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Abstract
This study investigates the effect of ecosystem age on the nitrate removal efficiency, nitrate
removal rate and first-order area-based removal rate coefficients (both with and without
temperature adjustment) of created wetlands. Data was collected from the first to eleventh
year after wetland creation in an experimental wetland facility in south-west Sweden. The 18
small (22-29 m2) free water surface wetlands were divided into three groups based on initial
planting: EVW (emergent vegetation wetlands), SVW (submerged vegetation wetlands) and
CW (unplanted control wetlands). Summer and winter values from the 11 studied years were
analysed separately in the repeated measures ANOVA. Over these 11 years the mean nitrate
removal efficiency was 12 % and the mean nitrate removal rate was 0.17 g m-2 d-1. Mean
removal rate coefficient (K) was 0.020 g d-1 and mean temperature adjusted removal rate
coefficient (Ka) was 0.042 g d-1. The best performing wetlands were those initially planted
with, and after four years almost completely covered by, emergent vegetation (EVW). This
study indicates a positive correlation between wetland age and nitrate removal potential. It
further indicates aging may be hastened by initial planting of wetland vegetation.

Key words
Nitrogen, retention, denitrification, constructed wetland, vegetation

Introduction
Background
Eutrophication as result of excessive nutrient inputs is a wide-spread problem in water bodies
around the world (Khan & Ansari, 2005; Smith, 2003). The adverse environmental effects,
e.g. biodiversity loss (Carpenter et al., 1998; Jeppesen et al., 2010) and toxic algal blooms
(Carpenter et al., 1998), have worsened over the last half-century and are expected to further
increase in magnitude (Hawkins, 2012; Khan & Ansari, 2005). The main historical, current
and future causes of eutrophication are urbanisation, climate change and fertiliser use
(Carpenter et al., 1998; Jeppesen et al., 2010; Khan & Ansari, 2005; Smith, 2003). Because of
the relative ease in identifying and controlling point-source emissions, compared to non-point
emissions, point-source emissions of nutrients have declined in parts of the world (Carpenter
et al., 1998). However, to achieve the same reduction in non-point pollution, further countermeasures are needed (Carpenter et al., 1998; Jeppesen et al., 2010). Strategies for mitigation
of eutrophication can include both reduction at source, e.g. reduced use of fertilisers, as well
as reduction at recipient, e.g. via wetlands. The ability of wetlands for removing both
phosphorous and nitrogen (N) from water is well established (e.g. Land et al., 2016). This
study, however, will only focus on removal of N.
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Wetlands remove or retain N via different processes. In common for all these processes,
whether they are considered N retaining or N removing, is the removal of N from the water
column (Vymazal, 2007). Which N removal processes dominate in the wetland depends on
the dominant form of N (Kadlec & Wallace, 2009), which in turn depends on the water source
(Faulwetter et al., 2009; Kadlec & Wallace, 2009). In agricultural catchments the most
abundant type of N is nitrate (Fleischer et al., 1987; Vymazal, 2007; Wu et al., 2014), and the
most important process for N removal is therefore denitrification (Kadlec & Wallace, 2009;
Vymazal, 2007; Weisner et al., 1994). Denitrification is dependent on physical and chemical
in-wetland factors. Physical factors include wetland hydraulics, biofilm surfaces and water
temperature. Chemical factors include organic carbon availability and redox condition
(Faulwetter et al., 2009; Fisher & Acreman, 2004; Kadlec & Wallace, 2009; Vymazal, 2007;
Wu et al., 2014). N removal rate (absolute N removal) in a wetland is positively correlated
with incoming N load (Kadlec, 2005; Land et al., 2016; Strand & Weisner, 2013; Vymazal,
2007; Weisner et al., 2016). N removal efficiency (relative N removal), on the other hand,
will decline with increasing inlet concentrations (Kallner Bastviken et al., 2009; Land et al.,
2016; Strand & Weisner, 2013; Vymazal, 2007). Since higher water temperature favours N
removal (e.g. Kadlec & Wallace, 2009), a higher removal rate will be achieved in summer
than in winter, in temperate climates (Kallner Bastviken et al., 2009; Strand & Weisner,
2013). All N removing processes take time for completion, thus long hydraulic residence time
favours N removal (Faulwetter et al., 2009; Kadlec & Wallace, 2009; Wu et al., 2015).
Vegetation plays a vital role in a wetland’s N removal processes. Plants can increase the
surface area for biofilm growth (e.g. roots, leaves and stems) as well as supply organic carbon
to the denitrifying bacteria (Faulwetter et al., 2009; Kadlec, 2005; Weisner et al. 1994). Plants
can also reduce the oxygen concentration in the water and thus, in effect, also the redox
potential of the water (Kadlec & Wallace, 2009; Weisner et al. 1994). In addition, potential
denitrification also depends on the amount of vegetation. A young wetland ecosystem with
undeveloped flora will remove less N than an ecosystem in a later successional stage (Kallner
Bastviken et al., 2009; Weisner & Thiere, 2010). The most common type of wetland
vegetation is emergent vegetation (Wu et al., 2015). Submerged or free-floating vegetation, or
a combination of vegetation types, are also common (Kadlec & Wallace, 2009; Land et al.,
2016; Vymazal, 2007; Weisner et al., 1994). The different kinds of vegetation are beneficial
for denitrification to different extents. When all factors are considered, emergent vegetation
seems to be the best alternative for maximum N removal (Kallner Bastviken et al., 2009;
Weisner & Thiere, 2010).
Even though vegetation is essential for denitrification, a very dense vegetation cover can alter
wetland hydraulics. Impairment of wetland hydraulics, i.e. lowered active wetland area, will
result in lower N removal potential (Bodin et al., 2012; Kadlec & Wallace, 2009).
Maintenance to avoid overgrowth is therefore important, especially for wetlands with fastgrowing emergent vegetation (Bodin et al., 2012). Overgrowth has in some cases been
interpreted as wetlands becoming “too old” for optimal N removal, however it is unknown at
which age this usually happens. Wu et al. (2015) mentioned a life-span of at least 10 years for
free water surface wetlands, and Fisher & Acreman (2004) saw no decline in N removal in
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their review based on studies of up to 14 years. Braskerud (2002), on the other hand, saw a
decrease in N removal only 8 years after wetland creation. As mentioned by Kadlec &
Wallace (2009), and more recently by Land et al. (2016), there is a lack of long-term studies
on N removal potentials in wetlands. Therefore, more studies based on longer time periods are
needed. This study is based on the first 11 years after wetland creation and will therefore
contribute to the knowledge of how N removal changes with ecosystem age.
Aim
The aim of this study is to investigate how ecosystem age affects nitrate removal in 18
experimental created wetlands over the course of 11 years. Twelve of the wetlands were
initially planted and wetland succession was thereby hastened. Main focus is on the effects of
ecosystem age on nitrate removal efficiency, nitrate removal rate and nitrate removal rate
coefficients (K and Ka) in created wetlands.

