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High nitrogen removal in a constructed wetland receiving treated wastewater in a cold climate
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ABSTRACT

Constructed wetlands provide cost-efficient nutrient removal, with minimal input of human labor and
energy, and their number is globally increasing. However, in northern latitudes, wetlands are rarely
utilized, because their nutrient removal efficiency has been questioned due to the cold climate. Here,
we studied nutrient retention and nitrogen removal in a boreal constructed wetland (4ha) receiving
treated nitrogen-rich wastewater. On a yearly basis, most of the inorganic nutrients were retained by the
wetland. The highest retention efficiency was found during the ice-free period, being 79% for
ammonium-nitrogen (NH4"-N), 71% for nitrate-nitrogen (NO3-N) and 88% for phosphate-phosphorus
(PO4*-P). Wetland also acted as a buffer zone during disturbed nitrification process of the wastewater
treatment plant. Denitrification varied between 106 and 252 mg N m d-! during ice-free period.
During ice-cover period, total gaseous nitrogen removal was 147 mg N m d"!, from which 66% was

removed as N2, 28.5% as nitrous oxide (N20) through denitrification, and 5.5% as N> through
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anammox. Nearly 2600 kg N y! was estimated to be removed through microbial gaseous N-production
which equaled 72% of NO3™-N and 60% of TN yearly retention in the wetland. Wetland retained
nutrients even in winter, when good oxygen conditions prevailed under ice. The results suggest that
constructed wetlands are an efficient option for wastewater nitrogen removal and nutrient retention also

in cold climates.

INTRODUCTION

Since the 1960s, growing human population has substantially increased excess nitrogen (N) in the
environment causing health, environmental and economic problems through e.g. aerosols and ground-
level ozone, loss of biodiversity, eutrophication and climate change.! Although a major part of
anthropogenic nutrient loading comes from non-point sources, point sources (e.g. wastewater effluents)
can cause significant environmental problems, especially in small water bodies.? In Finland,
wastewater treatment plants (WWTPs) retain > 90% of the incoming phosphorus (P), while N removal
efficiency is generally lower, varying between 8-92%.3 Most modern WWTPs rely only on primary and
secondary treatments*, and treated wastewater still contains high amounts of nitrate-nitrogen (NO3™-N)

when entering the recipient water bodies.

Traditionally, P is considered as the key limiting nutrient for phytoplankton growth in freshwater
systems>%, and therefore lake management has mainly focused on P reduction. However, freshwater
systems can also be N-limited’-!! and the limiting nutrient can vary seasonally and spatially.'?-!4
Furthermore coastal seas, e.g. The Baltic Sea, are generally N-limited.!® In Finland, natural N retention
efficiency of the Baltic coast is low (0-20%)'®, so more effort should be made in inland nutrient
removal. A huge potential for nutrient reduction exists in WWTPs in the Baltic Sea area'’, and recent

cost-efficiency modeling results from Finland including both agricultural and WWTP sources suggest

that N load abatement measures should be targeted at WWTPs that have low N reduction level.'®
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Constructed wetlands (CWs) can be an efficient and low-cost option for wastewater nutrient removal'®-

2l and polishing treated wastewater??, especially in small communities and in areas without centralized
wastewater treatment. CWs require no chemical and energy inputs, so maintenance costs are lower as
compared with conventional WWTPs.2® Maintenance includes the removal of excess vegetation and
sediment. However, it is not always clear whether the CWs can successfully be applied in a cold

climate.?3-%4

In wetlands, the most important N removal process is microbial-driven denitrification, where NO;™ is
reduced to nitrous oxide (N20), and further to nitrogen gas (N2) under anoxic conditions.?’
Traditionally, denitrification rates have been considered to decline with declining temperature?®, but
previous studies conducted in boreal lakes have reported active denitrification also during cold
seasons.?”? The relative production of the greenhouse gas N>O is highly variable depending on
environmental conditions (e.g. temperature, oxygen concentration, carbon (C)3°32) suggesting that the
share of N>O from denitrification could be substantial in seasonally variable boreal environments.
Another pathway contributing to N removal is anaerobic ammonium oxidation (anammox), which is
important in environments with low organic C33-34as well as in wastewaters.>> Unlike heterotrophic
denitrification, anammox produces no N>O, requires no external C source®, and may thus remove N

year around.

