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ARTICLE INFO ABSTRACT

Keywords: Microbial community studies in treatment wetlands (TW) have not investigated cold-climate TW and have
16s rRNA focused primarily on laboratory mesocosms. This study determined microbial community composition and dy-
Constructed wetland namics using 16s rRNA sequencing in a partially-saturated two-stage, vertical-flow pilot TW treating ski resort
Metagenomics . . . . . . .

Nitrification wastewater from December—April. Indicator species analysis found organisms capable of the primary nitrogen
Denitrification transformations observed in each stage at 3 °C, with nitrifiers in the unsaturated second stage and heterotrophic

denitrifiers in the first stage where recycled nitrate is removed. During seasonal TW operation, microbial com-
munities developed significant differences between TW stages and a-diversity decreased. Microbial communities
were compared to batch mesocosm TW communities, which were significantly different from the pilot. The study
is the first to discern community dynamics and key microorganisms during seasonal loading of a cold-climate,
field-scale TW. Results raise questions regarding comparability of mesocosms to pilot systems and indicate

more field-scale TW investigations are needed.

1. Introduction

Treatment, or constructed, wetlands (TWs) are highly engineered
systems designed for water pollution control and contaminant removal
(Kadlec and Wallace, 2009). This growing technology has both complex
and dynamic microbial communities due to the presence of aquatic
macrophytes, the composition of the substratum, the unique nutrient
composition of the wastewater, and environmental factors, such as
temperature and oxidation-reduction potential (Faulwetter et al., 2009;
Kadlec, 1999). Since the 1980s, the microorganisms that inhabit TWs
have been studied in varying capacities to determine the activity,
structure, enumeration, or function of their communities, with growing
focus on structural and functional assessments (Weber, 2016).

The present study focused on a two-stage pilot TW operating at low
temperatures (3-5 °C), where ammonia conversion to nitrate is observed
in the second unsaturated (oxic) stage and removal of carbon and
recycled nitrate from the second stage is observed in the saturated
(anoxic) first stage (Ayotte et al., 2024). The system operates at these
temperatures under seasonal loading with over 95 % removal of TOC

and 70 % TN removal. Different saturation levels and influent water
quality to each stage allow for analysis of how communities develop
during seasonal operation and vary between the treatment stages.

Of the two primary nutrients (carbon and nitrogen) removed bio-
logically in TW, carbon (C) is readily consumed as an energy source
during heterotrophic respiration (Faulwetter et al., 2009) and nitrogen
(N) removal occurs via the sequential processes of nitrification and
denitrification. Nitrification is a 2-step aerobic process mediated by
chemolithoautotrophic bacteria (Shammas, 1986) and consists of
ammonia (NH3) oxidation to nitrite (NO3) catalyzed by ammonia
oxidizing bacteria (AOB) or archaea (AOA) (Soliman and Eldyasti, 2018)
followed by oxidation of NO3 to nitrate (NO3) catalyzed by nitrite-
oxidizing bacteria (NOB) (Shammas, 1986). Denitrification is a four-
step anoxic heterotrophic process by facultative bacteria that reduce
NO3 to nitrogen gas (N3), with NO3, nitric oxide (NO) and nitrous oxide
(N5O) as intermediates (Faulwetter et al., 2013). It is estimated that
87-96 % of total nitrogen removal is due to denitrifying bacteria in TW
systems (Faulwetter et al., 2009; Zhang et al., 2022). The studied pilot
TW is designed to utilize these two processes for total nitrogen removal
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by optimizing conditions for nitrification in one stage and denitrification
in the other stage of the TW. Microbial community analysis can
demonstrate whether optimizing operational conditions for these
different processes leads to development of specialized microbial com-
munities between the TW stages over a four-month operational season,
providing insight to periodic TW performance.

The microorganisms that perform nitrification can be inhibited by
low temperatures, leading to reduction of N removal. Nitrification rates
in wastewater treatment systems have been found to decrease signifi-
cantly at low temperatures, particularly below 5 °C (Zhou et al., 2018).
In one full-scale sequencing batch reactor, ammonia monooxygenase
copy numbers were shown to decrease significantly at temperatures
below 15 °C, despite AOB maintaining their population abundance
(Johnston et al., 2023). At 1 °C, a nitrifying moving bed biofilm reactor
(MBBR) exhibited a significant reduction of nitrification rates to only 18
% of the initial ammonia removal observed at 20 °C; however, the
communities returned to initial performance rates when temperatures
increased back to 20 °C, indicating that reduction in activity did not
result in cell death (Hoang et al., 2014). Comparatively, the TW studied
here has operated at wastewater temperatures of 3-5 °C and exhibited
efficient N removal, with over 98 % ammonia removal from high
strength wastewater (170-200 mg L™H (Ayotte et al., 2024). Another
pilot-scale MBBR has shown similar performance, with 75 to 89.5 %
ammonia removal at 1 °C following a gradual decrease from summer
water temperatures of 20 °C. Investigation of the microbial communities
that drive these processes in cold-climate TWs is needed for better un-
derstanding of their capabilities across climates and operational
schemes.

Fewer than 5 % of microbial community studies of TWs have been
conducted on field-scale systems (Weber, 2016). Much of the focus on
teasing out the dynamics and interactions of microbial communities in
TW has been placed on mesocosm systems that have the benefit of
laboratory-controlled climates, and artificial wastewater compositions
(Weber, 2016). Evidence suggests that, although this research is mean-
ingful in furthering our understanding of microbial functions, slight
differences in operation between laboratory-operated systems and pilot
or full-scale TWs can lead to significant differences in the community
composition and potential functions (Aguilar et al., 2022; Bouali et al.,
2014; Cydzik-Kwiatkowska and Zielinska, 2016; Faulwetter et al., 2013,
Faulwetter et al., 2009; Silveira et al., 2021; Wei et al., 2021). Meta-
genomic structural studies of pilot-scale systems can further identify
operational parameters that may aid or inhibit the establishment of vital
taxa for nutrient removal that cannot be easily targeted or assessed in
the idealized environmental conditions that are often present for
mesoscale systems (Cydzik-Kwiatkowska and Zielinska, 2016). It is
necessary to analyze microbial dynamics at multiple scales to under-
stand whether studies of microbial communities in mesocosms can be
conducted to accurately predict pilot- and full-scale TW behavior.

