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Abstract 

Constructed wetlands had been widely used as economical and environment friendly 

treatment systems for agriculture runoff in southwest Sweden to limit the transport of 

nutrients to Kattegat, thereby aiding in the effort of abating eutrophication. The extensive use 

and acceptance of wetlands as treatment systems had been an incentive to develop 

performance models. Even recent studies showed that first order models are inadequate to 

guide the design of constructed wetlands, these are still commonly used. The main assumption 

of such models is tested here, which states that the removal rate of pollutant(s) is proportional 

to concentration in a constructed wetland. For this purpose experimental wetlands in 

Plonninge near Halmstad (southwest of Sweden) were selected and divided into two groups (9 

each). They were fed with different hydraulic loads achieving 4 and 8 days residence times. 

The data obtained from the analysis of total nitrogen and nitrate were tested with first order 

equations and found that these models are sufficient to describe the nitrate removal in nitrate 

rich experimental wetlands. 

Key words: constructed wetlands, hydraulic load, first order kinetic models, eutrophication, 

nitrogen removal 
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Abbreviations and Symbols 

CSTR                             Single continuous stirred tank reactor (model) 

FWS                               Free water surface (wetland) 

g/m2.d                             gram per square meter per day 

HRT                               Hydraulic retention time 

k20                                  Temperature adjusted first order areal rate constant 

L/min                              Litre per minute 

N                                     Hydraulic efficiency parameter 

NO3-N                             Nitrate nitrogen 

PFR                                 Plug flow reactor (model) 

q                                      Hydraulic loading rate (HLR) 

RT                                   Residence time 

SSF                                 Sub-surface flow (wetland) 

TIS                                  Tank in series (model) 

TKN                                Total Kjeldahl nitrogen 

TN                                   Total Nitrogen 

 

 

 

 

 

 

 

 

 
 



6 
 

List of Tables and figures 

Serial 

Number 
Title 

Page 

No. 

Table 2.1 Number of wetlands grouped according to residence time 13 

Table 3.1 
Results from t-test and Mann-Whitney test for outflow concentrations 

of TN and NO3-N showing the differences between wetlands with 4 

and 8 days residence times 

18 

Fig 2.1 Schematic diagram of experimental wetlands 12 

Fig 3.1 
Outflow concentrations for TN and NO3-N in wetlands with 4 and 8 

days residence time on three sampling occasions 
17 

Fig 3.2 
Removal rate for TN and NO3-N in wetlands with 4 and 8 days 

residence time on three sampling occasions 
18 

Fig 3.3 
Percentage removal for TN and NO3-N in wetlands with 4 and 8 days 

residence time on three sampling occasions 
19 

Fig 3.4 
k20 values TN and NO3-N based on complete mixing first order kinetic 

model in wetlands with 4 and 8 days residence time on three sampling 

occasions 

19 

Fig 3.5 

k20 values for TN) and NO3-N based on TIS first order kinetic model 

(hydraulic efficiency parameter, N=2 in wetlands with 4 and 8 days 

residence time on three sampling occasions 

20 

Fig 3.6 

k20 values for TN and NO3-N based on TIS first order kinetic model 

(hydraulic efficiency parameter, N=4.5 in wetlands with 4 and 8 days 

residence time on three sampling occasions 

20 

Fig 3.7 

k20 values for TN and NO3-N based on TIS first order kinetic model 

(hydraulic efficiency parameter, N=100 in wetlands with 4 and 8 days 

residence time on three sampling occasions 

21 

 

 

 



7 
 

Table of Contents 

Summary ………………………………………………………………………………. 3 

Acknowledgments ……………………………………………………………………... 4 

Abbreviations and symbols …………………………………………………………… 5 

List of tables and figures ………………………………………………………………. 6 

1. Introduction …………………………………………………………………… 9 

1.1. Background ……………………………………………………………….. 9    

1.2. Models for wetland performance evaluation …………………………….. 10         

1.3. Problem formulation ……………………………………………………… 11 

1.4. Objectives …………………………………………………………………. 11 

2. Material and Methods ……………………………………………………….. 12       

2.1. Study design ……………………………………………………………… 12 

2.1.1. Field site description ……………………………………………… 12 

2.1.2. Experimental design ………………………………………………. 12 

2.2. Laboratory analysis ………………………………………………………. 14 

2.3. Data analysis ……………………………………………………………… 14 

2.4. First order kinetic models ………………………………………………… 15 

2.4.1. Single continuous stirred tank reactor (CSTR) …………………... 15       

2.4.2. Plug Flow Reactor (PFR) ………………………………………….. 16 

2.4.3. Tank in Series Model (TIS) ............................................................ 16 

2.5. Statistical analysis ………………………………………………………… 17 

3. Results …………………………………………………………………………. 18 

3.1. Water flow and temperature measurements ……………………………… 18 

3.2. Outflow concentrations ............................................................................. 18 

3.3. Removal rate ............................................................................................. 19 

3.4. Percentage removal ……..…………………………………………………. 20 

3.5. First order areal rate constant values ……………………………………... 20 

4. Discussion ………………………………………………………………………. 23 

4.1. Discussion ………………………………………………………………….. 23 

4.2. Limitations and further research …………………………………………... 24     

5. Conclusions …………………………………………………………………….. 25 

6. References ……………………………………………………………………… 26 

7. Appendixes …………………………………………………………………….. 28-36 



8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

Introduction 

1.1. Background 

A promising number of constructed wetlands are established in the agricultural landscape of 

