the water samples for differences 

between the factors time (A, B and C), nitrogen fraction (NO3-N and TN) and P treatment (P0 

and P+) were analyzed with independent student t-tests with Excel 2007 like in the first 

experiment. In all cases the significance interval was set to 95%. 
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3 Results 

3.1 Effect of phosphorus on nitrogen removal in the first experiment 

In the first experiment, the concentrations of NO3-N and TN  (Figure 4) declined linearly with 

correlation coefficients between R
2 

= 0.978 (TN - P+)  and R
2 

 = 0.997 (NO3-N - P+). All 

Pearson correlations were significant (p < 0.011). Although the experiment lasted for 60 

hours, only the time between 12 and 48 hours was analyzed for the removal rate. The first 

twelve hours were not used for the calculation of the removal rates to give the microbial 

community time to acclimate to their new environment, especially the higher nutrient content. 

The time span was shortened from 60 to 48 hours, because in some beakers the concentration 

of nitrate reached zero at the end, which would affect the removal rates. 

 

Figure 4: Nitrogen Removal in first experiment expressed in the trend of the mean concentrations 

of NO3-N and TN (n=10) after 48 hours. The lines are linear regressions of the different nitrogen 

concentrations over time. 

 

The mean removal rate was in both cases, for NO3-N and TN, significantly higher for the 

phosphorus added treatment (Table 1). The proportion of NO3-N of the total nitrogen in the 

water of both treatments was one hour after the experiments started high and quite similar (p= 
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0.385) with 91.3% and 92.3 %, respectively. This proportion declined significantly after 48 

hours in both cases (p < 0.001). The proportion of the P enriched treatment (58.2%) was 

lower than in the non-treated inlet water (70.3%), but not significantly (p = 0.066; Table 1)  

 

Table 1: Results of student t-tests for nitrogen removal in the first experiment. Mean values with 

standard deviation are shown for the removal rates of NO3-N/TN and the percentage share of nitrate 

from total nitrogen (after 1 and 48 hours) 

 

Parameter P0 P+ p-value 

NO3-N removal [mg(NO3-N) g(biomass)
-1

 d
-1

 1.34 ± 0.21 1.79 ± 0.28 0.001 

TN removal [mg(TN) g(biomass)
-1

 d
-1

 1.23 ± 0.21 1.60 ± 0.28 0.005 

NO3-N of TN [%] after 1 h 91.3 ± 2.5 92.3 ± 1.5 0.385 

NO3-N of TN [%] after 48 h 70.3 ± 14.4 58.2 ± 13.0 0.066 

 

 

The results of the C/N-analyzer are shown in Table 2. There are no significant changes in the 

nitrogen content in the plant material for both treatments. The content of carbon in the litter 

material declined in both treatments, but only in the P+ treatment statistically significant (p = 

0.038). The carbon content in the P+ treatment was lower than in the P0 treatment, but have 

no significant difference (p = 0.071). 

Table 2: Percentages of N and C (mean ± SD)  in the plant material from the first experiment. 

The percentages of the plant materials of the P treatments (P0 & P+) were analyzed with student t-

tests. BE = Before Experiments (n = 10 for P0 & P+, n = 6 for BE) 

 

 Treatment Nitrogen  Carbon  

Percentage [%] 

BE   2.12 ± 0.09 41.93 ± 0,68 

P0  2.14 ± 0.16 41.53 ± 0,48 

P+ 2.11 ± 0.08 41.16 ± 0,38 

Results of student t-

tests 

BE vs. P0 0.695 0.239 

BE vs. P+ 0.901 0.038 

P0 vs. P+ 0.596 0.071 
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3.2 Effect of phosphorus on nitrogen removal in the second experiment 

The concentrations of NO3-N and TN declined linearly for both P treatments throughout all 

steps over the period of 48 hours (Figure 5). This means that the N concentrations correlated 

with time, which corresponds with the first experiment. In A, R
2 

is always higher than 0.99 

and significant (p < 0.003). In B, the squared correlation coefficients are lower than 0.99 for 

the P0 treatment (R
2

NO3-N = 0.967 and R
2

TN = 0.896). All correlations were significant except 

of TN P0 (p = 0.054). In 3, only TN P0 had a lower correlation coefficient (R
2
 = 0.972) than 

0.99, but all correlation were significant (p < 0.014).  
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Figure 5: Nitrogen removal in the second experiment (step A, B & C). 

