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HIGHLIGHTS GRAPHICAL ABSTRACT

Isopyrazam dissipation was slow in dark
static microflumes.

Quicker dissipation in dark flowing and
illuminated static and flowing microflumes.
Flow may increase dissipation by increased
hyporheic exchange and microbial contact.
Non-UV light increases dissipation in static
systems due to phototrophic metabolism.
Microflumes provide greater environmental
realism than OECD test systems.

Dark static, DT50 = 47.7 days y, N Dark flowing, DT50 = 16.8 days

Tlluminated static, DT50 = 20.6 days Tlluminated flowing, DT50 = 15.3 days

ARTICLE INFO ABSTRACT

Editor: Jay Gan Before agrochemicals can be registered and sold, the chemical industry is required to perform regulatory tests to assess
their environmental persistence, using defined guidelines. Aquatic fate tests (e.g. OECD 308) lack environmental real-

Keywords: ism as they are conducted under dark conditions and in small-scale static systems, which can affect microbial diversity

OECD regulatory tests

and functionality. In this study, water-sediment microflumes were used to investigate the impact of these deficiencies

f;gzgf;:on in environmental realism on the fate of the fungicide, isopyrazam. Although on a large-scale, these systems aimed to
Water flow retain the key aspects of OECD 308 tests. Tests were carried out under both a non-UV light-dark cycle and continuous
Hyporheic exchange darkness and under both static and flowing water conditions, to investigate how light and water flow affect isopyrazam
Environmental realism biodegradation pathways. In static systems, light treatment played a significant role, with faster dissipation in illumi-

nated compared to dark microflumes (DT50s = 20.6 vs. 47.7 days). In flowing systems (DT50s = 16.8 and 15.3 days),
light did not play a significant role in dissipation, which was comparable between the two light treatments, and faster
than in dark static microflumes. Microbial phototroph biomass was significantly reduced by water flow in the illumi-
nated systems, thereby reducing their contribution to dissipation. Comprehensive analysis of bacterial and eukaryotic
community composition identified treatment specific changes following incubation, with light promoting relative
abundance of Cyanobacteria and eukaryotic algae, and flow increasing relative abundance of fungi. We conclude
that both water velocity and non-UV light increased isopyrazam dissipation, but the contribution of light depended
on the flow conditions. These differences may have resulted from impacts on microbial communities and via mixing
processes, particularly hyporheic exchange. Inclusion of both light and flow in studies could improve the extent
they mimic natural environments and predict chemical environmental persistence, thus bridging the gap between lab-
oratory and field studies.
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1. Introduction

Agrochemicals help improve crop yield and quality (Hazell, 2002),
however, they also have the potential to cause adverse effects on the envi-
ronment and human health (Carter, 2000). Prior to regulatory approval, the
chemical industry is responsible for carrying out regulatory tests to deter-
mine how chemicals transform in the environment and to ensure products
pose as little risk as possible (Davies et al., 2013a). The frameworks for per-
forming agrochemical regulatory tests are provided by the Organisation for
Economic Co-operation and Development (OECD) and tiered tests are used
to assess biodegradation processes. Simulation tests are designed to mimic
defined environmental compartments, for example OECD 308 uses water
and sediment inoculum to represent an aquatic environment (OECD,
2002; Kowalczyk et al., 2015). Although these tests mimic specific environ-
ments, they are conducted in simplistic laboratory scale microcosm systems
(OECD, 2002; Gartiser et al., 2017; Redman et al., 2021; Davenport et al.,
2022), therefore it is not possible to accurately replicate the biotic and abi-
otic characteristics of the real environment.

Within OECD tests, microbial communities are treated like a ‘black box’
and currently there is little understanding of how they change during incuba-
tion and the subsequent implications for biodegradation processes
(Kowalczyk et al., 2015). Recent evidence suggests that the diversity and
composition of microbial communities which develop in OECD 308 tests
change markedly during incubation and they are not predictable, despite
the standardised test design and incubation conditions (Southwell et al.,
2020). If microbial populations incubated in microscale laboratory tests do
not reflect those typical of the environment, biodegradation rates generated
from regulatory tests may not represent those in the field (Sturman et al.,
1995; Carpenter, 1996; Clements and Newman, 2002; Coll et al., 2020).

In nature, sunlight may be a key factor determining microbial community
composition, especially in the water column and on the sediment surface. For
instance, increased UV radiation exposure can reduce primary production
and metabolism (Lindell et al., 1996) or, contrastingly, photolysis may
increase the available biological substrate pool and therefore increase
microbial productivity (Kieber, 2000). Furthermore, light stimulates growth
of phototrophic microorganisms which utilise light as an energy source
(Southwell et al., 2020). Phototrophic communities are metabolically capable
of biodegradation of a wide range of chemicals (Stravs et al., 2017). Neverthe-
less, degradation is compound specific, as was shown by Davies et al. (2013a).
As well as direct metabolism, phototrophs could promote heterotrophic degra-
dation by altering environmental parameters, such as carbon availability and
pH (Davies et al., 2013a). Indeed, mixed systems of both phototrophs and het-
erotrophs can significantly increase degradation rates relative to systems with
exclusively phototrophic or heterotrophic communities (Thomas and Hand,
2012), emphasising the importance of synergistic relationships for determin-
ing biodegradation (Borde et al., 2003). Whether the role of phototrophs is di-
rect or indirect, by excluding light in OECD 308 tests, there is no consideration
of its impacts on microbial communities and their biotransformation potential.
This may be detrimental to the production of environmentally relevant data.

Importantly, OECD 308 tests are typically carried out statically, meaning
they are more representative of ponds and drainage ditches, where there is no
or low flow, even though the data can be used for flowing water body risk as-
sessments. Water flow and sediment dynamics are key attributes of many
aquatic systems (Gartiser et al., 2017) and they have the potential to affect
microbial processes both directly and indirectly. Therefore, the extent to
which OECD 308 tests represent stream and river systems is uncertain
(Jaeger et al., 2019). Water flow causes mixing within the water column
and exchange of water across the sediment-water interface, into and out of
the hyporheic zone (Bonanni et al., 1992; Rusch et al., 2001; Gualtieri,
2004). Both mixing within the water column and hyporheic exchange are de-
termined by complex interactions between flow rate, channel morphology,
and water depth (Packman and Salehin, 2003) and this can also be influenced
by environmental factors, such as wind, rain, and runoff (Reynolds, 1994).