southwest Sweden to reduce nitrogen loading to Kattegat, thereby aiding to the efforts carried 

out to abate eutrophication and improve the water quality in the Baltic Sea. These wetlands 

receive nitrogen in the form of nitrate, and denitrification is the primary process which 

removes nitrate. Denitrification involves the reduction of nitrate to nitrous oxide and di-

nitrogen gas in anaerobic conditions by denitrifying bacteria in the presence of organic carbon 

(Bastviken et al., 2009). 

In constructed wetlands several physical, chemical and biological processes occurs in parallel 

influencing each other (Kumar and Zhao, 2010) and thus sufficient understanding of the 

factors controlling these processes and the links between them are essential to optimize the 

removal efficiency of these treatment systems (Kjellin et al., 2007).  

The performance of these treatment systems improves at higher water temperatures and 

increasing hydraulic efficiency, which can be created by avoiding short-circuiting, expressed 

by N values (N > 5) of the tanks-in-series model (Kadlec, 2005). Mietto (2009) reported from 

a number of studies that contaminant removal efficiency is affected by flow distribution to, 

and hydraulics within wetlands. 

For example, Jamieson et al., (2007) studied a free water surface wetland for four years and 

observed a positive correlation between hydraulic loading rate (q) and areal rate constant (k) 

for several parameters including total Kjeldahl nitrogen (TKN). They demonstrated that larger 

q values and lower hydraulic residence times (HRTs) resulted in enhanced treatment 

performance. Similarly Lu et al., (2009) also found a positive relation between hydraulic 

loading and removal rate for total nitrogen (TN) in a constructed wetland treating agricultural 

runoff. On the other hand, Bastviken et al., (2009) studied the effects of hydraulic load and 

vegetation type on nitrate (NO3-N) removal and found no significant difference for mean 

NO3-N removal rate i.e. 0.142 g/m2d and 0.145 between wetlands with high HLR (0.39 m/d 

corresponding to 1 day RT) and low HLR (0.13 m/d corresponding to 3 days RT) 

respectively. Moreover, Lin et al., (2008) demonstrated that nitrate removal rates for both 

Free Water Surface (FWS) and Sub Surface Flow (SSF) wetlands increased with increasing 

hydraulic loading rate (HLR) until a maximum value of 0.910 and 1.161 g N/m2d at HLR of 
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0.12 and 0.07 m/d for the FWS and SSF wetlands respectively was reached. Further increase 

in HLR had significantly reduced nitrate removal rate. Therefore optimum HLR is essential to 

achieve maximum nitrate removal in constructed wetlands and to make sure that the wetland 

area is used to its full treatment potential (Jamieson et al., 2007). 

1.2. Models for wetland performance evaluation 

There are different models to understand CWs processes, predict nutrient removal efficiency 

and optimize design criteria of these treatment systems. Models are inexpensive and efficient 

tools as a substitute to monitoring and experimental work and can be employed to develop 

operational strategies to maximize nutrient removal (Moustafa and Hamrick 2002). The 

chemical and biological processes occurring in wetlands and the interactions between them 

are complex and knowledge about the biophysical factors affecting them are often lacking. 

This resulted in the widespread use of semi-empirical, black-box approaches which employ 

minimal numbers of parameters to adequately represent the key processes that determine 

performance (Carleton and Montas, 2009). Kumar and Zhao, (2010) categorized the different 

modeling approaches into two broad categories, i.e. black box and process based models 

where first order kinetic models were placed in the former category. They also described the 

evolution of design approaches from simple regression equations to dynamic compartmental 

models. Kadlec, (2000) had pointed out several inadequacies in models based on first order 

kinetics and Bastviken, (2006) also concluded that the dynamics of the main nitrogen 

transformation processes could not be satisfactorily described using this approach. However 

first order kinetic models had been widely used for simulating and designing wetlands for 

treatment purposes and can provide rational approximation of performance for several 

pollutants in constructed wetlands. The first order design models assume that removal rate of 

a pollutant is directly proportional to its concentration in a wetland (Kadlec, 2005). Another 

assumption is often made that the rate constant(s) (k) in such models do not depend on factors 

such as hydraulic loading and inlet concentration, and are true constants (Kadlec, 2000). But it 

is important to note that k values are lumped parameters in reality and represent the net result 

of all the internal processes which contribute to the removal of a pollutant in a wetland (Kent, 

2001) 

Moreover, it is widely acknowledged that flow patterns and residence times (RT) of water 

plays a major role in the treatment efficiency of constructed wetlands. Therefore it is 

important to know how different possible design factors affect the flow patterns and thus 
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removal efficiency in wetlands (Kjellin et al., 2007). 

The two idealized flow patterns in constructed free-water surface wetlands are plug-flow and 

mixed flow (i.e. Plug-Flow Reactors (PFR) and Continuous Stirred Tank Reactors (CSTRs). 