The trends are expressed as linear regressions of the mean concentrations 

of NO3-N and TN (n=10) after 48 hours 
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The TP-concentration of the P+ treatment correlated with time like the concentrations of NO3-

N and TN (Figure 6). But the decline is not as linear as in the nitrogen concentrations, which 

can be seen in the lower squared correlation coefficients (R
2

TP (A)
 
= 0.895; R

2
TP (B)

 
=0.997; 

R
2

TP (C)
 
= 0.849). Only the correlation of B was significant (p = 0.035). The TP-concentrations 

of the P0 treatment are more than 10 times lower than the P+ beakers. The concentrations 

stayed in all steps at the same levels between 17 and 28 µg/L. There is no increase or decline 

recognizable, since the slopes of the trend lines are close to zero and the correlations are not 

significant.    

 

 

Figure 6: TP-concentration in the second experiment (step A, B & C). The dashed lines show the 

linear trend of the P0 treatment and the solid lines show the linear trend of the P enriched treatment. 

 

The mean removal rates are plotted in Figure 7. The results of the ANOVA showed that the 

mean NO3-N removal rate was significantly higher than the mean TN removal rate (F1 = 12.1;  

p = 0.001). In detail only the student t-tests for step A in the P0 treatment (p = 0.03) and for 

step B in the P+ treatment showed a statistically significant difference, however the other t-

tests had low p-values between 0.09 and 0.14. Only the mean removal rates of step B of the 

P0 treatment seemed to be similar.  
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Figure 7: Mean N removal rates of NO3-N and TN in the second experiment. All three Steps (A, 

B, C) are shown with mean values and standard deviation for both treatment types. 

 

The removal rates of the P+ beakers were always higher than the P0 beakers (F1 = 19; p < 

0.001), but only in C (NO3-N and TN) and B (NO3-N) this difference between the P 

treatments was statistically significant (Table 3). The mean removal rates declined with time 

within both treatment types (F2 = 9.1 p < 0.001), but only in the P0 treatment the decline was 

significant from step A to B (p = 0.028) and from step B to C (p = 0.016). The declining 

trends of the mean removal rates can also be seen at the removal (%) after 48 hours (Table 3). 

The P+ treatment was more effective than the P0 treatment. Only for NO3-N in A and B the 

difference in the removal (%) was not significant. Within the P+ treatment, the removal (%) 

stayed on a similar level during all three steps, whereas the removal (%) of the P0 treatment 

declined step by step. But only the NO3-N removal of C had a significantly lower removal 

(%) than A (p = 0.012) and B (p < 0.001). The  TN removal in C was significantly lower than 

A (p = 0.031). 
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Table 3: Results of student t-test of N removal rates and removal (%). Mean values and standard 

deviations of the removal rates are shown for all steps (A, B, C). The removal (%) describes the 

reduction of the initial concentration to the concentration after 48 hours.  

 

 
Removal rate  

             

               
  Removal [%] 

 

Parameter P0 P+ p-value P0 P+ p-value step 

NO3-N  1.87 ± 0.33 2.00 ± 0.36 0.420 73.5 ± 6.8 79.1 ± 8.6 0.118 
A 

TN  1.52 ± 0.35 1.71 ± 0.35 0.219 57.4 ± 5.1 65.7 ± 9.3 0.024 

NO3-N  1.51 ± 0.27 2.01 ± 0.40 0.004 65.7 ± 13.5 75.9 ± 13.8 0.111 
B 

TN  1.53 ± 0.78 1.62 ± 0.31 0.722 52.5 ± 17.1 69.0 ± 13.4 0.024 

NO3-N  1.23 ± 0.51 1.85 ± 0.48 0.012 45.7 ± 18.4 74.4 ± 18.0 0.002 
C 

TN  0.89 ± 0.50 1.49 ± 0.50 0.015 43.7 ± 17.9 71.3 ± 14.7 0.001 

 

The results of the C/N-analyzer are shown in Table 4. The nitrogen content in the plant litter 

material from the P+ treatment has increased significantly compared to the P0 treatment or the 

original plant material. During the experiment, the carbon content within the plant tissue 

increased. The plant material of the P0 treatment had a significantly higher content than  the 

plant material of the P+ treatment.  

 

Table 4: Percentages of N and C (mean ± SD)  in the plant material from the second experiment. 

