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Abstract

Sediment microbes have a great potential to tramsfeactive N to harmless,Nthus decreasing
wastewater nitrogen load into aquatic ecosysteneseHwe examined if spatial allocation of the
wastewater discharge by a specially constructetingsd diffuser pipe system enhanced the microbial
nitrate reduction processes. Full-scale experimesi® set on two Finnish lake sites, Keuruu and
Petajavesi, and effects on the nitrate removalqeses were studied using the stable isotope pairing
technique. All nitrate reduction rates followedraie concentrations, being highest at the wastewate
influenced sampling points. Complete denitrificatimith N, as an end-product was the main nitrate
reduction process, indicating that the high niteatd organic matter concentrations of wastewater di
not promote nitrous oxide @9) production (truncated denitrification) or amnfaration
(dissimilatory nitrate reduction to ammonium; DNRAJsing 3D simulation, we demonstrated that
the sediment diffusion method enhanced the cotitaetand amount of wastewater near the sediment
surface especially in spring and in autumn, altgepnganic matter concentration and oxygen levels,
and increasing the denitrification capacity of gesliment. We estimated that natural denitrification
potentially removed 3-10% of discharged wastewaitate in the 33 ha study area of Keuruu, and
the sediment diffusion method increased this adeailtrification capacity on average 45%. Overall,
our results indicate that sediment diffusion metloach supplement wastewater treatment plant

(WWTP) nitrate removal without enhancing alternativarmful processes.

keywords: denitrification; DNRA; nitrate reductionifrous oxide; nitrogen removal; wastewater;
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1 Introduction

Wastewater effluents are important point sourceseattive nitrogen (N), significantly altering the
biogeochemistry of the receiving aquatic ecosysté@mey and Migliaccio 2009). Recent studies
highlight the importance of efficient N removahirastewater treatment plants (WWTPs; Lofton et al.
2007; Lee et al. 2016). Currently, the most commastewater treatment standard in Europe, North
America and Australia is the secondary treatmerdr(id et al. 2017), where activated sludge is used
to remove organic material and convert incoming amom (NH,") to nitrate (NQ; Carey and
Migliaccio 2009). To protect the ecological conaliti of the receiving waterbodies, national and
international protection acts and regulations (Eld.Urban Waste Water Directive, US Clean Water
Act; Morris et al. 2017) have established N remdiraits for WWTPs. In order to achieve these
limits also in future, WWTPs have to acquire mooplssticated treatment methods (e.g. tertiary
treatment), meaning high investing costs especifalysmall WWTPs (population equivalest

80 000), which are usually the most common (Hautg&a et al. 2014). In addition, a more efficient
N removal at the WWTPs may promote emissions oémneuse gases, e.g. nitrous oxideQN

Hauck et al. 2016).

Lakes, wetlands and other freshwater ecosystemsaege global sinks for reactive N, removing
incoming N through denitrification (Seitzinger ét 2006; Finlay et al. 2013). During denitrificatio
NO; is sequentially converted into nitrite (N nitric oxide (NO) and BD, and, in optimal
conditions, into biologically inert nitrogen gas,jNSeitzinger et al. 2006). As increasing nitrogen
loading enhances nitrogen removal (Finlay et al3}(and denitrification (Seitzinger et al. 2006),
denitrification can potentially diminish the detemtal effect of wastewater on the receiving
ecosystem, and act as a supplemental N removatréated wastewater. However, high NO
concentrations together with a lack of carbon (&) enhance higher production of greenhouse gas
N,O relative to N through incomplete denitrification (Zhao et al.12D Thus, wastewater-induced
denitrification, although removing reactive N, ab@lso be “an ecosystem disservice” (Burgin et al.
2013). However, wastewater typically contains héghounts of organic C as compared to receiving

waterbodies (DeBruyn and Rasmussen 2002), which rsaylitate complete heterotrophic
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denitrification with the N as the end-product in the receiving sediments (Wéeyn et al. 2010).
Moreover, high C:N and high C loading have been alestrated to promote another “ecosystem
disservice”, DNRA (dissimilatory reduction of niteato ammonium), over denitrification (Kraft et al.
2014; Hardison et al. 2015). DNRA converts wastewdiO; into biologically more reactive
ammonium (NH'), retaining N in the ecosystem. Previous resultsnfsediments influenced by
aquaculture waste (Christensen et al. 2000) suglgastvastewater effluent with both high C and N

concentrations could support DNRA, or even favawver denitrification, in the receiving sediments.

Currently, the knowledge on the influence of wastw on nitrate reduction processes in natural
systems is still rather poor, since previous stsutiave focused mainly on changes in the genetic N
transformation potential (e.g. Rahm et al. 2016ar&aheimo et al. 2017). They suggest that
wastewater supports genetic denitrification potdrily bringing more substrate and electron donors
to the sediment microbes, but also by bringing n&WTP microbes and shaping the natural
microbial community. In an urban stream study, boftet al. (2007) measured higher potential
denitrification rates at the wastewater-influenséds than at the pristine upstream sites, buettser
no information on wastewater-driven changes igONproduction. Furthermore, the effect of
wastewater on DNRA rates has only been measurd®hltic Sea estuary, where it was found to
increase DNRA (Bonaglia et al. 2014). This meaas & the moment, it is impossible to estimate the
ultimate fate of wastewater nitrate, and the trueeioval potential of sediment microbes, at least i
lakes and other freshwater ecosystems. In thig/stuel used stable isotope approach (IPT; Nielsen et
al. 1992) to measure denitrification, truncatedittliféioation, and DNRA process rates in boreal lake
sediments along a wastewater gradient. Wastewatetd chave a significant impact on N
transformation processes especially in boreal lakbere denitrification rates are lower as compared

to temperate lakes (Rissanen et al. 2013).