However in practice, water flow deviates from these patterns in wetlands due to topographical 

features, vegetation density, preferential flow channels and other environmental factors. 

Therefore, the water flow is usually a combination of plug flow and a number of CSTRs. 

Residence time distributions (RTD) provide a measure to account for this deviation (Mietto, 

2009). 

1.3. Problem formulation 

A basic feature of wetland design for nutrient control is that they are either aimed to decrease 

effluent concentration or achieving mass removal. 

Increase in hydraulic load results in more mass removal of nitrate-nitrogen but less 

concentration reduction (Kadlec, 2005). Therefore it is essential to test that whether 

concentration of nitrogen or hydraulic load is more important for nitrogen removal in 

constructed wetlands. It will help to locate wetlands where we can get high loads rather than 

looking too much only on concentrations. 

1.4. Objectives 

a) To study the effects of hydraulic load on nitrogen removal in constructed wetlands. 

b) To test whether first order kinetic models can describe nitrogen removal with different 

hydraulic loads. 

c) To test whether nitrogen removal rate is proportional to nitrogen concentration or 

nitrogen loading in wetlands due to different hydraulic loads. 
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    Material and Methods 

2.1. Study Design 

The project comprises literature search, field sampling, laboratory analysis and analyzing the 

results with statistical software SPSS 16.0. 

2.1.1. Field site description 

The experimental constructed wetlands in Plonninge near Halmstad (south-west of Sweden) 

were selected to carry out the project, mainly because the number of wetlands (18) provides 

replication of treatments, which facilitate statistical evaluation of the results. These similar 

shaped wetlands were constructed in 2002 within a total area of 76 × 32 m. Each wetland has 

an area of 40 m2 (10 × 4 m) at the ground surface and positioned 4 m apart from each other. 

The mean water depth in the wetlands was 0.5 m, with a slide slope of 1:1 or 45°. Gate valves 

were placed at inlet to adjust the incoming water flow. The bottom substrate in the wetlands is 

clay, and the surrounding area also constituted with heavy clay which minimize water 

exchange between the wetland basins and adjacent ground water. In 2003, six wetlands had 

been planted with emergent vegetation, six with submerged vegetation and six were left as 

controls (no vegetation was planted) (Weisner and Thiere, 2010). 

2.1.2. Experimental Design 

In order to see the effects of hydraulic load on the nitrogen (N) removal, the 18 wetlands were 

divided into two groups (9 each) based on the latest (2010) vegetation density data 

(Appendix-I), so that each group have uniform replication of vegetation density. Table 2.1 

shows the two groups of wetlands with 4 and 8 days residence time. The water flows were 

adjusted approximately 2 weeks before the first sampling was carried out to ensure the effect 

of residence time on denitrification. Temperature and water flows were measured in the outlet 

at the three sampling occasions. And inflow was adjusted subsequently, when it was below or 

above the small range decided for water flow (Table 2.1), so that residence time for the water 

in the wetland should be kept as close as possible to the intended residence time. Rain 

measurements were obtained from a nearby weather station (Robert Carlsson's weather station 

in Vilshärad), however there was very little rain (10.4 mm on April 12 after sampling and 1.8 

mm, 3 mm and 1 mm on April 3, 5 and 6 respectively) that could significantly affect the 

results, therefore rain measurements were ignored. Sampling was carried out on three dates 
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B 

(12, 21 and 28 April, 2011). 

      a) 

 

                 

                                   

                 

               b)  

Fig. 2.1 a) Schematic diagram of Experimental Constructed Wetlands, Plonninge near Halmstad. Dark and 

light colors represent wetlands with 4 days and 8 days retention time respectively. Groundwater from drinking 

water plant flows to tank A, then to B, C and D, where each one supplies water to 6 wetlands. b) Longitudinal 

cross section of an experimental wetland where the double arrow shows water depth. In both figures inlet and 

outlet pipes are represented black, grey areas shows water filled part of the wetlands. 

Three sets of samples were taken from outlet pipes of each wetland and inlet pipes (B, C, D) 

at each occasion and kept in ice box, before putting it in the laboratory freezer for later 

analysis. The analyses were done in the Wetland Research Laboratory, Halmstad University. 

The water from B, C and D pipes represents the inflow, each feeding six wetlands (Fig. 2.1) 
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Table 2.1 Number of wetlands grouped according to residence time  

Theoretical Residence Time Wetland Number Theoretical Water Flow 

4 days 3, 5, 10, 12, 14, 15, 16, 17, 18 2.8 – 3 L/min 

8 days 1, 2, 4, 6, 7, 8, 9, 11, 13 1.2 – 1.4 L/min 

2.2. Laboratory Analysis 

 Samples were analyzed for Total Nitrogen (TN) and Nitrate (NO3-N) with FIAstar 5000 

Analyzer from Foss Tecator. For measuring TN concentration, 8 mg/L Glycin solution was 

used as control and 0, 1, 2, 4, 8 and 11 mg/L total nitrogen solutions were used as standards. 