Material and methods
Experimental wetland facility and study design
The experimental wetland facility is located in Halmstad, south-west Sweden, and is managed
by the Wetland Research Centre at Halmstad University. The facility consists of 18 small free
water surface created wetlands that are equal in age, shape, size and placement of in- and
outlet pipes. The facility was built in 2002 and its wetlands were fully operational in 2003.
This study focuses on year after wetland creation, were 2003 is year 0. Each wetland is 4 × 10
m at ground level and 1.6 × 7.6 m at base level 1.2 m below ground level (Fig. 1). The sides
have a 45° slope and thus wetland area is directly affected by wetland depth. Between year 0
and year 2 the maximum wetland depth was set to 0.5 m, generating a mean depth of 0.38 m
and a surface area of approximately 22 m2. In year 3 the maximum depth was increased to 0.8
m which resulted in a mean depth of 0.55 m and a surface area of approximately 29 m2.
Maximum depth of 0.8 m was kept for the remainder of the studied period. Each wetland has
one inlet pipe and one outlet pipe placed on opposite short sides of the wetland (Fig. 1). The
inlet pipe is placed horizontally approximately 0.1 m over the water surface. The outlet pipe is
placed vertically at water surface level and can thereby be used to control wetland depth.
Flow rates are assumed to be equal in inlet and outlet, and rates can be altered using a faucet
on the inlet pipe. Flow rate, nitrate (and total-N) concentrations and temperature are measured
at outlet. Flow rates have decreased during the studied period from an average of 5.8 m3 d-1
the first year to an average of 3.6 m3 d-1 the last year.
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Fig. 1 Three-dimensional model showing the design of each wetland in the experimental wetland facility. Thick
grey lines represent inlet and outlet pipes, blue lines represent the water surface. Measurements are in meters
(m). Figure is not drawn to scale.

The 18 wetlands in the facility are placed four meters apart, in two rows with nine wetlands in
each row (Fig. 2). The water entering the facility is nitrate-rich groundwater from a catchment
area largely consisting of agricultural landscapes. The water is collected at ground water
source A and is then further distributed to three separate tanks (B, C and D) before entering
the wetlands. Each tank feeds water to six wetlands (Fig. 2). Inlet nitrate concentrations are
measured in B, C and D. Inlet nitrate (and total-N) concentrations have decreased during the
studied period. Year 1 inlet concentrations were around 12 g m-3, and year 11 inlet
concentrations had dropped to around 8 g m-3.

4

Fig. 2 Schematic diagram of the 18 wetlands in the experimental wetland facility. Water is distributed within the
broken lines: All water is taken from ground water source A for distribution to tanks B, C and D. Water is then
further distributed to six wetlands per tank. Wetlands are marked with a letter representing vegetation type (C =
unplanted control, E = emergent vegetation, S = submerged vegetation). The line and dot in each wetland
represent the inlet and outlet pipes.