One important factor regulating denitrification wastewater effluents in water bodies is the water
residence time (Seitzinger et al. 2006), whichaffehe contact time between water column nitrate
and sediment. Wastewaters are commonly dischametal meters above the sediment surface, into

lake water columns, meaning that in boreal arems#asonal variation in stratification patternsi@ou
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control the contact times between wastewater awmiiinssmt, e.g. wastewater would be near the
sediment surface only in winter. This would furthead to seasonal differences in sediment
denitrification capacity. In this study, we incredshe wastewater contact time throughout the year
by discharging the water on the lake sediment sarfarough a special diffuser pipe system. By this,
we aimed to increase concentration of wastewatar tige sediment surface to support natural
denitrification. By using a full-scale experimentgproach, we aimed to: 1) compare how spatial
allocation of wastewater affects seasonal N transftg processes, and 2) estimate the applicability
of the sediment diffuser method in wastewater Nawth We hypothesized that wastewater increases
denitrification rate, but potentially also unfavbl@ N,O production or DNRA. In addition, we
hypothesized that sediment diffusion method redseasonal variation, leading to higher overall N

removal capacity.
2 Material and methods

2.1 Study sites

The two WWTPs, Keuruu (8200 population equival&) and Petdjavesi (1800 PE), are located in
Central Finland (Fig. 1). Both WWTPs have primamgafification) and secondary treatment
(activated sludge with nitrification), and dischartteir treated effluents from a one-point outbethe
lake under the normal conditions. In Keuruu, WWTififitation process collapsed in winter 2015
due to cold weather. In Keuruu, the recipient ldleke Keurusselkd, is a large humic lake (11'7)km
belonging to Kokeméaenjoki drainage area, with ayerdepth of 6.4 m and a maximum depth of 40
m. During the experimental study, the diffuser pgystem, having 50 holes (30 mm wide) on both
sides of the 30 m long and 60 cm diameter PE fHup(gl. Fig. 1), was attached to the end of the
original WWTP discharge pipe at the depth of 9 mdoe year (October 2014-November 2015). In
Petajavesi, the treated WWTP effluent is dischargeake Jamsanvesi, which is a medium-sized
humic lake (0.9 ki Fig. 1), belonging to Kymijoki drainage area, lwiverage depth of 4.2 m and
maximum depth of 27 m. In August 2016, the origfANVTP discharge pipe was extended with a
similar diffuser pipe system as in Keuruu (exceptaid 100 holes (30mm wide), and the total length

was 10 and the diameter 20 cm), which directedvaistewater effluent to the sediment surface. The
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costs of the diffuser systems were ~35 000€ in #eyincluding technical design, environmental
permits, construction and installation conductedpbyate companies) and ~3000€ in Petjavesi
(conducted by the local authorities). See Saaremiet al. (2017) for further description of thedstu

sites.

2.2 Sampling

Intact sediment cores for process measurementsasieeted using the Kajak sediment core sampler
(KC Denmark A/S). In Keuruu, there were eight santptrips between years 2014 and 2015 (11 Feb
2014, 6 May 2014, 4 Aug 2014, 14 Oct 2014, 20 J&b219 May 2015, 11 Aug 2015 and 20 Oct
2015), and in Petajavesi, seven trips in 2014 @648 May 2014, 9 Jun 2014, 11 Aug 2014, 13
Aug 2014, 16 Oct 2014, 11 Aug 2016, 20 Oct 2016)riy each sampling trip, three to fifteen
sediment cores (sediment height ~25 cm and diardetan) were collected per each lake site. On
both lake areas, three main sampling points wemgkal each time, one located ~B:8 upstream
from the wastewater discharge point, one at thehdige point and one at approximately 200-300 m
downstream from the discharge point (except in ity 2014 in Petdjavesi; see Suppl. Table 1). To
study the effect of sediment diffusion system, addal 2-4 points were sampled between discharge
and downstream sampling points (Suppl. Table Inferature and dissolved oxygen concentrations
in the water column were measured, and bottom wetflected for measuring concentration of

dissolved inorganic ammonium (YN and nitrate+nitrite (NQ) as in Saarenheimo et al. (2017).

2.3 Sediment core incubations

After sampling, intact sediment cores were transgbto the University of Jyvaskyla laboratory and
stored atin situ temperature in dark until next day. After thate tivater above the sediment was
replaced with water collected from the samplingssitvithout disturbing sediment surfac@\O;
label (K®NO,;, Cambridge Isotope Laboratories) was added to givénitial concentration of 150
umol/L, and the cores (one core per sampling povetle capped with rubber stoppers and incubated
atin situ temperature and in dark for 4 h with constantiatir(90 rpm). Pre-incubation time of 5 min
was used (Nielsen 1992), which could have led tpr.af0% underestimation of D14 in lower

temperatures due to inhomogeneous mixing of thegembus'“NO; with the exogenous’NO;
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(Eyre et al. 2002). In addition, the assumptions IBT (Nielsen 1992) were verified with
concentration series incubations (25, 75, 250 @tl4nol/L of 5NOs, one core per concentration
per sampling point) at both lake sites in 2014 &b, 6 May and 14 Oct 2014 in Keuruu, and 8 May,
9 Jun, 11 Aug 2014 in Petgjavesi). In addition, ool was used as an unlabeled control, and one as
a time zero control per each sampling point. At ¢nel of the incubations, cores were efficiently

mixed and slurry samples were collected for procesasurements.
2.4 Isotope analysis

24.1 Complete denitrification rates (N, production)

Three slurry samples per one core were collecteglass vials (12 mL, Labco), 10d of 30%
formaldehyde was added to stop the microbial @i and samples were stored in cold and in dark
until isotope analysis. Before IRMS analysis, aiumlheadspace (~5.5 mL) was added to each
sample following Tiirola et al. (2011). The isotomeass areasn{z 28, 29 and 30) and ;N
concentration of the samples were analyzed withprisee IRMS connected to Tracegas
preconcentrator unit, using a modifiedONproject with no cryotrapping and valves in £O@ode.
Actual (D14) and “potential” (D15; 15@mol/L of *NO;) denitrification rates, the proportion of
coupled nitrification-denitrification ([30), and the proportion of denitrification of the N@n the

water above the sediment () were calculated as in Rissanen et al. (2013).