In this study, we measured nutrient retention in a constructed wetland for two years at Lammi WWTP,
southern Finland. Our study questions were: 1) how efficiently does the wetland retain nutrients from
treated wastewater? 2) does the retention efficiency vary between seasons or study years? and 3) are
anammox and incomplete denitrification (N2O production) important in N removal during ice-cover

period?
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MATERIALS AND METHODS

Study site

The study was carried out in a constructed wetland (4 ha, with mean depth 1.0 m), residence time ca.
40 days (Figure 1) at Lammi WWTP of Himeenlinnan Seudun Vesi Ltd, in southern Finland
(61°08'83""N, 24°99'66"E). The annual mean temperature of air is approximately 4-5 °C. Originally,
the wetland was constructed in 1963 to treat wastewaters from a dairy. Since the 1970s the wetland has
been used for tertiary treatment of municipal wastewaters from October to April. From May to
September, the treated wastewater has been discharged straight to the recipient Lake Ormajérvi, to
avoid aesthetic impairment resulting from high algae biomass discharged from the CW. During this
study, the treated wastewater was discharged into the study wetland all year round. The Lammi WWTP
is a small unit treating domestic wastewater of 4000 inhabitants, ca. 350 000 m? y~!. Average daily
discharge (Q) to the WWTP is 871 m? d! (335 m? d!) varying seasonally. Highest discharge is
usually recorded during snow melt and in summer after heavy rains. The treatment process contains
sand separation, P removal by iron (IT)-sulfate (FeSO4) and nitrification of ammonium-nitrogen (NH4"-
N) to NOs™-N. After the treatment, wastewater is first directed to two small (600 m? each) settling
ponds with ca.12-hour residence time, then through a collection well gathering the waters before
entering the wetland. During summer, ca. 10—15% of the surface area is covered with vegetation

consisting mostly of Typha latifolia and Phragmites australis.
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Lake Ormajarvi

Figure 1. Constructed wetland of Lammi WWTP. Inlet is the place for treated wastewater discharge
and outlet is the wetland discharge to Lake Ormajérvi. 1 = sampling of the WWTP discharge from a
collection well, 2 = sampling of the wetland discharge, 3 = sediment sampling in the vegetated area in
June and August 2015, 4 = sediment sampling in the non-vegetated area in June and August 2015 as

well as February 2017.

Nutrient and chlorophyll-a sampling and analyses

Nutrient, dissolved organic carbon (DOC) and chlorophyll-a (Chl) samples were taken biweekly during
two years (n=45), starting on 25 March 2015 continuing until 15 March 2017. Besides nutrients, we
measured dissolved oxygen (O2) and water temperature (T) with an oxygen meter (ProODO, YSI) 0.1
m from the bottom and 0.1 m below the surface close to the inlet (depth ca. 1.0 m) and 0.1 m below the
surface close to the outlet (ca. 0.2 m) (Figure 1). WWTP discharge nutrient samples and DOC were

taken from the collection well (Figure 1). Wetland discharge nutrients, DOC and Chl were sampled
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from the outlet (Figure 1). All water samples were kept dark and cold (+4 °C), and analyzed in the
laboratory within 1-3 hours. The samples were filtered through pre-rinsed (deionized water MQ; EMD
Millipore, Billerica) 0.45 um filters (Millex-HA, Merck Millipore). DOC was analyzed according to
SFS-EN 1484 (SFS-EN; same standard for Finland and Europe), with carbon analyzer (Ordior TOC-V,
Shimadzu). NO2-N + NO3;-N (henceforth referred to as NOx -N) was analyzed following the SFS-EN
ISO 13395 standard. NH4"-N analysis was performed according to SFS-EN ISO 11732 standard with a
modification of using salicylate method. Total N (TN) was analyzed from a non-filtered sample
according to SFS-EN ISO 11905-1. Total P (TP) and PO4+*-P were analyzed following ISO/DIS 15681-
2 standard, except persulphate digestion was used in total P analysis. All nutrient fractions were
measured with spectrophotometer (Gallery Plus, Thermo Scientific). Chl filters (Whatman GF/C glass-
fiber, Whatman) were stored in a freezer -20 °C (SFS 5772) before spectrophotometrical analysis (UV-
1800, Shimadzu). Particulate N (PN) and particulate P (PP) were obtained by subtracting the
concentrations of dissolved fractions from totals (i.e. PN=TN - NOx-N - NH4"-N and PP=TP - PO4*"-
P). Atmospheric N deposition to the wetland was estimated from data 2011-2016 provided by the
Finnish Meteorological Institute (FMI) from a monitoring site situated (61°14.3926'N, 25°03.9161'E)
ca. 6.5 km NE from the WWTP wetland. As the N deposition for the whole wetland (NOx-N + NH4"-
N) was insignificant (29 g d"') compared with the WWTP TN discharge (23 kg d!), it was not taken