1.6 mL of digestion solution (K2S2O8 + H3BO3 + NaOH) was put in every sample before 

putting these in the autoclave for sterilization overnight. The autoclave was set to functions (4 

liquids, 120 °C, 2.5 atmospheric pressure). For measuring NO3-N- concentration, the samples 

did not need to put in the autoclave and hence no digestion solution was needed. Cadmium 

rod was used to transform all nitrates to nitrite and Buffer NH4CL pH 8.5, Sulfanilamide and 

N-(1-naphtyl)-Ethylene diamine dihydrochloride (NED) were used as reagents. 

2.3. Data analysis 

The data obtained from field and laboratory analysis were used to calculate removal of nitrate 

nitrogen (NO3-N) and total nitrogen (TN) in the wetlands (Eq. 2.1). Inflow concentration was 

obtained by taking the mean concentration value from B, C and D whereas, each wetland had 

an area of 29.44m2. 

R = (Cin - Cout)q ……………. (Eq. 2.1) 

Where 

R = Removal or retention rate of NO3
- and TN, g/m2.d 

Cin = Inflow concentration of NO3
- and TN, g/m3 

Cout = Outflow concentration of NO3
- and TN, g/m3 



15 
 

q = hydraulic loading rate (HLR), m/d 

HLR can be calculated by Eq. 2.2. 

q = Q/A ……………….. (Eq. 2.2) 

where 

Q = water flow, m3/d 

 A = area of the wetland, m2 

Moreover, in order to compare the performance of studied wetlands under different hydraulic 

loads, percentage removal (%R) of TN and NO3-N was calculated by using Eq. 2.3. 

%R = Cin – Cout/ Cin x 100 ………………. (Eq. 2.3) 

The removal data (R) was tested by applying first order kinetic models described below. 

2.4. First order kinetic models 

As stated in section 1.2, these models assume that removal of nutrient(s) (R) is directly 

proportional to concentration of nutrient(s) (C) expressed as Eq. 2.4. 

R = kC ……………… (Eq. 2.4) 

Where k is first order areal rate constant (m/yr) and C is outflow concentration subtracted 

from inflow concentration. It is a common practice to use the k values for comparing 

efficiency of different wetlands (Bastviken, 2006; Bastviken et al., 2009; Kadlec, 2005; Lin et 

al., 2008). As discussed in section 1.2, water flow in a wetland deviates from the ideal plug 

flow pattern. Depending on flow pattern, different parcels of water remain for varying 

amounts of time in the constructed wetland producing varying amounts of treatment, which 

combinely produce the overall treatment level that a constructed wetland achieves (Werner 

and Kadlec 2000). In this connection, a brief description of different flow models is provided 

here which were applied to the data obtained during this project. 

2.4.1. Single continuous stirred tank reactor (CSTR) 

According to this model, wetland is a basin or tank in which the inflow is immediately and 

completely mixed with the existing water contents. This implies that the concentration of 
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nutrient(s) is the same everywhere in the wetland (Mietto, 2009), which can be interpreted as 

that the concentration of nutrient(s) in the wetland is equal to the concentration of nutrient(s) 

in the outflow.  

Considering complete mixing, the concentration (C) in Eq. 2.4 can be replaced with outflow 

concentration (Cout), (Eq. 2.5). 

R = kCout ……………... (Eq. 2.5) 

2.4.2. Plug Flow Reactor (PFR) 

The plug flow model assumes that water remains in a single plug when enters the wetland and 

moves towards the outlet maintaining these discrete plugs. This suggests that the 

concentration of nutrient(s) decreases gradually from inflow towards outflow. Water moves at 

the same velocity and reaches the outlet at exactly the same theoretical hydraulic retention 

time (HRT). Plug flow is regarded as the optimal flow (Mietto, 2009). 

2.4.3. Tank in Series Model (TIS) 

According to TIS model, a wetland is divided into N number of same sized compartments or 

CSTRs where the concentration of a pollutant leaving each tank is equal to the uniform 

internal concentration in that tank (Kadlec and Knight, 1996). TIS model provides a better 

representation of the flow patterns in a wetland. The first order equation for this model is 

provided by (Kadlec, 2005).  

Co/Ci = (1 + k/Nq)−N ………….. (Eq. 2.6) 

where, 

Ci = inlet concentration, g/m3 

Co = outlet concentration, g/m3 

k = first order uptake rate constant, m/d 

N = hydraulic efficiency parameter 

q = hydraulic loading rate, m/d 

The first-order area-based rate coefficient, k value for each wetland was calculated using (Eq. 
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2.5) and (Eq. 2.6) for Single CSTRs and TIS models respectively. The hydraulic efficiency 

parameter (number of tanks), N = 4.5 and 2 assumed to be same for each wetland adopted 

from (Bastviken et al., 2009) and (Mietto, 2009) respectively. Both of these studies were 

carried out on the same wetlands.  

The TIS model can describe both single CSTR and PFR flow models, with N = 1 and N = 

infinity respectively. The value of N shows the degree of mixing (Kadlec and Knight, 1996). 

For this project, plug flow assumption was tested with a value of N = 100. 