The percentages of the plant materials of the P treatments (P0 & P+) were analyzed with student t-

tests. BE = Before Experiments (n = 10) 

 Treatment Nitrogen  Carbon  

Percentage [%] 

BE   2.19 ± 0.09 42.43 ± 0.24 

P0  2.27 ± 0.18 43.15 ± 0.56 

P+ 2.44 ± 0.12 42.78 ± 0.28 

Results of student t-

tests 

BE vs. P0 0.226 0.002 

BE vs. P+ > 0.001 0.007 

P0 vs. P+ 0.020 0.083 
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The results of the absolute amounts of nitrogen in Table 5 show a significant difference in the 

water. Although there was a significant difference in the proportion of N in the litter (p = 

0.02, Table 4), it did not lead to a difference of the treatment types in the absolute amount of 

N in the entire beakers, when N of the water and litter was summed up.  

 

Table 5: Absolute amounts of TN in the different components of the beaker and DW 

(mean ± SD) after the second experiment. The absolute amount of N in the beakers 

(complete) was summed up from N of the water and litter material. Student t-test was 

performed for statistical analysis. 

 P0 P+ p-value 

TN (water) [mg] 2.9 ± 0.8 1.4 ± 0.7 < 0.001 

TN (litter) [mg] 41.1 ± 6.5 42.5 ± 5.8 0.62 

TN (complete) [mg] 44.0 ± 6.0 43.8 ± 5.5 0.96 

TN (litter) of TN (complete) [%] 92.7 ± 2.9 96.7 ± 1.9 0.002 

DW (litter) [g] 1.82 ± 0.35 1.75 ± 0.72 0.59 
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4 Discussion 

4.1 Nitrogen removal through denitrification 

The simultaneous decline of the NO3-N and TN concentrations indicates that denitrification 

was the main process of the nitrogen removal in both experiments. In fact, the removal rate of 

NO3-N, was always higher than the removal rate of TN, except from the P0 treatment in step 

B of the second experiment. This can also be seen in the decrease of the proportion of  NO3-N 

to TN. In both experiments, in the beginning NO3-N made out 91.3 - 93.6 % (1 h) of TN and 

declined to 49.8 - 64.4 % after 48 hours. The absolute amount of nitrogen, which was not 

bound to nitrate increased with time too, which means new nitrogen compounds were formed. 

A possible explanation is the decomposition of the plant material or the microbial activity. 

The first step of the decomposition process is leaching which happens relatively fast. The 

range of the nitrogen compounds include inorganic N forms, amino acids and more complex 

forms like DNA or plant pigments (Bowden, 1987). The following processes of 

fragmentation, extracellular enzyme activity and aerobic and anaerobic activity of 

heterotrophic microorganisms (McLatchey & Reddy, 1998) take more time, but could 

happened in these experiments. Ammonification probably occurred at the same time, because 

it can take place under aerobic and anaerobic conditions during decomposition of wetland 

plants (Vymazal, 2007).  

A comparison with removal rates from other studies of constructed wetlands is not very 

convincing, since a lot of important factors to the N removal are excluded in this study. The 

methods of other studies were performed by analyzing samples from the in- and outlet of the 

wetlands. This mesocosm experiment did not involve an in- and outlet. Also the microbial 

denitrification only took place on the surface of the plant litter. In wetlands a big part of the 

denitrification process takes place in the anaerobic sediment (DeLaune, et al., 2005). The 

nitrate removal rates per area range in the second experiment for the P0 treatment from 254.8 

- 383.4 mg N m
-2

 d
-1

 and 362.4 - 395.5 mg N m
-2

 d
-1

 for the P+ treatment. The total nitrogen 

removal rates are lower with 182.4 - 312 mg N m
-2

 d
-1

 (P0 treatment) and 300.4 - 339 mg N 

m
-2

 d
-1

 (P+ treatment). The nitrogen removal rates of other studies show different varieties. 

For example in a study of Tanner et al. (1995), the TN removal rate ranged from 150 - 1400 

mg N m
-2

 d
-1

. That means that the produced removal rates in the experiments of this study 

could be realistic, because they are in the same range. Even higher nitrate removal rates up to 

2800 mg N m
-2

 d
-1

 have been measured (Bachand & Horne, 2000). 
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4.2 Changes in the plant litter material 

The plant litter material itself is not able to take up and store N or P, because it is 

decomposing. The net effect of decomposition is to conserve N while C is decreasing 

(Bowden, 1987). This is what happened in the first experiment. In the second experiment the 

opposite effect occurred and the carbon content increased during the experiment. There is no 

suitable explanation for this. The measurement of the absolute amount of decomposition was 

not possible, because the dry weight of the plant litter material could not be determined before 

the experiment. The measurement of both replication samples from before the experiment 

(BE) were conducted in one set of samples in the C/N-analyzer on the same day. The samples 

from after the experiments (P0 and P+) were analyzed on another day. So it might be possible 

that something could have affected these samples, which led to this systematic difference. In 

comparison, all samples of the first experiment were analyzed on one day. 