into account in mass balance.

Sediment analyses
After determining the water content of the sediment, porosity of the surface sediment (0-3 cm) was
calculated from a homogenized and dried (105 °C, 16-20h) subsample. The content of organic carbon

was calculated from the loss on ignition (LOI%) from oven-dried (550 °C, 2h) surface sediment.
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Denitrification and anammox measurements
Before stable isotope incubations, the underlying assumptions of the !*N-isotope pairing technique
(IPT)* were verified with a concentration series of !°N-labeled potassium nitrate (K'*’NOs, 98 atom%,

Sigma-Aldrich) 3, 9, 18 and 30 mg L™! using the wetland sediment.

Sediment N2-production rates were measured in June and August 2015 from a vegetated area as well as
from a non-vegetated area. Intact sediment cores (height 16 cm, diameter 2.4 cm) were collected by
hand from the vegetated area (7ypha latifolia). In the non-vegetated area, larger sediment cores (height
34.1 cm, diameter 4.1 cm) were collected with a sediment sampler. Water-sediment ratio in the cores
were approximately 70/30%. Samples were kept dark until delivered to the laboratory within an hour.
Denitrification rates for Nao-production were obtained from cores incubated in the laboratory in dark at
in situ temperature. After addition of the label, the water column was gently mixed with a glass rod to
ensure homogenous distribution of the label, after which the cores were sealed with rubber stoppers and
incubated for 3h with magnetic stirring (25 rpm). Assuming higher ambient NOx~ concentration in the
non-vegetated area (situated closer to the WWTP discharge) than in the vegetated area, we used
different concentrations of K!°NOs: 2.25, 5.25, 10.5 and 15 mg N L! in the vegetated area cores, and 6,
16.5,27 and 37.5 mg N L"! in the cores from the non-vegetated area. For each concentration, we had 2—
3 replicate cores. Two unlabeled cores from each site were used for measuring background N>
concentration. After incubation, the water and sediment of each core was stirred into slurry, and a 12
mL-subsample was taken from each core into a glass vial (Exetainer 12 mL 738W, Labco Limited)
containing 100 pL of formaldehyde solution (37 wt%, Sigma-Aldrich) to terminate all microbial
activity. Vials were stored upside down (+4 °C, dark). Before stable isotope analysis, a helium

headspace (5mL) was added to each N> sample.?®
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In addition to summertime measurements, denitrification was measured in typically cold conditions
(avg air temp. -7°C) in the non-vegetated area during winter in February 2017. Unlike in summer, we
measured N> as well as N2O. Sampling procedure was the same as in June and August. However, we
used larger concentration series (n=12) of labeled ’NO3;™-N from 25.5 to 57.4 mg N L-!. Again, two
unlabeled cores were used to determine the background N; and N>O concentration. Due to cold
conditions, incubation time was increased to 5.5h (in situ temperature +3 °C). For N>O-production rate,
a slurry sample of 30 mL was collected into a polypropylene syringe (60 mL) avoiding any air bubbles
and 30 mL helium headspace was added in the syringes. After equilibration at 20°C by vigorous
shaking, 20 mL of the headspace was transferred to the pre-evacuated glass vial (12 mL, Labco

Exetainer®) and stored over-pressurised in the dark until analysis.