To account for temperature effects upon denitrification a modified Arrhenius temperature 

relation was used (Kadlec, 2005). 

k = k20θ(T−20) ………… (Eq. 2.7) 

where 

k20 = first order areal rate constant at 20°C, m/yr 

T = water temperature, °C 

θ = temperature factor 

The temperature coefficient, θ was set to 1.088. This is adopted from (Kadlec, 2005) and is 

the mean value for θ of the 61 wetlands studied in the US. Temperature adjusted k20 values 

were calculated by using (Eq. 2.6). 

2.5. Statistical Analysis 

Mann-Whitney U (2 independent-Samples) test and independent-Samples t-test were 

performed using SPSS 16.0 to see if there is any statistical significant difference among the 

k20-values between the two groups of wetlands (4 and 8 days residence time). The same tests 

were performed for the removal rate (R), percentage removal (%R) and outflow concentration 

(Cout) data for both TN and NO3-N. The statistical significance level was selected at p (< 

0.05). 
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                                                        Results 

3.1. Water flow and temperature measurements  

During the project, the mean flow rates in wetlands with 4 days and 8 days residence times 

(RT) varied between 2.89 and 2.73 L/min, and 1.29 and 1.10 L/min respectively, which 

means that the theoretical residence times have been achieved (Table 2.1 and Appendix-II). 

Mean temperatures for wetlands with 4 days RT was 6.62, 8.25 and 10.46 °C on the three 

sampling occasions, i.e. April 12, 21 and 28 respectively. While the observed temperatures in 

wetlands with 8 days RT were a bit lower, i.e. 6.35, 8.14 and 10.2 °C on the three sampling 

occasions respectively (Appendix-II) 

3.5. Outflow concentrations 

Wetlands with 8 days residence times showed significantly lower mean concentrations for 

both TN and NO3-N at the outlets confirmed by both t-test and Mann-Whitney U test. The 

standard deviation for high hydraulic load wetlands was lower than wetlands receiving low 

hydraulic load (Table. 3.1 and Fig. 3.1) 

 

Fig. 3.1 Outflow concentrations (Cout) for Total Nitrogen (TN) and Nitrate- Nitrogen (NO3) in 
experimental wetlands with 4 and 8 days residence time on three sampling occasions and 
their mean with error bars showing standard deviation (SD). 
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Table 3.1 Results from t-test and Mann-Whitney test for outflow concentrations of TN and 
NO3-N showing the differences between wetlands with 4 and 8 days residence times at a 95% 
Confidence level. 
 
Mean of Nitrogen 

parameters 

Residence 

time 

Mean Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

test 

(p-value) 

Tot- N 4 8,1785 0,384 0,000 0,001 
8 7,0115 0,502 

NO3-N 4 7,7639 0,371 0,000 0,000 
8 6,3012 0,634 

3.3. Removal rate (R) 

The mean removal rate for NO3-N was found significantly different between the two groups 

of wetlands with p-values of 0,018 by T-test and 0,024 by Mann-Whitney U test. Wetlands 

with high hydraulic load were more efficient at removing NO3-N. Different residence times 

wetlands also showed significant difference in removal rate for NO3-N on April, 12 with p-

values of 0,031 calculated by Mann-Whitney U test. However no significant difference was 

found for tot-N removal rate between the two groups of wetlands (Fig. 3.2 and Appendix-IV). 

 

Fig. 3.2 Removal rate (R) for TN and NO3-N in experimental wetlands with 4 and 8 days 
residence time on three sampling occasions and their mean with error bars showing standard 
deviation (SD). 
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wetlands with different hydraulic loads except for TN on April, 21, where the p-value was 

0,302 by t-test and 0,233 by Mann-Whitney U test. Also for NO3-N on April, 12, Mann-

Whitney U test generated a p-value of 0,085, however t-test showed significant difference 

with a p-value of 0,042 (Appendix-IV). It is evident that lower hydraulic loads resulted in 

higher percentage removal of TN and NO3-N in these nitrate rich wetlands (Fig. 3.3). 

 

Fig. 3.3 Percentage removal (%R) for TN and NO3-N in experimental wetlands with 4 and 8 
days residence time on three sampling occasions and their mean with error bars showing 
standard deviation (SD). 

3.2. First order areal rate constant values 

The k20 values based on all the studied models, both for TN and NO3-N with Independent t-

test and Mann-Whitney U test showed no statistical significant difference between wetlands 

with different hydraulic loads.  

 

Fig. 3.4 Temperature adjusted areal rate constant (k20) values obtained from modified 
Arrhenius Temperature relation for TN and NO3-N based on complete mixing first order 
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kinetic model (R = kCout) in experimental wetlands with 4 and 8 days residence time on three 
sampling occasions and their mean with error bars showing standard deviation (SD). 

There were individual differences between k20 values for TN and NO3-N obtained from 

analysis based on different sampling dates and also with different residence time wetlands, 

but they were quite insignificant. Fig. 3.4 to 3.7 represents the k20 values obtained during this 

study. Appendix-V to VIII shows the standard deviation, mean and p-values of k20 values. 

 

Fig. 3.5 Temperature adjusted areal rate constant (k20) values obtained from modified 
Arrhenius Temperature relation for TN and NO3-N based on Tank in Series (TIS) model 
(hydraulic efficiency parameter, N=2) in experimental wetlands with 4 and 8 days residence 
time on three sampling occasions and their mean with error bars showing standard deviation 
(SD). 