Mixing within the water column determines mass transport and stimu-
lates microbial growth, including that of chemical degraders (Bauer et al.,
2008). Spain et al. (1984) proposed that higher chemical biodegradation
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rates could be linked to faster mixing in large-scale systems due to increased
transportation. Additionally, Oya and Valocchi (1998) concluded that chem-
ical biodegradation only occurred in mixing zones due to promotion of micro-
bial growth. Hyporheic exchange processes are of particular importance
because they determine the extent to which chemicals carried in the water
column come into contact with the sediment, governing sorption characteris-
tics and bioavailability. They also determine contact of chemicals with
biofilms and degrader communities at the sediment-water interface and
within the sediment (Smith, 2005; Sanchez-Pérez et al., 2013; Posselt et al.,
2020), as well as the flow of oxygen and nutrients into the sediment, control-
ling microbial growth and community composition (Bonanni et al., 1992;
Rusch et al., 2001; Gualtieri, 2004; Jaeger et al., 2019; Cook et al., 2020).

The importance of phototrophs in chemical biodegradation has already
been shown in small-scale OECD 308-type static systems (Hand and Oliver,
2010; Thomas and Hand, 2011; Southwell et al., 2020), but how flow rate in-
fluences the proliferation of these microorganisms and subsequently their
biodegradation potential remains unclear. Therefore, in the current study,
we used microflume water-sediment systems to investigate the extents to
which water flow and the presence of light impacted microbial community
dynamics and dissipation of the fungicide isopyrazam. Microflumes were in-
cubated under either a non-UV light-dark cycle (to exclude photolysis but
allow phototroph proliferation) or continuous darkness and with either static
or flowing water. The dark static microflumes acted as a larger scale version
of an OECD 308 test system and were used as a control against the light and
flowing treatments. Changes in nutrient availability and microbial character-
istics were assessed in order to understand variation in dissipation rates
across treatments and also to identify regimes which retained the microbial
characteristics of the initial inoculum.

2. Materials and methods
2.1. Environmental inoculum

River water and sediment were obtained from the River Dene at
Wellesbourne, United Kingdom (52°12/02.5”N, 1°36’30.4”W) (Supplemen-
tary Material (SM); Fig. S1) in August 2016. Sediment was sampled within
the top 5 to 10 cm of the riverbed. It was analysed in the same way as in
Southwell et al. (2020) and was predominantly sandy (18.0, 9.2, and
72.8 % silt, clay, and sand, respectively). Water was collected by submerg-
ing containers under the water surface while facing upstream. Additionally,
the following parameters were measured at the sample site (SM; Table S1):
water temperature using a Total Immersion thermometer (Fisher Scientific,
UK), light intensity using a RS-105 light meter (RS Components Ltd., UK),
and water depth and velocity using an 801 EM flow meter (Valeport, UK).
Water pH was measured in the laboratory using an Accumet basic AB15
pH meter (Fisher Scientific, UK). Particulates and large protozoa were fil-
tered from the river water using a 106 pm sieve (Fischer Scientific, UK),
as detailed in OECD 309 regulatory guidelines (OECD, 2004). Sediment
was homogenised by wet-sieving through a 20 mm sieve (Endecotts Ltd.
UK). Samples were refrigerated at 4 °C and used within 24 h.

2.2. Test chemical

Studies were performed using isopyrazam (99.4 % purity) supplied by
Syngenta, Jealott's Hill International Research Centre, United Kingdom
(Fig. 1 and SM; Table S2). This fungicide has a slow degradation rate in reg-
ulatory OECD 308 studies (EFSA, 2012) and would therefore exceed persis-
tence criteria, but is susceptible to phototrophic metabolism (Hand and
Oliver, 2010; Southwell et al., 2020). As isopyrazam typically degrades
slowly under dark conditions, this would allow the impact of flow and
the interactions between flow and light conditions to be assessed.

2.3. Experimental set up

Microflume systems (Fig. 2 and SM; Fig. S2) were made from toughened
glass (Three Spires Glass Company Ltd., UK). They comprised six flowing
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Fig. 1. Structure of isopyrazam. The compound was 99.4 % pure and the mixture
was made up of 89.7 % syn-epimer and 9.7 % anti-epimer. Created using ChemDraw
(PerkinElmer, US).

systems (2.36 X 0.2 X 0.2 m) with associated stainless steel plumbing
(Pipestock, UK) which recirculated water, as described by Cook et al.
(2020), and six static systems without the plumbing (2.0 X 0.2 x 0.2 m).
Flowing microflumes were also fitted with a Clarke TAM105 pump (Clarke
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International, UK), a Hailea HC-300A aquarium water chiller (Hailea Group
Co., China), and a GPI TM Series electronic flow meter (Great Plains Indus-
tries, Inc., US). Full details of the microflume design and preliminary tests
demonstrating that sorption to the systems was minimal are shown in the
SM (Method S1).

The systems were located in a controlled environment room at 20 +
2 °C and the chillers on the flowing systems were similarly set at 20 °C to
ensure that they stayed at the same temperature as the static systems. Tem-
perature was monitored throughout the experiment using an NTCO30WP00
temperature sensor (Carel, UK) in each middle microflume bank. Dark
treatment microflumes were covered with DMP black damp-proof mem-
brane 1200GA (Capital Valley Plastics, UK) so that no light could penetrate
the systems. As the purpose of illumination was to investigate the contribu-
tion of phototrophic communities to metabolism under static and flowing
conditions, illuminated treatment microflumes were covered with LEE226
filter (Transformation Tubes, UK) covers. These covers inhibited UV light
with minimal transmission below 390 nm, preventing degradation from
both indirect and direct photolysis (isopyrazam absorbs light only to
315 nm (Hand and Oliver, 2010)), but still allowing phototroph
proliferation (SM; Fig. S2). Fluorescent 70 W daylight bulbs (F70W/
865 T8 6ft, Fusion Lamps, UK) were used with LEE226 filters on a 16-
hour light and 8-hour dark cycle. Further details of the light transmission
spectra can be found in Method S2.

2.4. Environmental inoculum addition

The following treatments were set up using triplicate channels; dark
static, dark flowing, illuminated static, and illuminated flowing. Prior to
sediment addition, latex free stoppers from 100 mL syringes (BD Plastipak,
US) were placed at allocated sediment sampling sites. Sieved sediment was
then added along the length of the channel to 3 cm depth (12,000 cm?®), tak-
ing care not to disturb the stoppers, before leveling with a customised tool.
River water was transferred into each microflume by the water inlet, to

Flowi icrofl
12 cm water
depth on top_ i
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glass
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sediment | channel
bedform inlet divide from inlet/outlet T{
from pump outlet
to chiller
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pump " legs
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Fig. 2. The flowing (top) and static (bottom) microflume systems. Microflume systems comprised a glass channel supported by an aluminium frame with legs. The flowing
microflume system had connecting stainless steel piping, along which a pump, flow meter, and chiller were attached. Diagram created using site.youidraw.com.
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minimise sediment disturbance, to a 12 cm depth on top of the sediment
bed (48,000 cm® within the main tank, excluding pipe work), which en-
sured a 4:1 volume ratio of water to sediment, as stated in the OECD 308
guidelines (OECD, 2002).

