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Abstract

Oil sands process-affected water (OSPW), a by-product of surface mining in Alberta, Canada, contains persistent and
toxic naphthenic acid fraction compounds (NAFCs). Constructed wetland treatment systems are a promising biological
approach for reducing NAFCs, yet the role of plant-microbe-substrate interactions remains underexplored. In this study,
greenhouse mesocosms containing coarse sand tailings (CST) and either OSPW or reverse osmosis (RO) water were
planted with Typha latifolia, Juncus balticus, or left unplanted. Plant growth did not differ between mesocosms with
OSPW and RO, however T latifolia health declined due to an aphid infestation. Plants influenced substrate and water
chemistry by reducing salinity, alkalinity, and ions such as Ca and K, while tissues showed distinct uptake patterns, with
J. balticus enriched in Fe, S, and P, and T. latifolia elevated in Ca and K. Plants also enhanced NAFC removal, increasing
from 16% in unplanted mesocosms to 32% with J. balticus and 40% with T. latifolia. Isotopic analyses indicated pref-
erential removal of bitumen-derived NAFCs, providing an independent line of evidence for OSPW attenuation. Despite
reduced health, T. latifolia achieved the highest NAFC attenuation, suggesting species-specific mechanisms, likely includ-
ing microbial stimulation. 7. latifolia roots had a higher diversity and were enriched in putative hydrocarbon degraders
(Burkholderiaceae), while J. balticus hosted putative Fe-cycling taxa (Gallionellaceae). Putative hydrocarbon degraders
were also detected under RO, indicating latent bioremediation potential. These results demonstrate that plant identity may
mediate CWTS performance, likely through effects on chemistry and microbial communities, highlighting the importance
of targeted species selection for OSPW treatment.

Keywords Constructed wetland treatment systems - Naphthenic acid fraction compounds - Oil sands process-affected
water - Plant-microbe interactions - Typha latifolia - Juncus balticus

Introduction

The Athabasca oil sands region (AOSR) of Alberta, Canada,
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3 Environment and Climate Change Canada, National sand process-affected water (OS_PW)' For every ba_lrrel ,Of oil
Hydrology Research Centre, Saskatoon, Canada produced, the hot water extraction process has historically
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tailings pits, of which~400 Mm? is estimated to be OSPW
(Alberta Energy and Regulator 2024). Raw or untreated
OSPW is toxic (Li et al. 2017), and contains high levels
of metals, salts, and organic compounds through continued
cycling and reuse in the extraction process (Hussain and
Stafford 2023; Masliyah et al. 2008). The characterization
of OSPW has been shown to cause toxic effects on mam-
mals (Gurney et al. 2005; Rogers et al. 2002), invertebrates
(Lari et al. 2016), amphibians (Melvin and Trudeau 2012;
Robinson et al. 2023), fish (Kavanagh et al. 2012; Maren-
tette et al. 2015; Van den Heuvel et al. 2012), and plants
(Armstrong et al. 2010).

Toxicity in OSPW has been strongly linked to naphthenic
acids (NAs) (Hughes et al. 2017; Morandi et al. 2015; Ver-
beek 1995). NAs are a naturally occurring group of com-
plex carboxylic acids that are described under the formula
C,H,,+,0, (nis the number of carbon atoms; Z is a negative
even integer corresponding to the unsaturation of a mole-
cule) (Brient et al. 2004). Adverse outcomes related to NAs
are proposed to stem from their amphipathic behaviours as
surfactant-like molecules (Lipnick 1993; Roberts 1991),
which suggests that NAs would cause toxicity through
cellular narcosis (Frank et al. 2009). This is further rein-
forced by subsequent toxicity evaluations, where increasing
molecular weight (i.e., increasing amphipathic character-
istics) leads to increasing toxicity in OSPW-derived NAs
(Hughes et al. 2017; Scarlett et al. 2012).

As analytical methods have improved in resolution and
specificity, it has become clear that there are a broader vari-
ety of naphthenic acid fraction compounds (NAFCs) present
in the mixture of organic acids (Headley et al. 2011, 2013).
These NAFCs follow the general formula C H,,;ON,Sg,
where n represents the number of carbon atoms, z similarly
summarizes unsaturation, X denotes the count of oxygen
atoms, o denotes the count of nitrogen atoms, and B denotes
the count of sulphur atoms (Vander Meulen et al. 2021a).
This broader class of compounds subsumes classical NAs,
while also allowing for technically non-naphthenic acids
(e.g., aromatic acids), as well as a variety of heteroatom-
containing (e.g., nitrogen and sulphur-containing) com-
pounds that might otherwise be excluded. Despite the strong
link between OSPW acute toxicity and O,-compounds (i.e.,
mostly classical NAs), recent work has suggested that other
classes of compounds also contribute appreciably to adverse
outcomes (Leshuk et al. 2024), providing reason to look for
broadly non-targeted analyses to characterize NAFCs.

Because of the toxicity of OSPW, a zero-discharge policy
is enforced to safeguard both aquatic and terrestrial eco-
systems (AEPA, 2024a). While stakeholders have shown
interest in the potential release of treated OSPW, regulatory
guidelines are not yet developed. A wide range of physical,
chemical and biological technologies have been investigated
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to treat OSPW, including coagulation/flocculation, adsorp-
tion, membrane and reverse-osmosis systems, advanced
oxidation, photodegradation, and a variety of biological
approaches (Quinlan and Tam 2015). While many of these
approaches can remove specific constituents effectively
at small scales, questions remain about their scalability,
energy requirements, consumables requirements, and there-
fore cost-effectiveness when applied to the large volumes
of wastewater produced by the oil sands industry (Kannel
and Gan 2012; Scott et al. 2020). For example, electro-oxi-
dation and/or ozonation systems require ongoing chemical
and/or electrical inputs (Abdalrhman et al. 2020; Zhang et
al. 2019), which can contribute to higher per-liter treatment
costs. In contrast, bioremediation-based strategies such as
constructed wetland treatment systems (CWTS) offer a low-
energy, cost-efficient and publicly acceptable alternative.
The treatments provided by CWTS harness natural pro-
cesses to reduce concentrations and toxicity of NAFCs and
other OSPW constituents and can be scaled to treat large
volumes while maintaining relatively low operating costs
(Reis et al. 2023; Rodgers and Castle 2008).

CWTS operate through an interplay of physical, chemi-
cal and biological mechanisms. Abiotic mechanisms can
include settling, filtration, sorption, precipitation, photo-
degradation and chemical oxidation, while biotic processes
include microbial biodegradation, plant-mediated biotrans-
formation, and phytoaccumulation. Biodegradation and
sorption have been identified as key drivers for the removal
of complex organics like NAFCs (Cancelli and Gobas 2022,
2024). Mechanistic investigations show that NAFCs can
adsorb to soil substrates (Medeiros et al. 2023) dependent
on associated ionic strength and water chemistry parameters
(Hanneseth et al. 2006; Janfada et al. 2006), can be taken
up and assimilated into plant tissues (Alberts et al. 2021),
or otherwise transformed by a combination of photolytic
(Challis et al. 2020; McMartin et al. 2004) and biodegrada-
tive processes (Reis et al. 2023; Whitby 2022). Mesocosm
and field CWTS studies treating OSPW have demonstrated
measurable NAFC attenuation over weeks to months, with
reported reductions varying by design, residence time, and
plant presence (Ahad et al. 2018; Ajaero et al. 2018, 2020;
Cancelli and Gobas 2022; Hendrikse et al. 2018; McKenzie
et al. 2014; Simair et al. 2021; Trepanier et al. 2023, 2025).
Certain emergent macrophytes perform reliably in OSPW
systems: Juncus balticus, Typha latifolia, and Carex aquati-
lis have shown good survival and functional performance in
experimental OSPW wetlands, making them practical can-
didates for CWTS plantings (Zhao et al. 2024).

Plant-microbe partnerships are central in hydrocarbon
breakdown (Correa-Garcia et al. 2018) and are therefore
critical in determining CWTS success for OSPW treat-
ment. Microbial communities carry out the enzymatic
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transformations that mineralize or detoxify NAFCs and
other organic contaminants. Plants influence these micro-
bial processes through rhizodeposition: root exudates
(organic acids, sugars, and secondary metabolites) serve as
labile carbon sources that stimulate heterotrophic degrad-
ers, alter local pH, and modulate redox microenvironments,
thereby enhancing biodegradation rates and altering sorp-
tion dynamics (Alberts et al. 2021; Reis et al. 2023). In
turn, microbes can promote plant health by degrading toxic
compounds in the rhizosphere, producing phytohormones,
and mitigating stress responses, which is especially valu-
able where NAFC toxicity can inhibit root growth (Reis et
al. 2023).

Root-associated microorganisms are particularly
important during phytoremediation of organic compounds
(Khan et al. 2013). Previous studies have examined root-
associated microbiomes of wetland species, including T.
latifolia in natural or artificial wetlands (Martinez-Mar-
tinez et al. 2023; Pietrangelo et al. 2018; Zapata-Morales
et al. 2020). However, the temporal dynamics of root
microbial communities in J. balticus and T. latifolia, and
how these dynamics influence plant-specific differences
in nutrient uptake, microbial interactions, and NAFC
removal, remain poorly understood. In particular, limited
information on how variation in microbial colonization
between plant species affects the mechanisms that drive
NAFC attenuation or overall plant health is available,
constraining efforts to optimize phytoremediation strate-
gies for large-scale treatment of OSPW.

Mesocosm experiments provide a controlled, interme-
diate-scale platform to address these knowledge gaps and
bridge the scale between laboratory assays and field sys-
tems. By controlling water type, substrate, plant assem-
blage and exposure duration, mesocosms allow mechanistic
inquiry into the processes that govern NAFC attenuation,
ion dynamics and plant health under realistic but repeatable
conditions (Balaberda et al. 2025). This study used 7. latifo-
lia, J. balticus and unplanted controls in mesocosms receiv-
ing either OSPW or reverse osmosis (RO) water to evaluate
performance in treating NAFCs within OSPW. The over-
lying water chemistry, soil/substrate chemistry, and plant
survival and growth were analyzed, and NAFCs were char-
acterized using high-resolution Orbitrap mass spectrometry
and stable carbon isotope analysis. The microbial commu-
nity in root samples of both plant species was profiled, due
to the importance of root-associated microorganisms during
phytoremediation of organic compounds. This mesocosm
study provides experimental proof-of-concept under real-
istic OSPW treatments and, by comparing species-specific
effects, addresses the gap in understanding how plant iden-
tity influences CWTS performance and microbial commu-
nity dynamics.