The 18 wetlands were at the time of creation divided into three groups with six wetlands in
each group. One group of wetlands was planted with emergent vegetation (Pharagmites
australis, Glyceria maxima and Phalaris arundinacea), one with submerged vegetation
(Elodea canadensis, Myriophyllum alterniflorum and Ceratophyllum demersum), and one
group was left unplanted as a control group. Abbreviations for each wetland group will
hereafter be used: EVW for emergent vegetation wetlands, SVW for submerged vegetation
wetlands and CW for (unplanted) control wetlands. Each tank is connected to two wetlands of
each group (Fig. 2). Apart from that criteria, vegetation type was randomly distributed
between the wetlands in the facility. The surrounding soil, including the bottom of the
wetlands, consist of heavy clay. The rest of the facility was planted with grass that has been
kept short. Other surroundings were dominated by grass fields wherefore no shading from
trees occurred. After initial planting, ecological succession has progressed uninhibited in all
wetlands.
Data analyses
Nitrate removal is expressed in four ways in this study: (1) Nitrate removal efficiency (% of
load), (2) nitrate removal rate (g m-2 d-1), (3) the first-order area-based removal rate
coefficient (m d-1) (K) and (4) the first-order area-based removal rate coefficient with
Arrhenius temperature adjustment (m d-1) (Ka). Removal efficiency and removal rate show the
actual nitrate removal, whereas K and Ka are used to enable comparisons of wetland function
across different conditions. The combination of all four ways of expressing nitrate removal
5

will hereafter be referred to as nitrate removal potential. Additional analyses in this study
include changes in surface cover of emergent vegetation (%), water temperature (°C), nitrate
loads (g m-2 d-1) and hydraulic residence time (d) with increased ecosystem age.
In-facility measured parameters included in this study are flow rate (m3 d-1), nitrate
concentration (g m-3), total-N concentration (g m-3), wetland water temperature (°C) and
amount of rain (m). Amount of rain was automatically logged every or every other hour. The
other parameters were measured manually on average 1.1 times per month, with a higher
frequency in summer than in winter. Sampling was not evenly distributed over the same
months each year. Sampling was conducted by the Wetland Research Centre and done in
accordance with the AN 5202-SE standard. Retention time (d) was calculated by division of
wetland volume (m3) with flow rate (m3 d-1). Nitrate loads (g m-2 d-1) were calculated by
multiplication of inlet nitrate concentration (g m-3) with hydraulic loading rate (flow rate
divided by area) (m d-1). Proportion cover (%) of emergent vegetation was estimated once per
year (year 0-12) by dividing each wetland into 10 equal subdivisions and for each subdivision
estimate proportion surface cover of emergent vegetation. Only emergent vegetation with >
1.5 m tall shoots were included (for further detail see Weisner & Theire, 2010). Estimations
of proportion cover of submerged vegetation and filamentous green algae from year 1 to year
3 presented in Weisner & Theire (2010) are also used in this study, as well as similar
estimations from year 5 presented in Bodin et al. (2012). Bodin et al. (2012) also included
proportion cover of floating-leaved vegetation.
The following equations were used for the calculations of nitrate removal potential.
Constants, parameters and symbols are the same for all equations. New parameters are
explained after each equation. Nitrate removal efficiency was calculated using Eq. 1.
Eq. 1

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =

(𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡 )
𝐶𝑖𝑛

Where Cin is the inlet concentration of nitrate (g m-3) and Cout is the outlet concentration of
nitrate (g m-3). The median value of nitrate concentration from tank B, C and D were used to
represent the inlet nitrate concentrations. Nitrate removal rate was calculated according to Eq.
2.
Eq. 2

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 =

𝑄 × (𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡 )
𝐴

Where Q is the flow rate (m3 d-1) and A is the wetland surface area (m2). Area was calculated
based on the shape of the wetland. In all analyses up to year 3 A was set to 22.36 m2 and after
year 3 A was set to 29.44 m2. Eq.3 shows the first-order area-based removal rate coefficient K
(m d-1) (Kadlec, 2005).
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Eq. 3
1

𝐶 𝑁
𝑁 × 𝑄 × ((𝐶 𝑖𝑛 ) − 1)
𝑜𝑢𝑡
𝐾=

𝐴

Where N is the number of continuously stirred tank reactors (CSTRs). A tracer study
conducted in these wetlands by Bodin et al. (2012) showed a mean N value of ~2 for all
wetlands in the facility. Therefore, N = 2 is used in this study. Eq. 4 shows the first-order
area-based removal rate coefficient with modified Arrhenius temperature adjustment Ka (m d1
) (Kadlec, 2005).
Eq. 4
1

𝐶 𝑁
𝑁 × 𝑄 ((𝐶 𝑖𝑛 ) − 1)
𝑜𝑢𝑡
𝐾𝑎 =

𝐴 × 𝜃 (𝑇−20)