Studies have reported on the conditions in TW that influence mi-
crobial community development, including flow, wastewater composi-
tion, depth, plant species, and system age (Faulwetter et al., 2009;
Silveira et al., 2021). Microbial community development may be
partially correlated to turbidity, total organic carbon (TOC), total ni-
trogen (TN), distance along the flow path, and oxygen availability
(Button et al., 2015; Silveira et al., 2022). However, questions remain
regarding the interplay between these microbial communities, TW
operational parameters and the overall efficiency of water treatment.
Some studies have observed significant community differences due to
feeding periods compared summer rest periods (Wang et al., 2020) and
temporal shifts in nutrient loading (Ibekwe et al., 2016). Pavlou (2006)
even noted that oscillating operating conditions enabled competitive
organisms to coexist. However, seasonal operation and large fluctua-
tions in nutrient loading at low temperatures have not been studied in
TW thoroughly. To the best of our knowledge, this is the first investi-
gation of a cold-climate intermittently loaded TW that operates only
during the winter to better understand the interplay between shifts in
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nutrient loading and microbial community dynamics.

The results presented here answer questions regarding microbial
structure and dynamics in TWs through the lens of combined long-term
and seasonal start-up conditions in one of the most extreme TW envi-
ronments yet studied. By considering a system operating under cold-
climate environmental conditions, we garner a better understanding
for the robustness and resilience of microbial communities in TWs. In
this study, microbial communities in a two-stage, partially saturated
pilot-scale vertical flow TW were sampled and sequenced using 16s ri-
bosomal RNA (rRNA) amplicon sequencing with the following objec-
tives: (1) to investigate the temporal shifts in microbial communities
during seasonal shifts in loading; (2) to determine spatial dynamics of
communities associated with low temperature conditions, including
differences evident in the nitrification and denitrification stages; and (3)
to compare microbial community structure between the pilot TW and
mesocosms loaded with artificial wastewater.

2. Materials and methods
2.1. Experimental set up and pilot system operation

The study was conducted at a pilot-scale wastewater TW
(45°49°01.0” N 110°54°21.8” W) during the 2020-2021 season. The
high-strength domestic wastewater from the ski area's lower lodges is
treated using a pilot-scale two-stage, sub-surface vertical flow TW sys-
tem for carbon and total nitrogen removal (Fig. 1), similar to a modified
Ludzak-Ettinger process. The system operates seasonally from early
December to April with mean water temperatures between 2.5 and 5 °C.
The first stage has a crushed gravel media treatment layer (nominal
depth = 0.9 m, dsp = 5.3 mm) and is operated with a saturation depth of
0.71 m to facilitate anoxic conditions for denitrification below a shallow
unsaturated zone (0.19 m). The second stage contains a washed
concrete-sand treatment layer (nominal depth = 0.9 m; dsp = 0.53 mm)
and is operated as unsaturated. Each stage has two cells in parallel (area
per cell, Ac = 23.8 m?).

The influent wastewater undergoes primary treatment in a series of
sedimentation tanks before entering the system. The first stage is
designed to remove COD while the second stage is designed to facilitate
nitrification of influent ammonium. Effluent from the second stage
containing nitrate is recycled and dosed onto the first stage indepen-
dently from influent septic doses, facilitating total nitrogen removal.
Septic doses of 2.5 cm wastewater were applied onto the first stage every

Pre-Settled Influent Recycle (3Q:1Q)

Septic Tank ¢ i
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1%t Stage
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Transfer Tank
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Fig. 1. System flow schematic of the pilot TW. Pre-settled influent (1Q) and
final effluent (3Q) are loaded onto the partially saturated first stage. The first
stage effluent (4Q) is loaded onto the second stage.
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two hours and recycle doses of 1.3 cm were applied approximately every
40 min, alternating one septic dose with three recycle doses (S-R-R-R).
The second stage was dosed with 5.0 cm of effluent from the first stage
every 2 h. The TW treated approximately 7.2 m% d~! (1900 gpd) of
influent wastewater and operated at a 3:1 (recycle:influent) v:v ratio, for
a total hydraulic loading of 28.8 m® d! (7600 gpd) of combined influent
and recycle wastewater through the two stages. The system was planted
with native sedge (Carex utriculata) and bulrush (Schoenoplectus acutus)
in 2013.

2.2. Mesocosm operation

Mesocosms were constructed in 2020 to investigate the effects of
nutrient loading and macrophyte selection and their root exudates on
nitrogen removal. Polyvinyl chloride (PVC) columns (15 cm diameter,
40 cm depth) were filled with 30 cm of gravel (d;g = 2.38 mm to dgp =
4.76 mm) and cultivated at Montana State University's Plant Growth
Center (PGC) in a randomized block design. The larger mesocosms
compared to microcosm systems aimed to more closely simulate pilot- or
full-scale TWs by reducing overgrowth of plants and root-binding that
does not occur in large systems. However, growth and operation of
mesocosms within the greenhouse enabled more controllable environ-
mental conditions for targeted hypothesis testing. The selected plants,
Carex utriculata, Schoenoplectus acutus, and Phragmites americanus, were
selected based on prior studies (Taylor et al., 2011) and were grown
following methods established by Allen et al. (2013) to determine plant
species effects on water quality treatment. Temperature was maintained
at 24 °C and diurnal cycles were artificially simulated with LED lights. In
October 2021, artificial wastewater was supplied to the columns in two-
week batch feeding cycles with the columns operated under saturated
conditions to mimic horizontal subsurface-flow treatment wetlands.
Columns were drained prior to feeding and re-filled with fresh medium
to simulate draining and re-wetting of TW systems. Twenty-four col-
umns were planted with one plant species per column (eight columns
per plant). Half of the columns were fed with wastewater simulating
primary settled domestic wastewater, with chemical oxygen demand
(COD; 500 mg L las sucrose) and ammonium (total NHJ; 40 mg L.
The second half of the columns were fed with wastewater simulating
secondary treated wastewater with 120 mg L™! of nitrate (NO3 N) and
no supplemented carbon. Both solutions contained 10 mL L™ of trace
element solution SL-4 (Trace element solution SL-4; the Leibniz Institute
DSMZ, Braunschweig GER).