2.4.2 Truncated denitrification rates (N,O production)
A slurry sample of 30 ml was collected to a syrii§@ mL) and NO was extracted to helium gas ,
stored in the prevacuumed glass vial (12mL), andssguently analyzed with Isoprime IRMS

connected to TraceGas preconcentrator unf@ production was calculated as in Dong et al. (2006

243 DNRArates

DNRA rates were measured from the three main sagploints, and from the two additional points
(50 and 100 m downstream from wastewater dischaoge) in Keuruu. For the analysis, 100 mL of
slurried sediment was collected and filtered (GF&@) NH" was isolated by alkaline acid trap
diffusion (Holmes et al. 1998), where 40 ml of gjuwater together with 2 g of NaCl and 0.12 g of

MgO and acid traps (triple 1 cm diameter GF/C fdtacidified with 20ul of 2.5 M KHSQ) was

7
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added to 250 mL glass bottles and incubated for fiays in 35°C in shaker. After the incubation,
trapped samples were dried for two days in a datccwith sulfuric acid and atm%215 (the
proportion of°>N of total N) of samples was analyzed with Thernmnigan Flash EA1112 elemental
analyzer connected to a Thermo Finnigan DELTAplavahtage IRMS. DNRA rate was calculated

as in Christensen et al. (2000).

2.5 Laboratory analysis
Samples for DIN species (NH NO,) were filtered through glass fibre filters (Whatm@F/F) and
measured as in Rissanen et al. (2011). Furtherrtteegorosity and the proportion of organic matter

of the sediment (LOI%) were determined for eacharg point as in Rissanen et al. (2011).

2.6 Lake Keurusselka 3-D flow model

To estimate the contact time between wastewatkreeff and lake bottom in the dynamic real world

conditions, we used a hydrodynamic simulation. ® 3nodel and a simulation model of Lake

Keurusselka, with the wastewater effluent as a ewadive tracer, was built using the open source
European Union Public License (EUPL) COHERENS c@desten 2013). COHERENS solves the

three-dimensional hydrodynamic equations usingfithiée difference method, assumes hydrostatic
balance, and uses the Boussinesq approximation whktng buoyancy. The modelled area is

depicted in Supplemental Figure 2. The model ingata included lake bathymetry, wastewater
discharge volume and concentrations, lake inflowsl autflows, and weather (temperature,

precipitation, wind speed and direction, humiddy, pressure). The bathymetry, inflow and outflow
data was provided by Finnish Environment Institwastewater data by Keuruu WWTP and weather
data by Finnish Meteorological Institute (FMI). Atddnal verification data of water currents was

obtained using an Acoustic Doppler Current Prof(l@DCP) device at 15 minute intervals over a

period of 1 Apr — 22 Jun 2015.

We used version 2.9 of the COHERENS code to devalopsted Lake Keurusselka high resolution
model. First, the entire lake was modelled usimgarse (250 m) horizontal resolution. The results o
this simulation were used as boundary conditiomsafdnigh resolution (10 m) model around and

including the wastewater outlet. Both resolutiondels used eleven terrain-following vertical layers.
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Vertical mixing was based on theckurbulence scheme (k: turbulent energythe rate of dissipation

of turbulent energy), TVD (total variation diminigly) advection scheme was used for momentum,
and tracers and explicit horizontal diffusion wasabled. In the coarse simulation model, we used
time-dependant flows as open boundary data. Usiedpigh resolution model, we simulated a total of
eight 48 hour long situations: Four different sess@winter, spring, summer, autumn) and two

wastewater discharge pipe configurations (origipipe and diffuser pipe system) for each season.
The original wastewater pipe releases the efflugnta single calculation cell (10m x 10m) at ~1 m

from the bottom, while the sediment diffuser piystem spreads the effluent into three cells at the
bottom of the water column. The simulation periegdsre chosen to coincide with field sampling

occasions. Relevant input data was used for eaatpsgand the winter scenario also included the
effect ice and snow cover. The background concemtraf wastewater effluent in the lake was set to
zero at the beginning of each modelling scenarioichvenabled us to determine how the effluent

behaves during the first few hours after the reldase Supplemental video).

The simulation data was saved at 10 minute interfaal post-process calculation of the contact time
of wastewater and the sediment surface. We defimeaontact time to be an arbitrary time interval
multiplied by the fraction of wastewater effluentthe bottom layer of the water column vs. theltota
effluent in the water column during the same timerval. For example, if 20% of all effluent in the
model is found in the layer closest to bottom dyisiome 10 minute interval, the contact time would
be 0.2 x 600 s = 120 s. This means that in a s@skem, when time approaches infinity, the contact
time will approachtime interval/number of layers because the effluent will be nearly fully mixed in
the water column. In this method, the only varyipgrameter is the wastewater discharge pipe
configuration. Thus, we could calculate how muck #gediment diffuser pipe system altered the
contact time, area and concentration of wasteveeteompared to the original wastewater pipe during

the 48h simulation period.
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2.7 Data analysis