2.5. Establishment of water flow conditions

All microflumes were left static for two days to allow sediment particu-
lates to settle. Uniform flow was established in each flowing system, using a
Vernier depth gauge, which meant that the flow depth was constant along
the channel (Chow, 1959). Although this is rarely seen in nature (Chanson,
2004) it ensured that systems could be comparable. Pumps and chillers
were turned on in the flowing systems at the maximum flow rate, which
equated to an average water velocity in the flowing systems of 0.03 m/s
(compared with 0.08 m/s at the sampling site, standard deviation =
0.02, also see SM; Method S3). Each system was left in its respective light
treatment for a further seven-days prior to chemical addition.

2.6. Isopyrazam addition

A solution of isopyrazam was prepared for each microflume in 160 mL
sterile distilled water and 40 mL acetonitrile (HPLC grade, Fischer Scien-
tific, UK) such that, when added to each respective microflume, the concen-
tration would be 0.1 mg/L isopyrazam, with acetonitrile comprising 0.08 %
of the total microflume water volume. This represents an environmentally
relevant concentration (OECD, 2004). Immediately prior to application,
the pumps and chillers were turned off in the flowing systems and stock so-
lutions were applied to the top of the water column, ensuring the whole
length of the microflumes was covered for a homogenous application.
The pumps and chillers were left off for four days before being turned
back on again, to allow initial sorption to the sediment. Systems were incu-
bated for 52 days after chemical addition.

2.7. Sampling

Samples were removed for analysis at 10, 24, 34, 45, and 52 days after
treatment (DAT). No physical samples were taken at 0 DAT, due to the poten-
tial for errors before the chemical was fully distributed throughout the water
column. Instead, a nominal O DAT value, assuming that 100 % of the applied
chemical remained in the water column, was used. The fresh samples obtained
from the river were used for microbial and water chemistry analyses at 0 DAT.
Microbial, water chemistry, and isopyrazam concentration analyses were car-
ried out on all subsequent samples taken from the microflumes. DNA extrac-
tion and bacterial, phototrophic, and eukaryotic community analyses were
only carried out at 0 and 52 DAT. Pumps and chillers were turned off while
sampling occurred to minimise disturbance of the sediment. For each analysis,
there were three replicates for each microflume treatment. For sediment sam-
pling, a core technique (SM; Fig. S3) was used. Two samples were taken in this
way from each replicate system at each time point, one each for microbial and
isopyrazam analyses. From each system, 10 mL of water was sampled at each
time point using a glass pipette (Type 2, Fischer Scientific, UK) submerged into
the water column. Once filled, a finger was placed over the top to create a vac-
uum. This sample was for the isopyrazam analysis and was mixed with 2 mL
acetonitrile (HPLC grade, Fischer Scientific, UK). A further 50 mL of water was
collected using a falcon tube for microbial analyses.

2.8. Isopyrazam analysis

2.8.1. Water fraction

Water (plus acetonitrile) samples were sonicated to extract any chemi-
cal adsorbed to particulate matter. Centrifugation at 1000 rpm for 10 min
was performed for sample clean up. Samples were analysed by LC-MS
using a Poroshell 120 EC-C18 pm column (2.1 X 50 mm, Agilent Technol-
ogies, US), an Ultimate 3000 LC system (Dionex, US), and an amaZon SL ion
trap (Bruker, US). DataAnalysis (version 4.2, Brucker, US) software was
used to integrate isopyrazam peaks — the isomeric forms (syn and anti) of
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isopyrazam eluted as two separate peaks and these were analysed together
to assess the total peak area. The LC-MS gradient, mass transitions, and LC-
MS conditions are shown in Tables S3 to S5 of the SM. Chromatogram,
standard curve, and recovery calculation examples are provided in the
SM (Figs. S4 and S5 and Table S6).

2.8.2. Sediment fraction

Isopyrazam was extracted from the sediment using 30 mL 80 % acetoni-
trile (HPLC grade, Fischer Scientific, UK). Samples were shaken at 300 rpm
for 1 h before centrifugation for 10 min at 1000 rpm. The supernatant was
collected and the pellet subject to the same extraction method twice more.
This method had been validated in previous studies using '*C material
(Southwell et al., 2020). The combined sediment extract was analysed
using the LC-MS method described in Section 2.8.1.

2.9. Water chemistry analysis

System water pH was analysed using an Accumet basic AB15 pH meter
(Fischer Scientific, UK). NI-14 and PO-14 test kits (Hach, UK) were used to
analyse the nitrate and phosphate ion concentrations in the water.

2.10. Microbial analysis

2.10.1. Chlorophyll a analysis

Chlorophyll a analysis was used as an indication for phototroph prolifer-
ation, as it is the most abundant chlorophyll pigment (Morangais et al., 2018).
Water samples were filtered as in Sartory (1982). A modified method from
Ritchie (2006) and described in Davies et al. (2013b) was used to extract
chlorophyll a from the water and sediment fractions using 90 % acetone
(Fischer Scientific, UK) and absorbance measurements were taken before
and after acidification. Absorbance was measured using an Ultrospec 1100
pro UV/Visible spectrophotometer (GE Healthcare, UK). Calculations were
performed as described by the American Public Health Association (1995).

2.10.2. Viable plate counts to determine culturable bacterial communities

A serial dilution of microflume water was set up (10° to 10 ~>) and 20 pL of
each dilution was spread onto a quarter of a 9 cm R2A agar (Oxoid, UK) Petri
dish. Plates were incubated for 2 days at 29 °C and colonies counted to deter-
mine the number of bacterial colony forming units (CFU) per pL of water.

2.10.3. Molecular microbial community analysis to evaluate populations in wa-
ter and sediment

Fresh water and sediment from the sample site and water and sediment
samples from the microflumes at 52 DAT were analysed. DNA isolation,
quantification, PCR, purification, and normalisation methods, as well as se-
quence data processing, were similar to those used in Alvarez-Martin et al.
(2016) and Southwell et al. (2020). Primers to amplify bacterial (Caporaso
et al., 2011), phototrophic (Sherwood and Presting, 2007), and eukaryotic
(Stoeck et al., 2010) communities were used. Full details are described in
Method S4 in the SM. Raw sequence data and metadata are stored under
the study accession number, SRP132456, in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (SRA).

