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SAMMANFATTNING 

Under de senaste årtiondena har konstruerade våtmarker framgångsrikt använts för att reducera kvävehalterna i 
avloppsvatten och avrinningsvatten från jordbruksområden. Konstruerade våtmarker ger kostnadseffektiv 
kväverening samtidigt som de erbjuder viktiga miljöer för djur och rekreationsområden för människor. Reduktionen 
av kvävehalterna sker främst genom denitrifikation och reningseffekten beror av de hydrologiska och 
mikrobiologiska förhållandena i våtmarken, i synnerhet uppehållstider och denitrifikationshastigheter. Målet med 
denna avhandling var att öka kunskapen om de kopplade hydrologiska och mikrobiologiska processerna som styr 
denitrifikationskapaciteten. Detta gjordes genom att undersöka vilka faktorer som reglerar uppehållstiderna i 
våtmarker med hjälp av spårämnesförsök, flödesmodellering och mätningar av friktionsförlusters koppling till 
vegetationsmönster. Vidare studerades orsaker till rumsliga variationer i sedimentens denitrifikationshastigheter 
utifrån analys av bakteriesamhällenas sammansättning (denaturing gradient gel electrophoreses, DGGE), vattnets 
uppehållstider och kemiska parametrar. Spårämnesförsöket och flödesmodelleringen visade att våtmarkens design 
har stor inverkan på uppehållstiderna, i synnerhet orsakar oregelbundenheter i växlighet kanalisering som minskar 
reningseffekten. I den undersökta våtmarken förklarade växligheten 60-80 % av variansen i uppehållstiderna, medan 
själva bassängens utformning bara förklarade 10 %. Även omblandningsmekanismer visade sig vara viktiga för att 
förklara flödesmönstren. Denitrifikationshastigheterna visade på stora rumsliga variationer och variationerna kunde 
förklaras av kvävehalten i sedimenten tillsammans med vattnets uppehållstider. Denitrifikationshastigheterna visade 
på en stor potential och att kvävereningen skulle öka med ökad nitrattillförsel till sedimenten. Analysen av 
sedimentens bakteriesamhällen visade att ett fåtal nyckelpopulationer dominerade och att diversiteten ökade med 
minskande näringshalter samt ökande uppehållstider. Vidare visade det sig att denitrifikationshastigheter, tillämpbara 
i nitratbegränsade förhållanden, kan utvärderas i nitratbegränsade försök genom att anpassa ett utryck byggt på 
Menten kinetik som beskriver både denitrifikation och andra nitratförbrukande processer. 
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SUMMARY 

Over the past two decades, constructed wetlands have successfully been used to remove nitrogen from wastewater 
and agricultural runoff water. Treatment wetlands offer low-cost, natural technology alternatives for nitrogen 
removal, and at the same time they provide excellent areas for wildlife and human recreation. The main nitrogen 
removal process is denitrification and the removal efficiency depends on the hydrological and microbiological 
features of the wetland, especially in terms of water residence times and denitrification rates. The objective of this 
thesis was to increase the understanding of the coupled hydrological and microbiological processes regulating the 
denitrification capacity. In particular, governing factors for wetland water flow were evaluated by tracer test, flow 
modeling, and measurements of correlations between friction losses and vegetation density. Further, spatial 
variations in denitrification activity was explained by considering water residence times, chemical parameters, and 
analysis of the community structures of denitrifying bacteria using denaturing gradient gel electrophoreses (DGGE). 
The tracer experiment and flow modeling revealed that the wetland design largely can affect the water residence time 
distributions, and, in particular, heterogeneity in vegetation density causes channeling flow patterns which reduce the 
treatment efficiency. In the investigated wetland, vegetation dominated the water flow, explaining 60-80% of the 
variance in water residence times, whereas basin shape only explained about 10% of the variance, but also mixing 
phenomena affected the residence times and could delay solutes considerably. Measured potential denitrification 
rates in the wetland exhibited significant spatial variations, and the variations were best described by concentration of 
nitrogen in sediments and water residence time. The denitrification rates revealed a great potential and increased 
supply of nitrate to the sediments would improve the treatment efficiency of the wetland. Analyses of the 
denitrifying bacteria populations indicated that a few key populations dominated and that the community diversity 
increased with decreasing nutrient levels and increasing water residence times. Moreover, it was found that 
denitrification rates in terms of Menten and first order kinetics can be evaluated by fitting a mathematical expression, 
considering denitrification and other nitrogen transforming processes to measured product formation in nitrate 
limited experiments.  
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ABSTRACT 

Treatment wetlands play an important role in reducing nitrogen content in wastewater and agricultural run-off water. 
The main removal process is denitrification and the removal efficiency depends on the hydrological and 
microbiological features of the wetland, especially in terms of water residence times and denitrification rates. The aim 
of this thesis was to increase the understanding of the coupled hydrological and microbiological processes regulating 
the denitrification capacity. This was done by applying a broad spectrum of analyses methods, including tracer 
experiment, water flow modeling, denitrification rate measurements, and analyses of the microbial community 
structures. The tracer experiment and flow modeling revealed that the wetland design, especially the vegetation, 
largely can affect the water residence time distributions in wetlands. In the investigated wetland, vegetation 
dominated the water flow, explaining 60-80% of the variance in water residence times, whereas basin shape only 
explained about 10% of the variance, but also mixing phenomena significantly affected the residence times and could 
considerably delay solutes. Measured potential denitrification rates in the wetland exhibited significant spatial 
variations, and the variations were best described by concentration of nitrogen in sediments and water residence 
time. Analyses of the denitrifying bacteria populations indicated that a few key populations dominated and that the 
community diversity increased with decreasing nutrient levels and increasing water residence times. Moreover, it was 
found that denitrification rates in terms of Menten and first order kinetics can be evaluated by fitting a mathematical 
expression, considering denitrification and other nitrogen transforming processes to measured product formation in 
nitrate limited experiments. 

Keywords: Constructed wetland; Residence time; water flow modeling; denitrification rate; Tracer 
experiment, denitrifying bacteria community structure 

INTRODUCTION  

Background 

Over the past two decades, constructed wetlands 
have successfully been used to remove nitrogen as 
well as other nutrients and pollutants from 
wastewater and agricultural runoff water. Reduction 
of nitrogen compounds in water is important due to 
their contribution to eutrophication problems and 
oxygen depletion in recipient waters, as well as their 
toxic effect on aquatic invertebrate and vertebrate 
species (Kadlec & Knight, 1996). Moreover, infants 
ingesting water with high levels of the nitrogen 
compound nitrate may develop the potentially fatal 
condition methemoglobinemia (commonly known as 
“blue baby”) (Comly, 1945). Treatment wetlands are 
low-cost, natural technology alternatives for nitrogen 
removal, and are as such globally important also in 
areas where other treatment methods are considered 
too expensive. Moreover, treatment wetlands provide 
excellent areas for wildlife and human recreation. 
Nitrogen is present in wetlands both in inorganic and 
organic forms, and the most important inorganic 
forms are ammonium (NH4

+), nitrite (NO2
-), nitrate 

(NO3
-), nitrous oxide (N20) and dissolved dinitrogen 

gas (N2). Both NH4
+ and NO3

- are essential nutrients 
for plant growth, and especially NO3

- is very soluble 
and can be transported long distances to recipient 
waters. NO2

- is an intermediate species and is 
generally only present in low concentrations. N20 and 
N2 are both gases, but where N2 is the harmless main 
gas of our atmosphere, N20 contributes both to the 
greenhouse effect and to the depletion of the ozone 
layer. The nitrogen cycle is very complex with several 
transformations between nitrogen species, but 
concerning net removal of nitrogen from water 

systems the most important process is denitrification, 
because here nitrogen leaves the system as N2 to the 
atmosphere, according to the reaction formula: 

2223 NONNONO →→→ −−   (1) 

Denitrification is an anaerobe process performed by 
facultative anaerobes, using NO -

3  as terminal electron 
acceptor when there is no oxygen (O2) present. 
Denitrifying bacteria are generally heterotrophic and 
gain energy from oxidizing organic material. From 
this, we can conclude that basic requirements for the 
denitrification process are supply of nitrate and 
carbon, and an environment with low levels of 
oxygen. However, due to oxygen depletion in micro-
cosm environments, denitrification may occur also in 
environments where O  is present in the macrocosm.  2

Evaluation of the denitrification efficiency of a 
wetland is complicated by that the process occurs in 
several different phases including the sediments, 
biofilms associated with vegetation surfaces and in 
the water column, with characteristic denitrification 
rates for each phase (Toet et. al., 2003; Bastviken et. 
al. 2003). Moreover, the treatment efficiency of a 
wetland is to a large degree governed by the residence 
times of the water (Kadlec & Knight, 1996; Wörman, 
Kronnäs 2003). Long residence times give more time 
for sedimentation of particles and reactions to occur, 
and improve the treatment effect. 
Moreover, the water flow controls exchange 
processes of oxygen, carbon and nitrate between the 
different parts of the wetland, such as between the 
vegetation surfaces, the sediments and the free water 
column. This, in turn, affects the establishment of 
important microbial biofilms and the denitrification 
activity (Battin et al., 2003; Arnon et al., 2007; Arnon 
et al., In Press; Eriksson, 2001). Further, the 
denitrification rates are affected by variations in the 
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denitrifying bacterial community structure, i.e. the 
composition of bacterial populations. However, little 
is known about the interplay between denitrifying 
community structure, denitrification activity and 
biochemical and hydrological factors in treatment 
wetlands. 
To evaluate and understand the nitrogen removal of 
treatment wetlands we need process-based models 
that account for both physical transport and 
microbial activities. There are two main modeling 
approaches for denitrification activity; models 
controlled by potential activity reduced by substrate 
limitation according to Menten (or Monod) kinetics, 
and first order models depending on substrate 
concentration (Heinen, 2005; Kadlec & Knight, 
1996). Input to process-based models require 
understanding and quantification of the individual 
sub-processes, such as denitrification rates and water 
flow in and between the different phases. An 
important area for research is therefore evaluation 
and quantification of flow patterns and water 
exchange processes in treatment wetlands. Further, 
evaluation of denitrifying microbial activity in the 
different phases and methods to transfer measured 
activity to a general model concept are needed.  
An often used method to estimate denitrification 
activity is to measure denitrification rates ex situ 
under idealized conditions, i e  constant room 
temperature and no limitation in carbon and nitrate 
supply, so called potential denitrification activity 
(PDA). On the other hand, wetlands are generally 
nitrate limited, and the measured PDA is thus only 
useful in a model concept if the effect of nitrate 
limitation is also evaluated. Today, such evaluation 
procedures for denitrification rates are poorly 
understood, and there is subsequently a need to 
highlight this question.  
Investigation of denitrification rates and residence 
times in all different phases of a wetland is a wide 
research area and the focus of this thesis is therefore 
limited to evaluation of controlling factors for water 
flow in constructed wetlands and on evaluation of 
microbial activity in wetland sediments. 