Materials and Methods
Experimental Design and Setup

This experiment was conducted in a greenhouse at the
Northern Forestry Centre in Edmonton, Alberta, using
coarse sand tailings (CST) and OSPW collected from Kearl
oil sands mine (Imperial Canada Ltd.).

Each mesocosm (polypropylene; 50.8 c¢cm height x
33.02 cm width x 129.54 cm length; volume: 248.09 L) was
filled with 20 cm (85.6 L) of CST. A 25 cm water column
(106.9 L) of either OSPW or RO water was maintained
above the substrate. The mesocosms operated as surface-
flow closed-loop systems. Water was pumped from 159 L
reservoir tanks into each mesocosm at ~20 mL/min, running
intermittently every 10 min, which cycled at approximately
28.8 L/day. System design and operational procedures fol-
lowed standard mesocosm protocols (Balaberda et al. 2025).

T. latifolia and J. balticus seeds were collected from nat-
ural stands within seed zones DM1.3 (Dry Mixedwood) and
CMI1.1 (Central Mixedwood), respectively. Seedlings were
grown in peat plugs for three to five months prior to trans-
planting. The plants were fertilized three times weekly with
water-soluble fertilizer (24-8-16, Miracle-Gro All purpose
Plant Food).

Twelve individuals of either species were transplanted
into each mesocosm. At the time of transplanting, T
latifolia ranged from 61 to 162 cm in height (average of
120.8+£17.0 cm), and J. balticus ranged from 45 to 115 cm
(average of 70.5+12.0 cm). To acclimate the plants to the
mesocosm system, RO water was used to slowly raise the
water level over two months to the target depth of 25 cm,
followed by another two months of system acclimation.
During this 129-day acclimation period, fertilizer (10-10-
10, Golfgreen All Purpose Garden Fertilizer) was added as
needed to address nutrient deficiencies. Algal growth result-
ing from fertilization was managed by flushing the system
with RO water once, approximately half-way through the
129-day acclimation phase.

The experiment followed a randomized block design
using two greenhouse bays. A total of six treatments were
tested, each with four replicates (=24 mesocosms): RO
water (Unplanted), OSPW (Unplanted), OSPW +J. balticus,
RO water+J. balticus, OSPW+T. latifolia, RO water+T.
latifolia (Fig S1). The experiment lasted 89 days, stopping
approximately mid-way through the 23rd four-day cycle,
with each cycle designed to fully exchange the free water
volume in the mesocosm with the reservoir.

Greenhouse conditions were maintained at approxi-
mately 20 °C during the day and 10 °C at night, with a
16-hour photoperiod. These temperature and light condi-
tions were selected to approximate typical growing season
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conditions in this region, ensuring physiologically relevant
plant growth and microbial activity while maintaining con-
trolled experimental conditions. RO water was added to the
reservoirs for all mesocosms as needed to compensate for
losses due to evapotranspiration and to maintain consistent
water levels.

General Chemistry and Plant Health Analyses

General chemistry parameters for the substrate and water
were analyzed at the beginning (prior to OSPW addi-
tion) and the end of the experiment by Element Materi-
als Technology (Edmonton, AB, Canada). The analysis
for the substrates included pH, electrical conductivity
(EC), sodium absorption ratio (SAR), major ions and
metals concentrations (e.g., calcium (Ca), magnesium
(Mg), sodium (Na), potassium (K), chloride (Cl), sulfate
(SO,), nitrate (NO;), nitrite (NO,), iron (Fe), manganese
(Mn). The analysis of the water included pH, EC, hard-
ness, total dissolved solids (TDS), total alkalinity, and
major ions. Additional water parameters (pH, dissolved
oxygen, salinity, oxidation reduction potential (ORP), and
conductivity) were monitored at the end of every cycle (4
days) with a YSI® Professional Plus Multiparameter. Soil
redox potential was measured with a portable millivolt
(mV) meter and silver chloride electrodes (Fisherbrand
Accumet Epoxy Body Mercury-Free Reference Electrode
CAT #13-620-858) using platinum tip probes installed
into each mesocosm (Faulkner et al. 1989; Huddleston
and Rodgers 2008).

Plant parameters were measured at the end of each 4-d
cycle. Plant heights (cm), aboveground plant biomass
(g), and visual observations were used as indicators to
determine plant health and vigor. Vigor (i.e., live vs. dead
plant tissue) was scored for each individual plant on a 1-7
scale: 1=100% dead, 2=70-99% dead, 3=40-70% dead,
4=20-40% dead, 5=10-20% dead, 6=1-10% dead, 7=0%
dead. To quantify major ion concentrations (i.e., trace met-
als, total nitrogen, and phosphorus) in plant tissue, the entire
aboveground biomass for each mesocosm was collected at
the end of the experiment and sent to Element Materials
Technology (Edmonton, AB, Canada) for analysis.

Sample Preparation and High-Resolution MS
Analysis of NAFCs

Samples were shipped from the Northern Forestry Center
(Edmonton, Alberta) to the National Hydrology Research
Center (Saskatoon, Saskatchewan) overnight in coolers on
ice. After samples were received, samples were transferred
to a 4 °C refrigerator and kept in the dark until extractions
could be performed (within 1 week).
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Water samples were prepared for mass spectrometry
analysis by an established solid-phase extraction (SPE)
procedure (Headley et al. 2002). Sample aliquots were
measured to ~100 mL (with exact volumes recorded). To
prepare SPE cartridges for analysis, 6 mL/200 mg ENV+
cartridges (Biotage, Charlotte, NC, USA) were first rinsed
with 1 column volume (6.0 mL) of MilliQ water (>18.2
MQ), then with 1 column volume (6.0 mL) of “Optima” LC/
MS-grade methanol (Fisher Scientific Canada, Edmonton,
Alberta, Canada), and columns were subsequently re-condi-
tioned with 6—12 mL of MilliQ water to condition cartridges
prior to sample loading. Just prior to beginning extractions,
samples were pH-adjusted to <2 by adding excess (~2 mL)
formic acid (>98%; Fisher Scientific, Edmonton, Alberta,
Canada). Acidified samples were extracted through pre-
conditioned SPE cartridges through polytetrafluoroethylene
(PTFE) transfer lines at 2—3 mL/min. Following comprehen-
sive extraction of sample aliquots, samples were de-salted
by adding 1 column volume (6 mL) of MilliQ water drawn
through at 2-3 mL/min. De-salted cartridges were dried by
drawing a gentle vacuum through the SPE extraction mani-
fold for ~ 15 min. Analyte extracts were subsequently eluted
from desalted, dried cartridges by the addition of 6.0 mL
of “Optima” LC/MS-grade methanol under gravity. Sam-
ple extracts were dried completely under a gentle flow of
N, (5.0-grade; Linde Canada, Saskatoon, Saskatchewan,
Canada) in clean glass culture vials partially immersed in
a water bath at ~40 °C. Extracts in culture vials were re-
constituted with 50:50 acetonitrile: H,O with 0.1% (v/v)
NH,OH by vortexing residues with the solvents for 20-25 s
each. Once they were reconstituted, sample extracts were
transferred to clean, labelled 2.0 mL amber LC/MS autos-
ampler vials. To monitor ongoing method performance and
laboratory background, method blanks (i.e., SPE extractions
of MilliQ water) were carried out with each batch following
the same protocol, but provided no cause for background
corrections.

Non-targeted analyses for NAFCs were carried out using
a ThermoFisher Scientific Orbitrap LTQ Velos Elite mass
spectrometer via loop injection in negative ionization mode
with resolution set to 240,000 (as measured by peak width
at half height at 400 m/z). Sample extracts were handled via
an autosampler to make 5 pL injections, where data were
collected from a 1-minute total ion chromatogram follow-
ing the injection. Instrument conditions were as follows:
sheath gas flow 25 (arbitrary units); auxiliary gas flow 5
(arbitrary units); sweep gas 1 (arbitrary units); spray volt-
age—2.90 kV, S lens radio frequency level at 67%, heater
temperature 50 °C; capillary temperature 275 °C. Injections
were made using an isocratic mobile phase composition of
50:50 acetonitrile: H20 with 0.1% (v/v) NH,OH to match
extract compositions. Detected m/z values were dynamically
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recalibrated using a lock mass value provided by a lab-
ubiquitous background ion previously identified as n-butyl
benzenesulfonamide (C,; H;sNO,S[-H]; —212.07507 m/z).

Quantification of NAFCs was achieved using an exter-
nal standard strategy, where a 5-point curve of 10, 25, 50,
75, and 100 mg/L was re-acquired every 10-12 sample
injections to ensure ongoing method linearity and uniform
instrument response. Preparation of the in-house NAFC
standard has been previously reported elsewhere (Headley
et al. 2002; Rogers et al. 2002). As with all NA and NAFC
quantification methods, a lack of available reference stan-
dards limits this quantification to being semi-quantitative
(Hindle et al. 2023), and therefore values reported here can
only be internally compared to samples processed and quan-
tified by the same method.

All qualitative data (i.e., formulae) from Orbitrap-MS
was pre-processed using XCalibur 2.2 software (Thermo-
Fisher Scientific, Waltham, MA, USA) to remove irrelevant
regions from the total ion chromatograms (i.e., pre- and
post-injection data regions). Trimmed data were imported
into Composer64 version 1.5.6 software (Sierra Analytics,
Modesto, CA, USA) for de novo formula assignments (<3
ppm) made over a mass range of 100 195 to 500 according
to the following multi-pass algorithm: allowed atom counts
in pass 1 included #C 0-50, 196 #H 0-150, #N 0-3, and #O
0-10; in pass 2 #C 0-50, #H 0-150, #O 0-3, #S 0-5; pass
3 #C 0-50, #H 0-197 150, #N 0-3; pass 4 #C 0-50, #H
0-150, #N 0-3, #O 0-3, #S 0-3. Allowed assignments were
restricted 198 to those with <3 ppm mass error.