Data from Keuruu and Petdjavesi was analyzed seghardhe concentration series sediment core
data from the three main sampling points (upstreaastewater discharge point and downstream)
was reported as the average of two, or as the geeratandard error (SE) of three to five cores per
sampling occasion. Otherwise, no replicate coresewa@ken (Suppl. Table 1). The relative DNRA
rate (%DNRA) was calculated as the contribution BNRA on total nitrate reduction
(D14+N,O+DNRA) and the relative }D production (%MO) as the ratio between the®Iproduction

and total denitrification (i.e. N+ N,O) using averaged values per each sampling dateitnd

The interactions between transformation rates (0045, NO, %NO, DNRA, %DNRA) and
environmental factors (temperature, oxygen conaéiotr, NQ', NH,", LOI%) were studied using
Spearmann rank correlation separately before atat afstalling the sediment diffusor. For this,
samples from 13 Aug 2014, 16 Oct 2014, 31 Aug 2816 25 Oct 2016 were used in Pet&djavesi data
(Suppl. Table 1). In Keuruu data, all sampling datgere included. The differences in N
transformation rates and environmental factors feefand after the sediment diffusion method
experiment were studied with Wilcoxon Signed-RamstT(Suppl. Table 1). All statistical analyses

were conducted using R version 3.3.3 (R Core Teahy).

The areal potential denitrification capacity wakakated for Keuruu data by multiplying mean D15
for each sampling date with the estimated wastaviafieienced lake area (33.3 ha). For this, only
D15 measured using the sarf®Os; concentration (15Qumol/L) was used. By comparing the
calculated areal denitrification potential (mg N@) to the long-term data on nitrate input (mg,NO
d™!) coming from the WWTP, we could estimate how maeHiment denitrification could potentially
remove incoming wastewater nitrate per day (progorof NO, potentially removed through
denitrification). We calculated the estimate foclegampling date (season) before and after sediment
diffusion experiment and compared those to finalyimate how much sediment diffusion method
can promote areal N removal through denitrificati8imilar calculations were conducted using D14
to demonstrate the true “areal denitrification «yd, “proportion of NQ  removed through

denitrification” and the improvement in the lattere.

10
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3 Results

Both study sites had strong seasonal variation he physico-chemical characteristics (e.qg.
temperature, oxygen) at wastewater-influenced antéral sampling points (Table 1, Suppl. Table 2).
In Petdjavesi, LOI% was generally higher and oxygencentration lower than in Keuruu. At the
wastewater-influenced sampling points in both Keuand Petdjavesi, NOconcentrations were
always higher than NKexcept in winter 2015 in Keuruu, when the nitation process collapsed in

WWTP (Table 1).

3.1.1 Nitratereduction processes along wastewater gradient

In general, the underlaying IPT assumptions onpaddence of D14 of and D15 increasing with
labeled nitrate were met at the three main samgdoigts in Keuruu and Pet&javesi (Suppl. Fig. 3).
However, on 6 May 2014, there was no positive tréetlveen D15 and labeled nitrate at the
downstream sampling site in Keuruu, which was nfiksty due to the missing data from the cores
incubated with the two lowest concentrations’™O;. Furthermore, on 11 Feb 2014, D14 was
increasing with labeled nitrate at the wastewatiténced sampling points in Keuruu. Nitrate
reduction rates were highest at the wastewatanenfted sampling points (Fig. 2-3). At both study
sites, the complete ghbroduction; D14) and potential (D15) denitrificatioates tended to decrease
when moving downstream from the discharge poirg.(#i3). DNRA rates measured in Keuruu had a
similar decreasing pattern (Fig. 2). Truncated tiéication (N,O production) or relative }D
production rates (%$0) did not show any clear pattern between the wagtr-influenced sampling
points (Fig. 2-3). In Keuruu, where all three rigraeduction processes were measured, denitrdicati
was the main nitrate reduction process (86 + 12%lafitrate reduction). There was no difference in
the contribution of DNRA in nitrate reduction (%DNKIR between the wastewater-influenced

sampling points (9+2%) and the control point (11345%

3.1.2 Theinfluence of the sediment diffusion method on nitrate reduction processes
Based on 3D modelling, the diffuser pipe systermeéased the contact time of wastewater with the
sediment surface during the first few hours afeéease when compared to the original configuration

(Suppl. Fig. 4). This was observed especially inngpand in autumn. In winter (ice-covered time),

11
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the effect was lowest but still positive. In lakeake, the wastewater concentration near the setiimen
increased with the sediment diffusion method insaethsons. However, no changes in total contact

area were seen (Fig. 4).

Nitrate concentrations did not increase after tbdirsent diffusion at the study sites (Wilcoxon,
P>0.05; Table 1). At both study sites, oxygen catregion at the bottom was higher after the
sediment diffusion, and LOI% was lower in Keuruwt higher in Petadjavesi (Wilcoxon, P<0.05,
Table 1). Sediment diffusion method did not inceeB44 (Keuruu: before 881 + 230 after 767 + 163,
Petajavesi: before 451 + 80 after 2689 + 2088, Wibm, P>0.05), but the overall potential
denitrification rates (D15) increased at both s{tésuruu: before 1056 + 184 after 2048 + 408, Z = -
2.20, P = 0.028; Petajavesi: before 820 + 91 &@&7 + 469, Wilcoxon, Z = -2.22, P= 0.026). There
was no difference in D, %N,O or %DNRA before and during the diffuser pipe eyst(P > 0.05),

but DNRA rates decreased significantly in Keuruef@pe 218 + 82 after 70 + 28, Z=-2.10, P =

0.036).