Were θ is the temperature coefficient and T is the water temperature (°C). In accordance with
e.g. Kadlec (2005), a θ value of 1.088 is used in this study.
This study is based on data analyses from samples collected in the experimental wetland
facility from the year of wetland creation to the twelfth year after wetland creation (year
2003-2015). Analyses of nitrate removal rate, nitrate removal efficiency, water temperature
and nitrate loads are based on measurement from 152 individual dates each (year 1-11).
Measurements from 18 wetlands at 152 dates result in n = 2736. Comparisons of summer and
winter are based on 396 (198 per season) measurements. For analyses of nitrogen removal
coefficients, 140 dates (year 2-11) resulting in n = 2520, are used. Comparisons of K and Ka
during summer and winter are based on 360 (180 per season) measurements. The analysis of
proportion cover of emergent vegetation (year 0-12, except year 6 and 11) is based on 198
measurements. Comparisons of first and last year are always based on 36 (18 per year)
measurements. The three wetland groups categorised by initial vegetation type are treated
separately in the analyses. Summer values and winter values were also treated separately.
Nitrate removal was used to represent all N removal, due to local site conditions where
essentially all of the N (99.6 %) is in form of nitrate. Individual measurement dates were
combined to months using the median value, and months were combined to seasons (OctoberMay = winter, June-September = summer) using mean values. Median values were used for
the dates-to-month combinations to avoid effects from outliers, whereas mean values were
used for the months-to-season combinations to not remove the effects of in-seasonal
variations. Winter always comes before summer, i.e. winter year 1 is 2003-2004 whilst
summer year 1 is 2004. All figures in results show mean value ± standard error of the 6
wetlands in each type. In running text, mean value ± standard deviation is presented.
Statistical analyses used all 18 values, i.e. 6 per type.
Data corrections
Data was used only for days when all needed measurements were available, with a few
exceptions. All parameters were measured the same day except for 4 (out of 152) dates when
7

concentration was measured maximum ± 2 days apart from measurements of flow rate and
temperature. A few missing values and measurement errors were replaced with estimated
values. The used replacement value was the mean value of the previous sample date and the
sequent sample date, for the same wetland. For outlet nitrate concentrations, these corrections
were made on 4 (out of 2736) occasions. 2 times because of missing values, and 2 times
because of measurement errors. In the same way, replacement was made for missing values of
flow rates 12 times (out of 2736). If two measurements of flow rate were conducted on the
same date, the mean of the two values was used in analyses. The maximum value of totN and
NO3- was used for all dates except for one occasion when the highest value was a
measurement error. Missing temperature measurements were replaced by mean values of
temperature in the other wetlands from the same group the same date. This was done a total of
4 (out of 2736) occasions. Missing values that were exchanged for estimated values are
assumed to not affect the results, since it was done for only 0.24 % of the measurements.
Measurements with standard errors almost as large as the actual measurement were deemed
too uncertain to be presented (analyses of K and Ka year 1).
For outlet nitrate concentrations, modifications were made based on added volume of
precipitated water during the wetlands retention time. Because of the wetland design (45°
slope, Fig. 1), all rain falling on 40 m2 was assumed to enter the wetland. Rain measurements
from the facility have been used for a majority of the dates. For 26 (out of 152) dates rain data
from a weather station in Villshärad (5 km away) was used, and for 3 (out of 152) dates rain
data from the Swedish Meteorological and Hydrological Institute’s weather station in
Halmstad (10 km away) was used. Modifications based on removed water volume via
evapotranspiration was not done. Ground infiltration was assumed to be zero and added water
volume via snowmelt was not considered.
Statistical analyses
Statistical analyses were conducted in the statistical software IBM SPSS Statistics 24 for all
four ways of presenting nitrate removal as well as for vegetation cover, water temperature and
nitrate loads. For comparisons between winter and summer as well as first and last year,
paired samples t-test was used. For changes over time, repeated measures ANOVA was used
on summer and winter values separately. Repeated measures ANOVA was chosen over
regression to emphasise the dependency of the sampling occasions. Tukey HSD post hoc test
was added for comparisons between wetland groups for all four ways of expressing nitrate
removal. The fixed factor was always vegetation type (EVW, SVW or CW) and time was
either 11 years (removal efficiency and removal rate) or 10 years (coefficients). All analyses
on nitrate removal efficiency were done after angular transformation of the data. Differences
are significant for p < 0.05, but all p-values < 0.10 are presented in the result. Degrees of
freedom are stated in round brackets after F or t, depending on analysis.

Results
Proportion of wetland surface area covered with emergent vegetation increased for all wetland
groups during the studied period (p < 0.0005, F(4.4; 66) = 75; Fig. 3). Mean proportion cover for
all groups year 12 is significantly higher than year 0 (p < 0.0005, t(17) = -12). EVW reached a
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cover proportion of almost 100 % in year 4 after wetland creation and remained > 90 %
covered throughout the studied period. The cover percentage for SVW and CW were highest
year 12 when SVW reached 58 ± 28 % and CW reached 40 ± 12 % cover.
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Fig. 3 Proportion wetland surface cover of emergent vegetation in three groups of wetlands categorized by initial
planting, from the year of wetland creation to the 12th year after wetland creation. Data for year 6 and year 11 is
not available. EVW = emergent vegetation wetlands, SVW = submerged vegetation wetlands, CW = (unplanted)
control wetlands. Error bars represent standard error.