2.11. Statistical analyses

Prism (version 7, GraphPad Software, Inc., US) was used to perform statis-
tical analyses and create figures. Significance of differences between treat-
ments for isopyrazam concentration, water chemistry, chlorophyll a, and
water bacteria count data were determined using a two-way ANOVA on the
entire time course. Significance of differences in the relative abundance of bac-
terial phyla, phototrophic taxa, and eukaryotic classes between the initial inoc-
ulum and the microflume treatments were evaluated using two-way ANOVA.
Multiple comparison tests were corrected using the Tukey method (Haynes,
2013). The phyloseq package in R (McMurdie and Holmes, 2013) was used
to calculate the alpha (a) diversity using Fisher's method, followed by one-
way ANOVA to investigate significance of differences in diversity between
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the original inoculum and the microflume treatments. Beta () diversity was
analysed using Bray Curtis similarity matrices which were visualised using
non-metric multidimensional scaling (NMDS) and cluster analysis in Primer
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software (version 6, Primer-E Ltd., UK). PERMANOVA using the vegan pack-
age in R (Oksanen et al., 2017) was used to investigate the significance of dif-
ferences in [3 diversity between the original inoculum and the microflume
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Fig. 3. Dissipation of isopyrazam in microflume systems as a percentage of the mass originally applied in the total system (a), partitioned to the water (b), and partitioned to
the sediment (c). Microflumes treatments were dark static (blue circles), dark flowing (blue squares), illuminated static (orange circles), and illuminated flowing (orange

squares). Error bars show + standard deviation.
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treatments, using rarefied data, with a modified script to make pairwise com-
parisons (Arbizu, 2015). Isopyrazam dissipation kinetics (DT50 of total sys-
tem) were estimated using Single First-Order kinetics in Computer Aided
Kinetic Evaluation (CAKE) (version 3.2, Tessella Ltd., UK), a modeling soft-
ware which conforms to FOCUS requirements.

(20.6 days) > dark flowing (16.8 days) > illuminated flowing (15.3 days).
Total dissipation (i.e., water and sediment combined) in dark static systems
was significantly slower (p < 0.001) compared to the other microflume
treatments, with 48.5 % of the applied mass of isopyrazam remaining by
52 DAT. The total dissipation rate in illuminated static microflumes was sig-
nificantly faster (p = 0.01) compared to the dark static microflumes, show-
ing that light conditions increased dissipation rate in static water.

The addition of flow increased total isopyrazam dissipation rate in the
dark microflumes (p < 0.001) relative to the dark static treatment, but
there was no significant difference in dissipation rate between the
dark and illuminated flowing treatments. In both flowing treatments,
isopyrazam concentration was 18 % of the applied amount by 34 DAT,
with no further decline by 52 DAT. The dissipation rate in illuminated static
treatments was slower than the flowing treatments up to 24 days but, after

3. Results
3.1. Isopyrazam dissipation in microflumes

Isopyrazam dissipated in all microflumes, but with significant differ-
ences in the rate of dissipation between the treatments (p < 0.0004,
Fig. 3a). DT50 estimates (SM; Table S7) decreased in the following order
for the four treatments: dark static (47.7 days) > illuminated static
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34 DAT, a similar percentage of isopyrazam remained in the illuminated
static microflumes relative to both flowing systems; across the whole time
course, there were no significant differences in dissipation between these
three microflume treatments.

Dissipation dynamics between the water and sediment fractions were
different between treatments (Fig. 3b and c). Dissipation from the water
column was significantly faster in flowing microflumes compared to static
microflumes (p < 0.05). Dissipation from the water in the illuminated
static microflumes was, in turn, significantly faster than in the dark static
microflumes (p < 0.05). A higher percentage of the applied isopyrazam
partitioned to the sediment in the dark static microflumes (30.7 %,
p = 0.01) by 24 DAT relative to the other treatments, but this gradually de-
clined over the time course.

3.2. Microftume water chemistry

There was a significant difference in water nitrate concentrations between
the microflume treatments (p < 0.0001, SM; Fig. S6a). Nitrate concentrations
in the dark and illuminated flowing systems were the same; rapidly increasing
to over 40 mg/L by 24 DAT and remaining at this concentration for the dura-
tion of the experiment. In contrast, nitrate concentrations in dark static
microflumes ranged between 5 and 15 mg/L throughout the study duration,
which was significantly lower than the other systems (p < 0.001). Nitrate con-
centrations in the illuminated static systems were initially similar to the dark
static systems but increased to over 30 mg/L after 34 days. Phosphate concen-
trations initially declined in all treatments between 0 and 24 DAT (SM;
Fig. S6b), but in the dark static microflumes, it significantly increased after
this, especially when compared to the illuminated treatments (1.9 mg/L by
45 DAT, p < 0.05). pH (SM; Fig. S7) remained broadly constant throughout
the time course for all microflume treatments (6.9 to 8.2), with only signifi-
cant differences between the two dark treatments (p < 0.05).

3.3. Microftume microbial community

3.3.1. Water bacterial counts, chlorophyll a, and biofilm development

Water bacterial counts (SM; Fig. S8) increased in all treatments from 10
DAT onwards but then gradually decreased over the time course, with no sig-
nificant differences between treatments, although there was a trend for higher
counts in the dark static treatment. There was a significant difference in the
concentration of chlorophyll a between the different microflume systems
(p =< 0.0009, SM; Fig. S9). llluminated static microflumes had a significantly
higher chlorophyll a concentration than all other systems (21.33 mg/m? by 52
DAT, p < 0.01), which were not significantly different to each other (<1 mg/
m>). Biofilm differences between treatments could also be seen by visual ex-
amination of the sediment bed (SM; Fig. S10). In both static systems, floating
biofilms were observed on the water surface, whereas in flowing systems, bio-
film was uniform along the sediment bed. In both illuminated systems, a build-
up of green biofilm was observed on the sediment surface. In the flowing sys-
tems, this was uniform as mentioned above, whereas in the static systems it
was more heterogenous; some areas had minimal growth, while others had
dense patches.

3.3.2. Microbial community composition

Bacterial a diversity was not significantly different between fresh samples
or microflumes at 52 DAT in the water or sediment fractions (SM; Fig. S11a
and b, p < 0.1307). In contrast, phototroph (SM; Fig. S11c and d) and eukary-
ote (SM; Fig. S11e and f) a diversity was significantly lower (p < 0.0002 and
p < 0.0001, respectively) in microflumes relative to fresh water and sediment
samples, with a diversity in water samples declining by over 45 %, and in sed-
iment samples by over 25 %. There was no significant difference in microbial
a diversity between microflume treatments, with the exception of sediment
eukaryote communities, which were significantly lower in the illuminated
static microflumes relative to the dark flowing microflumes. PERMANOVA
(SM; Tables S8 to S10) and NMDS (SM; Fig. S12) analysis showed that for
each microbial group, at the OTU level, community composition in both
water and sediment fractions was overall significantly different (p < 0.001)
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between treatments. There were no significant differences in sediment bacte-
rial, phototroph, or eukaryote communities between the fresh material and
microflume treatments, and communities in sediment from the microflume
treatments were not significantly different to each other. In water, bacterial,
phototroph, and eukaryote communities in fresh material was significantly
different to the microflume treatments, with the exception of the bacterial
community in illuminated static microflumes, and the eukaryote community
in the dark static microflumes.