The correlation patterns between the nitrate redlucates and environmental factors before and afte
the sediment diffusion varied between the two stadgs (Table 2). In Petgjavesi, D14 did not
correlate with inorganic N concentrations, but @aged with oxygen and LOI% before the sediment
diffusion. After the optimization, it correlated gtvely with nitrate and ammonium. Before the
optimization, D15 correlated positively with D14&«ygen and LOI% and negatively with temperature,
but after that, the correlation to LOI1% remained Bd5 was higher when temperature was high and
oxygen concentration low. Before the optimizatidftO production and %pD increased with
temperature and decreased with oxygen, andQuotlecreased with LOI%. After the wastewater

discharge was spatially optimized, both actugD ldroduction and %D decreased with LOI%.

In Keuruu, D14 was always related to nitrate cotregion, and after the diffuser pipe system, atso t
ammonium (Table 2). Before the sediment diffusicegthod, D15 was higher in higher temperatures
and in lower oxygen concentrations. After the optation, it correlated with D14, but not with any
environmental factors. Before the optimization, $Nncreased with oxygen but after that only with

decreasing LOI%. The DNRA rates always followedaté and oxygen concentrations and were

12
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higher when temperature was low, but they als@fadd ammonium after the sediment diffusion. A
similar relationship was found between %DNRA anugerature and oxygen in 2014, but not after

the sediment diffusion. In both years, %DNRA wagher when LOI% was low.

3.1.3 Theinfluence of sediment diffusion method on areal nitrate removal capacity

We estimated that denitrification could potentialgmove 3-10% of WWTP NQload (mg d)
coming to the area in Keuruu (Table 3). After thpliementation of the sediment diffusion method,
the removal was improved in winter, spring and autpwhereas it declined slightly in summer.
However, when the removal estimate was based an danitrification values measured (D14),
denitrification could remove 1-15% of WWTP N@ad, and sediment diffusion method improved

removal only in spring and autumn (Table 3).

4  Discussion

As expected, highest nitrate reduction rates weseiwved close to the wastewater discharge points.
The measured Nproduction rates (D14; 150-35@@ol N mi* d* in Keuruu and 80-23500mol N

m? d” in Petéjavesi) at these points were comparablerteyen exceeded the previous reports from
eutrophic/hypertrophic lakes (900-120@ol N mi* d*: Mengis et al. 1997; 290-17@0nol N mi* d™:
Risgaard-Petersen et al. 1999) and wastewatereimfled estuarine sediments (40-antol N mi” d™:
Bonaglia et al. 2014), and denitrification was thain nitrate reduction pathway at all wastewater-
influenced sampling points. Both denitrificationdaDNRA rates followed the wastewater gradient,
decreasing downstream as mixing and dilution deetdhe wastewater and nitrate concentration.
There was also some seasonal variation, as in Kewamplete denitrification and DNRA were
highest in winter, contradicting with the previostsidies from boreal lakes, in which highest rates
have been found in summer when nitrate and orgaatter concentrations as well as temperature are
high (Ahlgren 1994; Rissanen et al. 2011). Thispisbably due to the contact rate between
wastewater and sediment being naturally high during winter, as also the highest nitrate
concentrations were observed then in Keuruu. Tiveralso saw D14 increasing with labeled nitrate,
which suggest that anammox could contribute topkbduction (Risgaard-Petersen et al. 2003).

However, high nitrate and organic matter conceiatnat at wastewater-influenced sampling points
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should not favor anammox, as has been demonsteddier in wastewater-influenced estuary
sediments (Bonaglia et al. 2014). It is possib& the amount of labeled nitrate was not high ehoug
as compared to the natural nitrate concentratiotisamshort preincubation period (Eyre et al. 2002)
leading to inhomogeneous mixing of label with natunitrate. This was observed only in winter 2014
in Keuruu, when the nitrate concentration was tlghdst at the wastewater-influenced sites.
Agreeing with previous results on genetic nitroxile reduction potential in Keuruu (Saarenheimo et
al. 2017), NO production was not following wastewater nitratadient, but was possibly related to
seasonal factors and organic matter availabilitthdugh the absolute DNRA rates were occasionally
high at the wastewater-influenced sampling sites, average contribution of DNRA in nitrate
reduction was similar between wastewater and cbpibots. In general, observed %DNRA was
comparable to the ones recorded in eutrophic lakéng high C availability (15%; Nizzoli et al.
2010), but not as high as in aquaculture-influensediments (300%; Christensen et al. 2000) or in
wastewater-contaminated estuary sediments (50-178@¥aglia et al. 2014). Although wastewater-
influenced sampling points seem to have higher amofiorganic matter (LOI%), the organic matter
quality could be less favorable for the fermen&al®NRA bacteria (Akunna et al. 1993). In addition,
the amount of nitrate was always significantly lglat the wastewater sampling points, lowering
C:N, which should favor denitrifying bacteria (Kraft al. 2013). The habitat characteristics may als
be more dynamic and turbid, following the wastewdischarge volume, and this could suppress the

growth of DNRA bacteria (Nogaro and Burgin 2014).

The 3D modelling results confirmed that the sedindiffusion method enhanced the contact time
between wastewater effluent and sediment in Keufnis was seen especially in spring and in
autumn, which are the mixing periods in the botekés. We did not expect any enhancement in
winter, when wastewater is naturally at the lakédm and the water residence time is long. Also in
summer, heavy wastewater, having high conductivetysupposed to stay at the bottom. Although
sediment diffusion method increased near-bottomtevester concentration, it did not increase the
total wastewater-influenced area, indicating thet diffuser pipe system was probably not long

enough. In our sampling data, we did not see afgignt increase in the nitrate concentration ia th
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bottom water after the diffuser pipe system. Iinse¢hat process rates and modelling results are mor
reliable estimates of the effect of sediment diinsmethod on N dynamics than only nitrate
concentration. Interestingly, we saw higher oxygencentration at both study sites after the sedimen
diffusion method, while organic matter concentmatimcreased in Petdjavesi and decreased in
Keuruu, both factors being important in controllingrate reduction. Increased oxygen was most
likely reflecting the higher concentration of fullpxygen saturated wastewater effluent near the
sediment surface. The lower LOI% in Keuruu is imeggnent with previous study from wastewater-
influenced river sediments (Lofton et al. 2007)d aould be due to more turbid conditions after the
sediment diffusion. In Petgjavesi, the wastewatschérge point has naturally lower water velocity
and lower wastewater effluent volume, suggestirag iter the sediment diffusion, WWTP-derived
organic matter could be sedimentated more effijietst the bottom, resulting in higher LOI%.
However, the composition and quality of organicteraprobably changed at both study sites after the

implementation of the sediment diffusion method.