 

Fig. 3.6 Temperature adjusted areal rate constant (k20) values obtained from modified 
Arrhenius Temperature relation for TN and NO3-N based on Tank in Series (TIS) model 
(hydraulic efficiency parameter, N=4.5) in experimental wetlands with 4 and 8 days residence 
time on three sampling occasions and their mean with error bars showing standard deviation 
(SD). 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

12th April 21st April 28th April Mean 

A
re

al
 ra

te
 c

on
st

an
t (

k2
0)

, m
/d

 
(N

=2
)

Sampling date

4 days TN

8 days TN

4 days NO3

8 days NO3

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

12th April 21st April 28th April Mean A
re

al
 ra

te
 c

on
st

an
t (

k2
0)

, m
/d

 
(N

=4
.5

)

Sampling date

4 days TN

8 days TN

4 days NO3

8 days NO3



22 
 

 

Fig. 3.7 Temperature adjusted areal rate constant (k20) values obtained from modified 
Arrhenius Temperature relation for TN and NO3-N based on Tank in Series (TIS) first order 
equation (hydraulic efficiency parameter, N=100 assuming plug flow) in experimental 
wetlands with 4 and 8 days residence time on three sampling occasions and their mean with 
error bars showing standard deviation (SD). 
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                                                          Discussion 

4.1. Discussion 

High hydraulic loads resulted in high removal rate of nitrate and total nitrogen but low 

percentage removal assuming the same inflow concentration. The reason could be that when 

there is high hydraulic load (q = Q/A), there is more nitrate available for the denitrifying 

bacteria to process (carrying out denitrification) it and convert to N2, resulting in higher 

removal rate. In the present study, 4 days HRT wetlands had a higher removal rate because 

there was higher hydraulic load and thus higher areal nitrogen load as compared to 8 days 

HRT wetlands. But on the other hand wetlands with 8 days residence time showed high 

percentage removal because the denitrifying bacteria had more time to decrease the nutrients 

concentration as compared to wetlands with 4 days residence time. Therefore it is important 

from applied perspective to know whether the aim of constructing wetlands is to achieve high 

removal rate or high percentage removal. Another key aspect when locating constructed 

wetlands is to consider removal rate per area of the wetlands. 

Bastviken et al., (2009) studied the effects of hydraulic load and vegetation type on nitrate 

(NO3-N) removal in the same wetlands and found no significant difference for mean NO3-N 

removal rate between wetlands with high HLR (0.39 m/d and 1 day RT) and low HLR (0.13 

m/d and 3 days RT) respectively. In contrast, in the present study there were significant 

differences between 4 and 8 days residence time wetlands for mean NO3-N removal rate i.e. 

0.237 g/m2.d and 0.183 respectively. This could be because they had selected a narrow flow 

interval and the effects of hydraulic loading rate were therefore not evident between wetlands 

operating at different HLRs. Furthermore, wetlands operating with shorter HRTs were 

efficient at removing TN and NO3-N i.e. 0.181 g/m2.d and 0.237 respectively as compared to 

0.143 g/m2.d and 0.183 areal removal rates by longer HRTs wetlands. However, Lin et al., 

(2008) found the critical HLR of 0.12 and 0.07 m/d for the FWS and SSF wetlands 

respectively, beyond which increasing hydraulic loads had significantly reduced nitrate 

removal rate.   

Furthermore, there were no significant differences between 4 and 8 days residence time 

wetlands for mean TN which could be due to some error in analysis or some processes 

happening in the wetlands which have affected the total nitrogen removal that we could not 

accomplish mainly due to short duration of the study. 
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The k20 values obtained by applying first order kinetic equations shows that there were no 

significant differences in wetlands receiving different hydraulic loads. And the minor 

differences in k20 values that were found between the two groups of wetlands on different 

dates, both for total nitrogen and nitrate suggests that there were changes in the treatment 

efficiency with changes in hydraulic load. However for wetlands with low complexity where 

only one or a few factors are limiting the nitrogen removal within the whole wetland on 

yearly basis e.g. nitrate concentrations or temperature, simple models (like first order kinetic 

models) can better describe the nitrogen removal (Bastviken, 2006). 

4.2. Limitations and further research 

The time scale of future research in this area should be extended and also the seasonal 

differences should be taken into account. In this connection wherever possible, current 

vegetation density and species data should be used and full scale wetlands should be included. 