Mean water temperatures were significantly higher during summer (June-September) than
during winter (October-May) (p < 0.0005, t(197) = -51). Mean summer temperatures for all
groups were 14 ± 1.3 °C, and mean winter temperatures were 7.0 ± 1.5 °C. Winter
temperatures increased significantly during the studied period (p < 0.0005, F(1.5; 22) = 242),
from 4.5 ± 0.24 °C year 1 to 9.2 ± 0.68 °C year 11 (p < 0.0005, t(17) = -24). Summer
temperatures changed over time (p = 0.016, F(2.0; 31) = 4.7), but there was no difference
between year 1 and year 11. Annual nitrate loads decreased during the studied period (p <
0.0005, F(1.1; 17) = 34). Values dropped significantly from 2.6 ± 1.2 g m-2 d-1 year 1 to 1.0 ±
0.059 g m-2 d-1 year 11 (p < 0.0005, t(17) = 5.4). Mean nitrate load over the studied period was
1.7 ± 0.98 g m-2 d-1. The decrease in nitrogen load occurred mainly between year 3 and year 5.
Hydraulic residence time increased during the studied period (p < 0.0005, F(1.9; 29) = 101),
from 2.3 ± 0.95 days year 1 to a significantly higher 4.4 ± 0.27 days year 11 (p < 0.0005, t(17)
= -8.8).
Nitrate removal
The nitrate removal efficiency was higher during summer than during winter (p < 0.0005,
t(197) = -23; Fig. 4). Nitrate removal efficiency increased with increasing ecosystem age both
in summer (p < 0.0005, F(2.9; 5.8) = 36) and in winter (p < 0.0005, F(2.4; 36) = 51). The mean
nitrate removal efficiency increased significantly from year 1 to year 11 during summer (p =
0.003, t(17) = -3.4) and during winter (p < 0.0005, t(17) = -13). Mean nitrate removal efficiency
during the studied period was 16 ± 5.7 % during summer and 8.7 ± 4.6 % during winter.
During winter there was no difference in nitrate removal efficiency between the three groups
(Tukey post hoc: p > 0.05). During summer EVW had a higher removal efficiency than CW
9

(Tukey post hoc: p = 0.030) and nearly significantly higher removal efficiency than SVW
(Tukey post hoc: p = 0.078).
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Fig. 4 Nitrate removal efficiency in three wetland groups from the 1st to 11th year after wetland creation. Whole
lines represent summer values (June-September), dotted lines represent winter values (October-May). EVW =
emergent vegetation wetlands, SVW = submerged vegetation wetlands, CW = (unplanted) control wetlands.
Error bars represent standard error.

Nitrate removal rate was also higher in summer compared to winter (p < 0.0005, t(197) = -17;
Fig. 5). There was a change in removal rate with increased age for both summer (p < 0.0005,
F(4.3;8.5) = 6.5) and for winter (p < 0.0005, F(10; 150) = 33). Summer values decreased
significantly from year 1 to year 11 (p = 0.013, t(17) = 2.8) whilst winter values during the
same period increased significantly (p < 0.0005, t(17) = -11). Mean nitrate removal rate during
the studied period was 0.21 ± 0.040 g m-2 d-1 during summer and 0.12 ± 0.044 g m-2 d-1 during
winter. EVW had higher removal rate than CW both during summer (Tukey post hoc: p =
0.002) and during winter (Tukey post hoc: p = 0.023). During summer EVW also had higher
removal rate than SVW (Tukey post hoc: p = 0.002). During winter EVW had nearly
significantly higher removal rate than CW (Tukey post hoc: p = 0.064). There was a
significant interaction between time and vegetation type during both summer (p = 0.001, F(8.5;
64) = 3.8) and winter (p < 0.0005, F(20; 150) = 3.1).
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Fig. 5 Nitrate removal rate in three wetland groups from the 1st to 11th year after wetland creation. Whole lines
represent summer values (June-September), dotted lines represent winter values (October-May). EVW =
emergent vegetation wetlands, SVW = submerged vegetation wetlands, CW = (unplanted) control wetlands.
Error bars represent standard error.