Carboxyl-Group Targeted Carbon Isotope Analysis

Stable carbon isotope analysis targeting the CO, generated
by pyrolytic decarboxylation (813prr) is a technique that
can distinguish OSPW-derived from non-bitumen, plant-
derived NAFCs (Ahad et al. 2012, 2013, 2020; Gibson et
al. 2025; Trepanier et al. 2023, 2025). Following a protocol
adapted from Ahad et al. (2012), 1 L of water collected in
fluorinated HDPE bottles (Thermo Fisher Scientific, Missis-
sauga, ON, Canada) was acidified to pH 4.5 and extracted
with loose Strata-X-A SPE sorbent (Phenomenex, Torrance,
CA, USA) pre-rinsed with methanol and MilliQ water.
Approximately 100 mg of sorbent was used per litre of
water. The samples were vortexed in large glass beakers for
2 h using a magnetic stir bar. The sorbent was then filtered
from the aqueous phase under vacuum using glass fibre fil-
ters and NAFCs were eluted with 10% formic acid in meth-
anol and pure methanol. To maximize recoveries, water
samples were treated a second time using another 100 mg
sorbent. The extracts containing NAFCs were combined
and then evaporated to dryness under ultrahigh purity N,,
weighed, and re-dissolved in methanol. Extraction blanks

carried out using 1 L of MilliQ water and put through the
same procedure as described above yielded no detectable
background NAFCs.

Small aliquots corresponding to around 1 mg of extract
were transferred by syringe into a 40 pL rigid silver cap-
sule, dried, and sealed with pliers prior to isotopic analysis.
The 813prr values were determined at the Delta-Lab of the
Geological Survey of Canada (Québec, QC, Canada) using
a thermal conversion elemental analyzer (TC/EA) inter-
faced with a Delta Plus XL isotope ratio mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). Samples
were decarboxylated at 750 °C in a pyrolysis reactor and
analyzed against CO, calibrated to international carbon-
ate standards (Oztech Trading Corp., Safford, AZ). Based
on replicate standard and sample analyses, the precision
achieved for 613prr analyses was £0.3%o.

Microbial Sampling and Analyses
Sample Preparation

Root samples were collected from 7. latifolia and J. balticus
for microbial community analysis. Sediment (CST) samples
were initially collected; however, DNA yields were consis-
tently low, preventing reliable sequencing. Therefore, only
root-associated microbial communities were analyzed in
this study.

Immediately after their collection from mesocosms, roots
were quickly cleaned with tap water to dislodge root-bound
soil, rinsed with deionized water, pat dried, and transferred
to a 50 mL Falcon tube prior to snap-freezing in a dry ice-
ethanol bath. Samples were shipped on dry ice to the Lau-
rentian Forestry Center (Québec City, Canada) where they
were stored in a —80 °C freezer until further processing.
Prior to DNA isolation, 100 mg of fine frozen roots were
transferred to a 2.0 mL Safe-Lock microtube (Eppendorf)
containing a 5 mm stainless steel bead (Qiagen) and ground
to a fine powder using the TissueLyser II (Qiagen) at 26 Hz
for >2 x 45 s, with snap-freezing by immersing the tubes in
liquid nitrogen between grinding cycles.

DNA Isolation, Library Preparation and Sequencing

DNA isolation was performed with the DNeasy PowerSoil
Pro kit (Qiagen). Volumes of 800 pL of solution CD1 plus
0,2 uL of a dilution (10 ng/uL) of exogenous DNA of Ther-
mus thermophilus (strain HB8; 27634D-5, ATCC) were
mixed and added into microtubes containing the fine root
powder. These mixtures were then transferred into Power-
Bead Pro tubes and vortexed for a few seconds. Samples
were then thoroughly homogenized using the TissueLyser 11
at 25 Hz for 2 x5 min and centrifuged for 1 min at 15,000
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x g prior to DNA isolation with QIAcube instruments (pro-
gram PowerSoil Pro, including IRT; Qiagen) following the
manufacturer’s instructions. DNA concentration was mea-
sured using the Qubit dsDNA Broad Range assay kit (Life
Technologies) and Qubit 3.0 fluorometer (Thermo Fisher
Scientific). DNA extracts were diluted to 6 ng/uL. with 10
mM Tris pH 8.0 solution using the QIAgility automated
system (Qiagen). Library preparation was performed by the
Centre d’expertise et de services, Génome Québec (Mon-
tréal, Canada). Libraries were generated from 100 ng of
DNA, using the NEBNext Ultra II DNA Library Prep kit
for Illumina (New England BioLabs) as per the manufac-
turer’s recommendations and sequenced on a 25B flow cell
(Illumina) on a NovaSeq X Plus instrument (Illumina). A
phiX library was used as a control and mixed with libraries
at 1% level.

Microbial Community Profiling

Taxonomic assignment of sequence reads was performed
using SingleM (v0.18.3) (Woodcroft et al. 2024) with 35
bacterial and 37 archaeal single-copy marker genes, using
default settings. This approach targets the short, 20 amino
acid regions (encoded by 60 nucleotides) within single-copy
marker genes. The “SingleM pipe” subcommand produced
OTU tables and Genome Taxonomy Database (GTDB) tax-
onomic profiles. The “SingleM summarise” command was
then used to compute relative abundances by species-by-site
and convert to unifrac format. Among the unifrac files gen-
erated for marker genes, the file with default ribosomal pro-
tein (S3.5.ribosomal protein_S2 rpsB) data was selected
for bacteria and archaea.

Data Analysis and Visualization

All data analyses were conducted in R (Core Team 2024).
Statistical analysis of soil chemistry, water chemistry and
plant health metrics were performed using glmmTMB and
tidyverse (Bolker et al. 2009; Zuur et al. 2010). A summary
of the different modelling approaches used for each param-
eter can be found in Table S1.

Soil chemistry parameters were analyzed using gener-
alized linear mixed models (GLMMs) with plant species,
water type, and sampling date (and their interactions) as
fixed effects and mesocosm as a random effect. Models
were generally fitted with a Gaussian distribution and a dis-
persion term structured by date, except for SO,, which was
modelled using a Gamma distribution with a log link due to
non-normal residuals.

Water chemistry parameters were analyzed using gener-
alized linear models (GLMs) with plant species, water type,
and their interaction as fixed effects. Only the final sampling
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time point was analyzed, as initial (0 d) samples represented
the acclimation with RO water. Dispersion structures were
adjusted when necessary (e.g., Ca~Species, Na~ Water) to
improve model fit. One replicate mesocosm in the Unplanted
RO water treatment exhibited abnormal chemistry which
was associated with rust formation and was thus excluded
from statistical analysis for soil and water chemistry.

Plant height was analyzed separately for 7. latifolia and
J. balticus with GLMMs assuming a Gaussian distribution
including day, water type, and their interaction as fixed
effects, and mesocosm as a random effect. Plant tissue ion
concentrations were analyzed using GLMs with a Gaussian
distribution with plant species, water type, and their interac-
tion as fixed effects, with log transformation for Cu and Fe.
Tissue ion concentrations were further analyzed using prin-
cipal component analysis (PCA) with the prcomp() function
in R (Core Team 2024).

Model fit was assessed using residual diagnostics
(DHARMa) (Harting 2024), and significance of fixed
effects was evaluated with Type III Wald chi-square tests
(car) (Fox and Weisberg 2019). Where significant effects
were detected, pairwise comparisons were performed using
estimated marginal means (emmeans) and Tukey-adjusted
p-values (Lenth et al. 2025).

Aboveground biomass was analyzed separately for each
plant species using one-way ANOVA (aov) with water type
as the fixed factor. Residuals were checked for normality
using histograms, Q-Q plots, and Shapiro-Wilk tests, con-
firming assumptions were met.

For comparison of high-resolution mass spectral identifi-
cations of NAFC mixture constituents, data were ordinated
via PCA using R’s built-in prcomp() function (Core Team
2024). Base peak-normalized abundance for mass spectral
values were filtered to exclude formulae that occurred in
<3 samples, followed by Pareto-scaling (Ivosev et al. 2008;
Van Den Berg et al. 2006) and then using a single-value
decomposition strategy implemented by the default prcomp
function built into R.

Isotopic signatures for OSPW samples were analyzed
for significant differences using GLMMs with plant species
and sampling date (and their interactions) as fixed effects
and mesocosm as a random effect. Models were fitted with
a Gaussian distribution and a dispersion term structured
by date. Model fit was assessed using residual diagnos-
tics (DHARMa) (Harting 2024), and significance of fixed
effects was evaluated with Type III Wald chi-square tests
(car) (Fox and Weisberg 2019). Where significant effects
were detected, pairwise comparisons were performed using
estimated marginal means (emmeans) and Tukey-adjusted
p-values (Lenth et al. 2025).

Data from SingleM were imported into R to con-
struct a genus-level OTU matrix, and alpha diversity was
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evaluated using Richness, Shannon, and Simpson indices.
Prior to hypothesis testing, the distribution of each metric
was assessed using the Shapiro-Wilk test and homogene-
ity of variance was evaluated with Levene’s test. Because
Shannon and Simpson indices deviated from normality,
non-parametric Wilcoxon rank-sum tests were applied for
group comparisons, whereas Richness (normally distrib-
uted) was analyzed using Student’s t-tests and adjusted
using Benjamini—-Hochberg (BH) correction. Analyses
were performed within each plant species (OSPW vs.
RO) and between plant species under OSPW exposure.
Results were visualized with boxplots stratified by these
variables.

Beta diversity was assessed in R using Bray-Curtis dis-
similarity on normalized genus abundance data from Sin-
gleM. Non-metric multidimensional scaling (NMDS) was
performed to ordinate samples in two dimensions. Statis-
tical differences in community composition were tested
using permutational multivariate analysis of variance (PER-
MANOVA) (adonis2) to assess centroid (mean composi-
tion) shifts, and PERMDISP to evaluate group dispersion
(variability). These analyses were performed for water
type effects within each plant species, and for plant spe-
cies effects within the OSPW treatment. All tests used 999
permutations. Hierarchical clustering was performed using
the UPGMA algorithm in SingleM with jackknife support
values.