Water residence times in treatment wetlands 
The residence time of the water in a wetland regulates 
the nitrogen removal and in case of all water having 
the same detention time (plug flow), this can be 
described by first order kinetics as (Kadlec, 1994): 

kte
C
C −=

0

    (2) 

Where C =outlet concentration of nitrogen (mg/l), 
C0= inlet concentration of the nitrogen (mg/l), 
k=first order constant (s-1) and t=time (s). In case of 
plug flow, t can be determined from the volume to 
flow ratio, called nominal residence time. In practice, 
however, plug flow does not occur in wetlands. 
Mixing effects cause disturbances from ideal flow and 
excluded zones lead to less utilization of the water 
volume in the wetland. Thus, non-ideal flow patterns 

can have a great impact on the removal of pollutants 
in treatment wetlands (Kadlec & Knight, 1996; 
Wörman & Kronnäs, 2005), and to determine actual 
nitrogen removal, the distribution of water residence 
times should be considered. Residence time 
distributions (RTD´s) can be formally represented by 
the probability density function (PDF) and can be 
determined from tracer experiments. A tracer 
substance is then added to the inlet of the wetland 
and tracer concentration versus time is measured at 
the outlet and/or in other locations in the wetland, 
and, for a short injection of an inert tracer, the PDF 
of the water residence time can be computed by: 

∫
∞=

0

)(

)()(
dttC

tCtg

t

t    (3) 

where g(t)=RTD function and Ct=outlet tracer 
concentration. Based on (2) we can determine the 
average nitrogen concentration in the effluent water 
as (Kadlec, 1994). 

∫
∞

−=
0

)(
ˆ

dttge
C
C kt

o

    (4) 

in which the residence time PDF is included. 
Moreover, from Eq. 4 it can be derived that any 
disturbance from plug flow leads to less efficient 
nitrogen removal, even if the mean detention time is 
unchanged. If the mean detention time is lowered due 
to non ideal flow patterns, the removal efficiency is 
further decreased. This implies that, to maximize the 
removal efficiency, the variance in water residence 
times should be minimized and all the water volume 
in the wetland should be utilized. Water residence 
times and hydraulic efficiency are directly affected by 
the design of the wetland and, hence, understanding 
of how the design affects water flow patterns is an 
essential issue for research.  
The distribution of water residence times in free 
water surface wetlands is to a large degree controlled 
by the resistance from vegetation (Kadlec, 1990), and 
heterogeneities in vegetation lead to differentiation of 
water residence times (Kadlec, 2000; Wörman & 
Kronnäs 2004). The resistance is highly dependent on 
the vegetation type and density, and differences in 
vegetation density need to be considered when 
modeling water flow in wetlands (Kadlec, 1990; 
Tsihrintzis, V. A. 2001). Flow patterns are also 
affected by the bottom topography due to friction 
against the bottom and variations in water depth. 
Constructed variations in the bottom profile have 
been used in wetlands to govern the water flow, for 
instance shallow and deep parts perpendicular to the 
main direction of flow (Knight & Iversson, 1990; 
Thullen & Sartoris, 2005). Moreover, water residence 
times in wetlands are affected by mixing effects due 
to shear dispersion against individual vegetation 
stems, shear forces from wind and bottom surfaces, 
and eddies formed around immersed objects (Kadlec, 
2000). Another type of mixing is water exchange 
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between zones of different advection velocities. This 
includes water exchange between main flow paths 
and stagnant zones such as sediments and dense plant 
and algae formations, and these zones contribute 
significantly to delaying residence times for solutes 
(Werner & Kadlec, 1999; Harvey et al 2005).  

Denitrification activity in wetland sediments 
The sediments are important environments for 
denitrification in wetlands (Kallner Bastviken, 2003; 
Xue et al. 1999; Whitmire and Hamilton, 2005). 
Wetland sediments are primarily anaerobic, and 
denitrification is generally limited by nitrate levels 
(Poe, 2003; Seitzinger, 1994; Smith, 2000). Nitrate is 
supplied to the sediments both from nitrification in 
the sediments and by diffusion of nitrate from the 
water column above, of which the latter is the main 
source in wetlands with high nitrate concentration in 
the water according to Revsbech (2005). The 
denitrification rates in the sediments vary spatially 
depending on factors such as flow patterns and 
nutrient supply as discussed above, and explaining 
and understanding the cause of spatial variations is 
important to optimize the treatment efficiency of 
wetlands. 

Objectives 

The objective of this thesis was to increase the 
understanding of denitrification in treatment 
wetlands, considering both hydrological and 
microbiological processes. In particular, the aim was 
to reveal the controlling factors for water flow in 
wetlands including vegetation, bottom topography, 
dispersion and water exchange with stagnant zones. 
Moreover, the aim was to explain the coupling 
between water flow patterns, spatial variations in 
denitrification activity, and community structures of 
denitrifying bacteria in wetland sediments. Further, I 
wanted to provide the theoretical bases for how to 
evaluate denitrification rates useful in a general 
modeling concept of nitrate limited denitrification in 
wetlands.  

METHODS 

The study of controlling factors for flow was based 
on field measurements including a tracer experiment 
with radioactive water, measurements of friction 
losses, and mapping of bottom topography as well as 
vegetation patterns in a Swedish treatment wetland. 
The field data were then evaluated with a two 
dimensional flow model for low velocity flows in 
wetlands (Wörman & Kjellin, 2006). 
The study of denitrification activity in the sediments 
was based on analyzes of sediment samples from 
different areas of the wetland. The samples were 
analyzed for different factors including chemical 
parameters such as nitrogen and carbon content, and 
the denitrification activities were measured using 
acetylene inhibition technique. Moreover, community 
structures of denitrifying bacteria in the samples were 

analyzed using denaturing gradient gel electro-
phoreses (DGGE). 

Site description 

All field experiments and sampling were carried out 
in Ekeby treatment wetland, which is situated in 
Eskilstuna in central Sweden, 120 km west of 
Stockholm. The wetland, that comprises a total of 30 
ha, receives treated sewage water from the sewage 
treatment plant for the 90 000 inhabitants of the 
town Eskilstuna. The main purpose of the 
constructed wetland is to reduce outgoing levels of 
nitrogen to the recipient Lake Mälaren. The wetland 
is constructed as a system of eight basins in which the 
inflow and the outflow can be regulated in adjustable 
weirs. The water enters the system in an inlet 
distribution channel to five parallel ponds. After 
those ponds the water continues through another 
distribution channel and distributes into three final 
parallel ponds. The present study was conducted in 

Fig. 1. Ekeby treatment wetland. a) Bathymetry of the 
wetland basin illustrated in terms of isopleths of 
bottom elevation. The five deep parts have a mean 
depth of 1.6 m and the shallow parts a mean depth of 
0.6 m. b) vegetation patterns according to the survey 
and sampling locations from the sediment sampling. 
Dark grey = dense vegetation with mainly 
macrophytes; light grey = sparse submerged 
vegetation, black = islands. 
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the first of the five parallel ponds. The annual average 
load to the whole system is 42 000 m  d3 -1 and the 
basin that was the subject of the study has an average 
load of about 9000 m  d3 -1. Mean residence time of the 
investigated pond is four days, observed in a tracer 
experiment in 2002, and average residence time of the 
whole wetland system is estimated to about seven 
days (Kjellin et al., 2006). Average total nitrogen and 
nitrate concentrations in incoming water 2005 were 
16.2 and 10.2 mg/l respectively, and the 
corresponding concentrations in outgoing water from 
the wetland system were 13.1 and 8.6 mg/l 
respectively. Accordingly, the average nitrogen 
removal of the wetland was approximately 1600 kg 
Nha-1year-1 this year.  
The wetland area was previously farmed land and the 
soil consists of a 5-10 m deep layer of fine clay. The 
basin bottoms are formed on the existing ground 
surface, except for five deeper zones excavated in an 
attempt to prevent establishment of vegetation in 
those zones and to promote an even hydraulic head 
distribution across the pond (Fig. 1a). Mean depth in 
the shallow parts is 0.6 m and in the deep parts 1.6 m. 
Four small islands were originally established in the 
basin in a line perpendicular to the main direction of 
flow (Fig. 1b). However, only two of them currently 
protrude above the water surface due to erosion. The 
area of the basin studied is 2.6 ha, of which the 
excavated zones comprise 0.76 ha, and the inlet is 420 
m from the outlet. The bottom of the basin has a 5-
15 cm layer of muddy sediment and beneath this 
there is fine clay. 
The vegetation in the basin can be divided into 
densely and sparsely vegetated areas (Fig. 1b). The 
areas along the shores of the basin are densely 
populated in a 1-10 m wide belt by reed sweet grass 
(Glyceria maxima, L.), common reed (Phragmites 
australis, L.) and cattail (Typha latifolia, L.). The 
shallower parts of the basin, apart from the dense 
shoreline belt, have submerged vegetation consisting 
of frequent stands of slender waterweed (Elodea 
nuttallii L.), sago pondweed (Potamogeton pectinatus L.), 
coontail (Ceratophyllum demersum L.) and spiked 
watermilfoil (Myriophyllum spicatum L.). The deeper 
parts have submerged, more sparsely distributed, 
dense stands of slender waterweed, sago pondweed 
and coontail. The coontail forms about 50 cm deep 
dense mats below the surface. 