Removal rate coefficients K and Ka
The first-order area-based removal rate coefficient K (un-adjusted for temperature) was
significantly higher during summer compared to during winter (p < 0.005, t(197) = -19; Fig. 6).
For summer values, there was a change over time (p = 0.046, F(2.5; 38) = 3.1) although the
mean summer value year 2 did not differ significantly from the mean summer value year 11.
For winter values there was a significant increase over time (p < 0.0005, F(3.0; 45) = 9.7) and K
was higher year 11 compared to year 2 (p < 0.0005, t(17) = -5.4). Mean K during summer was
0.025 ± 0.0041 m d-1 and mean K during winter was 0.015 ± 0.0043 m d-1. During the
summer, EVW had a higher K than both SVW (Tukey post hoc: p = 0.005) and CW (Tukey
post hoc: p = 0.026). There was no difference between groups during the winter (Tukey post
hoc: p > 0.05).
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Fig. 6 The first-order area-based removal rate coefficient (K) in three wetland groups from the 2nd to 11th year
after wetland creation. Data for year 1 was excluded. Whole lines represent summer values (June-September),
dotted lines represent winter values (October-May). EVW = emergent vegetation wetlands, SVW = submerged
vegetation wetlands, CW = (unplanted) control wetlands. Error bars represent standard error.

The first-order area-based removal rate coefficient with Arrhenius temperature adjustment Ka
also varied with season and is higher in summer than in winter (p < 0.0005, t(179) = -4.5; Fig.
7). There was no change in summer values for Ka over the studied period, nor differed the
mean summer value year 2 from the mean summer value year 11. For winter values, the
change over time (p < 0.0005, F(3.1; 47) = 9.1) was a significant increase from year 2 to year 11
(p = 0.001, t(17) = -3.9). Mean Ka was 0.044 ± 0.0077 m d-1 during summer and 0.040 ± 0.011
m d-1 during winter. EVW had a significantly higher Ka during the summer, compared to both
SVW (Tukey post hoc: p = 0.001) and CW (Tukey post hoc: p = 0.002). During the winter the
Ka did not differ between the groups (Tukey post hoc: p > 0.05).
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Fig. 7 The first-order area-based removal rate coefficient with Arrhenius temperature adjustment (Ka) in three
wetland groups from the 2nd to 11th year after wetland creation. Data for year 1 was excluded. Whole lines
represent summer values (June-September), dotted lines represent winter values (October-May). EVW =
emergent vegetation wetlands, SVW = submerged vegetation wetlands, CW = (unplanted) control wetlands.
Error bars represent standard error.

Discussion
Importance of vegetation type
The fast and extensive establishment of emergent vegetation in EVW is explained mainly by
the planting of said vegetation type. Growth of emergent vegetation around an established
population of emergent vegetation is quicker than colonisation of a new area, since planted
emergent vegetation species propagate mainly via rhizomes but also via seed dispersal
(Kadlec & Wallace, 2009; Packer et al., 2017). Establishment of emergent vegetation in all of
the studied wetlands was possible due to favourable conditions such as shallow water (Coops
et al., 1996; Packer et al., 2017), sufficient nutrient supply (Kadlec & Wallace, 2009; Packer
et al., 2017) and minimal shading (Packer et al., 2017). The short distances between each
wetland facilitated spreading of vegetation between all wetlands within the facility (Paradis et
al., 2014). The vegetation densification occurring over time is the most obvious evidence of
ecosystem ageing. In SVW and CW, however, establishment of emergent vegetation was
likely delayed by competition from other plant types (Kadlec & Wallace, 2009; Paradis et al.,
2014). Planted emergent vegetation species, e.g. P. australis, are strongly competitive to other
vegetation types once settled (Davies et al., 2010; Kadlec & Wallace, 2009; Paradis et al.,
2014; Weisner & Theire, 2010). Therefore, as the cover of emergent vegetation thickens, it
likely represses the growth of other kinds of vegetation. If the development of vegetation is
uninhibited, as it was in this study, the difference between the three wetland groups should
disappear over time. That, however, did not happen during the studied 11 years.
The proportion cover of emergent vegetation seemed to be the most important feature for
nitrate removal in the wetlands included in this study. In accordance with results from e.g.
Kallner Bastviken et al. (2009) and Weisner & Thiere (2010), wetlands with a high proportion
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cover of emergent vegetation had higher nitrate removal potentials than wetlands with less
cover. Even though this difference is generally only detectable during the summer, the lack of
differences during winter makes the difference clear also when looking at annual mean
values. Nitrate uptake in plants is often low enough to be ignored in comparison with nitrate
removal via denitrification (Faulwetter et al., 2009; Kadlec & Wallace, 2009). In wetlands
with low nitrate removal however, such as these wetlands, plant uptake may constitute a
significant part of the removal (Kadlec & Wallace, 2009; Vymazal, 2007). Plant uptake of
nitrate is highest in growing season (Kadlec & Wallace, 2009; Mal & Narine, 2004) and
might be higher in fast-growing emergent vegetation compared to other vegetation types. This
partially explains why EVW had higher removal potential during summer compared to other
groups. The main reason EVW performs better, however, is probably that emergent
vegetation to greater extents provide favourable factors for denitrifying bacteria (e.g. available
organic carbon) (e.g. Weisner et al., 1994).
SVW and CW generated equal nitrate removal potentials, which suggests it does not matter
for nitrate removal whether submerged vegetation or no vegetation is initially planted in the
wetland. This does however not mean absence of vegetation and submerged vegetation are
equally good for nitrate removal. Both CW and SVW became vegetated within the first year
after creation (Weisner & Theire, 2010). SVW and CW followed a similar pattern in increase
of proportion emergent vegetation cover, i.e. similar proportion cover of emergent vegetation
generated the same nitrate removal potential. From year 8 the difference between EVW and
the other groups disappeared, even though wetland vegetation was not the same for all three
groups by then. Around 50 % cover of emergent vegetation was as good as < 90 % cover of
emergent vegetation. This suggests a decreasing importance of vegetation cover as the
ecosystem grows older. However, this estimation of vegetation cover only took tall (> 1.5 m)
emergent vegetation into account (Weisner & Theire, 2010). All wetlands were partially
covered with other types of vegetation during the first years after creation (Bodin et al., 2012;
Weisner & Theire, 2010). SVW and CW were covered by submerged vegetation, floatingleaved vegetation and filamentous green algae to much greater extents than EVW (Bodin et
al., 2012; Weisner & Theire, 2010). Only in EVW was the vegetation cover dominated by
emergent vegetation since year 1 (Bodin et al., 2012; Weisner & Theire, 2010). Since SVW
and CW only became around 50 % covered by emergent vegetation, it is reasonable to assume
SVW and CW remained partially covered by other types of vegetation. The conclusion might
therefore not be a decreasing importance of vegetation cover, but rather a decreasing
importance of vegetation type, as the ecosystem grows older.
Nitrate removal potentials in these wetlands up to the eight year after creation indicate
positive correlation between proportion vegetation cover and nitrate removal potential. From
year 8, the nitrate removal potentials in EVW appear to be lowered whilst they seem to be
unaffected in SVW and CW, resulting in similar removal potentials in all wetland groups.
One plausible explanation for this could be litter accumulation and subsequent change in
wetland hydraulics (Kadlec & Wallace, 2009). Even though litter initially favours
denitrification (e.g. by supplying organic carbon) (Kadlec & Wallace, 2009; Weisner et al.,
1994), it can cause problems over time. Decomposition of plant material usually requires
14