2.3. Geochemical analysis

Water samples from the pilot system were collected from the
influent, the combined effluent of the first stage, and the combined
effluent of the second stage. Daily composite water samples were
collected via autosampler three times a week and acidified to a pH less
than two using 5 mL of 1.8 M sulfuric acid. Water samples from the
mesocosms were collected from a tube located at the center of the
gravel. After flushing the tube, 30 mL of water was sampled and filtered
through a 0.2 pm nylon syringe filter and stored at 4 °C until analysis
could be completed.

COD was measured using US EPA standard Method 410.4 with
HACH® digestion vials (HACH® Co., Loveland, CO, USA). Anions were
determined using the Metrohm Eco ion chromatograph with a Metrosep
A Supp 5 150/4.0 column, Metrohm Suppressor Module and 3.20/1.00
mM sodium bicarbonate/sodium carbonate eluent at 0.7 mL min
(Metrohm USA, Riverview, FL, USA). Ammonium (NH4-N) was deter-
mined using a modified Berthelot reaction scaled for 96-well plates
(Rhine et al., 1998) and absorbances were read at 660 nm using a BioTek
Synergy HTX Multimode Reader (Agilent Technologies, Inc., Santa
Clara, CA, USA). Total inorganic nitrogen (TIN) was calculated by the
summation of inorganic nitrogen species and determined to be repre-
sentative of total nitrogen by comparison to TN results from a Shimadzu
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TOC-VSH (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA)
for total nitrogen.

2.4. Microbial sampling in the pilot Treatment Wetland

Media containing attached microbial communities were sampled
from: (1) the saturated zone in the first stage below 30 cm, (2) the un-
saturated zone in the first stage between 15 and 30 cm, and (3) the
unsaturated second stage between 15 and 30 cm. Samples were collected
three times over the course of the winter in December 2020, February
2021, and April 2021 (Fig. 2). December samples occurred prior to the
beginning of the ski season to act as a baseline for the microbial com-
munities. The two cells of each stage were treated as replicates. Two
randomly selected locations (one per cell) per identified zone were
sampled at each sampling time for paired temporal analysis (n = 18).
Gravel and sand samples were collected by inserting a 30 cm-diameter
cardboard tube into the surface of the wetland and excavating to the
desired depth with a shovel sterilized with 70 % ethanol (Appendix
Fig. A.1). Media samples were taken with autoclaved spoons and
transferred to sterile 50 mL Falcon™ tubes (Fisher Scientific Inc., Wal-
tham, MA USA). A minimum of 50 g of gravel or sand was collected at
each sample location. All samples were stored on ice for transport and
subsequently stored at —80 °C until DNA extraction was performed.

2.5. Microbial sampling from the meso-columns

Due to root establishment in the columns, the surface could not easily
be accessed and was instead drilled to 8-10 cm depth using a drill with a
2 in metal coring bit sterilized with 70 % ethanol. Once at the desired
depth, an autoclaved spoon was used to extend the hole beyond the
contact location of the drill and then to collect gravel samples. Gravel
samples were collected in sterile WhirlPack™ bags, stored on ice for
transport and subsequently stored at —80 °C until DNA extraction was
performed.

2.6. DNA extraction

DNA was extracted from approximately 0.5 g of sand or gravel
samples using the FastDNA™ SPIN Kit for Soil (MP Biomedicals, LLC.,
Santa Ana, CA, USA) following the manufacturer's instructions. No
special methods were required for the extraction of DNA from gravel or
sand samples to meet the required 5-10 ng pL~"! eluted DNA concen-
trations. DNA was quantified using the Invitrogen™ Qubit™ dsDNA
Quantification Assay kit (ThermoFisher Scientific, Inc., Waltham, MA,
USA). DNA was shipped on dry ice to the Royal Military College of
Canada, in Ontario Canada for 16s rRNA sequencing.

2.7. High-throughput sequencing

For high-throughput sequencing, 16s rRNA sequence libraries were
prepared by targeting the V3-V4 region from the extracted DNA
(normalized to 5 ng pL™!) using universal primers 341F 5
-CCTACGGGNGGCWGCAG- 3' and 785R 5 -GACTACHVGGGTATC-
TAATCC-3' (Klindworth et al., 2013) due to their broad taxonomic
coverage of both Bacteria (~80 %) and Archaea (~50 %) following the
[lumina 16S Metagenomic Sequencing Library Preparation guide
(version B, Illumina Canada Ulc., Victoria, BC, Canada). Purified prod-
ucts were then normalized to 4 nM, denatured, and diluted to 2 pM for
sequencing using the MiSeq™ platform (Illumina, Victoria, BC, CAN)
following the standard operating procedure for generating 2 x 300 bp
reads. A 10 % PhiX control library was added for quality control. The
sequences were processed using QIIME2™, (version 2021.4) (Bolyen
et al, 2019) on VirtualBox (v6.1.10). Sequences were denoised,
demultiplexed, merged and chimeras removed using DADA2 (Callahan
et al., 2016) for quality control. Subsequently, samples were clustered
into operational taxonomic units (OTUs) at 0.03 (97 % similarity) and
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Fig. 2. Mass loading of carbon (COD), total inorganic nitrogen (TIN), total ammonium (NH3) and nitrate (NO3) from the influent to the first stage (Influent), effluent
of the first stage (Effluent 1), and effluent of the second stage (Effluent 2). Influent includes mass loading from both septic and recycle doses. Vertical dashed lines
indicate when microbial sampling occurred. Data shows removal of COD, TIN, and NHj across the system, with a production of NO3 in the second stage.