The mass of nitrogen in litter does not have to decrease during decomposition, it rather can 

stay on the same level like in the first experiment or even increase like in the second 

experiment. Leaching could occur, but the rapid colonizing microorganisms can immobilize a 

large portion of the leaching nitrogen from the plant tissue or from the water column 

(Bowden, 1987). Important is the balance between microbial immobilization and 

mineralization. Bowden (1987) proofed that gross mineralization in sediments could exceed 

net mineralization by many times. For nitrogen, the primary product of mineralization is 

ammonium.  

4.3 The effect of phosphorus 

The P+ treatment had a positive effect on the nitrate removal rate. The rates increased 

significantly in the first experiment and in the last two steps of the second experiment. The 

reason is probably that the additional P stimulates the growth and reproduction of denitrifying 

bacteria (Kadlec & Knight, 1996). A bigger community of denitrifyers leads to higher 

denitrification. White and Reddy (1999) suggested that higher denitrification enzyme activity 

in areas of higher P enrichment is related to higher microbial biomass. The microbial uptake 

of N and P is very fast, because bacteria, fungi and microinvertebrates grow and multiply at 

high rates, but the amount of nutrient which they store is relatively low (Vymazal, 2007). A 

specific measurement of the microbial uptake was not performed and it is not possible to 

calculate from the existing data. 
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The decline in TP of the P+ treatment indicates that some of the added P was used. 

Phosphorus cannot be released through the air and plant uptake can be excluded, too 

(Richardson & Vaithiyanathan, 2009). This concludes that P must have been taken up by 

microorganisms in the biofilm of the litter material.  

The TP concentration in the P0 treatment was relatively stable, which can be seen at the very 

low slopes of the TP concentration with time. The minimum of TP was around 17 µg/L. The 

reason, why the concentration of TP did not decline more is that P maybe is bound in forms 

that are not available for microbial uptake. P is commonly available for organisms as 

orthophosphate (PO4-P). The low concentration also indicates the limitation of phosphorus. 

Although P is limited in the P0 treatment, denitrification still occurred. A possible explanation 

is, that new orthophosphate was released due to decomposition, but was immediately 

metabolized by microorganisms. The decline of the removal rates in the P0 treatment can be 

explained by the competition of denitrifying bacteria for the limited nutrients. 

Results of other studies about the effect of P on denitrification or nitrogen removal in water, 

respectively, are very rare. Nowicki (1984) compared the denitrification rate in the sediment 

of the U.S. east coast shore. In this laboratory study the water was daily enriched with 

approximately four to five times of P and six times of N of the original water from the not 

treated mesocosms. After three months, the denitrification rates of the enriched mesocosms 

were twice as high as the control. After one year, the denitrification rates were even seven to 

eight times higher than the controls. The nutrient enrichment had a positive effect on the 

denitrification rate, but it is unclear if the added P or N or the combination of both was 

responsible for this increase. Nevertheless it can be indicated that the P adding could stimulate 

the denitrification in wetlands. In a study of White and Reddy (1999) the denitrifying enzyme 

activity was tested in soils with low P concentrations. In several experiments und field 

conditions they suggest, that denitrification was primarily limited by the nitrate loading. But 

at high nitrate concentrations (50 mg L
-1

), it could also be P limited. For further understanding 

a field study with more realistic conditions is needed.  
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5 Conclusions 

 

The results of both experiments support the hypothesis that P is limiting the nitrogen removal. 

In both experiments the N removal was higher when P was sufficiently present. This means 

that the concentration of P is affecting denitrification which was the most important process 

of nitrogen removal in this study. Higher P concentrations stimulated the growth and 

reproduction of denitrifying bacteria. The decomposing litter material released new nutrients 

like organic carbon to the water, which was also contributing to the denitrification. This study 

could not point out about the impact of microbial uptake and decomposition. The effect of 

these factors could be observed on further studies. A comparison of the absolute amounts of N 

in the beakers showed that most of the N was stored in the litter. Assumptions about the N 

flux between litter and water were not convincing, due to the high amount of N in the litter. In 

further studies, the relation of litter to water should be changed by using less plant material, a 

bigger volume of water and a longer time period for the denitrification. The results of the 

literature research and this study show that the understanding of how phosphorus is affecting 

denitrification is still not completely clear and further research is needed. 
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