Flow modeling 

A two dimensional flow model for low velocity flows 
in wetlands was developed within the study (Wörman 
and Kjellin, 2006). The model is 2D depth averaged 
and considers variations in bottom topography and 
friction losses against the bottom, frictions losses in 
the water column from vegetation, dispersion in 
terms of a random walk model, and water exchange 
with stagnant zones such as dense vegetation patches 
and sediments. The numerical accuracy of the model 
was verified against analytical solutions. Parameters 
concerning bottom topography, flow resistance 

against the bottom, and flow resistance due to 
vegetation were calibrated from independent 
measurements as well as literature values from other 
studies. Approximate parameter intervals for the 
mixing phenomena dispersion and water exchange 
with stagnant zones were evaluated from comparison 
with the tracer experiment, as exemplified by Fig. 2. 
However, further, independent, measurements would 
have been needed for separation and more precise 
quantification of the mixing phenomena.  
In article I, the model was used to evaluate 
controlling factors for flow by comparing simulated 
breakthrough curves versus those observed in the 
tracer experiment. In article II, the model was used to 
evaluate water residence times and flow 
characteristics at the sediment sampling locations in 
the study. 
The flow model is based on depth averaged Saint 
Venant equations. The depth averaged form of the 
momentum equation for water flow in two 
dimensions (in the horizontal plane) can be stated as 
(Chow, 1959) 
1
g

∂V
∂t

+
1
g

V ⋅ ∇V +∇(h + z) = −
f

8Rh

V | V |
g

 (5) 

where V=flow velocity (m/s), bold face type denote 
a vector quantity, g=acceleration due to gravity 
(m/s2), h=water depth (m), z=elevation of bottom of 
flow in relation to an arbitrary (but constant) datum 
plane (m), f=Darcy Weisbach friction factor (-), 
Rh=hydraulic radius of the flow channels (m) and the 
Nabla operator ∇ =(∂/∂x,∂/∂y) (in two dimensions). 
For groundwater flow the hydraulic radius 
corresponds to the size of the pore channels.  
For stationary flow the time derivatives of Eq. 5 can 
be neglected. Furthermore, the velocity head is 
generally minor compared to water depth gradient 
due to low velocities in constructed wetlands 

Fig. 2. Simulated residence time distributions 
compared to the tracer experiment. The simulations 
were performed with bottom topography according 
to data, Fig 1a, and with a channeled vegetation 
pattern leading to multiple peaks as observed in the 
tracer experiment. Mixing mechanisms (λ) were 
simulated as water exchange with stagnant zones.  
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(Wörman and Kronnäs, 2004). This implies that also 
velocity head in Eq. 5 can be neglected.  

Surface elevation is computed by solving equation (9) 
using central finite differences in a Matlab 
environment. Flow velocities in the grid points are 
then derived from the computed elevation using (7), 
and by four-point approximation velocity vectors 
may be computed in any points inside the grid 
system. In order to simulate water residence times, a 
particle tracking routine numerically releases particles 
that are traced during their passive migration in the 
wetland velocity field. However, when considering 
dispersion and water exchange with stagnant zones 
the particles are also subjected to movements 
respectively immobilization other than according to 
the velocity field. The particles are released in a half 
circle at the inlet. In the studies of Ekeby treatment 
wetland the diameter of the circle was 2 m, which 
approximately corresponded to the mixing zone with 
turbulence and minor eddies that arose downstream 
of the inlet. The tracking routine moves particles in 
the direction of the velocity field at each time step. 
The direction and magnitude at each step is 
determined iteratively as the average velocity vector 
of the starting point and endpoint until satisfactory 
accuracy is achieved. The residence time between 
inlet and outlet for each particle is derived and a 
residence time probability density function (PDF) can 
be calculated reflecting the flow pattern of the 
wetland. 

By means of general friction formula (Darcy-
Weisbach) and recognizing the simplifications 
mentioned above, the equation of motion in two 
dimensions for both overland flow and porous media 
flow can be expressed as: 

g
|V|V

hR
fzh

8
)( −=+∇   

 (6) 

where =[ / x, /∇ ∂ ∂ ∂ ∂ y], h=water depth (m), 
z=bottom level (m), f=friction factor, g=acceleration 
due to gravity (m s-2) and flow velocity vector 

=[VV ,Vx y]. 
According to the curves of L. F. Moody (Bird et al, 
2002), the friction factor can generally be expressed 
as a function of Reynolds number Re=(Vh)/υ, and 
relative roughness, ε/h; f(Re; ε/h), where V= , 
υ=kinematic viscosity (m

|V|
 s2 -1) and ε= length scale of 

roughness features such as microtopography of the 
bed and spacing of vegetation or other obstructions 
(m). Power models are widely used in engineering as 
useful structures for many empirical models (McCuen 
et al, 1990), and in this model power functions are 
applied to express the friction factor as f=α(ε/h)mRe-n, 
where α=a constant (-), n=a coefficient and m=a 
coefficient (-). This formulation is limited to non 
smooth hydraulic conditions, i e f≠0. The power 
functions are selected arbitrarily, but have been found 
appropriate in other studies (Bolster and Saiers, 2002; 
Kadlec, 1990). Substituting f=α(ε/h)

The squared grid used during simulations had a 
resolution of 1 m in the finite difference solution 
algorithm. The time step used in the particle tracking 
was variable and inversely proportional to the velocity 
with a time step of 0.3 s for a velocity of 1m s-1. 
Boundary conditions were defined as no flow along 
the circumference of the wetland except at the inflow 
node, where a known flow was assigned, and at the 
outflow node where a constant head was assigned. 

mRe-n into (6) 
yields: 

h1+ m+ n∇(h + z) = −FV1− nV   (7) 

g
F

m

2
ναε

=     (8) 
Representation of spatial variability in resistance to flow 
due to heterogeneities in vegetation where FV1-nh-(1+m+n) can be interpreted as proportional 

to the hydraulic conductivity, K (m Different plants and density in wetland vegetation 
lead to spatial variations in flow resistance, which in 
this model was simulated as variations in the 
resistance factor F. Only the relative interval of F 
determines the shape of the simulated breakthrough 
curve. Hence, F-values were distributed in the model 
domain based on the mapping of vegetation 
differences in the wetland, the F-values measured in 
the inlet canal and literature values.  

 s2 -1). For laminar 
overland and sub-surface flow it has been found that 
n=1. The conditions in Ekeby treatment wetland are 
laminar on average (Wörman and Kronnäs, 2004), 
and thus n was set to 1 in the studies of this wetland. 
Bolster and Saiers (2002) also found n=1 to give the 
best fit to experimental data when modeling water 
flow in a part of the Everglades wetland. The 
magnitude of m depends on the nature of the friction 
against bottom and vegetation, as well as other 
obstructions to the flow (a roughness factor). In 
laminar porous medium flow m=-2, whereas in 
laminar open channel flow (laminar sheet flow) m=0 
(Bird et al, 2002). Bolster and Saiers (2002) found 
m=-1.46 and this value was also used in the present 
study unless otherwise specified. 

To further study the effects of heterogeneities in 
vegetation, randomly distributed F-values repre-
senting vegetation was generated using a log-normal 
distribution with an exponential auto-covariance. 
Correlation lengths were estimated from inter-
pretation of the survey data on vegetation and set to 
40 m in the direction from inlet to outlet and 20 m 
perpendicular to this direction. Because every 
individual random field gives rise to a unique flow 
pattern, a number of Monte Carlo realizations were 
done with each statistical setup. From the simulated 
sets of breakthrough curves at the outflow of the 

Simplifying equations (7) and (8) for n=1 and 
combining them with the equation of continuity for 
two dimensional stationary flow yields: 

0)(
3

=+∇∇
+

zh
F

h m
   (9) 
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wetland, mean values and standard deviations for the 
sets could be computed. 

Modeling of dispersion and exchange with stagnant 
zones 
In the model, dispersion and exchange with stagnant 
zones represent mixing or exchange between 
different zones of advection velocities. The mixing in 
wetlands occurs on several time scales and can be 
represented both as a dispersion mechanism and as 
water exchange with stagnant zones. Dispersion is 
simulated as Fickian diffusion where water parcels are 
moved within the velocity field. Exchange with 
stagnant zones is simulated explicitly as an 
immobilization of water parcels. Fickian diffusion is 
generally a good representation of exchange on a long 
time scale, a high Damköhler number, i e the ratio 
between transport time of a water parcel and 
residence time in a stagnant zone. Solutes spreading 
according to Fickian diffusion form a Gaussian 
(spatial) distribution with a spatial variance as (Fischer 
et al, 1979):  

tK D22 =σ     (10) 

where KD is the longitudinal dispersion coefficient 
and t is elapsed time. Furthermore, from fundamental 
theory of shear dispersion, the dispersion coefficient 
is proportional to velocity squared and a squared 
length characteristic to the flow conduit (Fischer et al, 
1979). In aquatic environments the characteristic 
length is taken as the water depth (h), rather than 
wetland length (Kadlec, 1994). In particular, Kadlec 
(1994) summarized dimensionless depth dispersion 
numbers KD/Vh for different wetlands where the 
number is taken as a constant β = KD/Vh. This 
expression to some extent contradicts the theory of 
shear dispersion. The motivation for the apparent 
contradiction stems from the presence of several 
mixing mechanisms in the water in addition to shear 
dispersion, such as variability in vegetation density, 
variability in water depth, and the complicated 
geometry of natural wetlands. Introducing β=KD/Vh 
in (10) yields: 

Vhtβσ 22 =     (11) 

In the particle tracking routine dispersion is 
implemented as a random walk, which is useful to 
describe various mixing mechanisms acting on solute 
tracers in the environment (Fischer et al, 1979). The 
positions of particles moving randomly in 1D can be 
shown to be Gaussian and their variance is related to 
the step size (Δx), time step (Δt) and elapsed time as:  