classified using the pre-trained classifier (Bokulich et al., 2018) of the
SILVA database (version 138 99 % OTUs full length sequences, Quast
et al.,, 2013) to the genus level. Sequences and features related to
mitochondrial, or chloroplasts, were removed. For all samples, the me-
dian number of reads after quality control was 32,880 (min: 7,164-max:
55,891) reads; the number of sequences were rarified to the minimum
number of reads (7,164) for each sample for the diversity analysis of
both the greenhouse and the pilot TW samples. When assessing the di-
versity of pilot TW samples independently, the samples were each
rarefied to 17,161 reads (min reads for the TW).

2.8. Statistical analysis

Analysis of 16S rRNA data was performed in R version 4.3.1 (R Core
Team, 2022) using the vegan (v2.6.4) package (Oksanen et al., 2022).
Alpha diversity assessed the complexity of microbial diversity for each
sample, using observed OTUs to measure observed species richness
(number of unique species per sample), diversity by the Shannon index
(H), and sample evenness by the Shannon Equitability Index (Ey). Dif-
ferences in alpha diversity were assessed for significance due to sample
stage and month of sampling using two-way ANOVA and differences
between treatment means were assessed using Tukey's post-hoc test at a
significance level of p < 0.05. Indicator species analysis of the microbial
communities was assessed using the indicspecies (v1.7.14) package (De

Caceres and Legendre, 2009) in R studio with the multipatt function
where a multilevel pattern analysis identified key organisms associated
with each system stage. For this analysis only organisms with a genus
level relative abundance >2 % were assessed. Beta diversity, or
dissimilarity of samples from different regions, was assessed using
Principal Coordinate Analysis (PCoA) with the Bray-Curtis distance
metric ordination. The categorical variables assessed in the PCoA ordi-
nations (month, system stage, and depth) were analyzed for significance
using permutational multivariate analysis of variance (PERMANOVA)
using distance matrices (ADONIS) based on 999 permutations. All pa-
rameters were tested for significance (p < 0.05).

3. Results and Discussion
3.1. Water quality and system performance

The 2020-2021 ski season observed an increase in nutrient loading
of COD from 47 g m~2 d™! to over 100 g m 2 d! from December to
January, before stabilizing at 120 g m~2 d~! in mid-February for the
remainder of the season (Fig. 2). The system undergoes a seasonal start-
up as influent concentrations increased due to increasing skier visits
during the first few weeks of the ski season (Fig. 2). Areal mass loading
rates (calculated with recycle) indicate influent levels of COD and NH{
increase to approximate steady state conditions by mid-January to early
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February (Fig. 2a & b). Mean mass loadings of COD, TIN, and NHJ to the
first stage were 111.0 + 26.6 gm 2d ™}, 38.8 + 8.2 g Nm 2d™}, and
23.3 + 7.8 g Nm 2 d ™}, respectively. The first stage effluent, which is
subsequently loaded onto the second stage, had average seasonal mass
loadsof 21.8 + 47gm 2d1,28.7+84gNm 2d"},and13.4 + 4.8 ¢
Nm2d! for COD, TIN, and NHj, respectively. Final effluent average
mass loads had a 33.0 % additional reduction of COD, 14.3 % reduction
of TIN and a 95.5 % reduction of NH4 from the second stage influent.
Average final effluent mass loadings were 14.6 + 3.7 gm 2 d !, 24.6 +
87gNm2d}, and 0.6 + 0.9 g Nm 2 d ! for COD, TIN and NHJ,
respectively. Outside of the operational season, the system is recircu-
lated with treated wastewater and supplemented with surface water
from a proximal creek to maintain plant health. Since nitrate is not
completely removed during treatment, the remaining nitrogen con-
tinues to circulate in the TW. Prior to the operational season, concen-
trations of nitrogen were predominantly in the form of NO3 at 26.5 +
0.7 mg NO3-N L_l, (October to December).

Average COD, NHJ and TIN removal across the system was 95.5 +
3.7 %, 98.77 + 2.8 % and 68.9 £+ 15.5 %, respectively during the
2020-21 season (Table A.1). Areal mass loading figures include addition
of both septic and recycled effluent onto the first stage, resulting in high
nitrate and COD loading on the first stage. COD was removed primarily
in this first stage (Fig. 2a) and little additional COD was removed in the
second stage. The TIN load across both stages was reduced by 20-40 %
in a single pass through the system, with most TIN removal occurring in
the first stage and 12-18 % across the second stage (Fig. 2d). However,
the higher TIN removal (70 %) is achieved with recirculation of treated
effluent at three times the influent flow rate.

Some removal of NHj-N (13.3-52.0 %) was observed across the first
stage. The mechanism driving this first stage NH{-N removal has not
been investigated, but could be due to microbial assimilation or
ammonia oxidation in the shallow unsaturated zone. Removal of
ammonia in the aerobic second stage often exceeded 97 % (Fig. 2b).
Daily NHJ loading to the second stage was on average 13.4 4+ 4.8 g N
m 2 d7! and the increase in nitrate across the second stage was 9.1 +
6.2 g NO3-N m~2d™! (Fig. 2b & ¢), indicating that approximately two-
thirds of the influent mass load of ammonia was converted to nitrate on a
conservation basis. The additional third of NHf could have been
consumed by other microbial N transformations, assimilated for mi-
crobial growth or sorbed to the mineral media (Kadlec and Wallace,
2009). Recycled NO3 from the second stage effluent was removed
concurrently with COD in the first stage (Fig. 2).