Results and Discussion
Substrate Chemistry

The CST substrate consisted predominantly of sand (98.0%
+ 0.0), with minor proportions of silt (1.5% + 0.6) and clay
(0.5% =+ 0.6). Iron concentrations were relatively high and
variable before the experiment (1,900+245 mg/kg), but
all other metals were well below provincial remediation
guideline values at the final sampling event (AEPA, 2024b)
(Table S2).

The GLMM showed that most soil chemistry parameters
(pH, EC, SAR, Ca, Mg, Na, Cl, and SO,) increased sig-
nificantly over time (p<0.05), independent of plant type
or water treatment (main effect of Date; Table S3). Among
these, Na, Cl, SO,, EC, and SAR were also strongly affected
by water type, with higher concentrations in OSPW meso-
cosms compared to RO controls (p<0.05). In contrast, Ca,
Mg, and K did not differ significantly between water types.
Plant species also influenced substrate chemistry, with sig-
nificant species x sampling date interactions for Ca, Mg,
and SO, (Table S3). By the final sampling, soils from T

latifolia mesocosms contained higher Ca, Mg, and SO, con-
centrations than J. balticus (p<0.05), but consistently lower
K (»<0.05). The differing behaviour of K in the CST of T.
latifolia mesocosms may reflect 7. latifolia’s known high K
uptake (see Sect. 3.3).

Overall, the observed changes in soil chemistry reflect
both mineral dissolution from substrate and plant-specific
influences. Soil redox potential remained consistently above
50 mV in all treatments, indicating oxidizing conditions.
Therefore, chemical changes were not driven by reductive
dissolution but by mineral weathering and ion release from
CST. For example, the increase in Ca across all treatments
(Table 1), including the unplanted RO mesocosms, suggests
CST remained a continuing source of Ca even after the
129-d acclimation period. Parallel increases in Mg and SO,
support continued mineral dissolution, with OSPW addi-
tions amplifying SO, accumulation relative to RO controls
(Table 1).

pH dynamics reflected both abiotic buffering and bio-
logical activity. Across all treatments, including unplanted
RO mesocosms, pH increased over time, likely due to car-
bonate dissolution in CST and other buffering processes.
However, pH remained consistently lowest in 7. latifolia
treatment. Notably, these mesocosms started below the
provincial guideline range (AEPA, 2024b) but increased
within acceptable levels by the final sampling, though
still lower than other treatments. This pattern may be
consistent with root-mediated acidification, where oxy-
gen release into the rhizosphere enhances microbial oxi-
dation, producing protons (H") and CO, that lower pH
(Ma et al. 2022). Lower pH in T. latifolia treatment was
accompanied by higher concentrations of Ca, Mg, and SO,
(Table 2), consistent with increased mineral weathering,
cation exchange and sulfur oxidation. These strong effects
relative to J. balticus align with T. latifola’s larger foot-
print in the mesocosm and more extensive root system,
which release more oxygen and exudates than J. balticus
(WieBner et al. 2002), stimulating microbial activity and
amplifying rhizosphere acidification despite the reduced
plant health observed (Sect. 3.3).

Plant uptake likely contributed to element-specific
trends, as seen in the depletion of K in T latifolia relative
to J. balticus. Increases in Na, Cl, EC, and SAR in OSPW
treatments confirm that salinity accumulation was driven by
OSPW inputs. However, both EC and SAR remained within
the “good” category under provincial guidelines (AEPA,
2024b). Together, these results show that OSPW predictably
increased salinity, but plant roots also influenced ion mobi-
lization and soil pH. This highlights the combined roles of
substrate weathering, water chemistry, and vegetation in
shaping soil conditions.

@ Springer
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Table 1 Physiochemical and inorganic properties of coarse sand tailings (CST) in oil sands process-affected water (OSPW) and reverse osmosis
(RO) treatments. Initial samples (0 d) were taken prior to OSPW addition, final samples were taken after 89 d. Values represent mean +standard
deviation (n=4). “n.d.” refers to no data available

RO Treatment OSPW Treatment

Parameters Units Initial Final Initial Final

J.balticus pH 6.45+0.88 7.35+0.91 6.45+0.41 7.05+0.62
SAR 0.28+0.10 0.38+0.05 0.30+0.08 3.42+0.56
EC dS/m 0.26+0.07 0.46+0.12 0.22+0.03 0.81+0.15
Calcium mg/kg 8.05+3.64 18.92+6.45 6.47+1.45 14.62+6.00
Magnesium mg/kg 2.48+1.21 5.42+1.24 1.95+0.70 5.38+1.87
Sodium mg/kg 2.75+0.96 4.50+0.58 2.75+1.50 38.00+11.75
Potassium mg/kg 425+1.26 3.25+1.71 425+1.89 5.00+2.00
Chloride mg/kg 4.75+0.96 5.75+£1.26 4.50+2.38 10.00+3.46
Sulfate-SO,, mg/kg 32.08+14.40 60.25+28.17 27.65+7.46 116.58+43.34
Nitrate+ Nitrite-N mg/kg 1.12+0.25 n.d. 1.12+0.25 n.d.

T latifolia pH 5.7540.52 6.28+0.99 5.02+0.83 6.10+1.20
SAR 0.58+0.25 0.32+0.05 0.3+£0.12 2.83+0.66
EC dS/m 0.14+0.03 0.69+0.09 0.14+0.06 1.19+0.29
Calcium mg/kg 4.05+1.27 31.7+9.42 4.68+3.14 35.35+12.62
Magnesium mg/kg 1.40+0.46 8.38+1.80 1.25+0.80 11.18+3.19
Sodium mg/kg 3.50£1.73 4.75+0.50 1.88+1.55 46.75+6.34
Potassium mg/kg 1.38+0.75 2.00+0.00 1.00+0.71 3.75+1.71
Chloride mg/kg 3.00£0.82 3.75+0.50 2.12+2.02 8.75+4.03
Sulfate-SO,, mg/kg 17.23+5.62 111.72+27.88 18.38+12.85 210£56.79
Nitrate + Nitrite-N mg/kg 1.25+0.29 n.d. 1.12+0.25 n.d.

Unplanted pH 7.00+0.72 8.10+0.53 6.10+1.87 7.28+2.19
SAR 0.33+0.23 0.30+0.10 0.20+0.08 2.384+0.32
EC dS/m 0.25+0.03 0.37+0.12 0.28+0.21 0.97+0.42
Calcium mg/kg 6.33+1.14 19.03+7.39 6.70+2.50 27.70+13.32
Magnesium mg/kg 1.87+0.06 6.10+1.73 2.05+0.38 8.85+2.97
Sodium mg/kg 2.33+1.53 4.334£0.58 1.75+0.50 37.00+3.65
Potassium mg/kg 5.00+1.73 6.33+3.21 3.00+0.82 6.25+1.26
Chloride mg/kg 4.33+0.58 7.00+3.61 3.25+0.50 10.75+2.63
Sulfate-SO,, mg/kg 27.57+6.73 53.30+28.14 27.45+21.85 156.50+64.48
Nitrate + Nitrite-N mg/kg 1.00+0.00 n.d. 1.12+0.25 n.d.

Water Chemistry As expected, addition of untreated OSPW resulted in

The GLM showed that both water type and plant treatment
significantly influenced final water chemistry (Table S4).
OSPW mesocosms had higher alkalinity, EC, TDS, hard-
ness, and concentrations of Cl, K, Mg, Na, and SO, than
RO mesocosms (p<0.05), consistent with the characteris-
tic chemistry of untreated OSPW (elevated pH and salin-
ity) (Mahaffey and Dubé 2017). Within OSPW treatments,
unplanted mesocosms exhibited the highest EC, TDS, and
SO,, whereas T. latifolia reduced these values, suggest-
ing uptake or retention effects. Plant species also differed
in their influence, with water from 7. latifolia mesocosms
containing significantly lower K and CI than J. balticus
(»<0.05). Across both water types, planted mesocosms gen-
erally had higher alkalinity and Ca than unplanted controls,
while unplanted mesocosms had the highest pH and conser-
vative ion concentrations.