Isotope analysis and calculation of denitrification and anammox

Sample isotope mass areas (m/z 28, 29, 30, 44, 45, and 46) as well as N> and N>O concentrations were
analyzed with isotope ratio mass spectrometer (CF-IRMS, Isoprime Ltd) connected to a TraceGas
preconcentrator unit. For N2, a modified N>O method with no cryotrapping, and valves in CO, mode
was used, while N>O analysis was done following the standard Isoprime TraceGas N>O procedure with
cryotapping. For summer samples, we measured only N»-production as previously reported.’® For
winter sampling, full and truncated denitrification (N2+N20) and anammox rates were calculated with a

different procedure.’’

Wetland nutrient loading and retention
Wastewater discharge (Q, m™ d™!) entering the WWTP was used for wetland nutrient load calculations
assuming, that equal amount of water enters the wetland. We calculated wetland N and P retention for

the study years and for different periods (ice-free and ice-cover). From June to September, the
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decreasing effect of wetland surface evapotranspiration to the wetland discharge was taken into
account.’® Nutrient and DOC retention/release were calculated as the difference between load in and

load out relative to the incoming load.

Data analysis

We investigated the differences in nutrient retention between the study years, but also between ice-free
and ice-cover periods using non-parametric Wilcoxon signed rank tests. We used regression analysis to
investigate the relationships between environmental factors (temperature, Oz, pH) and Chl concentration.
In addition, the difference in nutrient concentration between wetland inlet and outlet relative to
environmental factors was examined to clarify the prevailing processes in the wetland. Finally, we
estimated yearly N removal in the wetland on the basis of the measured N removal process rates.

Softwares used were SPSS 24 and Microsoft Excel for Mac 16.12.

RESULTS

Water temperature and oxygen conditions in the wetland

Water temperature and dissolved oxygen concentration near the wetland outlet were highest from June
to August. Maximum temperature in the outflowing water was 20.3 °C during the first ice-free period
(2015) and 20.6 °C during the second, both measured in August. During ice-cover, temperature and O>
were similar in both study years, temperature being lowest in January. Lowest O> saturation in the
wetland discharge was measured both years during ice-cover in February (2.8 and 8.0 %). During ice-
free period, O2 saturation was higher in the first year reaching up to 270%, while the maximum in the

second year was 230%.

Nutrient loading and environmental conditions relative to open water and ice-cover periods
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WWTP discharge to the wetland was highest in spring (Table 1). Mean inflowing TN concentration
was 27.6 mg N L. TN load from the WWTP to the wetland consisted mostly of NOx-N (67%), and
the proportion of NH4*-N was 28%. During the study, NOx-N concentration of the incoming treated
wastewater varied from 1.5 to 51.0 mg N L*! being 19.6 mg N L-! on average. The proportions of
inorganic N fractions varied temporally (Figure 2), NOx-N loading from the WWTP being 0.9-57.8,
and NH4*-N loading between 0.1-19.4 kg N d!(Table 1). NH4+"-N loading was fourfold in the second
year ice-free period as compared with the one measured in the first year. Most of the TP-load from the

WWTP was in particulate form.

Table 1. WWTP discharge (Q, m’ d"l) and nutrient load (kg d'l) to the wetland from 2015 to 2017 (periodical
averages within a study year, as well as mean, minimum, maximum and standard deviation for the whole study).

Ice-free period April-November, ice-cover period December—March. DOC = dissolved organic carbon, NH, -N
= ammonium-nitrogen, PO, -P= phosphate-phosphorus, NO, -N = nitrate+nitrite-nitrogen, TN = total
nitrogen, TP = total phosphorus, PN = particulate nitrogen, PP = particulate phosphorus.