( )
t
xt

Δ
Δ

=
2

2σ     (12) 

The relationship between variance, velocity and water 
depth described in (11) is then used to determine the 
length of the dispersion step for each time step as: 

( 2/12 tVhx Δ=Δ β )     (13) 

The direction is taken as random in the horizontal 
plane. Because of the two dimensional modeling of 

dispersion, values of β used here cannot be compared 
with values where 1D models have been used. 
Exchange of water with stagnant zones can partly be 
represented by heterogeneity in flow resistance. 
However, to evaluate other types of immobilization 
of water parcels in stagnant zones and on a smaller 
length scale, an extra routine was formulated that 
does not depend on spatial resolution. Such stagnant 
zones are assumed to represent exchange of water 
with sediments and on spatial scales characteristic to 
the size of vegetation patches (several plants together) 
or stem diameter. Another special type of 
immobilization occurs due to stratification of floating 
vegetation, which leads to stagnant zones at the water 
surface and underflows with mobile solutes (Harvey 
et al, 2005). 
According to the model formulation, a water particle 
can be immobilized in the sediments for some time 
even when traveling in a fast flow path. The water 
exchange with stagnant zones is simulated as a 
random immobilization/mobilization of each particle 
in each time step. Assuming a first order transfer, the 
mass rate of change of the compound during one 
time step can be formulated as: 

ΔC
C0

= eλΔt     (14) 

where ΔC=change in concentration of the 
compound, C0=concentration of the compound at 
the beginning of the time step, λ=rate coefficient (s-1). 
The ratio ΔC/C0 can also be interpreted as the 
probability of transfer during the time step, which 
allows us to formulate the probability of a particle 
being immobilized when mobile, or mobilized if 
immobile, as: 

( )tedimmobilizeP Δ−−= 11)( λ   (15) 

( )temobilizedP Δ−−= 21)( λ    (16) 

where λ =rate coefficient of immobilization (s-1
1 ) and 

λ =rate coefficient of mobilization (s-1). 2

Hydrological field measurements 

Tracer experiment 
Tracer experiments are commonly used in wetlands 
to study water residence time distributions and 
removal efficiency of nitrogen and phosphorous. 
Hydraulics properties are best studied by non-reactive 
tracer substances whereas removal efficiency 
preferably is studied by isotopes exhibiting the same 
chemical properties as the substance of interest.  
In the tracer experiment of this study, a simultaneous 
injection of N-15 as NO - 3-, P-32 as PO3 4  and tritiated 
water (HTO) was introduced into the inlet of Ekeby 
treatment wetland in November 2002. The injection 
was kept at an approximately constant rate and lasted 
for 5 h 15 min. The radioactive isotopes were 
dissolved in a container, shielded with plastic inner 
walls and 15 mm iron outer walls, during the injection 
to assure sufficiently low radiological doses at the site. 
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This isolation of the injection solute implied that the 
direct radiation about 1 m from the injection point in 
the water was in the order of the background 
radiation. The critical environmental impact of the 
injection solute was evaluated as a comparison 
between the radiological intake in Bq of a big animal 
(cow) assumed to drink in the downstream water and 
the annual limit on intake (ALI) for humans (which is 
3 GBq for tritium). Both dilution and radioactive 
decay contributed to sufficiently low doses compared 
to permitted annual limits. In this thesis, only the data 
of the non-reactive tracer HTO is evaluated, while 
the data on N-15 and P-32 will be analyzed in 
forthcoming studies. The injection was kept at an 
approximately constant rate and lasted for 5 h 15 
min. In the basin, water was sampled at the outlet and 
also at the three locations inside the wetland. At all 
stations, water samples were taken by auto-samplers, 
approximately 10-20 cm below the surface during 14 
days. The time interval between sampling events was 
in general 2 h. All water samples were filtered 
through fibreglass filters (~0.8 μm) before deter-
mination of radioactivity using a beta counter. 
Radioactivity was further corrected for natural 
background and decay.  

Measurements of flow resistance 
To evaluate friction losses and model parameter F 
(m-0.46s), measurements were performed in the inlet 
canal to Ekeby treatment wetland where the 
vegetation is similar to that of the main basins. 
Velocities and slope of the water surface were higher 
in the inlet canal, which facilitated better precision in 
measurements. By comparing the vegetation in the 
canal to that of the wetland basin, and extrapolating 
the measured flow resistance to the wetland basin, F-
values could be qualitatively translated to the flow 
model. 
Water velocities, geometry, and total head were 
measured at five cross-sections about 15 m apart in 
the inlet canal to the wetland. Flow velocities were 
measured in a grid system over the approx. 10 m wide 
canal using a Sontek Flowtracker ADV. Velocities 
were in the range 0.2-0.3 m s-1, which is 
approximately one order of magnitude higher than in 
the wetland basin. Hypsographs were measured with 
a measuring stick at 10-20 sections across the canal 
and the water surface level was measured optically 
with a point rod leveled against the water surface. 
The hydraulic conductivity was calculated as the ratio 
of cross-sectional average flow velocity to slope of 
the water surface. Furthermore, the distribution and 
density of vegetation was mapped in a way that would 
help relate friction losses to vegetation structure. 
Standard deviation of measurement error of total 
head relative to the head loss was 8%.  
To further crosscheck the translation of F-values 
from measurements in the inlet canal to the flow 
model, also measurements of friction losses in the 
main wetland basin were performed. Total head loss 
over the wetland basin was measured and compared 

to modeled head loss. Measurements of the surface 
elevation were performed 15 m inside wetland pond 
at both inlet and outlet using a Geodolite total station 
and a point rod leveled against the water surface.  

Evaluation of variations in bottom topography 
The bottom profile (Fig. 1a) was derived from 
construction plans and these were verified by 
measurements at several points. The shallow parts 
were found to have a mean depth of 0.6 m and the 
deeper parts a mean depth of 1.6 m. The profile 
constructed did not consider smaller variations within 
the deep and shallow zones, measurements showed 
variations of at most 20% from the mean value 
within the zones. Areas between shallow and deep 
parts were interpolated. The total free water volume, 
excluding subsurface water, was estimated to 2.5×104 
m  ±20%. 3

In order to study the effect of topography variations, 
a comparable modeled flat bottom was used. The 
water depth in the simulation model was here set to 
0.9 m to keep the same water volume of 2.5×10  m . 4 3

Evaluation of spatial variations in denitrification 
activity 

To study spatial variations in denitrification activity 
sediment was sampled from different areas of Ekeby 
treatment wetland in September 2005. A total of 12 
sampling locations in groups of three were chosen so 
that they in each group had approximately equal 
distance to the inlet of the basin, but representing 
different stream tubes in the wetland. Water depths 
and sediment temperatures were measured, and the 
vegetation structure was documented. Approximate 
nitrate concentrations in the water column were 
achieved from the treatment plant’s weekly water 
analysis and sediment samples were analyzed for 
organic content and nitrogen and carbon levels. 
Moreover, water flow patterns and residence times to 
the sampling locations was analyzed with the 2D flow 
model. 
Denitrification activity in the sediment samples was 
measured ex situ. It is difficult to make direct 
measurement of denitrification activity in terms of N2 
gas production due to the high content N2 in the 
atmosphere. Instead, the commonly used method is 
to measure the N20 gas production by adding 
acetylene to inhibit transformation of N 0 to N2 2. The 
acetylene inhibition technique was used in the 
denitrification experiments of this study, based on the 
method originally proposed by Smith and Tiedje 
(1979). Sediment samples were mixed with water and 
incubated Duran flasks. Anaerobic conditions in the 
flasks were achieved by flushing them with N2. To 
guarantee excess supply of carbon and nitrate this 
was added to the flasks, except for the cases where 
the effect of limiting nitrate concentration was 
measured, when only a limited concentration of 
nitrate was added. After addition of substrate, the 
flasks were put in a constant room temperature on a 
rotary table to enhance the availability of substrate to 
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where q=specific enzyme activity and Nthe denitrifiers. Gas samples were taken very 12 
minute during 84 minutes, and the gas samples were 
analyzed for N

0=initial 
number of bacteria. In contrast to soil experiments, 
exponential production of N20 concentration using gas 

chromatography. There was no bacterial growth 
evident in any of our measurements and, hence, 
potential denitrification activity could be analyzed 
from linear evaluation of the N

2O as a result of increase 
in the number of bacteria, was not found in any of 
the PDA experiments of the sediment samples nor in 
the activated sludge sample of this study (µ=0). This 
implies that λ0 production.   can be evaluated as a constant.  2 PDA

 and KThe key parameters to be evaluated are λPDA m1. 
To evaluate these parameters in acetylene inhibited 
denitrification experiments where C

Evaluation of nitrate limited denitrification rates 

When evaluating denitrification kinetics in the nitrate 
limited batch experiments, other nitrate transforming 
processes than denitrification must be taken into 
account. Such processes include assimilation of 
nitrate for microbial growth and dissimilative 
reduction of nitrate to ammonium (DNRA, Korom, 
1992). This means that the total consumption of 
nitrate in a batch system can be expressed by Menten 
kinetics as a transformation from nitrate to two other 
phase-species: 

N2O-N is measured, 
we need to eliminate C -NO3 -N from Eq. (1)-(3). This 
can be achieved by combining Eq. (17)-(19) and 
identifying initial C -

dt
dC

dt
dC

dt

dC
NDNRAassNONNNO −−− −−=

− ,23   (17) 
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3

3
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,
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where CNO3--N = concentration of NO3
--N (mg N l-1), 

CN2O-N=concentration of N2O-N (mg N l-1), Cass,DNRA-

N = concentration of NO3
--N  by assimilation or 

DNRA (mg N l-1), λPDA=potential denitrification rate 
(mg N l-1s-1), λass,DNRA =potential rate of NO3

--N 
consumption by assimilation or DNRA (mg N l-1s-1), 
and Km1, Km2= Michaelis Menten half saturation 
constants (mg N l-1). Km1 gives important information 
about how nitrate limitation affects the denitrification 
rate. Moreover, it enables transfer of measured 
potential denitrification to first order rates by 
recognizing that Eq. (18) approaches first order 
kinetics at low levels of CNO3--N. This means that the 
first-order rate k (s-1) can be approximated by: 