Another important aspect can be the interval between hydraulic loading rates. Doubling the 

residence times was insufficient to support the hypothesis that first order kinetic models are 

not valid when hydraulic load rather than concentration is changed. 
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                                                Conclusions 
 

It has been shown that first order kinetic models can describe the nitrogen removal in the 

studied experimental wetlands. However the removal rate of nitrate was significantly different 

between wetlands with varied hydraulic loading which suggests that HLR is an important 

parameter and should be taken into account for design purposes. Removal rates for both TN 

and NO3-N increased proportionally to the HLR accompanied with lower percentage removal 

where inflow concentration was kept the same. As indicated previously in the discussion part, 

there is a critical HLR value which is important to achieve maximum treatment efficiency in 

constructed wetlands. It is also interesting to know that for nitrate rich small wetlands, 

doubling the residence time would not yield difference in the values of areal based first order 

constant (k20). The fact that wetlands are designed either for reducing concentration or 

achieving mass removal, emphasize the need to know that, is it only nitrogen concentrations 

that dictate the nitrogen removal or hydraulic loading can also be an important factor in this 

regard. 
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                                                               Appendixes 

Appendix-I Showing the vegetation type in the studied experimental wetlands based on data 
from Mietto, (2009). She had found no significant differences in the hydraulic parameters 
between control and submerged wetlands. 
 
Residence 

time 
Wetland Number 

Emergent 

Vegetation 

Submerged 

Vegetation 

Controlled 

vegetation 

4 days 3, 5, 10, 12, 14, 15, 16, 17, 18 12, 15, 18 5, 10, 14, 17 3, 16 

8 days 1, 2, 4, 6, 7, 8, 9, 11, 13 1, 6, 9, 4, 7 2, 8, 11, 13 
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Appendix-II Water flow (Q) and temperature measurement data in the experimental wetlands 

with respect to residence time (RT) 

Wetland 

Number 

Water Flow (L/min) Temperature (°C) Theoritical 

Residence 

Time (days) 
12 April 21 April 28 April 12 April 21 April 28 April 

3 3.12 2.88 2.73 6.7 8.4 10.5 

4 days 

(2.8 – 3 

L/min) 

5 3.18 3.03 2.7 7.1 9.1 11.8 

10 2.46 3.96 2.58 6.8 8.4 10.6 

12 2.58 2.91 2.76 6.1 7.5 9.3 

14 3.3 3.06 3 7.3 8.9 11.3 

15 2.34 2.76 2.7 6.1 7.6 9.1 

16 2.88 1.98 2.55 7.1 8.8 11.2 

17 3.12 2.13 2.91 6.6 8.3 11.2 

18 3.06 2.82 2.64 5.8 7.3 9.1 

Mean 2.893 2.8367 2.73 6.622 8.256 10.456 

 2.82 8.444 

1 0.84 0.84 1.26 5.8 7.6 9.7 

8 days 

(1.2 – 1.4 

L/min) 

2 0.84 1.74 1.17 6.2 8.3 10.2 

4 1.2 1.23 1.11 7.0 8.8 10.9 

6 1.68 1.47 0.6 5.5 7.1 8.6 

7 1.62 0.63 1.11 7.0 8.8 11.3 

8 1.5 1.32 1.26 6.9 8.6 10.7 

9 1.02 1.56 0.93 5.4 7.1 9.0 

11 1.5 1.44 1.08 6.6 8.4 10.8 

13 1.44 1.2 1.44 6.8 8.6 11.2 

Mean 1.293 1.27 1.1067 6.356 8.144 10.267 

 1.223 8.256 
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Appendix-III Results from t-test and Mann-Whitney test for removal rate of total nitrogen 

and nitrate-nitrogen showing the differences between wetlands with 4 and 8 days residence 

times at a 95% Confidence level 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date Parameter 
Residence 

Time 
Mean 

Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

Test (p-value) 

12 

April 

TN 
4 0,14442 0,03559 0,448 0,402 
8 0,13018 0,04185 

NO3-N 4 0,3017 0,14012 0,058 

 
0,031 

8 0,19388 0,06177 

21 

April 

TN 4 0,20594 0,12415 0,160 0,171 
8 0,12544 0,10676 

NO3-N 4 0,18976 0,03287 
0,203 0,354 

8 0,16644 0,04112 

28 

April 

TN 4 0,19239 0,0370 0,282 0,310 
8 0,17383 0,03364 

NO3-N 4 0,21867 0,03281 
0,070 0,070 

8 0,18766 0,03479 

Mean 

TN 4 0,18092 0,05552 0,089 0,102 
8 0,14315 0,02872 

NO3-N 4 0,23672 0,05245 
0,018 0,024 

8 0,18266 0,03240 
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Appendix-ІV Results from t-test and Mann-Whitney test for percentage removal (%R) of 

total nitrogen and nitrate-nitrogen showing the differences between wetlands with 4 and 8 

days residence times at a 95% Confidence level 

 

 

 

 

 

 

 

 

 

 

 
 

Date Parameter 
Residence 

Time 
Mean 

Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

Test (p-value) 

12 

April 

TN 4 11,43705 2,40086 0,000 0,000 
8 23,18591 5,98162 

NO3-N 4 23,34434 10,13079 0,042 0,085 
8 34,92419 12,06152 

21 

April 

TN 4 15,46721 8,29527 0,302 0,233 
8 21,37385 14,39518 

NO3-N 4 15,38862 3,90999 0,000 0,000 
8 30,49295 8,65344 

28 

April 

TN 4 14,38323 3,05762 0,000 0,000 
8 33,19754 9,39837 

NO3-N 4 16,08136 2,45785 0,000 0,000 
8 35,19608 8,89966 

Mean 

TN 4 13,76249 4,01167 0,000 0,001 
8 25,91910 5,25879 

NO3-N 4 18,27144 4,05352 0,000 0,000 
8 33,53774 6,77160 
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Appendix-V Results from t-test and Mann-Whitney test for k20 (N=1) of total nitrogen and 
nitrate-nitrogen showing the differences between wetlands with 4 and 8 days residence times 
at a 95% Confidence level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date Parameter 
Residence 