At the phylum level, bacterial composition was significantly different
(p = 0.0001) between both water and sediment in each of the microflume
treatments (Fig. 4a and b) and between the microflume treatments and
fresh samples, although composition was considerably more variable in
the water fraction relative to the sediment fraction. In the water fraction,
the illuminated microflume samples were most similar to fresh water.
Dark static microflume water diverged most from the fresh water, with a
significantly increased relative abundance of Firmicutes (4.7 %,
p < 0.001), and particularly of Proteobacteria (75.4 %, p < 0.0001), com-
pared to all other treatments. Nitrospirae (5.6 %, p < 0.0001) and
Planctomycetes (11.0 %, p < 0.0001) significantly increased relative abun-
dance in dark flowing microflumes relative to the other treatments.
Cyanobacteria relative abundance increased in illuminated microcosm
water, with illuminated static microcosms having significantly (3.3 %,
p < 0.05) more compared to fresh water and both dark microflume treat-
ments. In the sediment, bacterial composition was less variable between
the fresh samples and the microflume treatments. Generally, microflumes
with the same flow treatment had similar community profiles and flowing
microflume samples were more similar to fresh sediment. In line with the
chlorophyll a analysis, relative abundance of Cyanobacteria significantly
increased (5.7 %, p < 0.0001) in illuminated static microflume sediment
compared to all other treatments. Overall, illuminated flowing microflumes
were most similar to the fresh river samples.

For phototroph communities (Fig. 4c and d), there was considerable di-
vergence in the water fraction between the fresh river samples and the
microflumes at 52 DAT. Compared to fresh water and illuminated treat-
ments, Charophyta increased relative abundance in dark incubated
microflumes (p < 0.0001), while Chlorophyta increased relative abun-
dance in illuminated microflumes (p < 0.0001). Dinoflagellates specifi-
cally increased relative abundance in the illuminated flowing treatment
(10.0 % vs. <1.4 %) and Diatoms and Golden Algae showed reduced rela-
tive abundance in microflumes relative to fresh water (p < 0.01). Similarly
in the sediment fraction, relative abundance of Cyanobacteria and Chloro-
phyta increased in illuminated microflumes compared to the fresh sediment
and dark treatments (p < 0.05). Notably Red Algae declined markedly in
the illuminated static treatment (0.7 % vs. >10.0 %). The dark static
microflume retained similar community composition to the fresh sediment,
but with reduced relative abundance of Golden Algae (3.1 % vs. <0.03 %).

For eukaryote communities (Fig. 4e and f), there was marked divergence
in the composition of water and sediment between the fresh river samples
and the microflumes at 52 DAT. In the water fraction of illuminated
microflumes, Chloroplastida increased relative abundance compared to fresh
water and dark treatments (p < 0.001). Stramenopiles had lower relative
abundance in all microflumes than in fresh water (p < 0.0001), while for
Nucletmycea, which includes fungi, this was true only in the static
microflumes (p < 0.0001), with Nucletmycea also having significantly higher
relative abundance in flowing microflumes compared to static microflumes
(p = 0.0001). Lastly, relative abundance of Alveolata was considerably higher
in dark static microflumes compared to all other samples (80.4 %,
p =< 0.0001). In the microflume sediment fraction, Rhizaria generally in-
creased relative abundance compared to fresh sediment (p < 0.0001), while
Chloroplastida showed lower relative abundance in the dark microflumes rel-
ative to the illuminated microflumes and fresh sediment (p < 0.0001).

4. Discussion

Isopyrazam dissipation was faster in flowing relative to static large-scale
OECD 308-type microflumes, regardless of light treatment. The inclusion of



R.V. Southwell et al.

non-UV light-dark cycles only increased isopyrazam dissipation rates in
static microflumes. Although illuminated static microflumes initially had
a slower isopyrazam dissipation rate relative to flowing microflumes, by
the end of the experiment there were no significant differences between
these treatments. This data suggests that flow drives dissipation and mini-
mises the impact of phototrophic metabolism, but that phototrophic metab-
olism is still dominant in static systems. Both flow and illumination
impacted microbial community composition of the microflume water and
sediment fractions. Light drove marked reductions of phototroph and eu-
karyote diversity and community composition, associated with selection
of specific phototrophs, particularly Cyanobacteria and Chlorophyta. Spe-
cific evidence for the effect of flow on community composition was less
clear, although flow appeared to increase relative abundance of fungi in
both the water and sediment fractions. As isopyrazam dissipated in all sys-
tems, these results suggest that a range of microbial communities or physi-
cal processes are important for chemical fate and transformation in the
environment.

In static microflumes, dissipation was significantly faster in the illumi-
nated microflumes than the dark microflumes. This showed that prolifera-
tion of phototrophic communities was an important factor determining
isopyrazam dissipation, i.e., phototrophic metabolism was dominant
when water velocity was low. The dissipation rate was similar between
the two flowing systems, regardless of light treatment, which suggested
that phototroph metabolism was not a dominant process under flowing
conditions. The microbial analyses also show that illuminated static sys-
tems contained significantly more chlorophyll a compared to all other sys-
tems and they had higher relative abundances of phototrophic bacteria and
eukaryotes, namely Cyanobacteria, Chlorophyta, Chloroplastida, and
Stramenopiles; this suggests that phototrophic organisms are unable to pro-
liferate as easily in illuminated flowing conditions. Phototrophic communi-
ties have been shown to have the potential to degrade a range of chemicals
(Roldan et al., 1998; Lima et al., 2003; Thomas and Hand, 2011; Davies
et al., 2013a). Indeed, previous studies have shown the importance of
phototrophic metabolism specifically for isopyrazam (Hand and Oliver,
2010; Hand and Moreland, 2014; Southwell et al., 2020). Phototrophs
may either be able to metabolise compounds directly or have a more indi-
rect role by stimulating activity of heterotrophic organisms (Davies et al.,
2013a).