1m

PDA

K
k λ

≈      (20) 

The contribution of assimilation to λass,DNRA is 
associated with specific growth rate µg (s-1) of 
denitrifying bacteria. However, the specific growth 
rate does not necessarily correspond to growth rate of 
total number of bacteria µ (s-1), because the total 
bacteria population depends also on the death rate µd 
(s-1) according to µ=µg- µd. Increase in the total 
number of bacteria during PDA experiments affects 
the potential denitrification rate and, when 
considering exponential bacterial growth in PDA 
experiments of soil, Pell et al. (1996) suggested that 
the potential denitrification rate can be expressed as:  

t
PDA eqN μλ 0=     (21) 

NO3 -N and CN2O-N as C -NO3 initial and 0 
respectively: 
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     (22) 
The ratio λass,DNRA/λPDA can be calculated from the 
final ratio Cass,DNRA-N/CN2O-Nwhen N2O production has 
ceased and all nitrate in the batches is consumed, 
where Cass,DNRA-N = C -NO3 initial- CN2O-N. The formulation 
of N2O production in Eq. (22) is based on the 
assumption that the λass,DNRA/λPDA ratio is constant 
during the experiment, and that the values of Km1 and 
Km2 can be approximated as similar in Eq. (17) and 
Eq. (18), or that the impact of Km2 is of minor 
importance. The parameters λ  and KPDA m1 are 
evaluated by fitting Eq. (22) to the measured data of 
N2O-N production. The evaluation of the two 
parameters is facilitated by the fact that λPDA 
influences the whole production curve, whereas Km 
only influences the last phase of the curve where 
nitrate is a limiting factor.  
To model N2O production, Eq. (22) and a numerical 
routine of Euler forward type was used. The Matlab 
routine fMinsearch (Matlab, 2006) was used to 
optimize the parameters λ  and KPDA m1, and achieve 
best fit between modeled and observed N2O 
production. The parameters were optimized by 
minimizing the squared difference between measured 
and modeled CN2O-N for all different initial 
concentrations according to Eq. (23). 

( )
i

m

i

n

j jj OMf ∑ ∑ −= 2    (23) 

where f is the object function to be minimized, 
M=modelled CN2O-N, O=observed CN2O-N, j-n=samp-
ling occasions (every 12 minute) and i-m =experi-
ments with different C -NO3 initial. 

Analysis of denitrifying bacteria communities 

Natural environments, such as wetlands, contain a 
variety of organisms and study of the microbial 
community structures is important to understand the 
microbiological processes. Since denitrification is not 
associated with any specific taxonomical group of 
organisms, functional genes encoding the denitrifying 
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enzymes are used to target and describe the 
composition of denitrifying communities. In this 
study, a PCR (polymerase chain reaction) technique 
was used to amplify the functional genes, and DGGE 
(denaturing gel gradient electrophoreses) was used to 
separate the genes of different denitrifying species 
and to analyze the bacterial community structure. 
PCR is a method to multiply genes by repeating 
cycles of high and low temperature to separate the 
DNA strands and polymerase new strands. The PCR 
primer nosZ was used to target the genes coding for 
denitrification. When sufficient genetic material was 
achieved by the PCR process, the material was 
analyzed by DGGE. DGGE is a gel electrophoreses 
method which separates genes from different 
organisms by the traveling distance in denaturing 
gradient gel. The traveling distance is determined by 
how far the double stranded DNA fragments reach 
before the denaturing substance makes the strands 
melt and disables further traveling. Different DNA 
fragments will melt at different times depending on 
the base sequences and different bands on the final 
gel therefore represent different bacteria species. 
However, DGGE only gives qualitative information, 
presence or not presence of bacteria species, and to 
achieve quantitative information of the number of 
bacteria other methods are needed. Presence-absence 
matrices were used to determine differences between 
the DGGE patterns and cluster analysis was 
performed using Dice indices and the Ward 
algorithm. 

Statistical analyses 

Regulating factors for PDA was evaluated by multiple 
linear regression. An exponential factorial model of 
the type  was used, where Y 
represents PDA, and X

na
n

aa XXXaY ...21
210=

1, X2…Xn represents the 
measured or simulated factors such as nitrogen 
concentration and water residence time, and a0, a1, 
a2…an are coefficients determined by the correlation 
of the measured data. All data were log-transformed, 
which lead to a linear model. Dominant factors 
correlated to PDA in the wetland and plausible 
explanation models were determined from evaluation 
of explanation factors (r-square), confidence intervals 
for coefficients a1 and a2…an. 
Quantification of differences between denitrifier 
community structures was performed using non-
metric multidimensional scaling (NMS) implemented 
in the vegan package for the R statistical 
programming environment (Ihaka and Gentlemen, 
1996). In general, the method determines the degree 
of dissimilarity between communities by comparing 
precence-absence of bands for every pair of samples. 
The dissimilarities are then visualized in a plot were 
the inter-point distance between the samples 
represent the degree of dissimilarity, i e, samples 
located near one another in the plot have similar 
structures and vice versa. Here, dissimilarity matrices 
were calculated using the Bray-Curtis distance 
measure (Bray & Curtis, 1957), and NMS was 

performed using 1000 iterations with 100 random 
starting configurations to ensure that minimum stress 
was achieved for the final ordination.  To assess the 
correlation of different environmental factors with 
differences in community structure, environmental 
variables were relativized and expressed in 
dimensionless form, and correlated against ordination 
axes. When correlations were determined to be 
significant (p < 0.1) after a permutation test (N = 
1000), the associated r2 values were plotted as vectors 
in the NMS bi-plot. 

RESULTS 

The main results are presented here and more 
detailed results are available in the appendix. 

Tracer experiment 

The breakthrough curve for injected HTO at the 
outlet is shown in Fig. 3 together with a plug flow 
column, representing the case if all the 2.5×10  m4 3 
volume of water had had the same travel time equal 
to the ratio of free water volume to discharge, and a 
column representing the mean tracer residence time. 
Breakthrough curves measured inside the wetland are 
shown in Fig. 4, where A, B and C are sampling 
locations between the islands from the left-hand side 
to the right-hand side in Fig. 1b. 
The breakthrough curve at the outlet had more than 

Fig. 3 Breakthrough curve of the injected tritiated water 
measured at the outlet. 

Fig. 4. Breakthrough curves of the injected tritiated 
water measured between the islands inside the 
wetland. A-C represent sampling locations between 
the islands from the left-hand side to the right-hand 
side in Fig. 1b. 
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Table 1. Measurements of flow resistance in the inlet canal to Ekeby treatment wetland. The values of Darcy 
hydraulic conductivity K and flow resistance F were evaluated at four different sections of the canal. Vegetation 
codes: a) Slender waterweed (Elodea Nuttallii, L.), b) Various-leaved pondweed (Potamogeton Gramineus L.), c) 
Branched bur-reed (Sparganium erectum L.), d) Reed sweet-grass (Glyceria maxima, L.), e) Common reed 
(Phragmites australis, L.), f) Cattail (Typha latifolia, L.). 

Section 1 2 3 4 

Hydraulic 
conductivity  

K [m s-1] 

55 162 202 75 

Flow resistance 

F [m-0.46s] 

0.015 0.0047 0.0039 0.012 

Section 
characterisation 

Two thirds of 
section length open 
or sparse 
vegetation of a, b. 
One third of 
section dense 
vegetation of a, b, 
c.  

1-2 m wide channel 
of open areas or 
sparse vegetation 
through whole 
section surrounded 
by dense vegetation 
of a, b, c, d. 

2-5 m wide channel 
of open areas or 
sparse vegetation of b 
through whole 
section surrounded 
by dense vegetation 
of a, b, e. 

1-2 m wide channel 
of open areas or 
sparse vegetation 
through whole 
section surrounded 
by dense vegetation 
of a, b, f. 

 

one peak, indicating that channeling was occurring 
(Fig. 3). Fig. 4 also supports this interpretation, since 
the three breakthroughs exhibit different times of 
arrival.  

Controlling factors for flow 

Fig. 5 shows results from flow simulations with both 
a modeled flat bottom topography and a bottom 
topography based on data. The vegetation was 
simulated both as homogeneous and according to the 
schematic survey divided into dense and sparse 
vegetated areas (Fig. 1b). Mean residence times and 
coefficients of variation from these three simulations 
and the observed data are shown in Table 2, cases 1-
3. According to the simulations, the constructed deep 
zones and islands had only a minor effect on the 
variance in water residence times. However, the flow 
patterns (Fig. 6) show how the deep zones act as 
preferential pathways, most obvious near the inlet (b), 
and how the dense vegetated areas are much less 

Theoretical residence time calculated by volume/ 
harmonic mean of discharge, i.e. assuming only plug 
flow, was 3.1 d, but estimated from tritium tracer it 
was 4.2 d, with a coefficient of variation CV(t)=0.56. 

Flow resistance 

The measurements of friction losses in the inlet canal 
to the wetland enabled correlations between flow 
resistance and vegetation density. Values of hydraulic 
conductivity and flow resistance F in the sections are 
shown in Table 1. 
The measured flow resistance varied between 
F=0.0039 m-0.46s and F=0.015 m-0.46s in different 
sections of the inlet canal and these are in 
approximate agreement with other studies of wetland 
flow resistance (Bolster and Saiers, 2002; Kadlec and 
Knight, 1996). Measured values indicate that a 
5 times higher value of flow resistance at densely 
vegetated areas than sparsely vegetated seems relevant 
for Ekeby treatment wetland, similarly as Kadlec and 
Knight (1996) suggested. Therefore, in the 
simulations, the densely vegetated areas were 
represented by a 5 times higher F-value then the 
sparsely vegetated areas, F=0.01 m

Fig. 5. Residence time probability functions 
according to simulations and observations. Bottom 
topography according to observation and 
construction plans is shown in Fig. 1a, and 
vegetation patterns according to the survey is 
shown in Fig. 1b. 