Q pDOC NH,-N PO/ -P NO,-N TN TP PN PP
m'd") (kgd") (kgd') (kgd") (kgd") (kgd") (kgd') (kgd') (kgd)

1st year

Ice-free period 885 8.4 2.2 0.10 20.1 233 0.30 1.00 0.20
Ice-cover period 1122 9.5 7.4 0.068 14.8 23.9 0.32 1.67 0.25
2nd year

Ice-free period 781 7.9 8.9 0.05 10.1 19.3 0.30 0.89 0.26
Ice-cover period 826 7.4 5.7 0.06 23.1 31.0 0.22 2.30 0.16
Mean 871 8.2 5.8 0.07 16.0 22.7 0.29 1.19 0.22
min 422 3.2 0.13 0.004 0.85 7.4 0.069 0.001  0.028
max 1790 18.8 19.4 0.30 57.8 70.6 0.95 5.86 0.69
st.dev 335 3.5 53 0.065 9.6 9.7 0.15 1.16 0.13
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Figure 2. Daily ammonium-nitrogen (NH4*-N) and nitrite+nitrate-nitrogen (NOx -N) WWTP discharge

(columns) to the wetland and the proportion (%) of the inorganic N fractions from the total nitrogen

(TN) discharge (dotted line) between 2015 and 2017. Ice-cover periods are indicated with gray areas.

Nutrient retention in the wetland

During the two study years, the retention efficiency was positive for inorganic as well as for total

nutrient fractions (Table 2). More than half of the incoming TN, NH4"-N, NOx-N and PO4*~-P was
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retained, whereas the retention of TP was lower. Q and N retention had rather similar annual patterns,
whereas the retention of DOC, PO4*~-P and PP differed (Table 2). N retention varied also seasonally:
highest proportions of inorganic N fractions were retained during ice-free period, while the amount of
PN discharged from the wetland increased. Similarly, PP was produced during ice-free periods, but
retained during the ice-cover periods. The amount of particulate N and P increased with Chl (R?>=0.83

and 0.84, respectively). Maximum Chl concentration (1044 pg L") was measured during the second

year, whereas during the first year the highest concentration was 525 pg L!. Annual N retention in the
wetland was nearly 4300 kg for TN, 3600 kg for NOx-N, nearly 1300 kg for NH4*-N, meaning 108, 90
and 33 g N m?, respectively. PN release from the wetland to Lake Ormajérvi was > 500 kg N y-!
(Table 2). The release of NH4*-N and PO4*-P from the wetland to the lake during the second ice-cover

period can partly be explained with low O saturation (R? = 0.33, p-value < 0.005).

Table 2. Mean nutrient retention (%) and removed or released (-) average nutrient load (kg y']) in the wetland. Ice-free
period Apri-November, ice-cover period December—March. DOC = dissolved organic carbon, NH, -N = ammonium-
nitrogen, PO, -P= phosphate-phosphorus, NO, -N = nitrite+nitrate-nitrogen, TN = total nitrogen, TP = total phosphorus,
PN = particulate nitrogen, PP = particulate phosphorus. Results of the non-parametric Wilcoxon signed rank test with Z-

and P-values.
DOC NH,-N PO43_-P NO, -N TN TP PN PP

1st year (n=23)

Open water period (%) -10.7 75.2 89.9 73.7 63.2 13.9 -188.2 -19.9
Ice-cover period (%) -2.8 48.5 16.4 19.4 242 450 @ -40.9 52.9
2nd year (n=22)

Open water period (%) 10.1 83.4 86.3 68.3 60.6 82 -2253 -6.7
Ice-cover period (%) 3.0 -54.4 -32.0 51.8 32.0 @ 16.3 36.8 34.0
Avg change (kg y ) -114.2  1286.0 17.2 3580.5 4280.7 16.7 -528.1 -0.6

-0.09 -2.22 -2.93 -2.85 -2.85  -0.09 -2.58 -1.60
0.93 0.03 0.003 = 0.004  0.004 093 0.010 0.72

Difference between open water
(n=34) and ice-cover (n=11) periods

N|™ N

-1.96 -0.60 -2.26 -0.99 -031  -0.31 -0.96 -2.03

Difference between study years
P 0.050 0.55 0.024 0.32 076  0.76  0.34 0.042

Statistically significant test values (P < 0.05) are written in italics.
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Denitrification and anammox rates

Results from the >'NO;~ concentration series proved that denitrification (D14) based on the natural
“NO;~ was not affected by the added label ’NOs~ (S1). In summer, the highest denitrification rate (252
mg N m2 d!as N») was found in June in the vegetated area (Figure 4a), when the bottom water
temperature was 15.5 °C. In the non-vegetated area, denitrification was fueled by both water column
NOx™ and coupled nitrification-denitrification, whereas in the vegetated area, denitrification was
completely based on the water column NOx~. NOx™-N concentrations were 6.4 and 6.1 mg N L! in
vegetated and non-vegetated area, respectively. In August (Figure 4b), the bottom water temperature
had increased to 18 °C, but the N2-production rate was lower than in June, following NOx-N

concentration (non-vegetated area 3.4, vegetated area 2.4 mg N L).