The pilot TW system has been in operation and monitored for water
quality since 2013, with consistent water quality monitoring beginning
in 2015 (Table A.1). With water temperatures ranging from 2.5 to 5.5 °C
and influent wastewater containing 767 (188) mg L~1 COD and 151 (44)
mg L™! TN, the system has removed 97.4 % of influent NHZ-N (93.3 % to
99.6 %), 95.0 % of COD (91.6 % to 96.7 %), and 67.2 % of total inor-
ganic nitrogen (53.2 % to 76.4 %) from 2015 to 2023 (Table A.1). The
studied pilot performs on par with many other cold-climate TWs for both
total inorganic nitrogen and carbon removal (Varma et al., 2021; Yan
and Xu, 2014) and consistently outperforms the published performance
data for ammonium removal in other wastewater systems (Hoang et al.,
2014; Ji et al., 2020; Murphy et al., 2016; Young et al., 2016). The
studied TW has additionally outperformed a multistage mechanical
system with rotating biological contactor that operated at higher
average temperatures of 6-18 °C (Zha et al., 2020).

The mesocosms showed near complete removal of both COD and
NOj3 (Fig. A.2) within 72 h of dosing in the first stage and second stage
operated columns, respectively. This suggests efficient and potentially
similar nutrient removal processes were established in the mesocosms
and the pilot TW.
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3.2. Spatial and temporal analysis of microbial communities

3.2.1. Microbial a-diversity: sample richness and evenness

The coverage of the samples was evaluated using rarefaction analysis
(Fig. A.3). All samples showed asymptotic curves at the rarefaction
point, indicating that the sampling was adequate to capture the overall
diversity. Samples collected in December prior to wastewater loading
enabled comparison of microbial community diversity before and after
high-strength wastewater treatment in the TW.

The Shannon index, indicating sample diversity, decreased in the
pilot TW from December to April across both the first and second stages,
suggesting that fewer species with a higher abundance dominated over
the duration of the operational season (p = 0.03, Fig. 3). Additionally,
the Shannon Equitability index, indicating sample evenness (Table A.2),
decreased slightly in the first stage of the pilot from December to April
although no significant decrease was detected (p > 0.05). Averaged over
the operational season, the second stage had only a slightly higher
Shannon index of 4.84 compared to 4.44 in the first stage, although this
difference was not significant (p = 0.09). Other WWTPs have observed
significant community differences across different operational and
nutrient loading parameters despite minimal changes of overall di-
versity, evenness or numeration (Al-Rashdi et al., 2024; Fernandes et al.,
2015; Gao et al., 2022). Thus, the specific bacteria present in various TW
samples may be different despite similar a-diversity metrics.

The highest diversity and richness of communities in the pilot were
noted in the second stage in December (Fig. 3, Table A.2), which cor-
responded to early season operation when nutrient concentrations were
significantly lower. This finding differs from one TW undergoing initial
start-up where a rapid increase in microbial abundance and diversity
was observed (Oopkaup et al., 2016); however, our TW's seasonal start-
up is likely occurring with an already established TW community. We
hypothesize that increased microbial diversity may occur when nutri-
ents are depleted during the fall months when wastewater is not actively
applied to the TW. Oligotrophic conditions have been observed to
establish more diverse microbial metabolisms as bacteria compete for
limited nutrients, and sharp increases in nutrient availability, such as
nitrogen, can drastically reduce bacterial diversity (Liu et al., 2020;
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Fig. 3. Shannon index of samples over December, February and April separated
by stage. Higher alpha diversity existed in the second stage throughout the ski
season, but both stages had observed decreased in alpha diversity as the sea-
son progressed.
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Wang et al., 2022). Similar trends were noted by Silveira et al. (2022)
with more diverse and richer communities observed at locations where
nutrient availability was depleted along a horizontal flow TW. On the
contrary, Button et al. (2015) reported a marked decrease in richness
along the horizontal flow path of a TW, proposing that more specialized
communities developed where nutrients were depleted. The same study,
however, found no significant change in diversity with depth in a ver-
tical flow TW (Button et al., 2015). Despite mixed findings in previous
studies depending on TW type and application, in the present study,
diversity was not significantly different with location, though temporal
changes were observed.

3.2.2. Microbial indicators in the first stage

Temporal sampling prior to loading wastewater onto the system
(December) and over the operational season (February, April) allowed
for analysis of microbial community development between resting and
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operational phases of the TW, as well as across stages. Indicator species
analysis identified three genera in the first stage that served as a sig-
nificant representation of the unique environmental conditions that
existed within those locations (Table A.3).

The genera Dokdonella (p = 0.003), Dechloromonas (p = 0.033), and
Rhodanobacter (p = 0.034) were indicator organisms identified in the
first stage. Dechloromonas was the most abundant genus across the pilot
(Fig. 4, Table A.3). Dechloromonas increased in relative abundance from
December to February, starting at <2 % relative abundance and
increasing to over 30 % at some locations. The Dechloromonas genus is
classified as facultative anaerobes (Achenbach et al., 2001) and have
been measured at higher abundances in one low temperature anaerobic/
aerobic/anoxic wastewater reactor (Gao et al., 2022). Specific species of
Dechloromonas have been assessed for denitrifying capabilities, of which
both D. denitrificans and D. aromatica have been identified as hetero-
trophic denitrifying bacteria (Salinero et al., 2009; Yoon et al., 2016).
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Interestingly, the genus, Dokdonella, was observed to decrease in
abundance as the ski season progressed, with <2 % abundance observed
in the first stage in February. Dokdonella are strictly aerobic gram-
negative bacteria, and it is unclear whether they are capable of
reducing NO3 (Pishgar et al., 2019). Dokdonella consists of six identified
species, primarily isolated from soils and activated sludge (Lee and
Weinstein, 2014). The genus Rhodanobacter is also capable of denitrifi-
cation, and has been found to dominate contaminated subsurface nu-
clear waste sites (Green et al., 2012). In our system, Rhodanobacter
typically existed at low relative abundances (< 2 %).