Water flow was a major contributor to isopyrazam dissipation, as loss
was rapid regardless of light treatment. The faster flow rate and turbulence
will increase mixing of isopyrazam, both within the water column and in
the hyporheic zone within the sediment (Spain et al., 1984; Naudin et al.,
2001; Packman and Salehin, 2003; Gualtieri, 2004; Higashino et al.,
2004). This will enhance mass transport, increase the chance that microor-
ganisms will come into contact with nutrients and contaminants, and in-
crease aeration, supporting growth of heterotrophs. These processes could
result in microbial community proliferation, increasing metabolism and nu-
trient mineralisation, as well as chemical biodegradation rates (Gantzer
et al., 1988; Bonanni et al., 1992; Rusch et al., 2001; Thullner et al.,
2002; Williams et al., 2003; Gualtieri, 2004; Kunkel and Radke, 2008;
Sanchez-Pérez et al., 2013; Boano et al., 2014; Jaeger et al., 2019).

In flowing systems, nitrate concentration increased rapidly in the water
fraction; this increase was delayed in static systems, suggesting that flow
stimulated microbial mineralisation processes. Treatment differences in
water fraction nitrate dynamics mirrored differences in isopyrazam dissipa-
tion, suggesting that enhanced isopyrazam dissipation in flowing systems
resulted from increased microbial activity. Although nitrate is a known
photosensitiser (Hand and Oliver, 2010), indirect photolysis is unlikely to
have had a key role in isopyrazam dissipation in this study because of the
light and filter transmission spectrum. Furthermore, if indirect photolysis
had played a key role in dissipation, the dissipation in the illuminated
flowing microflumes would be expected to be faster than the dark flowing
microflumes, but this was not the case.

Dark static microflumes had an increase in water fraction phosphate
concentration after 24 DAT, which could be due to a decrease in redox po-
tential resulting from lower aeration due to a combination of low rates of
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mixing and low phototroph growth in these microflumes (Ann et al.,
1999). This reduction in mixing and exchange may explain the higher
mass of isopyrazam in the dark static sediment fraction, with low bioavail-
ability of isopyrazam to microbial degraders in the water column or water-
sediment interface.

Biofilms act as bioreactors with high rates of chemical and microbial
turnover (Schaper et al., 2018) and the water-sediment interface acts as a
platform for biofilm growth. Higher bacterial growth rates and degradation
have been shown to occur at this interface (Xia and Wang, 2008) and algae,
in particular, have been shown to have the potential to adsorb contami-
nants, including pesticides (Crum et al., 1999), heavy metals (Sandau
et al., 1996), and hydrocarbons (Headley et al., 2008); therefore future
work may benefit from also analysing biofilm fractions separately to
water and sediment. Biofilm development is heavily impacted by water ve-
locity, with biofilm thickness being lower when water velocity is higher
(Wetzel, 1993; Battin et al., 2003). Biofilm was more uniform in illumi-
nated flowing microflumes and those systems also had lower amounts of
chlorophyll a compared to illuminated static systems; this is in line with
previous research (Kugaorasatham et al., 1992). Due to the low water ve-
locity in illuminated static microflumes, phototrophic biofilms were able
to proliferate more efficiently, with higher amounts of chlorophyll a and
dense heterogenous patches of phototrophic biofilm along the sediment
surface.

Despite the fungicidal activity of isopyrazam, flow increased relative
abundance of fungal communities in both the water and sediment fractions,
suggesting differential toxicity of this compound across environmental fun-
gal communities. Fungi are well known to be capable of chemical degrada-
tion, including pesticides, particularly through production of non-specific
cytochrome P450 monooxygenases (Bending et al., 2002). Bacterial plate
counts indicated that dark static microflumes supported 10 to 100 times
more culturable bacteria than the other treatments, indicating that in-
creased bacterial biomass does not necessarily promote isopyrazam dissipa-
tion. This is potentially due to the low microbial diversity in this treatment,
as the water was heavily dominated by a single bacterial phyla,
phototrophic taxa, or eukaryotic class in the relative abundance analyses
(Proteobacteria, Charophyta, or Alveolata, respectively, 75.4 to 94.7 %);
other studies also suggest that functional diversity is more important for
degradation than increased biomass (Jaeger et al., 2019; Coll et al.,
2020). While heterotrophic degradation of pesticides has been established
(Thomas and Hand, 2012), the relative importance of bacterial and fungal
degraders is unclear, and it is possible that the dissipation patterns of
isopyrazam we observed reflected differences in biomass of fungi across
the treatments.

As the fit to Single First-Order kinetics was not clearly demonstrated, fu-
ture studies would benefit from additional earlier sampling points. Simi-
larly, considering the study aimed to compare static and flowing
conditions, a shorter period of static conditions directly after application
in the flowing microflumes would have been preferable, in view of the
short DT50s. Despite this, the dissipation was noticeably slower in the static
systems by the first sampling point at 10 DAT, so it can be assumed that the
4 days of static conditions did not impact the comparison to a great extent.

Earlier work using inoculum collected at 8 time points over a 2-year pe-
riod from the same river location as in this study, showed that isopyrazam
degradation was consistently minimal under continuous darkness
(DegT50s >100 days) when using microcosm systems containing 80 mL
of water and 20 g of sediment (Southwell et al., 2020). In the current
study, using microflumes containing a similar ratio of water to sediment
but scaled up by 365-fold, dissipation under continuous darkness was
much faster (DT50 <47.7 days). A direct comparison cannot be made as
the two studies were carried out at different times and studies were per-
formed in different test systems (i.e., size and geometry), both of which
can greatly influence dissipation rates (Shrestha et al., 2016; Southwell
et al., 2020; Seller et al., 2021). Nevertheless, these findings indicate that
test system scale could affect the outcome of OECD regulatory tests. This
could reflect a wider variety of microsite environmental gradients, such
as pH and aeration in a larger system volume, and differences in the
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biomass and diversity of microbial communities and therefore their meta-
bolic potential (Sturman et al., 1995; Kowalczyk et al., 2015; Gartiser
etal., 2017). In particular, biodegradation can reflect the activity of micro-
bial consortia rather than one single species, with co-metabolism and ge-
netic transfer playing a role, and these interactions may become more
stochastic as sample size reduces (De Schrijver and De Mot, 1999;
Serensen et al., 2002; Lima et al., 2003; Hoskeri et al., 2014; Jaeger et al.,
2019).

Non-UV light and flowing conditions are currently excluded from OECD
tests, although our results indicate they may both have substantial effects
on isopyrazam dissipation, although not an additive effect. This calls into
question the relevance of these tests to real aquatic environments, particu-
larly those with flowing water. This work provides support for considering
the inclusion of a further range of environmental variables within higher
tier laboratory testing regimes to enable better prediction of chemical be-
haviour in the field. Additionally, as there was little difference in dissipa-
tion between the flowing and illuminated static microflumes, it is likely
that if flowing systems were used in future, then there would be no need
for studies to be incubated under light conditions to provide environmen-
tally relevant data for isopyrazam; further work on other compounds
would be required to determine if this is universal.