@ Springer

elevated salinity, with final SO, concentrations ranging
from 304.8 to 438.8 mg/L. However, RO mesocosms also
showed marked increases in Ca, Mg, SO,, and alkalinity
relative to starting conditions (Table 2), implicating CST
as a major internal solute source. Increases of Ca, Mg, and
alkalinity in soils (Table 1) and overlying water (Table 2)
are consistent with mineral weathering, particularly carbon-
ate dissolution, which releases Ca?* and HCO5, enhancing
alkalinity and base cation concentrations. Similar to soil
redox, water ORP values exceeded 100 mV and dissolved
oxygen levels remained above 5 mg/L throughout the
experiment, indicating oxidizing conditions. Planting fur-
ther modified water chemistry: planted mesocosms exhib-
ited higher alkalinity than unplanted ones, consistent with
rhizosphere-driven carbonate dissolution and biological
CO, cycling. Root activity, especially in 7. latifolia, likely
stimulated microbial oxidation and respiration, producing
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Table 2 Chemical properties Parameter Units Initial RO Final OSPW Final
(‘?e?lni Sj‘ndard de"i;fﬁ"“’ d”:“) Tbaliicus _pH 635046 7.93£0.61 7.80£0.21
N iglsg\%r)o e . EC dS/m 0.08+0.03 0.45+0.08 1.15+0.08
sis (RO) water at 0 d (Initial) and TDS mg/L 36.12+12.68  261.00£5435  754.25+62.67
89 d (Final). Initial samples were Alkalinity mg/L as CaCO, 5.94+2.48 123.00+40.29 221.00+4.55
collected during the mesocosm Bicarbonate mg/L 3.94+4.07 150.00+£49.30 269.25+5.38
acclimation period, when all Hardness mg/L as CaCO;  17.99+8.05 205.00+53.11  255.25+13.62
mesocosms contained RO water Calcium mg/L 4.64+2.24 522741796  61.23+3.09
g;&rg’sir\i;f‘g’g:agigsﬂgixy_ on mg/L 0.020.02 0.006£0.002  0.01=0.01
gen; EC: electrical conductivity; Magnesium mg/L 1.56+0.69 18.12+2.41 24.85+1.72
TDS: total dissolved solids Manganese mg/L 0.02+£0.05 <0.005 <0.005
Sodium mg/L 2.98+0.84 11.93+£1.61 149.50+19.67
Potassium mg/L 4.16+0.68 3.75+1.73 12.47+1.35
Chloride mg/L 4.97+0.66 11.35£1.66 29.52+2.67
Sulfate (SO,) mg/L 14.35+10.54 89.62+20.95 344.00+44.32
Nitrate-N mg/L 1.11£0.70 <0.01 <0.01
Tlatifolia pH 5.92+0.52 7.59+0.11 7.70£0.12
EC dS/m 0.02+0.00 0.47+0.01 1.03+0.12
TDS mg/L 9.12+2.64 277.50+£13.77 671.00+£94.67
Alkalinity mg/L as CaCOj4 5.62+3.60 155.25+15.95 214.25+3.77
Bicarbonate mg/L 3.81+3.71 189.25+19.74 261.50+4.73
Hardness mg/L as CaCO;, 3.12+£1.36 232.25+6.90 268.00+10.61
Calcium mg/L 0.84+0.30 62.02+2.33 65.80+£1.65
Iron mg/L 0.01+0.01 0.02+0.01 0.02+0.01
Magnesium mg/L 0.30+0.14 18.77+0.36 25.18+1.69
Manganese mg/L 0.01+£0.007 <0.005 <0.005
Sodium mg/L 1.18+0.31 7.52+2.76 130.50+26.75
Potassium mg/L 0.56+0.38 <0.40 1.55+£1.00
Chloride mg/L 0.89+0.27 0.95+0.42 14.70+4.52
Sulfate (SO,) mg/L 2.72+1.37 94.75+5.24 304.75+62.52
Nitrate-N mg/L <0.01 <0.01 0.006+0.002
Unplanted pH 5.24+1.05 8.29+0.39 8.27+0.26
EC dS/m 0.16+£0.22 0.39+0.04 1.26+0.08
TDS mg/L 45.57+£39.94 227.67+28.11 833.00+61.42
Alkalinity mg/L as CaCO; 2.50+0.00 65.00+4.58 146.75+21.90
Bicarbonate mg/L 2.50+0.00 79.00+5.57 178.75+26.59
Hardness mg/L as CaCO, 17.86+6.74 162.67+21.22 226.50+50.82
Calcium mg/L 4.79+2.04 37.73+7.42 45.05+18.62
Iron mg/L 0.92+2.42 0.03+0.02 0.01+0.01
Magnesium mg/L 1.46+0.43 16.63+0.76 27.68+1.25
Manganese mg/L 0.12+0.15 <0.005 <0.005
Sodium mg/L 2.61+£0.23 12.33+0.35 184.00+4.24
Potassium mg/L 4.11£0.97 6.27+0.84 14.28+1.79
Chloride mg/L 5.01+1.10 13.23+1.42 35.00+2.29
Sulfate (SO,) mg/L 27.44+39.46 102.33+16.29 438.75+55.46
Nitrate-N mg/L 1.41+£1.22 <0.01 <0.01

CO, and H" that promoted mobilization of Ca, Mg and SO,
(Ma et al. 2022).

pH dynamics reflected both abiotic buffering and bio-
logical influences. Although untreated OSPW is more alka-
line than RO, the final pH values did not differ significantly
between OSPW and RO treatments (7.6-7.9), instead all
mesocosms increased relative to initial conditions (5.2—-6.3).
The highest pH occurred in unplanted mesocosms (up to 8.3),

likely due to algae photosynthesis removing CO, and rais-
ing pH despite the lower alkalinity (Zerveas et al. 2021). In
contrast, planted mesocosms maintained lower pH but higher
alkalinity, reflecting rhizosphere respiration and carbonate
dissolution that enhanced buffering capacity and moderated
pH change. Other mesocosm studies have also reported simi-
lar patterns, with planted treatments maintaining lower pH
than unplanted controls (McAndrew et al. 2017).

@ Springer
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Because NAs are weak carboxylic acids, their speciation
and mobility in oil sands process-affected water are strongly
controlled by pH and alkalinity. Under the alkaline condi-
tions typical of OSPW (pH ~8), NAs occur primarily as dis-
sociated carboxylate anions, increasing aqueous solubility
and influencing sorption and microbial degradation path-
ways that govern attenuation (Scott et al., 2005).

Overall, mesocosm water chemistry was shaped by the
combined effects of external inputs (OSPW additions),
internal solute release from CST weathering, and plant- and
microbe-mediated processes. Plants reduced salinity and
specific ion concentrations in a species-dependent man-
ner, while also enhancing carbonate dissolution and CO,
cycling. The result was a dynamic system where substrate
weathering supplied ions and buffering capacity, while veg-
etation regulated CO, fluxes and moderated pH dynamics.

Plant Response

T. latifolia showed high survival in both RO (94%) and
OSPW (96%) treatments by 88 d. Despite this, most indi-
viduals (~60%) had a vigor rating of 2 out of 7 (1=fully
dead, 7=fully healthy), and all showed stress symptoms
including wilting, mottling, necrosis, and chlorosis. Decline
in health and vigor is likely linked to aphid infestations
rather than water treatment, with infestations more severe
in one greenhouse but not associated with treatment type.
Plant height did not differ significantly between RO and
OSPW (p=0.262) and there was no significant water treat-
ment x day interaction (p=0.470). However, height declined
significantly over time (p<0.001), from 158.4+8.8 cm
to 73.8+18.6 cm in OSPW, and from 163.5+5.7 cm to
69.8+24.6 cm in RO (Fig. 1). This decline likely reflected
aphid damage to the primary shoots, as dieback reduced
maximum height and subsequent measurements captured
shorter secondary regrowth. Aboveground biomass showed

200
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Fig. 1 Mean plant height and standard deviation for J. balticus and T.

latifolia mesocosms in the oil sands process-affected water (OSPW)
and reverse osmosis (RO) water treatments
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a similar pattern and did not differ significantly between
treatments (99.9+52.1 g in RO vs. 96.9+38.4 g in OSPW;
»=0.929), indicating no effect of water type on total plant
biomass.

J. balticus also showed similar survival, with 96% in RO
water and 100% in OSPW treatments, and plants remained
largely healthy and unaffected by the aphid outbreak. Most
individuals (~60%) had vigor ratings of 4—6, indicating good
condition, though some chlorosis, necrosis, and mottling
were observed. The plants were actively growing, produc-
ing rhizomes, and a few plants flowered. Plant height was
unaffected by water treatment (p=0.271), day (p=0.545), or
their interaction (p=0.403), remaining stable throughout the
experiment. Heights increased slightly from 63.1£5.0 cm
prior to the experiment start during the pre-experiment accli-
mation phase, to 64.7+8.8 cm at 88 d in OSPW, and from
59.4+6.0 cm to 64.0£9.3 cm in RO (Fig. 1). Aboveground
biomass was similar between treatments (99.8+46.6 g in
RO vs. 86.5+37.1 g in OSPW; p=0.672), consistent with
the stability of plant height and vigor.

Within the aboveground tissue, most measured param-
eters differed significantly between plant species but not
between water types or by their interaction (Table S5, Fig
S2). Multivariate analysis (PCA) confirmed these species-
based differences, with clear separation between J. balticus
and 7. latifolia along PC1 (Fig S3). Overall, trace metal
uptake (Fe, Mn, Zn, Cu) was linked to CST substrate, where
concentrations were naturally high and variable, particularly
for iron. This heterogeneity likely contributed to variability
in plant tissue, with uptake patterns reflecting species-spe-
cific differences rather than water treatment.

J. balticus tissue accumulated higher concentrations of
macronutrients (N, P, S) and several micronutrients/trace
metals (Zn, Mg, Mn, Cu, Fe) compared to T /atifolia across
both water types (Table 3, Fig S3). The greater concentra-
tions observed in J. balticus likely reflect its overall bet-
ter health conditions (active growth, no aphid infestation)
during the experiment. By contrast, stress and dieback in 7.
latifolia may have reduced its growth and nutrient assimi-
lation capacity. Accordingly, differences in tissue chem-
istry should be interpreted with consideration of differing
stress rather than solely intrinsic uptake capacity. Despite
its reduced vigor, T. latifolia tissue contained higher Ca and
K, consistent with lower K concentrations in the water and
soil of T latifolia mesocosms (Tables 1 and 2). This aligns
with previous reports that 7 /atifolia efficiently removes K
(Geurts et al. 2020). Elevated Ca concentrations in water
and soil are likely explained by ongoing mineral dissolution
from CST, as discussed above.

Fe, Mn and Zn were the most abundant metals in the
plant tissue. Despite high variability among replicates, Fe
was consistently higher in J. balticus (265-725 pg/g) than
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Table 3 T latifolia and J. balticus tissue ion concentrations in reverse
osmosis (RO) and oil sands process-affected water (OSPW) treatments
after 89 d, expressed in mean=+standard deviation (n=4)

Tissue lon Units RO Treatment OSPW
Treatment
J. Total Nitrogen % 1.77£0.21 1.74+0.14
balticus  Phosphorus %  0.24+0.03 0.22+0.01
Potassium % 1.82+0.24 1.95+0.06
Calcium % 0.48+0.02 0.36+0.07
Magnesium % 0.27+0.05 0.22+0.02
Sulfur % 0.34+0.05 0.38+0.04
Sodium % 0.16+£0.05 0.49+0.07
Boron ug/g 19.75€10.44  30.25+3.77
Copper ug/g 6.72+£291 6.00+1.49
Iron ug/g  725.00£756.02 265.00+230.00
Manganese ug/g 210.00+71.65 172.50+26.30
Molybdenum  ug/g 0.69+0.34 1.25+0.50
Zinc ug/g 57.00+13.49  63.00+4.24
T Total Nitrogen % 1.04+0.14 0.85+0.13
latifolia Phosphorus %  0.14£0.03 0.12+0.03
Potassium % 2.12+0.67 2.45+0.35
Calcium % 0.72+0.08 0.58+0.06
Magnesium % 0.22+0.02 0.17+0.05
Sulfur % 0.14+0.02 0.17+0.04
Sodium % 0.44+0.06 0.52+0.07
Boron ug/g  19.75+£9.95 25.75+9.46
Copper uglg 5.25+1.35 3.90+0.64
Iron ug/g 76.00+£33.38  45.50+17.90
Manganese ug/g 143.30+£44.60  96.0+£29.20
Molybdenum  ug/g 0.55+0.35 1.48+0.61
Zinc ug/g 24.25+5.32 18.50+5.20

in T. latifolia (4576 pg/g) (Table 3). Fe was also abundant
in CST (~600-2700 mg/kg at 88 d; Table S2), and repli-
cate variability in both CST and plant tissue likely reflects
CST heterogeneity. On average, Fe in plant tissue and CST
was higher in RO mesocosms than in OSPW mesocosms.
Similarly, Mn and Zn were highest in J. balticus in RO treat-
ments. Although Mn was below detection in CST and RO,
its abundance in tissue suggests uptake from localized pools
in CST (Tables 1 and 2). By contrast, Zn concentrations in
CST (2.8-4.5 mg/kg; Table S2) were consistent across treat-
ments, suggesting that interspecific differences reflect plant
uptake capacity rather than substrate availability.