Other organisms, such as Flavobacterium and Polaromonas, were not
identified as indicator organisms in the first stage but had high relative
abundances throughout the ski season. Flavobacterium maintained a
relative abundance between 3 and 10 % (Fig. 4) at depths >30 cm in the
first stage for the entirety of the ski season. The relative abundance
increased at shallower depths of 15-30 cm from just over 2 % in
December to nearly 30 % by April. In other TW systems, Flavobacterium
were found to decrease with depth and increase during periods of
feeding (Silveira et al., 2021). Species of Flavobacterium are either strict
aerobes or facultative and capable of growing by denitrification or
nitrification in mineral media (Fu et al., 2018; Horn et al., 2005; Silveira
et al., 2021). Some have hypothesized that Flavobacterium may also be
capable of aerobic denitrification (Horn et al., 2005).

Polaromonas was identified to have high relative abundances
compared to other organisms and was observed in greater relative
abundance in the first stage at depths 15-30 cm in February and April
(3.9-7.3 %; Fig. 4). These psychrophilic bacteria are most abundant on
glacial surfaces, but have additionally been found to have high relative
abundance throughout cold-climate wastewater treatment systems
(Gawor et al., 2016; Gil-Pulido et al., 2018; Jankowski et al., 2022). The
distribution and function of these isolates globally and in wastewater
systems is currently unclear. However, this genus is thought to play a
large role in biogeochemical cycling in cold climates, potentially
including biological nutrient removal (Gil-Pulido et al., 2018). Some
Polaromonas species may thrive under aerobic conditions, as one inter-
mittently aerated sequencing batch reactor observed a reduction in
Polaromonas relative abundance from over 51 % to 11 % after aeration
was reduced (Gil-Pulido et al., 2018). This finding corresponds to the
higher relative abundances of Polaromonas observed in the more aerobic
shallow depths of the pilot TW's first stage.

The identification of these heterotrophic bacteria as indicator species
in the first stage is consistent with the observed removal of NO3 and
COD (Fig. 2) and indicates the likelihood of denitrification as the
dominant mechanism of NO3 removal in that stage. Results from this
structural analysis confirm the presence of relevant and appropriate
functional groups that have been observed in various other studies
(Engida et al., 2021; Huang et al., 2017; Wang et al., 2016). From these
organisms and water quality analysis, the first stage can generally be
characterized by an oxidation-reduction potential that likely varies from
oxic to anoxic conditions, low temperatures, and potential metabolic
capabilities for NO3 reduction.

3.2.3. Microbial indicators in the second stage

The indicator species that statistically significantly represented the
second stage included three genera well-known to be involved with
nitrification, Nitrosospira (p = 0.002), Nitrospira (p = 0.001) and Can-
didatus Nitrotoga (p = 0.008,) (Daims et al., 2016; Huang et al., 2017). In
the second stage, NHf-N (~40 mg L) from the first stage effluent is
converted to NO3 at an efficiency of 97 %, providing supporting evi-
dence that nitrifying bacteria are active in the second stage. Overall,
seven genera were identified as indicators in the second stage
(Table A.3). Other genera identified as indicators, including KD94.96,
SWBO02, and Latescibacterota, have been observed in both natural and
contaminated soil or mine environments with influence over bioreme-
diation and nutrient cycling in those systems (Kujala et al., 2018; Lhoste
etal., 2023; Oliveira et al., 2023); whereas the genus A0839 has yet to be
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cultivated (Kim et al., 2021).

The sole AOB genus identified in the TW, Nitrosospira, was observed
in relative abundances from 2.5 to 7 % in most samples from the second
stage for the entire ski season (Fig. 4). Studies of nitrifying communities
have identified Nitrosospira as important AOB in cold-adapted commu-
nities and have also characterized its members as psychrotolerant
(Sanders et al., 2019). While other studies on wastewater treatment
claim that nitrification is significantly inhibited at temperatures <15 °C
(Hoang et al., 2014; Johnston et al., 2023; Zhou et al., 2018), the studied
pilot TW operates between 2.5 and 5 °C and putatively oxidizes up to 55
gm~2d ! NH{-N.

The genera Nitrospira was observed in relative abundances from 3 to
7 % in the second stage throughout the ski season. Nitrospira are facul-
tative chemolithoautotrophic, gram-negative NOB (Daims et al., 2015).
These bacteria are K-strategic, meaning they adapt well to low NO5 and
05 conditions (Daims et al., 2016)_In conventional wastewater treat-
ment plants, Nitrospira have been found to contribute to nitrite oxidation
and are typically found in high relative abundances (2-6 %) (Hoang
et al., 2014; Jankowski et al., 2022). Nitrospira are one of the most
diverse nitrifier groups and are also capable of complete ammonia
oxidation to nitrate (COMAMMOX) (Koch et al., 2019; Silveira et al.,
2021). Nitrospira have been found in greater abundance than AOB in TW
and have been observed to increase in relative abundance at low tem-
peratures (Tan et al., 2020), which was observed in our system. Addi-
tional analyses were not performed to determine whether Nitrospira
were performing COMAMMOX in the studied TW. The other indicator
organism, Nitrotoga, grows abundantly at low temperatures and has
been observed to be the most abundant NOB in engineered systems
(Daims et al., 2015). In this study it was present only up to 1.8 % relative
abundance and is therefore not shown in Fig. 4.