In winter (water temp. +3°C), NOx -N concentration in the WWTP discharge reached the maximum
and the concentration above the sediment was nearly 10-fold (24.9 mg N L-!) as compared with
August. Na-production rates were 94.7 for denitrification and 8.3 mg N m d! for anammox,
respectively. In addition, 44.0 mg N m d! was released as N>O from incomplete denitrification, so the
total N removal was 147.0 mg N m2 d-! (Figure 4¢). In average, complete denitrification contributed
66% (45.5-75.1%), incomplete denitrification (N20O) 28.5% (20.4—46.2%), and anammox 5.5% (0.21—

12.8%) to the total NOx-N removal.
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Figure 3. N removal rates by denitrification based on the original IPT in June (a), and in August (b). In
February (c), N removal rates by denitrification, incomplete denitrification (N2O) and anammox only in
the non-vegetated area. Dy = denitrification based on water column nitrate, D, = denitrification based

on coupled nitrification-denitrification.

Based on the measured N2 production rates, and assuming: 1) the proportional N>O and anammox rates
relative to N2 being stable year round, 2) vegetation cover being 15% during ice-free period, the
calculated mean N removal was 8.5 kg N d™! for the whole wetland, totaling in 1869 kg N during ice-
free period (8 months). During ice-cover period (4 months), the water temperature above the sediment
was ca. 12-15 °C lower when compared with the summer measurements. Calculated N removal rate
was 5.9 kg N d'!, totaling 717 kg N. To conclude, the 4-ha wetland removed 2586 kg N y! through the
microbial gaseous N-production (Figure4). This equals 72% of the NOx-N retention and 60% of the

TN retention per year calculated from mass balance.
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~ based on gaseous N»- and N>O-
z
L 3000 - . . .
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0
N-gaseous NO, -N retention =~ TN-retention balance in the 4-ha wetland.
removal
DISCUSSION

Here we demonstrated, that CWs can improve N removal also in northern WWTPs. Lammi WWTP
wetland had a TN retention of 52% with an average in-load of 207 g m2 (27.6 mg N L'!). More than
half of the inorganic nutrients were retained, and the highest retention efficiency was measured for N:
61-86% during ice-free period and 19—52% during ice-cover period. Although the retention
efficiencies of inorganic nutrient fractions were lower during ice-cover periods, they were still mainly
positive. Only under poor oxygen conditions, ammonium-nitrogen and phosphate-phosphorus release
from the wetland was found. During the first ice-cover period, phosphate-phosphorus release was
found between January and March, when oxygen saturation in the wetland discharge was 2.8-30.1%.
The second ice-cover period was similar and phosphate-phosphorus was released between late

November and February under oxygen saturation in the wetland discharge between 8 and 35%. At
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present, Lammi WWTP has N reduction ca. 50% without the CW, so it can easily achieve the 70% N
reduction target set by EU directive (91/271/ETY)?*® and national regulation (888/2006)*, although the
present environmental permission allows a lower N reduction due to local conditions in the recipient
lake. Our findings are in line with previous studies. Four treatment wetlands were studied in South
Sweden and TN removal varied between 7001500 kg ha! y!.#! TN retention was studied in 85
wetlands situated in variable climatic conditions with an average yearly in-load of 466 g m? (14.3 mg

N L), and mean retention was 41% .*?