-0.46s, F=0.002 m-

0.46s respectively. 
The measurements of head loss over the main basin 
could not detect a significant head loss over the 
wetland pond due to too little head loss compared to 
measurement precision. Modelled head loss, with F 
values as above and wetland divided into sparse and 
dense vegetation (Fig. 1b), also showed a very small 
head loss, 2.5 mm over the 390 m distance. 
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Table 2. Summary of simulated and observed results. The figures without brackets were derived from the whole 
time period until all water parcels were through the wetland. Figures within brackets were derived from the first 
14 days. 

Parameter Setup Results 

C
a
s
e 

Botto
m 

profile 

Vegetation Stagnan
t zones 

Disp-
ersi-
on 

Mean 
residence 

time 
[days] 

CV(t)  

[-] 

Normalized 
Skewness 

[-] 

Mass 
recovery 

after 14 days 
[%] 

Time 
of 

main 
peak 

[days] 

Multiple 
peaks 

1 Flat Homogeneous No No 2.76 0.077 1.51 100.00 2.3 No 
2 Con-

structe
d from 

data 

Homogeneous No No 2.76 0.063 1.72 100.00 2.3 No 

3 -  ||  - Constructed 
from survey 

No No 2.62 0.19 3.17 100.00 2.2 No 

4
a 

-  ||  - Constructed 
from survey+ 
random fields 
 Stdv[1/F] = 

5e2 [m0.46s-1] 

No No 2.69 0.27 2.11 100.00 2.2 Yes 

4
b 

-  ||  - Constructed 
from survey+ 
random fields 
Stdv[1/F] =  

5e3 [m0.46s-1] 

No No 2.93 
(2.91) 

0.59 
(0.56) 

2.73 
(2.17) 

99.80 2.1 Yes 

4
c 

-  ||  - Constructed 
from survey+ 
random fields 
Stdv[1/F] =  

5e4 [m0.46s-1] 

No No 3.91 
(2.72) 

2.15 
(0.88) 

12.12 
(2.15) 

95.80 1.1 Yes 

5 -  ||  - Constructed 
from survey + 

tentative 
channelling 

No No 2.68 0.42 0.63 100.00 1.4 Yes 

6
a 

-  ||  - -  ||  - Yes, 
λ1=λ2= 

2.5e-6 s-1 

No 5.60 
(4.12) 

1.05 
(0.71) 

2.68 
(1.37) 

91.00 1.6 Yes 

6
b 

-  ||  - -  ||  - Yes,  
λ1=λ2= 

7.5e-6 s-1 

No 5.45 
(4.97) 

0.69 
(0.59) 

1.38 
(0.75) 

96.10 1.6 Yes 

7
a 

-  ||  - -  ||  - No Yes 
β =0.1

3.86 
(3.12) 

1.05 
(0.66) 

3.20 
(2.53) 

94.89 2.0 Yes 

7
b 

-  ||  - -  ||  - No Yes 
β =1 

7.28 
(5.22) 

0.87 
(0.66) 

1.61 
(0.97) 

86.17 2.2 Yes 

Observation 4.18 0.56 2.67 99.88 2.2 Yes 

 

Figure 7 shows one of the breakthrough curves from 
simulations with the sparse vegetation randomly 
distributed and the dense macrophyte vegetation 
fixed according to the survey (Fig. 1b). The curves in 
the figure are averaged from several stochastic 
realizations, but individual simulated curves using 
different heterogeneous F-fields all showed multiple 
peaks caused by the heterogeneity in flow resistance, 
i.e. channeling. The simulations indicated that the 
variation in residence times to a large degree could be 
explained by different flow paths and velocities 
caused by the heterogeneity in vegetation. However, 
the large proportion of long residence times observed 
in the tracer experiment (long tail in the breakthrough 
curve) could not be fully captured by the simulations 
with stochastic vegetation distribution. Further 

utilized than the sparse vegetated areas (c).  
The simulation with variations in vegetation density 
show that the dense vegetated areas had relatively low 
water through flow and this led to a shorter mean 
residence time and a higher variation in residence 
times in the wetland as a whole. Still, simulations with 
the wetland divided only into the dense and sparse 
vegetated areas visible in the surveying did not 
explain the breakthrough curve from the tracer 
experiment very well. Observed data had a much 
larger variance in residence times than simulated. This 
suggests that either the heterogeneity in vegetation is 
more complex and/or that additional mixing 
mechanisms must be accounted for to explain the 
wetland flow. 
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Fig. 6. Trajectory paths. a) Flat bottom profile and no variations in vegetation, b) Bottom profile with deep zones 
constructed from data (Fig. 1a) and no variations in vegetation, c) Bottom profile constructed from data (Fig. 1a) 
and vegetation distribution according to survey (Fig. 1b). Of particular interest is how the deep zones act as 
preferential pathways, most obvious near the inlet (b), and how the dense vegetated areas are much less utilized 
than the sparse vegetated areas (c). 
 

increase of the variance in flow resistance lead to an 
unrealistic early first peak due to channels of very low 
flow resistance it created. The fact that the stochastic 
simulations could not explain all the remaining 
variance in residence times in this wetland flow 
suggests that additional mixing mechanisms should 
be accounted for. 
Simulations with the mixing phenomena dispersion 

Spatial variations in denitrification activity and 

 rates differed significantly 

f PDA and 

and water exchange with stagnant zones indicate that 
both phenomena have similar effects on water 
residence time distribution, leading to greater variance 
in residence time distribution and longer tails of the 
breakthrough curve. Fig. 2 shows breakthrough 
curves from simulations with a channeled vegetation 
system combined with water exchange with stagnant 
zones. The combination of heterogeneous vegetation 
and mixing phenomena explains the residence time 
distribution observed in the tracer experiment well, 
and in particular the multiple peaks are explained by 
the heterogeneity in vegetation and the long tail by 
mixing and exchange phenomena.  

community structure 

Potential denitrification
between the sampling locations (CV=0.34). A general 
trend of higher rates at the inlet of the wetland could 
be seen, although this was not true for all locations. 
Potential denitrification rates together with measured 
factors, as well as factors estimated by the hydro-
logical model, are presented in Table 3. 
The multivariate regression analysis oFig. 7. Stochastic vegetation. Breakthrough curves 

from simulations of randomly distributed 
vegetation with various standard deviation of the 
resistance to flow 1/F=5×103 m0.46s-1. The mean of 
the stochastically distributed sparse submerged 
vegetation was F=0.002 m-0.46s. Dense macrophyte 
vegetation was simulated with a fix F-value of 0.01 
m-0.46s. The graph shows mean and standard 
deviations of breakthrough curves from 32 different 
stochastic realizations of F fields. 

regulating factors showed that total nitrogen level and 
water residence time were the two most important 
factors describing the spatial variation of potential 
denitrification rates in Ekeby treatment wetland. The 
best explanation according to the parameters 
confidence interval, highest r  and lowest p, is PDA 2
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Table 3. Characteristics of the 12 sampling locations. Residence times, velocities and flow rates are simulated by 
the flow and transport model, other factors are measured. 

Loc-
ation 

PDA 
[ngN/g 
dw s] 

Tot.-N 
[mg/kg 

dw] 
×103 

Tot.-C 
[mg/kg 

dw] 
×104 

Org.-mat. 
[mg/kg 

dw] 
×104 

NO3 
[mgN/ 

kg] 

NH4 
[mgN/ 

kg] 
×102 

Depth 
[m] 

Res. Time 
[days] 

Velo-city 
[m/s] 
×10-3 

Flow rate 
[m2/s] 
×10-3 

1 2.15 5.4 4.6 9.2 1.3 1.0 1.05 4.2 3.9 5.7 
2 3.12 5.4 4.3 11.2 0.9 1.6 1.05 3.9 4.7 2.8 
3 5.06 6.8 5.2 13.3 0.4 2.7 1.9 3.5 1.2 1.9 
4 4.15 6.7 5.7 13.1 1.5 1.3 0.6 2.9 2.8 1.7 
5 2.72 6.0 5.0 11.1 0.1 3.3 1.85 3.0 1.0 1.7 
6 3.53 6.6 5.6 13.1 0.2 1.4 0.8 4.7 2.2 1.4 
7 2.85 5.7 4.8 11.0 1.2 1.3 0.65 5.1 1.1 0.6 
8 4.51 7.6 5.8 14.3 0.1 2.9 1.9 1.4 1.5 2.4 
9 4.67 7.3 5.2 12.1 16.1 1.9 0.6 1.5 3.4 2.1 
10 7.30 8.5 6.8 16.6 0.2 2.3 1.75 0.09 3.6 5.7 
11 4.31 4.9 4.0 9.3 0.1 2.0 0.6 0.13 3.1 1.9 
12 4.71 8.0 6.5 19.5 0.3 2.2 0.7 0.62 1.6 0.9 

 

expressed as a function of total nitrogen level and 
residence time as: 

11.113.04103.2 NR CTPDA −−×=   (24) 
where CN=concentration of total nitrogen in the 
sediments [mg/kg dw]. Thus, PDA was near first 
order dependent on sediment nitrogen concentration, 
indicating that denitrification is nitrogen limited. Eq. 
(24) shows that also other factors reflected in the 
water residence time affects the PDA. PDA predicted 
by Eq. (24) versus measured PDA is shown in Fig. 8 
with the 95% confidence intervals. Complementary 
single regression shows that there was no significant 
correlation between water residence time and levels 
of total nitrogen, total carbon nor organic carbon in 
the sediments with a significance level less than 0.2. 
This indicates that water residence time represent 
supply of easily available carbon and nitrate from the 

The DGGE analyses r

incoming wastewater. 

evealed dissimilarities between 

 

e of the curves in the nitrate 

the community structures of nosZ genotypes in Ekeby 
wetland (Fig. 9). The NMS plot (Fig. 10) confirms 
that the dissimilarities between the samples are 
coupled to the main direction of flow, with samples 
10 and 12 near the inlet and 1 and 2 at the outlet 
grouping together respectively. The dissimilarities 
were highest correlated to sediment levels of 
nitrogen, carbon, PDA and water residence times 
(Fig. 10). Samples 10 and 12 near the inlet exhibited 
the least complex DGGE pattern of nosZ genotypes 
and this was highly correlated to the high 
concentrations of nitrogen and carbon in the 
sediments. Sample 11 had had the most complex 
community structure, despite the location near the 
inlet. However, here nitrogen and carbon levels were 
low. Four bands in the DGGE pattern were common 
for all of the samples, indicating that these represent 
the dominant gene pool of key denitrifiers in the 
wetland. The DGGE analysis was done twice using 
separate PCR products with coherent results. 