Plant tissue also showed elevated B, with slightly higher
average concentrations in OSPW (25-30 ug/g) compared
to RO (~19 ng/g), though differences were not statistically
significant (Table S5). While B was not directly measured
in OSPW, higher tissue concentrations under OSPW treat-
ments and elevated B in CST in OSPW treatments (0.46—
0.48 mg/kg) relatively to RO (0.18-0.28 mg/kg; Table S2)
suggest a combined influence of water and substrate. The
most definitive water-treatment effect was seen in Na (Table
S5, Fig S2). OSPW contained considerably more Na than
RO water (Table 2), which was reflected in significantly

elevated Na in J. balticus under OSPW (0.46%) compared
to RO water (0.16%). In contrast, 7. /atifolia exhibited simi-
lar tissue Na levels across water types (0.44-0.52%), sug-
gesting species-specific Na regulation.

Naphthenic Acid Fraction Compound Dynamics
NAFC Composition and Molecular Characterization

NAFC concentrations declined across all OSPW treat-
ments, starting at 50.3+6.8 mg/L initially and by 89 d,
final levels had decreased by 16% (42.3£5.5 mg/L), 30%
(35.3£5.3 mg/L) and 40% (30.1+7.1 mg/L), in unplanted,
J. balticus and T. latifolia treatments, respectively (Fig. 2).
By contrast, RO treatments gained negligible amounts of
organic acidic material over time (i.e., within-error). NAFC
reduction rates in mesocosms with OSPW ranged between
0.13 and 0.27 mg/L/d. These rates are within-range of a
field-constructed wetland treatment system, representing 24
to 108% of NAFC reduction rates measured in the Kearl
pilot-scale treatment wetland (Vander Meulen et al. 2025).
Regardless, both J. balticus and T. latifolia treatments had
NAFC reduction rates exceeding those of unplanted meso-
cosms, suggesting that these plants uptake, degrade, or oth-
erwise support processes that reduce NAFC concentrations.

Previous mesocosm experiments have shown contrasting
outcomes depending on plant species and substrate com-
position. C. aquatilis grown in mesocosms with a layered
CST-peat substrate achieved substantially greater NAFC
reductions than unplanted controls (Trepanier et al. 2023),
whereas NAFC attenuation in Scirpus microcarpus and Tri-
glochin maritima mesocosms with CST alone did not differ
from unplanted treatments (Trepanier et al. 2025). The latter
study suggested that the absence of a peat-based layer may
have reduced nutrient availability and limited plant effects.
In the present study, however, planted treatments enhanced
NAFC removal despite the absence of peat, suggesting that
factors beyond substrate nutrient supply can mediate plant
effects. However, a low level of fertilization was applied
in the present study during the pre-experiment acclimation
phase to support plant establishment. Although most added
nutrients were depleted the system was drained and flushed
before the experiment began and most added nutrients were
depleted, this early fertilization may have contributed to
improved plant health at the start of the experiment and
partly explain the difference in treatment response com-
pared to the previous study. Plant species identity may also
have been particularly important, as both J. balticus and T.
latifolia promoted additional NAFC removal in the CST-
only substrate. Notably, T. latifolia supported higher NAFC
reductions despite reduced plant health. This suggests that
NAFC attenuation in these systems may be influenced not
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Fig. 2 Concentrations of total naphthenic acid fraction compounds
(NAFCs) in all plant treatments (Unplanted, J. balticus, T. latifolia),
water types (oil sands process-affected water (OSPW) and reverse

only by plant growth, but also by rhizosphere-mediated
microbial processes that persist under plant stress. Poten-
tial mechanisms include the release of root exudates or
labile organic carbon from root turnover and shoot dieback,
which may stimulate heterotrophic microbial activity and
co-metabolic degradation of NAFCs (Eze and Amuji 2024;
Kalinowski and Halden 2012; Schultz et al. 2013). These
putative plant-microbe interactions are explored further in
the microbial analyses (Sect. 3.5).

With respect to compositional features of NAFCs
detected by high-resolution analyses, the overall trend was
oxidizing, shown in Fig. 3. In unplanted mesocosms, O,-
NAFCs (i.e., mostly classical NAs) decreased from ~55%
to 33% mass spectral abundance (base-peak normalized
abundance). In comparison, in mesocosms with J. balticus
or T latifolia, O,-NAFCs decreased to 25% and 18% abun-
dances, respectively. These correspond to average reduc-
tion rates of 0.24%/d, 0.33%/d, and 0.41%/d of O,-NAFCs
respectively for unplanted, J. balticus, and T. latifolia meso-
cosms. While reduction of O,-NAFCs is here estimated as
a simple linear relationship with time, the relationship has
a practical limit, as O,-NAFCs are never completely elimi-
nated, even in exceptionally mature wetlands (Vander Meu-
lenetal. 2021a, b). In these mesocosms, O;- and O,-NAFCs
increased proportionally to decreases in O,-NAFCs. Small
abundances of O,S-containing formulae were initially
detected in all OSPW-containing mesocosms, but these were
no longer observed past sampling by 6 d. Heteroatom trends
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osmosis (RO)), and sampling time points (0-89 d), where n=4 at
each sampling event. Error bars represent+1 standard deviation on
quantification

in RO treatments were largely unremarkable with large rela-
tive error, suggesting that trends in the OSPW-containing
treatments would be attributable to factors excluding direct
mobilization of soil carbon. These changes might be antici-
pated to correspond to lesser overall toxicity of NAFCs in
OSPW with treatments, as might naturally be expected from
mitigating toxic O,-NAFCs (Hughes et al. 2017).

To investigate relative compositional differences in
these time-series samples, spectral data were ordinated by
use of PCA, shown in Fig S4. The majority of variance in
these treatments is explained along the first principal com-
ponent (PC1; 78.8% explained variance), corresponding
largely in-line with trends described by the prior figures.
The mesocosms planted with 7. latifolia showed the great-
est end-to-end compositional difference over the treatment
period, spanning the entirety of the PC1 axis. In compari-
son, between 1 d (after OSPW addition) and 89 d, J. balticus
mesocosms reach a maximum PC1 coordinate of ~16, or
approximately 30 units removed from the initial condition,
indicating that degradation is still happening in these treat-
ments. The unplanted treatments deviate less from their ini-
tial condition at 1 d, only reaching between PC1 coordinate
0-10 by 89 d. Thus, all treatments exhibited a similar over-
all chemical trajectory, where mesocosms with 7. latifolia
had the greatest overall compositional changes. The range
of spectral outcomes is broad by 89 d, as is shown by the
relative spread of sample coordinates along PC1 in Fig S4;
this variability is also reflected in Fig. 3 as error bars on
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Fig. 3 Spectral compositions of all assigned naphthenic acid frac-
tion compounds (NAFCs) in water samples from all plant treatments
(Unplanted, J. balticus, T. latifolia), water types (oil sands process-
affected water (OSPW) and reverse osmosis (RO)), and sampling time

assignments become broader over time, and could reflect
the influence of impairments resulting from differential lev-
els of aphid infestations, as was mentioned earlier. Nonethe-
less, both the total heteroatoms and PCA reflect a consistent
trend in oxidation and degradation of NAFCs. However,
high-resolution MS alone cannot distinguish between bio-
degradation, plant uptake, or sorption processes. Stable car-
bon isotope analysis (Sect. 3.4.2) provides an independent
line of evidence for selective removal of bitumen-derived
NAFCs.

NAFC Isotopic Signature

The average 8'°C,, values of NAFCs determined in OSPW
samples (n=3 or 4) from Unplanted, J. balticus and T.
latifolia mesocosms collected on 0 d (prior to addition of
OSPW), 6d, 19d, 40 d, 60 d and 89 d are plotted on Fig. 4.
The average 613prr values in the two planted mesocosms
(J. balticus and T. latifolia) on 0 d were —28.6+£0.9%0 and
—29.0+1.2%o, respectively, and were similar to those pre-
viously found for NAFCs originating from non-bitumen-
derived plant/soil organic matter (Ahad et al. 2013, 2020;
Gibson et al. 2025; Trepanier et al. 2025). The slightly
heavier 813prr value for the Unplanted treatment on 0 d
(—25.1£0.8%o0) can be attributed to the lack of plant mate-
rial and a background signal in CST likely containing

residual bitumen-derived NAFCs having a ' Cpy: value of

points, where n=4 at each sampling event. Day 0 represents meso-
cosms prior to OSPW addition. Error bars represent+ 1 standard devia-
tion on quantification

around —21%o (Ahad et al. 2012, 2013, 2020; Gibson et al.
2025).