Potential denitrification rates (D15) were high#eathe diffuser pipe system at both study sites]

this was observed especially at the wastewatehaige sampling point, where D15 were on average
three times higher. Since D15 was not related écethvironmental nitrate concentrations, wastewater
promoted it through some other mechanism. We haeeiqusly shown that wastewater shapes the
sediment microbial community composition signifitgnby bringing in WWTP microbes and
modifying habitat characteristics (Saarenheimd.e2@l7), so it is likely that by altering oxygenca
organic matter concentrations and quality, wastewttvored certain microbes, which directly or
indirectly contributed to denitrification. The cawution between wastewater and D15 is further
corroborated with the found correlations betweerb @hd D14 in Keuruu, and D15 and LOI% in
Petajavesi. The connection between D15 and D14fewasl in Petdjavesi even before the sediment
diffusion, and our recent study showed that wadstenwhas indeed stronger impact on microbial
community there than in Keuruu (Saarenheimo €2@l.7). Complete denitrification (D14) and®
(data not shown) followed inorganic N concentradi@t both study sites, and did not significantly

increase after the sediment diffusion, but the wethuccessfully decreased seasonal effects (e.g.
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oxygen or temperature) on,Nbroduction, suggesting that the conditions wereenfavorable to
denitrification microbes throughout the year. Farthore, although higher oxygen concentration
could have supported nitrification and coupledifidtition—denitrification (Bonaglia et al. 2013) ew
did not find a significant increase in the propamtiof coupled nitrification—denitrification (o) after

the sediment diffusion (data not shown). One redspiD14 not increasing after the implementation
of the sediment diffusion method could be inhomagsnmixing of labelled and natural nitrate
during IPT incubations, due to inadequate pre-iatiob period and higher OPD at cold temperatures
(Eyre et al. 2002). However, within-season tempeest remained similar in Keuruu, so possible
underestimation of D14 happened at both study ydarBetdjavesi, there was a slight decrease in
temperatures after the sediment filtration systeuat,since only summer and autumn samples were
included in the data, the temperature-driven Dldievestimation was probably rather small. We think
that best explanation for D14 not increasing i tharganic nitrogen concentration remained similar
and there was no increase in the proportion of legupitrification-denitrification after the

implementation of the sediment diffusion method.

The increased oxygen concentration can explairddueease in DNRA observed in Keuruu, as re-
oxygenation of sediments favors denitrification ©@NRA (De Brabandere et al. 2015). As the
oxygen concentration increased after the sediméfoswn, obligate anaerobic DNRA bacteria were
possibly suppressed (Nogaro and Burgin 2014). Rserein DNRA rate coincided also with

decreased LOI%, implying that lower carbon avaligbsuppressed DNRA (Kraft et al. 2013). We

did not analyze DNRA in Petajavesi, where LOI% e@aged. However, it was rather unlikely that
DNRA would have been promoted there, as we sawigrifisant decrease in D14, and D15 even
increased, and conditions were probably too oxygenand turbid for DNRA bacteria. Furthermore,

the quality of sediment organic matter can be awene important in governing the end-product of
nitrate reduction than the carbon content. WWTRveer organic matter is considered to be more
biodegradable and protein-rich than natural orgamatter (Nam and Amy 2008), which should favor

especially denitrifying microbes (Barnes et al. 201
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Sediment diffusion method did not affectONproduction or %»D. It is possible that in addition to
denitrification, some proportion of & was derived from nitrification. For example, thegative
correlation (see Goreau et al. 1980) found betwégh and oxygen in Keuruu after the sediment
diffusion suggests that nitrification could be thmin source of BD. This correlation was also
observed in Petéjavesi before the sediment diffusi?@rganic matter concentration seems to be the
main factor controlling BO production and %D, especially after the sediment diffusion, when
nitrate levels were probably not limiting (Zhao at 2015). In general, higher carbon availability
facilitates complete denitrification (Weymann et 2010). The interaction between@and LOI%
more likely reflects spatial distribution of,® production rather than the effect of sedimerfudibn

(as LOI% decreased but %M did not increase in Keuruu after the sedimerfusion), since after
the sediment diffusion, %6/ was constantly higher at downstream samplingtpeitnere LOI% was
lower. Interestingly, both )0 and %NO were higher in Pet&javesi than in Keuruu, altlou@®I1%
was higher there even before the sediment diffusionPetadjavesi, the loading of allochthonous
carbon from the surrounding catchment area is aobat and lake color is darker than in Keuruu.
This suggests that a significant proportion of seit organic matter might be recalcitrant and less
favorable for denitrifiers, although seems to supploe denitrification process until,N, agreeing
with previous studies on carbon-amended denittiboarates at the Baltic Sea oxic—anoxic interface
(Bonaglia et al. 2016) and in boreal lakes sedimé@¥iyrstener et al. 2016). However, further studies
are needed to understand the importance of wastevemganic matter quantity and quality in

governing these different nitrate reduction proesss

Areal denitrification calculations based on D15e&ed that natural sediment denitrification could
potentially remove 3-10% of wastewater nitrate inpti Keuruu site, and sediment diffusion can
increase the rate by 17-120%. When using true rifegdation values (D14), the proportion of