Indicator species analysis paired with mean mass removal of 21.1 +
8.5 g of NHJ-N per day across the season strongly indicated the presence
of nitrification processes occurring within the second stage. The second
stage additionally supported a greater number of indicator organisms
and on average a higher Shannon diversity index compared to the first
stage, which has been observed in other aerobically operated TWs
(Bouali et al., 2014; Silveira et al., 2022). Further, our analysis indicates
that the studied TW supported statistically unique compositions of mi-
crobial communities due to the present saturation conditions of the
stages and the nutrient composition of the wastewater.

3.2.4. Microbial p-diversity between system stages and months of operation

PCoA and PERMANOVA were used to assess the p-diversity, or
dissimilarity, of microbial communities across space and time. Analysis
of bacterial communities across the system stages was noted by statis-
tically distinct groupings (p = 0.001) between the first and second stages
(Fig. 5a), likely due to influent nutrients, saturation depth or redox
conditions in the water entering each stage.

Similar to our pilot study, He et al. (2018) observed significant dif-
ferences between stages of sequencing batch fed TWs, with high abun-
dances of heterotrophic denitrifiers associated with the stage receiving
high C and NO3 and nitrifying bacteria associated with the stage
receiving synthetic wastewater with low C and high NH{. Ibekwe et al.
(2016) observed that approximately 54 % of the microbial community
differences in their TW were explained by the combined NH{ and PO3~
concentrations. Average influent mass loads of COD and NHj to the pilot
TW stages in this study differed by 80.3 % and 42.5 %, respectively, and
likely contributed to the structural community differences observed.
Furthermore, Yu et al. (2024) found that intermittent aeration improved
microbial diversity, which supports the hypothesis that the elevated
diversity observed in the second stage of our pilot TW may be due to
more aerobic conditions.

Statistically significant groupings (p = 0.003) by month (Fig. 5b)
displayed a shift in the community structure over the course of the ski
season. Fig. 5b shows three groupings, in which the community struc-
ture, prior to the operating season in December, was distinctly different
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however, depth was deemed non-significant.

from April. Comparatively, February was relatively diverse, as noted by
the large spread of its ordination. In PCoA of only the first stage (Fig. 5c),
the February and April groupings were significantly different (p < 0.05)
from December, indicating a shift in the community structure over the
course of the ski season, which could have been related to shifts in water
composition, redox conditions and seasonal operation similar to obser-
vations in other wastewater treatment systems (Tan et al., 2020; Wang
etal., 2022). The second stage in Fig. 5a had a tighter overall ordination,
indicating that the second stage experienced less change in the microbial
composition over the course of the operating season. This suggests a
more stable microbial community in the second stage, which has been
observed in a TW undergoing enhanced aeration (Tan et al., 2020).

Previous research has additionally observed significant differences
between winter and summer feeding periods compared to summer rest
periods (Wang et al., 2020), suggesting that communities shifted due to
nutrition deficiency. Ibekwe et al. (2016) also hypothesized that
observed shifts in TW and lagoon microbial communities were due to
changes in nutrient loading over time to the systems. This finding may
suggest that temporal differences in our TW microbial community
structure are strongly correlated to shifts in influent nutrient loading
over the course of the season.

The saturation in the first stage, assessed via sampling above and
below the saturation level did not establish significantly different mi-
crobial communities (p > 0.05; Fig. 5d). Thus, the different sampling
depths may not have represented significantly different nutrient and
redox conditions.

The pilot TW was designed to promote COD removal and anoxic
denitrification of recycled nitrate in the first stage, followed by nitrifi-
cation in the second, unsaturated stage. The different microbial com-
munities observed nitrogen transformations across each stage, and the
identified indicator species support the hypothesis that the system
design is sustaining the microbial populations and metabolisms required

to perform the intended transformations for TIN removal (Engida et al.,
2021; Oopkaup et al., 2016; Tan et al., 2020).

3.3. Microbial communities in the mesocosms

The microbial communities established in the pilot TW and the
mesocosms were assessed using PCoA ordination and PERMANOVA
analysis. A correlation test assessed the goodness of fit of the Bray-Curtis
dissimilarity matrix ordination and was determined to have adequate fit
(87 %; Fig. A.4). Distinct groupings between the laboratory and pilot
systems were noted (Fig. 5), indicating a significant difference (p <
0.05) of the microorganisms that populate each individual system.
Highly reduced conditions in the mesocosms, due to fully saturated
conditions, were evidenced by the presence of the methanogenic
archaeal genera, Methanobacterium, an obligate anaerobe (Fu et al.,
2023). Methanogens or genera requiring specifically anaerobic condi-
tions were not detected in the pilot system, indicating a potentially less
reduced environment, even in the saturated portion of the first stage.

The two groups of mesocosms fed with either high ammonia or high
nitrate artificial wastewater differed significantly in microbial commu-
nity composition (Fig. 6). However, both groups of mesocosms differed
to a much higher degree from the pilot system communities, regardless
of the stage and wastewater composition (Fig. 6). Thus, the type of
experimental system (mesocosm vs. pilot) accounted for most of the
differences in microbial communities, while the different wastewater
compositions accounted for much smaller differences. Specifically, the
use of artificial wastewater likely impacted the microbial community
that developed in the columns compared to the pilot system which was
fed with high-strength domestic wastewater from the ski resort. In
addition to scale and use of artificial wastewater, other key variables
between the systems exist, such as temperature and different loading
rates. Any differences between laboratory and full-scale systems should
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be assumed to potentially influence the microbial communities.