As illustrated on Fig. 4, the 6]3prr values in all three
treatments six days following the addition of OSPW were
considerably more positive compared to the relatively
13C-depleted background signals on 0 d, reflecting an isoto-
pic shift towards that of the dominant source bitumen-derived

22 - §
24
< {
& 26 1
)
o
0
-28
B  OSPW + Unplanted
® OSPW + J. balticus
30 4 v OSPW + T. latifolia
T — — — —
0 20 40 60 80 100
Day
Fig. 4 513prr values of naphthenic acid fraction compounds (NAFCs)

in all treatments (Unplanted, J. balticus, T. latifolia) for oil sands
process-affected water (OSPW), and sampling time points (0-89 d),
where n=3 or 4 at each sampling event. Day 0 represents mesocosms
prior to OSPW addition. Error bars represent=+ 1 standard deviation on
quantification
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NAFCs (~ —21%o). From 6 d to the last sampling point (89
d), 813 C,y: values in all three treatments showed a progres-
sive decrease, ranging from —22.6%o, —22.3%o and —22.5%o
to —23.5%0, —24.3%0 and —24.4%o in Unplanted, J. bal-
ticus and T. latifolia treatments, respectively. After 40 d,
Unplanted treatments began to deviate from planted treat-
ments, showing slightly more positive values (between 0.6
to 0.9%o) compared to the combined average values for the
planted mesocosms. Both Time (p<0.001) and Treatment x
Time (p<0.05) showed a significant effect, with significant
declines from 6 d to 89 d for each treatment (p<0.01), and 7.
latifolia significantly more depleted (p=0.029) and J. bal-
ticus marginally more depleted (p=0.051) than Unplanted
mesocosms at 89 d. There were no discernible differences in
the overall trends found for both planted treatments.

Degradation of dissolved organic mater (DOM) is often
associated with carbon isotope fractionation, whereby the
residual DOM pool becomes progressively enriched in '*C
due to preferential breakdown of '2C-containing bonds
(Véhitalo and Wetzel 2008; Zheng et al. 2025). In contrast,
613prr values in this study shifted toward more negative
values despite decreases in NAFC concentrations (Fig. 2)
and increases in the proportion of oxidized NAFC species
(Fig. 3). Thus, rather than a classic isotope fractionation
effect from the preferential breakdown of isotopically lighter
components within the NAFC pool, attenuation resulted
in the selective removal of isotopically heavier bitumen-
derived NAFCs (~ —21%o), leaving behind a residual more
closely reflecting the relatively '*C-depleted background
signal. A similar process of selective removal of isotopically
heavier components leaving behind more negative 8'>C val-
ues has previously been inferred during early diagenesis in
sediments (Bottcher et al. 1998; Liu et al. 2020).

The distinct temporal shift toward more negative 813prr
values observed in this study (Fig. 4) contrasts with the more
stable isotopic signature reported by Trepanier et al. (2023)
in unplanted and planted (C. aquatilis) mesocosms. In that
study, 813prr values ranged from —22.5 to —19.5%o in
unplanted and —21.8 to —20.9%o in planted treatments, with
the percent abundance of O,~NAFCs remaining relatively
high (~55-65%) over 84 days. The change in 6'3prr and
O,~NAFCs composition was attributed primarily to sorp-
tion processes associated with the peat-based substrate used
in that study, which provides substantial sorption capacity
for NAFC retention. However, the slight decrease in 613prr
observed in the planted treatments suggests that some bio-
transformation may still have occurred, even in the presence
peat-based substrate (Trepanier et al. 2023). In contrast,
the CST substrate used in the present study contains little
organic matter, minimizing sorption to the substrate and
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allowing isotopic shifts associated with OSPW-derived
NAFC transformation to be more clearly expressed.

Another investigation examining OSPW attenuation
using S. microcarpus, T. maritima and unplanted controls
reported a similar range of relatively '*C-depleted 8'3prr
values to those found here (Trepanier et al. 2025). How-
ever, in contrast to the current study, no clear progressive
shift toward negative values was observed, with 813prr
values in most mesocosms showing little variation between
from around —24 to —22%o at 10 d to the end of the experi-
ment (78 d). While the reasons for this discrepancy remain
uncertain, it is possible that more pronounced attenuation
occurring during the early stages of the previous study
played a role in masking the temporal isotopic trend found
in the current study. Another factor distinguishing the cur-
rent study is the development of plant detritus, particularly
in T’ latifolia mesocosms due to plant dieback, which likely
influenced microbial and geochemical conditions. Decom-
position of detritus can release nutrients that stimulate het-
erotrophic activity, create localized low-O, microsites, and
may provide some sorptive surfaces for NAFCs. Indeed,
T. latifolia mesocosms had the lowest mean dissolved O,
in the bulk water over the experiment duration (~6.3 ppm,
compared with =8.9 ppm in J. balticus and =~11.9 ppm
in Unplanted mesocosms) and showed the greatest NAFC
removal.

Taken together, the isotopic and compositional data-
sets provide complementary evidence of preferential
removal of bitumen-derived components in the planted
mesocosms. Progressive declines in O,-NAFCs and
overall oxidation trends observed by high-resolution MS,
coupled with the concurrent shift toward more negative
613prr values, support selective attenuation of isotopi-
cally heavier, bitumen-derived components rather than
simple dilution of the NAFC pool. While sorption to
detrital organic matter may have contributed, particularly
in T latifolia mesocosms, the combined NAFC and isoto-
pic patterns are consistent with transformation processes
occurring within the mesocosms. Given the low organic
matter content of the CST substrate and observed oxygen
dynamics microbially mediated degradation was likely a
significant contributor and could have been augmented
by co-metabolism on detrital substrates. Future work
should further evaluate the role of plant-associated pro-
cesses, including direct plant uptake and transformation,
for example through quantification of NAFC accumula-
tion in plant tissues. Additionally, upcoming experiments
will specifically address whether sorption of OSPW-
derived NAFCs to organic matter has an influence on
813prr values.
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Root Microbial Community
Microbial Diversity Dynamics

The time-pooled analysis of alpha diversity showed distinct
strategies of recruiting microbes for 7. latifolia and J. bal-
ticus in response to OSPW exposure (Fig. 5a; Table S6).
J. balticus roots showed no difference in Richness (species
count) between OSPW and RO treatments (adj p=0.62),
while T’ latifolia differed significantly between the two water
types (adj p=0.04), with OSPW exposure leading to a net
increase in the mean number of OTUs. Moreover, between
the two species, 7. latifolia also supported a significantly
higher mean Richness than J. balticus in the OSPW treat-
ments (adj p=0.0005). The higher richness observed in 7.
latifolia indicates that it either recruits more species through
rhizodeposition or retains more of its original community
following exposure to OSPW (Bulgarelli et al., 2013).
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Fig.5 Alpha and beta diversity of root-associated microbial communi-
ties in 7 latifolia and J. balticus and across six time points (0 d to 89
d) under OSPW and RO treatments. (a) Alpha diversity was assessed
using observed richness (OTU counts) and (b) beta diversity of
microbial communities using NMDS based on Bray-Curtis distances.
NMDS plots were colored by plant species and shaped by water type.
0 d represents samples collected before OSPW was added or RO was
refilled

In contrast to richness, Shannon and Simpson indices
(representing overall diversity and evenness) showed no
significant difference between OSPW and RO treatments
for either plant species, or between T latifolia and J. balti-
cus within the OSPW treatments (adj p>0.05) (Table S6).
Therefore, the main distinction between 7. latifolia and J.
balticus was the total number of microbial species rather
than the distribution of species within their communities.
These microbial responses could be linked to the differences
observed in NAFC attenuation, where 7. /atifolia demon-
strated a higher capacity (~40% removal) compared to J.
balticus (~30% removal).

Beta diversity was assessed using NMDS based on Bray-
Curtis distances (Fig. 5b; Table S7). Results from PER-
MANOVA (differences in community composition) and
PERMDISP (differences in variability) showed that OSPW
effects were plant-specific and multidimensional, influenc-
ing both community structure and stability. In 7. latifolia,
microbial community composition was significantly altered
by OSPW relative to RO water (p=0.016, R? = 0.046),
aligning with the observed increase in microbial richness.
PERMDISP indicated homogeneous dispersion (p=0.53),
suggesting that 7. latifolia drove a directed shift in com-
munity structure while maintaining stability. The higher
capacity for NAFC removal observed in 7. latifolia treat-
ments corresponds with its higher microbial richness and
compositional shift, indicating that microbial recruitment
and restructuring enhanced NAFC degradation, as previ-
ously reported (Phillips et al. 2010). This stable, enriched
community likely included specialized NAFC-degrading
microorganisms promoted by root exudates (Chaparro et
al. 2013), providing metabolic redundancy to sustain high
removal rates despite reduced aboveground plant health.

In contrast, J. balticus exhibited a resistance strategy
that compromised community stability. Its microbial com-
position did not shift significantly in response to OSPW
(PERMANOVA: p=0.25, R*=0.025). However, PERM-
DISP showed increased dispersion (p=0.020), indicating
that OSPW affected community predictability and stability
without driving a functional compositional change. This
suggests that the J. balticus roots failed to recruit or enrich
specialized NAFC degraders, resulting in random fluctua-
tions among existing microbes (Allison and Martiny 2008).
The absence of a directed, stable shift likely limited the
establishment of robust catabolic pathways, contributing to
lower NAFC removal compared to 7. latifolia.

Comparing the two species within OSPW revealed that
plant species was the dominant ecological filter driving
a strong and highly significant difference in community
composition (PERMANOVA, p=0.001, R>=0.20), with
dispersion also being significantly different (PERMDISP,
p=0.008). Previous studies have shown that plant type can
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influence and shift microbial communities over time, corre-
sponding with NAFC removal — likely due to reduced toxic-
ity from NAFC oxidation and increased nutrient availability
resulting from plant stress in planted mesocosms (Trepanier
et al. 2025).

UPGMA dendrograms (Bray-Curtis dissimilarity) fur-
ther demonstrated clustering by plant species and water
types (Fig S5). Samples from 7. latifolia and J. balticus
formed two major clades, reinforcing host selection as a
dominant driver whereby plant-specific traits create dis-
tinct root niches that filter the background microbial pool
(Byers et al. 2023). T. latifolia samples further grouped by
time and treatment, with later stages (40 to 89 d) diverg-
ing from earlier samples, particularly under OSPW. J. bal-
ticus samples also clustered by water types and time, with
the later OSPW-exposed roots (60 to 89 d) forming a tight

cluster, suggesting stabilization under prolonged exposure.
Roots exposed only to RO water showed a more variable
trajectory, with 40 d samples forming a distinct subgroup.
Overall, these results indicate that host identity is a key fac-
tor shaping microbial community, with water type and time
also contributing to observed divergences, particularly in J.
balticus.