Time 
Mean 

Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

Test (p-value) 

12 

April 

TN 
4 0,05638 0,01312 0,606 0,508 
8 0,06052 0,01956 

NO3-N 4 0,14379 0,08730 0,451 0,757 
8 0,11417 0,07501 

21 

April 

TN 4 0,07266 0,05010 0,437 0,354 
8 0,05343 0,05216 

NO3-N 4 0,06572 0,01076 0,424 0,402 
8 0,07274 0,0230 

28 

April 

TN 4 0,05008 0,01059 0,166 0,270 
8 0,06108 0,02016 

NO3-N 4 0,05712 0,00841 0,213 0,566 
8 0,06658 0,019708 

Mean 

TN 4 0,05971 0,02034 0,870 0,895 
8 0,05834 0,01382 

NO3-N 4 0,08888 0,02978 0,761 0,566 
8 0,08449 0,03025 
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Appendix-VI Results from t-test and Mann-Whitney test for k20 (N=2) of total nitrogen and 

nitrate-nitrogen showing the differences between wetlands with 4 and 8 days residence times 

at a 95% Confidence level. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Date Parameter 
Residence 

Time 
Mean 

Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

Test (p-value) 

12 

April 

TN 
4 0,05460 0,01243 0,822 0,691 
8 0,05625 0,01764 

NO3-N 4 0,13136 0,07469 0,288 0,402 
8 0,09798 0,05210 

21 

April 

TN 4 0,06846 0,04533 0,355 0,270 
8 0,04816 0,04517 

NO3-N 4 0,06289 0,00979 0,715 0,508 
8 0,06556 0,01909 

28 

April 

TN 4 0,04805 0,00976 0,331 0,508 
8 0,05419 0,01554 

NO3-N 4 0,05457 0,00774 0,480 0,825 
8 0,05867 0,01502 

Mean 

TN 4 0,05704 0,01849 0,576 0,757 
8 0,05287 0,01174 

NO3-N 4 0,08294 0,02551 0,440 0,354 
8 0,07407 0,02189 
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Appendix-VII Results from t-test and Mann-Whitney test for k20 (N=4.5) of total nitrogen 

and nitrate-nitrogen showing the differences between wetlands with 4 and 8 days residence 

times at a 95% Confidence level. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Date Parameter 
Residence 

Time 
Mean 

Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

Test (p-value) 

12 

April 

TN 
4 0,05364 0,01207 0,953 0,965 
8 0,05405 0,01668 

NO3-N 4 0,12517 0,06857 0,218 0,354 
8 0,09058 0,04278 

21 

April 

TN 4 0,06628 0,04293 0,315 0,270 
8 0,04555 0,04184 

NO3-N 4 0,06138 0,00932 0,926 0,627 
8 0,06200 0,01732 

28 

April 

TN 4 0,04698 0,00932 0,490 0,757 
8 0,05085 0,01356 

NO3-N 4 0,05321 0,00739 0,747 0,627 
8 0,05486 0,01304 

Mean 

TN 4 0,05563 0,01756 0,437 0,757 
8 0,05015 0,01079 

NO3-N 4 0,07992 0,02344 0,294 0,270 
8 0,06915 0,01840 
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Appendix-VIII Results from t-test and Mann-Whitney test for k20 (N=100) of total nitrogen 

and nitrate nitrogen showing the differences between wetlands with 4 and 8 days residence 

times at a 95% Confidence level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Date Parameter 
Residence 

Time 
Mean 

Standard 

Deviation 

T-test 

(p-

value) 

Mann-Whitney 

Test (p-value) 

12 

April 

TN 
4 0,05293 0,01179 

0,944 0,825 
8 0,05246 0,01599 

NO3-N 4 0,12072 0,06428 0,179 0,270 
8 0,08554 0,03691 

21 

April 

TN 4 0,06469 0,04119 0,286 0,233 
8 0,04370 0,03953 

NO3-N 4 0,06027 0,00897 0,899 0,757 
8 0,05948 0,01615 

28 

April 

TN 4 0,04618 0,009006 0,652 0,825 
8 0,04850 0,01227 

NO3-N 4 0,05221 0,00715 0,996 0,566 
8 0,05219 0,01178 

Mean 

TN 4 0,05459 0,01688 0,346 0,402 
8 0,04822 0,01013 

NO3-N 4 0,07773 0,02197 0,206 0,233 
8 0,06574 0,01617 
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Appendix-IX Pictures 

a)     b)  

c)   d)  

e)   

 

 

a) Showing the A, B, C and D 

tanks, which feeds the experime-

ntal wetlands, the water drinking 

plant is visible in the backgrou-

nd. b) The experimental wetland 

area. c) Individual surface-flow 

wetland. d) Outflow measurement                                                   

e) Laboratory analysis by FIA 