more than one year be completed, especially in cold climates (Kadlec & Wallace, 2009). Over
time, this results in litter accumulation that leads to impaired hydraulics (Shucksmith et al.,
2010) and subsequent decrease in nitrate removal (Bodin et al., 2012; Kadlec & Wallace,
2009). The litter produced by emergent vegetation is more resistant to decomposition
(Weisner et al., 1994), wherefore litter accumulation in EVW was likely more pronounced
than in SVW and CW. If vegetation densification and litter accumulation are used as evidence
of ecosystem ageing, EVW seem to have aged faster than SVW and CW. This theory is
however not supported by any analysis. The combination of favourable factors for vegetation
establishment in all wetlands in this study led to rapid ecosystem ageing. In comparison with
other wetlands that are e.g. larger, deeper or further away from existing populations of
helophytes, the wetlands in this study likely aged faster. How much faster ageing has been in
these wetlands is hard to estimate, since it depends on what they are compared with. If a
generalisation from experimental wetlands to created wetlands in general is possible it not
only indicates a longer life-span than previously observed for free water surface wetlands
(Braskerud, 2002; Fisher & Acreman, 2004; Wu et al., 2015), but it also indicates increasing
nitrate removal potentials during that life-span. If litter accumulation due to plant cover is the
main cause for wetland ageing, removal of plants could possibly slow down the ageing
process. That means wetland maintenance, as mentioned by Bodin et al. (2012), could further
increase the life-span of free water surface wetlands in agricultural areas.
Seasonal differences and changes with increased age
Nitrate removal potential was as expected higher in summer than in winter. This was evident
for all ways of expressing nitrate removal. Nitrate removal potentials during winter were
generally more likely to increase with ecosystem age compared to during summer. This is
probably explained by the increase in temperature that occurred during the winters but not
during summers (e.g. Kadlec & Wallace, 2009). Increasing winter values combined with
stagnant summer values resulted in a net increase of K and Ka during the studied period. The
most interesting part of this result is the persistence of higher summer values even when
adjustment for temperature is done (Ka). Even though winter Ka were higher than summer Ka
some years, the mean summer Ka for the studied period was higher than the mean winter Ka.
This difference persists even when EVW, which ups the summer values the most, are
excluded from the data set. This suggests more factors than temperature contribute to higher
nitrate removal potentials in summer. The main contributing factor apart from temperature
was probably nitrate uptake in growing vegetation (Arango et al., 2008; Kadlec & Wallace,
2009; Vymazal, 2007).
The observed increase in nitrate removal efficiency in this study over time was, at least partly,
due to lowered nitrate loads. Lover nitrate loads are not solely accountable for increased
removal efficiency. The drop in nitrate loads happened from year 3 to year 5, but removal
efficiency kept increasing despite stationary nitrate loads. This indicates an improvement in
nitrate removal efficiency as the wetlands grew older. When removal efficiency is increased
because of lowered nitrate loads, the opposite effect is expected for the removal rate (Kadlec,
2005; Land et al., 2016; Strand & Weisner, 2013; Vymazal, 2007; Weisner et al., 2016). In
this study, this only applies for summer values which decreased during the studied period.
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Since winter values instead increased, the total change over time was in effect non-existing.
The fact that the removal rate did not decrease as expected suggests an improvement in nitrate
removal rate with increased ecosystem age. But, as nitrate loads, more specifically flow rates,
were lowered the hydraulic residence time increased. Longer residence time may have
positively affected both nitrate removal efficiency and nitrate removal rate (Faulwetter et al.,
2009; Kadlec & Wallace, 2009; Wu et al., 2015). The fact that nitrate removal rate and
removal efficiency are easily affected by other factors makes linking them to ageing difficult.
K and Ka on the other hand are more resistant to changes since more factors are included in
the equations. The general increase in K and Ka therefore further indicates an improvement in
nitrate removal potential as these wetlands grew older. In contrast to Braskerud (2002), the
overall results in this study indicates ecosystem age has a positive effect on nitrate removal in
created wetlands.
Experimental wetlands compared to other created wetlands