Microbial Community Composition

Pseudomonadota consistently dominated root-associated
bacterial communities across all time points in both species
and water types (Fig. 6). In J. balticus roots, Pseudomo-
nadota accounted for 58.4% at 0 d; following OSPW expo-
sure after 6 d, their abundance rose to 65.9%, peaked at
79.7% by 19 d, and while still dominant, declined to 64.5%
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by 89 d. In T latifolia roots, the abundance of Pseudomo-
nadota similarly remained the most abundant phylum, rising
slightly from 63.4% at 0 d to 66.8% after OSPW introduc-
tion at 6 d, before gradually declining to 54.5% 89 d. In RO
treatments, Pseudomonadota also maintained dominance in
both plant species, rising in J. balticus from 6 d (64.2%) to
19 d (78.5%) following the draining and refilling of RO at
6 d, before declining at 40 d (46.5%) and rising again by
89 d (58.9%). In T. latifolia, Pseudomonadota rose slightly
at 6 d (72.8%) then declined steadily. This dominance is
consistent with previous studies reporting Pseudomonadota
enrichment in the rhizosphere and roots of 7. latifolia
(Faufler et al. 2012; Lagos et al. 2015; Li et al. 2013; Mar-
tinez-Martinez et al. 2023) and across wetland ecosystems
(Liang et al. 2023; Zheng et al. 2024). Their prevalence in
root systems is attributed to their capacity for rapid growth
and broad metabolic versatility, particularly in utilizing
diverse carbon substrates (Martinez-Martinez et al. 2023;
Philippot et al. 2013).

The next most abundant phyla were Bacteroidota, Ver-
rucomicrobiota, and Actinomycetota in both species and
water types, with proportions varying over time. This com-
munity structure aligns with previous studies of root-asso-
ciated microbiota dominated by Pseudomonadota, followed
by these phyla (Lagos et al. 2015). Bacteroidota were par-
ticularly enriched in T latifolia (up to 15.9%) and main-
tained consistently represented under both water types. This
enrichment reflects 7. latifolia’s relatively high root oxygen
release, which can create localized micro-oxic rhizosphere
zones that support aerobic and facultatively anaerobic bac-
teria even under generally low-oxygen conditions (Wiefner
et al. 2002). Actinomycetota increased at later time points
(6089 d), particularly in J. balticus (up to 17.8%), suggest-
ing a successional pattern in root microbiome composition.
Their enrichment may reflect their ability to degrade com-
plex organic matter and tolerate nutrient-poor or oxygen
limited environments, conferring a competitive advantage
during later stages of rhizosphere colonization.

At the family-level, taxonomic composition varied with
plant species, water type, and sampling time (Fig. 7). In J.
balticus roots exposed to OSPW, Gallionellaceae consis-
tently dominated, peaking at 19 d (49.5%) following OSPW
exposure (28.8% at 6 d) before fluctuating thereafter, while
Burkholderiaceae ranked second (6.0-13.0%). Families
such as Sphingomonadaceae, Xanthobacteraceae, and
Opitutaceae showed moderate but fluctuating levels. Gal-
lionellaceae are chemolithoautotrophic iron oxidizers com-
mon in wetlands (Hallbeck and Pedersen 2014), where they
contribute to root iron plaque formation and influence nutri-
ent and metal uptake (Chan et al. 2023). Beyond iron oxi-
dation, they also participate in organic matter degradation,
plant colonization, immune interactions, nitrogen fixation

and coupling Fe-S-P cycles (Chan et al. 2023; Hoover et al.
2023; Reis et al. 2014).

Under RO water, J. balticus roots exhibited a similar
dominance of Gallionellaceae, peaking at 63.1% (19 d),
with Acidithiobacillaceae and Burkholderiaceae being
more abundant at 0 d and 40 d. Acidithiobacillaceae are
active participants in Fe and S cycling (Rossoni et al.
2024) and contribute to organic hydrocarbon degradation
(Xie et al. 2022). Overall, these functions likely contrib-
ute to the elevated Fe, S, and P concentrations observed
in J. balticus tissues (Table 3). The heterogeneity of the
CST bulk Fe suggests that iron-cycling at the root interface
may influence metal partitioning and plant uptake in these
mesocosms.

T. latifolia roots exposed to OSPW were primarily domi-
nated by Burkholderiaceae, with a peak of 30.7% (6 d) and
27.0% (19 d), followed by Chitinophagaceae, Xanthobac-
teraceae, and Sphingomonadaceae. Burkholderiaceae are
well established in rhizosphere environments and play key
roles in degrading a range of organic pollutants, includ-
ing toluene, naphthalene, benzene, and xylene (Kim et al.
2003; Lee et al. 2019; Liinsmann et al. 2016). The enrich-
ment of hydrocarbon-degrading families in 7. latifolia roots
aligns with the greater NAFC declines observed in T lati-
folia mesocosms and suggests that root-associated degrad-
ers, or rhizosphere conditions that favor them, may have
contributed to NAFC attenuation. Other dominant families
mentioned above are also recognized for their metabolic
versatility in aromatic compound degradation, plant growth
promotion, and bioremediation potential (Blanco-Enriquez
et al. 2018; Ge et al. 2024; Li et al. 2021; Syranidou et al.
2018; Trepanier et al. 2025).

In addition, the substantial 7. latifolia dieback observed
in these mesocosms due to the aphid-infestation likely sup-
plied labile detrital carbon that stimulated heterotrophic
activity, as reflected in the lower dissolved oxygen levels
(average~6.3 ppm) relative to other treatments. Micro-
bial colonization of decaying detritus may have provided
both nutrients and metabolic capacity for co-metabolism,
whereby microbes using plant-derived carbon incidentally
degrade hydrocarbons (Zhang et al. 2023). This interplay
between root-associated degraders and detritus-driven
microbial processes is consistent with the stronger NAFC
removal observed in 7. latifolia mesocosms. Dieback in T.
latifolia therefore may have enhanced rhizosphere carbon
availability and microbial recruitment, potentially increas-
ing co-metabolic NAFC degradation despite reduced plant
growth (Kalinowski and Halden 2012; Schultz et al. 2013).
While this biotic stressor likely contributed to the treat-
ment efficiency in T latifolia mesocosms, it also introduces
uncertainty when attributing differences in NAFC attenua-
tion solely to intrinsic plant functional traits.
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For T. latifolia under RO, Burkholderiaceae remained
most abundant (35.4% at 6 d) before declining, while Chi-
tinophagaceae, Sphingomonadaceae, Methylophilaceae,
and Aestuariivirgaceae were more evenly distributed over
time. Methylophilaceae, in particular, are known to degrade
aromatic hydrocarbons (Lu et al. 2019). The detection of
hydrocarbon-degrading taxa in roots of plants growing in
RO water indicates that these groups are part of the resi-
dent root community. Many secondary metabolites from
plants are structurally analogous to hydrocarbon contami-
nants (Singer et al. 2003), providing a mechanism by which
these microbes are primed for degradation. Their presence
implies that the root-associated community is functionally
poised to degrade NAFCs when these compounds are intro-
duced, highlighting the effectiveness of rhizoremediation
strategies (Correa-Garcia et al. 2018).

@ Springer

ples collected before OSPW was added or RO was refilled. Only fami-
lies with relative abundance>3% in at least one sample are included

These family-level differences highlight the strong influ-
ence of plant species and water chemistry in shaping root
microbiome structure. However, sediment DNA yields were
insufficient for sequencing, and microbial analyses there-
fore focused exclusively on root samples. Root-associated
communities are widely recognized as key for contaminant
transformation in constructed wetland systems, as the root
surfaces provide concentrated organic carbon inputs, oxygen
gradients, and microbial attachment sites (Eze and Amuji
2024; Stottmeister et al. 2003). In the CST-based mesocosm
system, which contained low organic matter, root-associated
communities likely represented a dominant zone of micro-
bial activity. Nevertheless, the absence of bulk substrate
community data limits direct assessment of whole-system
microbial partitioning in NAFC attenuation and the links
observed here between the root microbiome composition
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and NAFC removal should be interpreted as correlative.
Future work should focus on optimizing the DNA extrac-
tion protocol for CST to improve the yields and allow for
the characterization of their microbial communities.

Conclusion

This study identified plant-microbe-substrate interactions
as potentially key mechanisms influencing CWTS per-
formance and treatment outcomes. Plant species induced
distinct shifts in water and soil chemistry, with changes
in nutrient and ion concentrations (Ca, K, Mg, and SO,)
reflecting both uptake and plant-specific influences on
substrate conditions. 7. latifolia and J. balticus enhanced
NAFC attenuation relative to unplanted controls, and while
J. balticus maintained robust growth, 7. latifolia achieved
high NAFC removal even under reduced health, highlight-
ing functional resilience. The composition of root microbial
communities mirrored key chemical outcomes: 7. latifolia
supported a hydrocarbon degrader-rich microbiome asso-
ciated with enhanced NAFC removal, whereas J. balti-
cus hosted iron-cycling taxa that was linked to greater Fe
uptake. By comparing OSPW and RO water, this study
directly assessed how contaminant exposure shapes root
microbiomes and whether plant species respond differently.
T. latifolia showed increased richness and a directed com-
positional shift under OSPW, indicating targeted recruit-
ment or restructuring of taxa, while J. balticus exhibited no
compositional change but increased dispersion, reflecting a
less predictable community that did not enrich specialized
degraders. Although taxonomic data are correlative, they
identify candidate functional groups for targeted functional
validation and optimization of CWTS design. The presence
of hydrocarbon degraders in RO systems further suggests
latent microbial capacity that could be leveraged under
contaminant stress. Overall, plant species appears to be an
important contributor to remediation potential, underscor-
ing the potential value of targeted plant selection in CWTS
design for OSPW treatment.
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