wastewater nitrate removed was 1-15%, and sedirdgfusion increased the rate by 22-61%.
Although these calculations are based on procdss measurements from sampling points and
calculated only on the 33 ha study area, we camaxiat they are rather realistic, as our field

observations have shown that wastewater can betddtduring the first 400 m downstream from the
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discharge site and is after that efficiently ditit&/e did not take the improvement in the wastewate
contact time or concentration into account in thé&wations, so in reality the improvement in the
total areal nitrate removal capacity was probaligjér. Previous estimates on denitrification nérat
removal potentials have been ~2% of incoming rétfadm river sites (Lofton et al. 2007) and 60-
70% from constructed wetlands (Lee et al. 2009glirBent diffusion method enhanced areal nitrate
removal in spring and in autumn, which followed tha&ttern in contact time. However, potential
nitrate removal was increased also in winter, altfiowastewater is then naturally near the sediment
surface, and thus no improvement in contact time &gected. Furthermore, no change in contact
time was observed in winter based on 3D modelliWhat makes it especially interesting is that in
winter after installing the sediment diffusor pipéyification process in WWTP collapsed for severa
months, and wastewater effluent consisted mainlyamimonium nitrogen. Possibly nitrification
benefitted from the better oxygenation, compengatite problems observed in the function of the
WWTP and feeding efficiently denitrification commityn increasing the areal nitrate removal
potential. When using D14-based estimate in theutaions, no improvement in the wastewater
nitrate removal was seen in winter, which can bglaared with low nitrate concentration after the
sediment diffusion, as nitrification collapsed ilWWWP. Here, D15-based estimate is probably more
realistic, since it is always based on the sameuainof label, which corresponds the wintertime

nitrate concentrations in Keuruu, when WWTP nitafion is functional.
Conclusions

The full-scale experiments showed that sedimentusldn method can create more favorable
conditions for the sediment microbes, and thusem®e the denitrification potential. Furthermore,
they showed that in general, wastewater promotést@i reduction, supporting especially, N

production through complete denitrification. As thigrate-rich wastewater had a longer contact time
with the sediment, sediment diffusion method enbdnithe total areal wastewater nitrate removal,
especially in spring and autumn, when wastewatarldvbave otherwise been mixed with the lake
water. However, in order to utilize sediment miaskmore efficiently in wastewater N removal,

diffuser pipe system should be further modifiedgnicrease the effluent contact time and area wih th
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sediment. Through this methodology, nitrate remaaal be enhanced with low costs in treatment
plants where nitrification is part of the process the implementation of the sediment diffusion
method is easy and inexpensive, it would be eslheadiecommended for supplementing nitrate
removal in small and medium-sized nitrifying WWTRgere the construction of post-nitrification

processes is not economically feasible.
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594  Table 1. Physico-chemical characteristics of waatewinfluenced sampling points before and afteinsent diffusion in Keuruu and in Petéjavesi. Valage presented as

595 mean * SE. The results of Wilcoxon signed rank destpresented.

Keuruu temperature (°C) LOI% 0O, (mg/L) NO, (umol/L) NH," (umol/L) n
winter 259 + 0.70 18.81 + 3.33 9.34 + 051 103.57 + 82.14 1571 + 1.43
Before sediment diffusion spring 7.00 £+ 0.07 26.09 = 0.48 10.75 + 0.09 40.14 + 19.14 1.21 £+ 0.14
(2014) summer 155 + 0.42 26.38 + 2.66 3.89 + 0.77 49.57 + 17.93 13.17 + 11.10
autumn 8.82 + 0.02 1354 + 0.26 9.63 + 0.14 16.67 + 4.11 1.75 + 0.18
winter 091 + 0.21 9.07 + 3.34 1285 + 0.24 61.57 + 7.21 121.05 + 8.60
After sediment diffusion spring 8.70 = 0.04 8.76 = 0.64 11.15 + 0.39 16.60 + 1.25 457 + 0.29
(2015) summer 18.70 + 0.03 752 + 0.53 739 + 0.13 43.37 = 17.10 532 + 1.32
autumn 749 + 0.01 10.90 + 1.15 10.42 + 0.09 23.20 £+ 10.71 6.78 + 257
total 2014 848 + 1.76 21.21 + 2.19 841 + 1.02 51.92 + 20.36 7.96 + 3.26 8
total 2015 8.95 + 2.40 9.32 + 0.77 10.34 + 0.76 36.19 + 7.81 3443 + 1898 8
Wilcoxon test NS P =0.012 P =0.025 NS NS
596
Petajavesi temperature (°C) LOI% 0O, (mg/L) NO, (umol/L) NH," (umol/L) n
Before sediment summer 13.80 + 0.50 14.07 =+ 1.65 0.52 £ 0.08 27.78 * 6.95 11.68 + 8.07
diffusion(2014) autumn 6.72 + 0.05 17.32 + 156 9.09 + 0.28 19.76 + 191 3.17 + 0.15
After sediment diffusion summer 12.89 = 0.70 34.81 + 5.15 573 + 0.83 19.79 £ 9.36 3.28 + 0.82
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597

598

(2016) autumn 3.54 + 043 28.98 + 1.17 9.86 + 0.44 24192 + 230.06 12151 * 116.21
total 2014 994 + 114 1584 + 1.19 520 + 1.36 2341 = 3.37 6.82 + 3.50 7-11
total 2016 779 £ 1.52 31.63 = 2.46 798 = 0.77 140.95 + 125.19 70.85 £ 66.55 7-11
Wilcoxon test P =0.008 P =0.003 P =0.013 NS NS
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599 Table 2. Significant correlations between environtakfactors in bottom water and sediment and cetepdlenitrification (D14), potential denitrificatio
600 (D15), truncated denitrification @9®), and relative BD production (%MN0O) at two study sites, and DNRA rates and relalWRA rate (%DNRA) in