Microbial processes, which are applied in wastewater technology, are sensitive to seasonal changes.
We found an increase in the ammonium-nitrogen load to the wetland from the WWTP, likely resulting
from a cold shock in bacterial community*, leading to an insufficient nitrification process at the start
of the ice-cover periods. Furthermore, we found high ammonium-nitrogen load from the WWTP
released to the wetland during the second ice-free period (shown in Fig. 2). This was caused by a
sudden significant increase in WWTP inflow coming from the wastewaters of a large Scout camp with
17 000 participants, which most likely disturbed the nitrification process in the WWTP. The WWTP
nitrification efficiency remained low until October, but ammonium was successfully nitrified in the
wetland. This indicates that northern treatment wetlands may not only improve the overall N retention
efficiency under undisturbed situations, but can also buffer situations like disturbed WWTP
nitrification process. Our results also show, that phosphate-phosphorus was mostly taken up by algae
and bacteria during the ice-free periods. Wetland N removal was driven by denitrification. The results
suggest that denitrifying bacteria were active also under ice in winter, agreeing with the few studies
conducted in cold climate***, Tt seems denitrification rates are not controlled only by temperature, but
also by nitrate availability?”#*4, In winter, ice-cover and snow can act as an insulator in shallow

wetlands supporting microbiological processes in the sediment.*’ The presence of anammox in the
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studied sediment was not shown as an increased denitrification rate along with the added label amount
in the >NOs concentration series prior to the experiments. However, modest contribution of anammox
may still be present even if not shown*!. Slow growing anammox bacteria may be suppressed by

fluctuations in environmental factors like oxygen, high nitrate and ammonium concentrations**->°

, Or by
low temperature (< 30 °C)°!. In addition, when organic C is not limiting, heterotrophic denitrification

bacteria generally out-compete anammox bacteria.*

Nitrous oxide production in aquatic systems can be promoted by different conditions, such as high
N30-32-33 and low availability of organic C>°. However, the knowledge of nitrous oxide generation is
mostly limited to open water seasons. In our winter measurements, the contribution of nitrous oxide in
the total N removal was notable, which could be explained with organic C limiting the last
denitrification step>-3>. Furthermore, low temperate has been found to affect more to nitrous oxide
reductase than enzymes producing nitrous oxide.*® Therefore, the portion of N>O from total
denitrification being stable all year round, may be an overestimation in the calculated N budget.
Denitrification in the vegetated area was entirely based on the nitrate diffusing from the water (Dy),
even though earlier studies have reported plant roots to increase nitrification by oxygenation of the
sediment®. Typha latifolia might have been so efficient in its nutrient uptake from the sediment in June
and August that no ammonium was left available for nitrifiers. 7. latifolia has been found to be well
adapted to grow in wetland soils where ammonium is the prevailing nitrogen compound.®” In general,

macrophytes have been reported to be beneficial in many ways to microbial N removal in CWs, 24428

Nitrous oxide rate from denitrification measured in February stands within the range from studies
performed in Norway, Sweden, Finland and Estonia reporting emissions in CWs treating wastewater:

—5.3 to 110 mg N m? d1.> In comparison with the winter N> denitrification rates measured by similar
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technique in eutrophied Lake Ormajarvi (ca. 2.7 mg N m2 d')%°, and in boreal agricultural stream
water (1.7 mg N m2 d1)*, the measured N; rate in the studied WWTP wetland was approximately 20-
fold most likely due to a higher nitrate availability. In addition to the measured high denitrification rate,
one of the key factors explaining efficient nutrient retention in the wetland is the relatively long

61-62

residence time among CWs®' %, although as compared with the average residence time in Finnish lakes

(ca. 2 years)®, it is very short. This highlights the efficiency of nutrient cycling in shallow wetlands.

In summary, constructed wetlands in northern latitudes have been largely ignored as a way to treat
wastewaters, mainly because their efficiency in cold climate is questioned. Lammi WWTP wetland
significantly reduces nutrient loading to Lake Ormajirvi. This study shows that microbial activity can
have an impressive impact on nitrogen removal despite low temperatures and cold winter if the water
residence time is sufficient. However, more information is needed about the relative nitrous oxide

production throughout a year, so that generation of this strong greenhouse gas can be mitigated.
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Figure S1. Results from the '’NO3~ concentration series experiment.
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Figure S2. Temperature and oxygen saturation in the wetland discharge from 25 March 2015 to 15

March 2017.
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