Evaluation of nitrate limited wetland
denitrification rates 

The initial linear phas
limited experiments shows that no increase of the 
number of bacteria occurred (μ=0), which implies 
that λPDA can be evaluated as a constant in both the 
wetland sediment (Fig. 11) and activated sludge 
experiment. The half saturation constants Km1 and Km2 
cannot be separated from one another with the time 
resolution of 12 minutes from the measured N2O 
production curves, which indicates that they in this 
context may be approximated as similar. Further, 
sensitivity analysis of the object function f (Eq. 23) 
shows that the sensitivity to changes in K

Fig. 8. Measured PDA versus PDA predicted by the 
statistical model (Eq. 24).  is several m
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orders of magnitude less than to changes in λPDA. 
However, it can not be excluded that shorter time 
intervals between measurements would reveal 
differences between the Km values. Comparison of 
measured and modeled nitrous oxide production 
indicates that Eq. (22) and the proposed evaluation 
procedure can reproduce the experimental data on 
wetland sediment as well as activated sludge, and 
therefore this method seems useful to evaluate 
denitrification rates under various degrees of nitrate 
limited conditions. Furthermore, the importance of 
other nitrate reducing processes than denitrification 
was shown in the nitrate limited experiments. In the 

activated sludge 78% of nitrate was reduced by 
denitrification, whereas in the wetland sediment, only 
51% was reduced by denitrification, with the rest 
being transformed by other processes.  

DISCUSSION  

s the importance of considering 

Controlling factors for flow 

ed that the residence 

ing was the nominal residence 

This thesis highlight
flow patterns for the denitrification process in 
treatment wetlands. Combining a broad spectrum of 
analysis methods, including tracer experiment, 
measurements of friction losses, flow modeling as 
well as microbiological studies of denitrification rates 
and bacteria diversity, enabled revealing of controlling 
factors for water flow and the couplings between 
water residence times and spatial variations in 
denitrification potential as well as the diversity of 
denitrifying bacteria. 

The tracer experiment show
times of the water in the 2.6 ha pond in Ekeby 
wetland had a mean value of approximately 4.2 days 
and a coefficient of variation of  CV(t)=0.56, which 
approximately corresponds to three tanks in terms of 
the tanks-in-series model. The tracer test and 
measurements of friction losses, combined with flow 
and transport modeling, revealed the great 
importance of vegetation for the control of flow 
patterns. On the other hand, bottom topography only 
had a minor impact on the variance in water 
residence times of this wetland. The results of this 
study also showed that small-scale mixing phenomena 
like dispersion needs to be accounted for, to fully 
understand water residence time distributions in 
treatment wetlands. 
An unexpected find
time determined as wetland volume over discharge 
(3.1 d) was much shorter than the mean tracer 

Fig. 10. Non-metric multidimensional scaling 
(NMS) plot of dissimilarities in nosZ genotypes 
between samples represented by the map inter-
point distances and of correlations to the 
environmental factors. 
 

Fig. 9. DGGE fingerprints of nosZ gene fragments at sampling locations 1-12 in Ekeby treatment wetland and the 
corresponding UPGMA dendrogram showing similarities (%) between patterns determined from presence-absence 
matrices. 
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Fig. 11. Evaluation of nitrate limited denitrification experiments of wetland sediment using Eq. (22): λPDA=0.054 
mole N2O s-1l-1 (=1.5×10-3mgN l- s-1) and Km1=29 mole N2O l-1 (=0.8mgN l-1). Expressed as first order rate using Eq. 
(20), k=1.9×10-3s-1. 

detention time (4.2 d). In addition to this, also some 
simulations show longer mean residence times than 
the nominal, with a tendency to increased residence 
times with increased heterogeneity in vegetation 
pattern or mixing mechanisms. Stagnant zones in the 
heterogeneous vegetation or bottom sediments delay 
particles leading to longer simulated residence times. 
The hyporheic sediment zones introduce additional 
water volumes not accounted for in the calculations 
of nominal residence time.  
The nominal, measured and simulated mean 

 

wetland 

residence times are somewhat uncertain for various 
reasons. Tracer tests using radioactive water are 
generally reliable because HTO moves through the 
environment like ordinary water, even though the tail 
of the breakthrough in relation to background 
concentrations can be uncertain. However, especially 
the water volume is hard to estimate and discharge 
displays a significant fluctuation over time, which 
influences the estimate of the nominal residence time. 
The accuracy of the tracer experiment and the 
simulations depend on how well the release points of 
the tracer solute and tracer particles respectively 
represent the water flow. Ideally, the number of 
particles should be released proportional to the flow 
at the inlet release points. In the simulations, particles 
were released around the estimated turbulent zone at 
the inlet. This may in some cases, especially with non 
homogeneous flow resistance or dispersion, have 

caused that the released particles were not fully 
representative to the water flow in the release points. 
Results from the simulations show that variations in
bottom topography had a relatively small impact on 
the variance of residence times in Ekeby treatment 
wetland (Table 2 case 1, 2). Simulations with a flat 
bottom profile resulted in CV(t)=0.077, whereas the 
actual bottom profile with 5 deep zones and four 
small islands showed slightly lower coefficient of 
variations, CV(t)=0.063. Hence, the simulations 
indicate that the constructed bottom profile in Ekeby 
treatment wetland, with excavated zones acting as 
preferential flow paths, improves the distribution of 
water. Carefully constructed bottom profiles 
therefore seem to have the potential of being a useful 
tool in enhancing distribution of water in wetlands, 
which leads to a better utilization of the water 
volume. However, a perfectly constructed bottom 
profile will be of little use if vegetation patterns 
counteract the improved water flow pattern. 
The measurements of friction losses in the 
inlet canal indicated a significant variation in the 
friction coefficient with variation in vegetation 
density and species. These variations were also found 
to be in good agreement with literature values. 
Simulations of heterogeneity in vegetation 
distribution in the main wetland had the potential to 
explain a great deal of the variation in residence times 
(explaining 60-80% of measured CV(t)) of the tracer 
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experiment and had a greater effect on the flow than 
the variations in bottom topography (basin shape 
explaining 10% of measured CV(t)). The multiple 
peaks of the tracer breakthrough curve can be 
recognized in simulated breakthrough curves both 
when applying randomly distributed vegetation and a 
deterministic representation of vegetation channeling 
taken approximately according to the field survey. 
The heterogeneity in vegetation distribution was the 
only factor in this model that could reproduce the 
multiple peaks, which highlights the importance of 
this factor for explaining the observed data. 
However, the whole variance of the observed 

 can show great variations within 

and 

Spatial variations in denitrification activity and 

 Ekeby treatment wetland is 

cation activities along the flow 

breakthrough curve could be explained by 
heterogeneity in vegetation only with a very high 
variance in the flow resistance factor (Table 2, case 
4c). Such high degree of variance in flow resistance at 
the same time gave unrealistically early peaks due to 
the preferential flow paths that arose. Moreover, the 
shape of the tail, with a large proportion of residence 
times between 4 and 10 days, could not be fully 
captured by simulations with heterogeneities in 
vegetation, suggesting that also other phenomena 
contribute to the variance in the observed residence 
time distribution.  
Resistance to flow
different vegetated areas. According to Chow (1959) 
the Darcy Weisbach friction coefficient is about 25 
times higher in a densely vegetated channel than in a 
smooth channel. This also implies that the statistical 
setup of simulations in Table 2 cases 4a, 4b can be 
relevant, but probably not case 4c. Helmiö and 
Järvelä (2004) also found, in a field study of two 
rivers in Finland, that the Darcy Weisbach friction 
factor varied by a factor of about 25 due to different 
vegetation, shape and flow. When discussing 
resistance to flow, the spatial scale is important to 
remember. Flow resistance, as simulated in this 
model, is averaged over 1 m2 with the resolution 
used. At a smaller scale, where vegetation stems etc. 
could be simulated separately, flow resistance would 
show much greater variations. Hydraulic conductivity 
in porous media can vary by several orders of 
magnitude depending on the media (Bear, 1979). 
As discussed above, heterogeneity in vegetation 
variations in bottom profile were not enough to alone 
explain the results from the tracer experiment. This 
implies that additional mixing mechanisms contribute 
to the variance in water residence times in the 
wetland, and that it is necessary to include such 
mechanisms in a wetland modeling concept to fully 
explain the water flow. Water exchange with stagnant 
zones and dispersion are two different ways of 
representing additional mixing mechanisms present in 
wetlands. These mechanisms are highly related, 
because transverse exchange of water parcels between 
low- and high-velocity zones can be shown to follow 
a Fickian diffusion if the transverse mass transfer is 
sufficiently high compared to the advective mass 
transfer, i.e. that Damköhler number is large enough. 
Due to the similar physical background to these 

mathematical representations and the lack of 
sufficient precision in the observation, it was not 
possible to exactly discriminate between the two 
mixing mechanisms. However, it is clear that both 
provide possible explanations of the variance and tail 
of the observed breakthrough curve.  To estimate the 
magnitude of each mixing phenomenon, independent 
investigations would be needed.  