Each column in the laboratory system was planted with one of three
plant species (C. utriculata, P. americanus, S. acutus). Significant differ-
ences were found between the microbial communities based on plant
species (p = 0.01) (Fig. A.2). This is a similar finding to a previous study
that specifically analyzed microbial communities on plant roots in TW
mesocosms and found that plant species and season had a significant
impact on relative abundance of AOB and sulfate-reducing bacteria
(Faulwetter et al., 2013). Microbial communities attached to roots and
surrounding TW media may differ due to microscale gradients of
aqueous nutrients and the impact of plant root exudates (Faulwetter
et al.,, 2009; Wu et al., 2017). However, another study found that mi-
crobial community function, measured by metabolism of various carbon
compounds, in TW mesocosms planted with Phragmites and Phalaris
were not significantly different (Button et al., 2016). While these results
indicate that TW plant species can impact microbial community
composition, the previous studies suggest that plant-microbe in-
teractions are complex and require more investigation.

3.4. Implications for TW design and functions

Low temperatures often result in declining or poor wastewater
treatment performance due to slowed microbial metabolism that occur
with decreasing temperatures, particularly for nitrogen removal (Varma
et al., 2021; Yan and Xu, 2014). Many wastewater treatment facilities
observe a notable decline in performance during the winter months,
requiring operational changes to maintain sufficient nutrient removal
(Gaoetal., 2022; Varma et al., 2021; Yan and Xu, 2014). AOB reportedly
lack resilience to dynamic environmental conditions and have been
documented to become less efficient or die off due to shock loading or
changes of temperature, resulting in elevated NH3; in wastewater
effluent (Johnston et al., 2023). Some studies have reported a decline in
nitrification performance when wastewater temperatures drop below
10 °C, with significant reductions in performance at temperatures <5 °C
(Zhou et al., 2018).

Community shifts and the growth of psychrophiles may be key to
preventing this decrease in performance (Yan and Xu, 2014), as
observed in the studied pilot TW. Other researchers agree, stating that
microbial communities adapt metabolic functions with temperature
changes to maintain their activity at low temperatures (Cookson et al.,
2002; Sundberg et al., 2007).

Potential adaptations due to the eight to nine month rest periods in
the studied TW may contribute to the unique development of these
psychrophilic bacterial communities, indicating the presence of prefer-
ential conditions that differ from systems that operate year-round.

Oscillating or sinusoidal operating conditions have been observed to
establish a coexistence of competitive organisms (Pavlou, 2006). The
extended oscillation of long rest periods followed by seasonal waste-
water operation may allow coexistence of fast growing heterotrophic
bacteria with the often-slow growing psychrophiles and nitrifiers
throughout the year. This may contribute to survival at comparable
relative abundances throughout the summer and fall months, followed
by proliferation in the winter. Psychrophilic bacteria, such as Polar-
omonas, have been found on and within glacial ice indicating the ability
of psychrophiles to thrive in extremely nutrient limited environments
(Gawor et al., 2016), therefore long periods without wastewater feeding
may enable these bacteria to maintain higher relative abundances.
Engineered systems that run continuously cannot be temporarily paused
in operation, thus designing two system trains that alternate in opera-
tion may encourage better winter performance, as well as adding
redundancy to operations.

The pilot system is unique in that wetland plants only grow in the TW
outside of the winter ski season and when wastewater is not being fed to
the system. During system operation in the winter, the plants are pri-
marily dormant. Plant inputs and root growth during the periods
without nutrient input from wastewater may also contribute to the
robustness of the microbial community. While this was beyond the scope
of the present study, future work should include analysis of the micro-
bial community dynamics outside of the TW operating season and dur-
ing macrophyte proliferation.

It should be noted that bacterial abundances do not always correlate
to activity, and rare species can be the most active organisms within a
system (Kurm et al., 2017). For example, while nitrifying organisms
were strong indicators of the second stage and correlated with conver-
sion of ammonia to nitrate, each of the indicator OTUs were present at 7
% or less relative abundance. Despite this caveat, the assumed metabolic
capabilities of indicator organisms correlated with the observed nitro-
gen species transformations in each stage. Further research is required to
directly measure metabolisms and substrate consumption rates of the
bacteria in the studied TW.

4. Conclusion

1. The TW performed efficient nutrient removal of COD, NHZ, NO3 and
TIN at extremely low water temperatures (<3 °C); performance was
complemented by high relative abundances of psychrophiles or
psychrotolerant genera, such as Polaromonas and Dechloromonas,
that indicate robust microbial community adaptation to low
temperatures.
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2. Spatial differences across stages indicated that the first and second
stages supported distinct microbial communities and indicator or-
ganisms with denitrification and nitrification capabilities, respec-
tively. Proof of denitrification and nitrification processes was further
evidenced by consistent removal of NO3 and COD on a mass basis
across the first stage and NHJ in the second stage.

3. Temporal shifts in the microbial communities suggest that the sea-
sonal TW operation paired with long, low-nutrient rest periods
influenced the community development and enable diverse species
to remain viable throughout the year despite extended periods
without nutrient input. Future studies should more thoroughly
investigate the impact of temporary operation compared to contin-
uous operation to determine whether this feature may play a key role
in the robustness of the observed microbial communities.

4. Mesocosms with similar nutrient loading to pilot TW garnered
similar results based on final effluent water quality, indicating a
likelihood for mesocosms to act as potential functional proxies of
pilot scale systems. However, mesocosms were not accurate repre-
sentations of the microorganisms that colonized the pilot TW, indi-
cating the prevailing experimental conditions must mimic the true
system conditions to the closest degree possible to avoid preferential
selection.

5. Temporary pauses in operation may influence microbial community
development in a way that allows for the observed robust seasonal
operation at low temperatures. More analyses during the plant
growth season should be performed to determine the impact of plant
inputs on community dynamics during periods of system rest and
lack of wastewater input.
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