Even with the large scale microflumes used in this study, however,
accurate representation of the microbial communities active in the natural
environment may prove challenging. Light had a bigger effect on microbial
community composition than flow, largely through selection of
phototrophic bacteria and eukaryotes, although notably flow increased rel-
ative abundance of fungi. Bacteria and eukaryote communities, including
phototrophic taxa, diverged from the fresh samples and, for some groups,
a diversity decreased as specific taxa were selected by the environmental
conditions within the microflumes. Despite this, even if the communities
present in the river cannot be completely mimicked in the microflumes, rel-
ative abundance of the bacterial communities in the fresh sediment were
similar to those in the flowing microflumes. In addition, the illuminated
flowing microflume water best represented the fresh water, showing that
overall flowing and illuminated conditions, which are excluded from regu-
latory testing, can help add environmental realism to a greater extent com-
pared to the current testing regime, which is most similar to the dark static
microflumes in this study.

5. Conclusion

This study showed that in a water-sediment microflume system, water
velocity had a key role in isopyrazam dissipation, especially under dark
conditions. Although the effect was less pronounced in illuminated
microflumes, phototrophs, which are key isopyrazam metabolisers, were
not able to proliferate as rapidly as in illuminated static microflumes, indi-
cating flow played a key role in the illuminated flowing treatments. This
may have been because flow promoted mixing and increased exchange
across the water-sediment interface and hyporheic zone, which became
the dominant zone for microbial degradation by heterotrophs, which
were able to grow unhindered due to the reduced biomass of phototrophic
degraders. Nevertheless, non-UV light did play a role in isopyrazam dissipa-
tion in static microflumes, in which low turbulence allowed proliferation of
phototrophic communities which could degrade isopyrazam via direct or
indirect mechanisms. In flowing microflumes, however, there was a signif-
icantly higher relative abundance of fungi relative to static systems. Our
findings therefore indicate that isopyrazam dissipation can result from
both heterotrophic and phototrophic pathways, with the importance of
each determined by flow rate. Lastly, in terms of the study design, the
dark static treatment was as close to the requirements of regulatory OECD
308 studies as possible. Comprehensive analysis of bacterial, phototrophic,
and eukaryote communities indicated that this treatment was no better
than the others at retaining microbial community composition of the orig-
inal fresh water and sediment inoculum and showed the slowest
isopyrazam dissipation rate, despite promoting bacterial abundance rela-
tive to the other treatments. Indeed, the dark static microflumes were
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largely dominated by a single group of microorganisms in the water frac-
tion for all analyses, suggesting that the conditions used in the OECD tests
can increase divergence from the original inoculum. For the bacterial anal-
yses, the fresh inoculum most closely resembled the illuminated flowing
microflumes. Although testing on additional compounds would be benefi-
cial, this indicates that increasing the scale and complexity of studies
could improve the degree to which tests mimic natural environments, and
the extent to which they are able to predict the environmental persistence
of chemicals.

CRediT authorship contribution statement

GDB, LHH, and JMP conceived the study; RVS, GDB, LHH, and JMP
designed the sampling and analysis programme strategy; RVS conducted
the experimental work; SLH advised on molecular and bioinformatic
analyses; RVS, GDB, and LHH wrote the manuscript; all authors contributed
to revisions.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

The authors would like to thank the Biotechnology and Biological Sci-
ences Research Council and Syngenta for providing the funding for this
work. We would also like to thank Hendrik Schéfer for invaluable advice
on using ARB software, Mansoor Saeed for advice developing the LC-MS
method, and Ian Bayliss for being at hand for any microflume related mis-
haps. Graphical abstract was created with BioRender.com.

Funding sources

Funding was provided by the Biotechnology and Biological Sciences Re-
search Council with Syngenta as an industrial Collaborative Awards in Sci-
ence and Engineering sponsor.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163282.

References

Alvarez-Martin, A., Hilton, S.L., Bending, G.D., Sonia Rodrigues-Cruz, M., Jests Sanches-
Martin, M., 2016. Changes in activity and structure of the soil microbial community
after application of azoxystrobin or pirimicarb and an organic amendment to an agricul-
tural soil. Appl. Soil Ecol. 106, 47-57.

American Public Health Association, 1995. Standard Methods for the Examination of Water
and Waste Water: Standard Method 10200H. American Public Health Association,
pp. 1-541.

Ann, Y., Reddy, K.R., Delfino, J.J., 1999. Influence of redox potential on phosphorus solubility
in chemically amended wetland organic soils. Ecol. Eng. 14 (1-2), 169-180.

Arbizu, P.M., 2015. How can I do PerMANOVA pairwise contrasts in R?. Retrieved May 26th,
2017, from. https://www.researchgate.net/post/How_can_I_do_PerMANOVA pairwise_
contrasts_in_R

Battin, T.J., Kaplan, L.A., Newbold, J.D., Cheng, X., Hansen, C., 2003. Effects of current veloc-
ity on the nascent architecture of stream microbial biofilm. Appl. Environ. Microbiol. 69
(9), 5443-5453.

Bauer, R.D., Maloszewski, P., Zhang, Y., Meckenstock, R.U., Griebler, C., 2008. Mixing-
controlled biodegradation in a toluene plume - results from two-dimensional laboratory
experiments. J. Contam. Hydrol. 96, 150-168.


http://BioRender.com
https://doi.org/10.1016/j.scitotenv.2023.163282
https://doi.org/10.1016/j.scitotenv.2023.163282
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010646487667
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010646487667
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010646487667
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010536488738
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010536488738
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010536488738
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650431776
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650431776
https://www.researchgate.net/post/How_can_I_do_PerMANOVA_pairwise_contrasts_in_R
https://www.researchgate.net/post/How_can_I_do_PerMANOVA_pairwise_contrasts_in_R
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537183408
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537183408
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537183408
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650434036
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650434036
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650434036

R.V. Southwell et al.

Bending, G.D., Friloux, M., Walker, A., 2002. Degradation of contrasting pesticides by white
rot fungi and its relationship with ligninolytic potential. FEMS Microbiol. Lett. 212 (1),
59-63.

Boano, F., Harvey, J.W., Marion, A., Packman, A.L, Revelli, R., Ridolfi, L., Worman, A., 2014.
Hyporheic flow and transport processes: mechanisms, models, and biogeochemical impli-
cations. Rev. Geophys. 52, 603-679.

Bonanni, P., Caprioli, R., Ghiara, E., Mignuzzi, C., Orlandi, C., Paganin, G., Monti, A., 1992.
Sediment and interstitial water chemistry of the orbetello lagoon (Grosseto, Italy); nutri-
ent diffusion across the water-sediment interface. Hydrobiologia 235 (236), 553-568.