601 Keuruu before and after the sediment diffusion.

Keuruu

Before sediment diffusion After sediment diffusion

Correlation Correlation
P value - P value

coefficient coefficient
D14 vs. NOy 0.81 <0.001 D14 vs. NOy 0.72 <0.01
D14 vs. NH," 0.74 <0.01 D14 vs. NH," 0.75 <0.01
N,O vs. NO, 0.71 <0.01 N,O vs. O, -0.58 <0.05
N,O vs. NH," 0.59 <0.05 N,Ovs.LOI%  -0.56 <0.05
%N,0 vs. O, 0.61 <0.05 %N,0 vs. LOI%  -0.68 <0.01
D15 vs. O, -0.65 <0.05 D15 vs. D14 0.63 <0.05
D15 vs. T 0.86 <0.001 DNRA vs. NO, 0.73 <0.001
DNRA vs. NO, 0.64 <0.01 DNRA vs. NH," 0.78 <0.001
DNRA vs. O, 0.50 <0.05 DNRA vs. O, 0.56 <0.05
DNRAVvs. T -0.68 <0.01 DNRAVvs. T -0.67 <0.01
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%DNRA vs. O, 0.75 <0.001 %DNRA vs. LOI% -0.87 <0.001
%DNRA vs. T -0.91 <0.001
%DNRA vs. LOI% -0.77 <0.001
602
603
Petajavesi
Before sediment diffusion Atter sedimefyjdiffusion
Correlation Correlation P value
P value -
coefficient coefficient

D14 vs. O, 0.85 <0.001 D14 vs. NO, 0.93 <0.001
D14 vs. T -0.85 <0.001 D14 vs. NH," 0.92 <0.001
D14 vs. LOI% 0.74 <0.01 N>O vs. NO, 0.84 <0.001
N,O vs. O, -0.80 <0.01 N,O vs. NH," 0.81 <0.001
N,Ovs. T +0.80 <0.01 N,O vs. LOI% -0.68 <0.01
%N,0 vs. O, -0.95 <0.001 %N,0 vs. LOI% -0.70 <0.01
%N,Ovs. T 0.95 <0.001 D15 vs. O, -0.72 <0.01
%N,0 vs. LOI% -0.59 <0.05 D15 vs.T 0.92 <0.001
D15 vs. D14 0.92 <0.001 D15 vs. LOI% 0.59 <0.05

D15 vs. O, 0.81 <0.01
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605

D15 vs. T

D15 vs. LOI%

ACCEPTED MANUSCRIPT

-0.81 <0.01

0.66 <0.05
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606 Table 3. Mean wastewater N@nput, areal denitrification potential, proportiohwastewater NQ potentially removed through denitrification, and

607 improvement of that, as well as real areal demgtitfon capacity, proportion of wastewater Nf@moved through denitrification, and improvemeinthat

608 after the sediment diffusion method in Keuruu.

proportion of NO, proportion of
areal
mean wastewater areal denitrification potentially NO, removed
improvement denitrification improvement
NO, input potential removed through through
capacity
denitrification denitrification
(kgd™) (kg d™) (% d”) (%) (kg d™) (% d”) (%)
winter before 24 3.7% 9.4 14.7 % -17 %
63.9 120 %
after 5.2 8.2% 7.6 12.1%
spring before 4.2 3.2% 1.3 1.0% 61 %
131.9 48 %
after 6.2 4.7 % 2.2 1.6 %
summer before 7.2 10.4 % 4.8 6.9 % -21 %
69.1 -4 %
after 6.9 10.0 % 3.8 55%
autumn before 5.4 7.9 % 19 28% 22 %
68.0 17 %
after 6.3 9.2 % 2.3 34%
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Figure captions

Figure 1. Map on the study sites, showing the lonatof the wastewater treatment plants (WWTP)
and three main sampling points (control point, wastter discharge point and downstream points) at
Keuruu and Petéjavesi study sites. Arrow indicatastewater gradient flowing downstream from the

wastewater discharge point, along which the aduaisampling points were located.

Figure 2. A) Complete denitrification (D14) ratdm(s) and denitrification potential (D15; dots), B)
N,O production (bars) and relative,® production (%MO; dots), and C) DNRA rates (bars) and
relative DNRA (%DNRA; dots) in Keuruu. Dashed linadicates the beginning of the sediment
diffusion of the wastewater discharge. White balidates denitrification rate at the control samgplin
point, black bar represents wastewater discharget pmd color gradient follows the wastewater

gradient, lowest sampling point being light grey.

Figure 3. A) Complete denitrification (D14) ratdm(s) and denitrification potential (D15; dots)dan
B) N,O production (bars) and relative,® production (%MNO; dots) in Petdjavesi. Dashed line
indicates the beginning of the sediment diffusidrthe wastewater discharge. White bar indicates
denitrification rate at the control sampling poipliack bar represents wastewater discharge potht an

color gradient follows the wastewater gradient,dstvssampling point being light grey.

Figure 4. The relative difference (%) in near-bottewastewater concentration between the sediment
diffuser pipe system and original discharge pipafigoration at Keuruu study site after 40h
simulation in A) winter, B) spring, C) summer andg &utumn scenarios. Red indicates relatively

higher and blue relatively lower concentration raftee sediment diffusion method implementation.
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Denitrification potential (D15; umol N m-2 d-') %N,O
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Sanni L. Aadlto et al.
Highlights:

*  Wastewater supports reduction of nitrate to inert N, in the receiving waterbody
»  Sediment diffusion method increases contact time between wastewater and sediment
»  Sediment diffusion would provide is a cost-efficient method for nitrogen removal