The relevance of results from experimental wetlands largely depends on their applicability to
other wetlands. The wetlands in this study had only slightly lower removal rate and higher
removal efficiency compared to the wetlands included in Strand & Weisner (2013), even
though the wetlands in Strand & Weisner (2013) were both bigger and received higher N
loads. In comparison to Kadlec (2005), the removal efficiency in my study was lower whilst
the removal rate was higher. Both K and Ka in Kadlec (2005) were higher than in my study.
The Ka presented in Andersson et al. (2005) was, however, only slightly higher than the Ka
presented in this study. The similarities in N removal rate and efficiency between this and
compared study indicates an applicableness of results from experimental wetlands to other
created wetlands.
One reason for lower values for nitrate removal potentials in the wetlands in my study is the
fact that adjustment for amount of rain was done, but not adjustment for evapotranspiration.
Evaporation and transpiration occurred all wetland groups but was probably most prominent
in EVW (Kadlec & Wallace, 2009). Some emergent vegetation, e.g. P. australis, are known to
at times transpire more water than what is added via rain (Packer et al., 2017). Nitrate removal
potentials might therefore be underestimated in this study, especially for EVW. Evaporation is
positively correlated with temperature (Kadlec & Wallace, 2009), wherefore summer values
might be especially underestimated. The generally low inlet and outlet concentrations of
nitrate in this study might have resulted in underestimation of the removal. The concentrations
were at times so close to be the same that the difference between them was within the margin
of error for the measurement instruments, and differences between them might have been
missed.
Applied aspects
These wetlands were not maintained in any way that entails cutting or removing plants.
Seeing that removal potentials did not decline in EVW in connection to them reaching almost
full vegetation cover, the problem with overgrowth in wetlands might not be as big a problem
as previously suggested. This result can have significant meaning for applied environmental
science, more precisely for the creation and maintenance of wetlands. Since EVW generally
were the best performing wetlands, it supports the conclusion that a wetland is not “too old”
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for nitrate removal just because it is covered in plants. This undermines the importance of
extensive efforts to remove wetland vegetation, i.e. what is usually called wetland
maintenance. By changing from possible over-maintenance to less maintenance, the resulting
nitrogen removal potentials could increase whilst the work-load for land owners could
decrease. These small wetlands are assumed to age faster than bigger wetlands. Assuming
other wetlands will follow the same trend as these wetlands, nitrate removal potential will
increase or at worst stagnate during an ageing process much longer than 11 years. This, in
combination with possibly lowered maintenance requirements, would further motivate
creation of wetlands for mitigation of eutrophication.
Proposed future studies
Since these results differed from what was expected regarding overgrowth, more studies on
effects of vegetation on wetland hydraulics as ecosystems age are needed. Even though results
from small experimental wetlands can indicate how results from larger and more “natural”
wetlands would look, to conduct similar long-term studies on those kinds of wetlands would
provide additional important knowledge. Nitrate, or nitrogen, is not the only relevant
substance in all wetlands. For a broader result, analyses of phosphorous removal with
increased ecosystem age would be a good addition to analyses of nitrogen removal with
increased ecosystem age. Other factors, such as biodiversity enrichment and recreational
values, could also be included for an even more multifaceted study. A majority of studies
focus on individual wetlands and not on the combined effects of several wetlands in a
catchment. Seeing wetlands as part of a bigger system would be beneficial for a more holistic
and realistic view on the importance of wetlands.

Conclusion
As the wetland ecosystem aged from a juvenile to a more mature ecosystem, the nitrate
removal potential increased. The best performing wetlands were those initially planted with,
and after four years almost completely covered by, emergent vegetation. This study also
shows ecosystem aging may be hastened by initial planting of wetland vegetation, and that
ecosystem age has a positive effect on nitrate removal efficiency, nitrate removal rate and
nitrate removal rate coefficients (K and Ka) in created wetlands.
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