community structure 

The nitrogen removal in
fairly poor with only 20% total nitrogen removal 
observed through monitoring data in 2005. However, 
the wetland sediments exhibit a greater nitrogen 
removal potential than the actual removal, as 
indicated by the denitrification rates determined in 
this study. The potential rates show that the wetland 
could remove up to 8000 kg N ha year-1 -1. 
Accordingly, the denitrifying community in the upper 
three centimeters of the sediments is alone capable of 
increasing the total nitrogen removal in the wetland 
nearly 5 times compared to the present annual mean 
performance. The significant differences in 
denitrification activity between locations in Ekeby 
treatment wetland (CV=0.34) could best be explained 
by nitrogen concentration in the sediments and 
residence time of the water (Eq. (24), p=0.0012, 
r2=0.78). The statistical evaluation of the variations in 
PDA in the wetland sediments shows a near first 
order correlation between total nitrogen 
concentration and potential denitrification rates in the 
sediments, indicating that nitrogen is a limiting factor 
in the sediments of Ekeby treatment wetland. First-
order dependence of denitrification rates on nitrate 
has been found in many studies (Kadlec 1996) and is 
common in wetlands when carbon is not a limiting 
factor (Ingersoll, 1998). The importance of both 
water residence time and the nitrogen content in the 
sediment for denitrification, according to Eq. (24), 
can be explained from the fact that the residence time 
indirectly represents the supply of easily available 
carbon and nitrate coming with the influent 
wastewater, whereas the levels of total nitrogen in the 
sediments represent additional local nutrient supply, 
e.g. from degraded plants. The first-order relationship 
also suggests that an improved supply of nitrate to 
the sediments would enhance the denitrification 
capacity in Ekeby wetland. It has been shown that the 
diffusion of nitrate from the water column to the 
sediments often limit denitrification in sediments 
(Golterman, 2000). 
Decreasing denitrifi
direction has been reported by others (Poe, 2003; 
Tomaszek, 1997), but from this study it can be 
concluded that it was correlated to the residence time 
of the water rather than the distance to the inlet. The 
decreasing denitrification rates with longer residence 
times is likely caused by less nitrate supply from the 
water to the sediments, as nitrate concentration in the 
water column declines with residence time. Moreover, 
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increasing water residence time means more time for 
consumption of easily available carbon compounds, 
which additionally would lower denitrification rates 
along the flow path (Barnard, 1975). 
Not only the denitrification varied in the wetland, but 

howed lower diversity with 

evaluation 

ation of the nitrate limited experiments also 

CONCLUSIONS AND IMPLICATIONS 

hat the design in terms of bottom 

g revealed 

also the denitrifying community structure differed in 
different areas of the wetland sediment. The 
community patterns coincided with water residence 
time and denitrification activity, and the dissimilarities 
in structure between samples could be explained by 
levels of nitrogen and carbon in the sediments. 
Samples 10 and 12 close to the inlet exhibited the 
least complex community with only four bands in the 
DGGE pattern, although the denitrification activity 
was high. This implies that highest diversity of 
denitrifiers not necessarily ties in with highest 
denitrification activity, and that the populations 
contribute in different degrees to the overall 
denitrification capacity.  
Generally, the samples s
higher concentrations of nutrients and also with 
higher denitrification activity and shorter residence 
times. A speculation is that high levels of nutrients 
selects for certain competitive populations and, thus, 
leads to less diverse communities of denitrifiers. This 
hypothesis would also explain why sample 11 had the 
highest diversity of nosZ genotypes. Although close to 
the inlet and with a short residence time, the 
sediment at this location had the lowest nitrogen and 
carbon content of all the samples analyzed. In 
contrast, Angeloni et al (2006) found a different 
community of denitrifiers showing higher nirS 
genotype richness in wetland sediments with higher 
levels of soluble nitrate. These were areas that had 
been invaded by cattail (Typha x glauca) so other 
factors than nitrogen could have affected the 
denitrifying community composition and genotype 
richness there. The four bands in the DGGE patterns 
of nosZ in our study present at all sampling locations 
indicate that the populations dominating at the inlet 
play a major role for denitrification throughout the 
entire treatment wetland. Hence, the DGGE analysis 
indicates that the denitrifier community structure 
goes hand-in-hand with large-scale chemical and 
physical gradients of the wetland. The quantitative 
implications of this for the treatment efficiency are 
thus an essential issue for future research. 
The proposed denitrification rate kinetic 
procedure can be used to evaluate Menten- or first 
order rates useful under nitrate limited conditions, 
such as in denitrification models describing nitrogen 
reduction in wetlands. From the Menten kinetics also 
first order rates can be computed which can be used 
in first-order nitrate dependent models when 
modeling wetland denitrification. In a denitrification 
model, the rates may also need to be compensated for 
other non-optimal conditions than nitrate limitation, 
such as temperature, oxygen levels and carbon supply 
(Kadlec, 1996; Heinen, 2006). In a closed batch 
system, as in the experiments of this study, Menten 
kinetics is applicable to evaluate denitrification 

parameters for the original bacterial population of a 
sediment sample. On the other hand, in a treatment 
wetland, there is a continuous supply of nitrate in 
various concentrations, and over time the bacterial 
population will respond to the current concentration 
of nitrate with either growth or decay and alter the 
denitrification activity. A change in bacterial 
population size means that the Menten parameters, 
which are evaluated for a certain population size, will 
not be applicable anymore. However, the Menten 
parameters can be translated to the more general 
first-order rate k using Eq. (20), which is not 
restricted to a certain population size. In a first order 
model the denitrification capacity will always follow 
the nitrate concentration and, hence, first order 
models are more useful in a system of dynamic 
bacterial populations than a models based on Menten 
kinetics. 
The evalu
revealed the importance of other nitrate consuming 
processes than denitrification, with denitrification 
only being responsible for about half of the nitrate 
consumption in the wetland sediment experiment, 
and for 75% of the nitrate consumption in the 
activated sludge experiment. This is in agreement 
with other studies that also suggested the importance 
of other processes for nitrate transformation in 
wetlands. Using 15N labeling, Schurmann et al. (2003) 
reported that only half of the removed nitrate was 
caused by denitrification, with evidence for 
assimilation and dissimilative reduction to ammonium 
taking place in a aquifer. Cooke (1994) found that 60-
70% of the nitrate was denitrified, 25-35% was lost 
by other dissimilative reductions and 5-10% was 
assimilated in a wetland treating sewage.  

FOR DESIGN 

This thesis shows t
structure and vegetation distribution largely can affect 
water flow patterns and residence time distributions 
in treatment wetlands. This, in turn, affects the 
nitrogen removal due to the fact that the effluent 
nitrogen concentration is directly affected by the 
water residence time (Eq. 2), where longer residence 
times lead to more nitrogen removal and vice versa. 
Moreover, any disturbances from plug flow, such as 
from channeled vegetation systems, lead to less 
efficient nitrogen removal (Eq. 3, Eq. 4).  
The tracer experiment and flow modelin
that vegetation dominates over bottom topography in 
controlling the distribution of water residence times 
and flow patterns. Heterogeneity in vegetation density 
largely increases the variance in water residence times, 
but also mixing mechanisms contribute to the spread 
in residence times and can considerably delay solutes. 
It is therefore necessary to include mixing mecha-
nisms in a wetland water flow and transport model to 
fully explain the water flow.  
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Moreover, heterogeneities in vegetation density cause 
channeling, indicated by the multiple peaks observed 
in both the tracer experiment and the simulations 
with heterogeneous vegetation. On the other hand, 
variations in bottom topography, such as in Ekeby 
wetland with variations in water depth of a factor 3, 
have only a small impact on the variance in water 
residence times. However, the study shows that 
bottom profiles with mixed deep and shallow zones 
perpendicular to the main flow direction can enhance 
the water distribution by decreasing the variance in 
water residence times, and are consequently useful in 
the design of treatment wetlands. Furthermore, deep 
zones, acting as preferential pathways can be used to 
distribute water to outer areas that otherwise will not 
be part of the main water flow, but, because 
vegetation is the main controlling factor, such flow 
control is only useful if not counteracted by the 
vegetation patterns. Accordingly, the bottom 
topography is most important in an indirect way; to 
control the establishment of vegetation. The main 
focus in the design shall therefore be put on 
constructing bottom profiles that counteract 
channeling vegetation patterns. Future research 
should focus more on how bottom topography can 
be used to hinder channeling vegetation 
establishment.  
This thesis also points on the connections between 
water residence times and spatial variability of 
denitrification rates and community structures of the 
denitrifying bacteria. The spatial variability in 
denitrification rates was best explained by nitrogen 
levels in the sediments combined with water 
residence times, which implies that the denitrification 
is nitrate limited in the sediments, and that the supply 
of nitrate to the denitrifiers is regulated both by water 
exchange with the water column and by internal 
production of nitrate in the sediments. 
Moreover, the microbial analyses show that the 
denitrifying bacteria community structures vary 
spatially and that also these variations are coupled to 

the residence time of the water. Generally, the 
samples showed lower diversity with higher 
concentrations of nutrients and also with higher 
denitrification activity and shorter residence times. A 
speculation is that high levels of nutrients selects for 
certain competitive populations and, thus, leads to 
less diverse communities of denitrifiers. Different 
populations contribute in different degrees to the 
overall denitrification capacity. An essential question 
for further research is therefore to study how the 
variations in community structures affects the 
treatment efficiency of wetlands, and how wetlands 
can be designed to favor efficient populations of 
denitrifiers.  
To capture the kinetics of the denitrifying bacteria 
and evaluate denitrification rates that are useful in 
denitrification models for nitrate limited situations, as 
wetlands generally are, a method was verified where 
denitrification rates are evaluated in nitrate limited 
batch experiments considering transformation of 
nitrate from denitrification as well as assimilation and 
dissimilation. 
Furthermore, the measurements of denitrification 
rates in the wetland sediments revealed a great 
unused potential for nitrogen removal. Comparison 
between the total nitrogen removal in the wetland 
and the potential rates in the sediments shows that 
only a minor part of the sediments potential is used 
today. The denitrification in the sediments subject to 
our study was nitrogen limited, and this is also the 
case for most other treatment wetlands. This implies 
that we should increase the nitrogen (nitrate) supply 
to the sediments to better utilize this treatment 
potential. The supply is regulated by both advection 
and diffusion, and the hydrological features in the 
water column are therefore important. Hence, an 
important area for future research is how to utilize 
the denitrification potential of the sediments by 
further studies of coupled hydrological and 
microbiological processes. 
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