Borde, X., Guieysse, B., Delgado, O., Mufioz, R., Hatti-Kaul, R., Nuiger-Chauvin, C., Patin, H.,
Mattiasson, B., 2003. Synergistic relationships in algal-bacterial microcosms for the treat-
ment of aromatic pollutants. Bioresour. Technol. 86, 293-300.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A., Turnbaugh, P.J.,
Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity at a depth of millions
of sequences per sample. Proceedings of the National Academy of Sciences 108 (1),
4516-4522.

Carpenter, S.R., 1996. Microcosm experiments have limited relevance for community and
ecosystem ecology. Ecology 77 (3), 677-680.

Carter, A., 2000. How pesticides get into water - and proposed reduction measures. Pesticide
Outlook 11 (4), 149-156.

Chanson, H., 2004. Hydraulics of Open Channel Flow: An Introduction. Elsevier: Butterworth
Heinemann, Amsterdam, Boston, Heidelberg, London, New York, Oxford, Paris, San
Diego, San Francisco, Singapore, Sydney, Tokyo.

Chow, V.T., 1959. Open-Channel Hydraulics. McGraw-Hill Book Company, New York, St.
Louis, San Francisco, Auckland, Bogotd, Caracas, Colorado Springs, Hamburg, Lisbon,
London, Madris, Mexico, Milan, Montreal, New Delhi, Oklahoma City, Panama, Paris,
San Juan, Sdo Paulo, Singapore, Sydney, Tokyo, Toronto.

Clements, W.H., Newman, M.C., 2002. Community Ecotoxicity Hierarhical Ecotoxicology
Mini Series. John Wiley & Sons Ltd., Chichester.

Coll, C., Bier, R., Li, Z., Langenheder, S., Gorokhova, E., Sobek, A., 2020. Association between
aquatic micropollutant dissipation and river sediment communities. Environ. Sci.
Technol. 54, 14380-14392.

Cook, S., Price, O., King, A., Finnegan, C., Van Egmond, R., Schéfer, H., Pearson, J.M.,
Abolfathi, S., Bending, G.D., 2020. Bedform characteristics and biofilm community devel-
opment interact to modify hyporheic exchange. Sci. Total Environ. 749.

Crum, S.J.H., van Kammen-Polman, A.M.M,, Leistra, M., 1999. Sorption of nine pesticides to
three aquatic macrophytes. Arch. Environ. Contam. Toxicol. 37, 310-316.

Davenport, R., Curtis-Jackson, P., Dalkmann, P., Davies, J., Fenner, K., Hand, L., McDonough,
K., Ott, A., Ortega-Calvo, J.J., Parsons, J.R., 2022. Scientific concepts and methods for
moving persistence assessments into the 21st Century. Integrated Environmental Assess-
ment and Management 1-34.

Davies, L.O., Bramke, 1., France, E., Marshall, S., Oliver, R., Nichols, C., Schafer, H., Bending,
G.D., 2013a. Non-UV light influences the degradation rate of crop protection products.
Environ. Sci. Technol. 47 (15), 8229-8237.

Davies, L.O., Schafer, H., Marshall, S., Bramke, 1., Oliver, R.G., Bending, G.D., 2013b. Light
structures phototroph, bacterial and fungal communities at the soil surface. Public Library
of Science ONE 8 (7), e69048.

De Schrijver, A., De Mot, R., 1999. Degradation of pesticides by actinomycetes. Crit. Rev.
Microbiol. 25 (2), 85-119.

EFSA, 2012. Conclusion on the peer review of the pesticide risk assessment of the active sub-
stance isopyrazam. Eur. Food Saf. Authority J. 10 (3), 1-110.

Gantzer, C.J., Rittmann, B.E., Herricks, E.E., 1988. Mass transport to streambed biofilms.
Water Res. 22 (6), 709-722.

Gartiser, S., Schneider, K., Schwarz, M.A., Junker, T., 2017. Assessment of environmental
persistance: regulatory requirements and practical possibilities - available test systems,
identification of technical constraints and indication of possible solutions. Texte 10/
2017((UBA-FB) 002326), pp. 1-17.

Gualtieri, C., 2004. Interaction between hydrodynamics and mass-transfer at the sediment-
water interface. International Congress on Environmental Modelling and Software. 41,
pp. 1-8.

Hand, L.H., Moreland, H.J., 2014. Surface water mineralization of isopyrazam according to
OECD 309: observations on implementation of the new data requirement within agro-
chemical regulation. Environ. Toxicol. Chem. 33 (3), 516-524.

Hand, L.H., Oliver, R.G., 2010. The behavior of isopyrazam in aquatic ecosystems: implemen-
tation of a tiered investigation. Environ. Toxicol. Chem. 29 (12), 2702-2712.

Haynes, W., 2013. In: Dubitzky, W., Wolkenhauer, O., Cho, K.H., Yokota, H. (Eds.), Tukey's
Test. Encyclopedia of Systems Biology. Springer, New York.

Hazell, P.B.R., 2002. Green Revolution Curse or Blessing?International Food Policy Research
Institute, pp. 1-4

Headley, J.V., Dy, J.L., Peru, K.M., Gurprasad, N., McMartin, D.W., 2008. Evaluation of algal
phytodegradation of petroleum naphthenic acids. J. Environ. Sci. Health 43, 227-232.

Higashino, M., Gantzer, C.J., Stefan, H.G., 2004. Unsteady diffustional mass transfer at the sedi-
ment/water interface: theory and significance for SOD measurment. Water Res. 38, 1-12.

Hoskeri, R.S., Mulla, S.I,, Ninnekar, H.Z., 2014. Biodegradation of chloroaromatic pollutants
by bacteria consortium immobilized in polyurethane foam and other matrices. Biocatal.
Agric. Biotechnol. 30, 390-396.

Jaeger, A., Coll, C., Posselt, M., Mechelke, J., Rutere, C., Betterle, A., Raza, M., Mehrtens, A.,
Meinikmann, K., Portmann, A., Singh, T., Blaen, P.J., Krause, S., Horn, M.A., Hollender,
J., Benskin, J.P., Sobek, A., Lewandowski, J., 2019. Using recirculating flumes and a re-
sponse surface model to investigate the role of hyporheic exchange and bacterial diversity
on micropollutant half-lives. Environ. Sci. Process. Impacts 21, 2093-2108.

Kieber, D.J., 2000. In: de Mora, S., Demers, S., Vernet, M. (Eds.), Photochemical Production of
Biological Substrates. The Effects of UV Radiation in the Marine Environment. Cambridge
University Press, Cambridge, p. 10.

Kowalczyk, A., Martin, T.J., Price, O.R., Snape, J.R., van Egmond, R.A., Finnegan, C.J.,
Schifer, H., Davenport, R.J., Bending, G.D., 2015. Refinement of biodegradation tests

10

Science of the Total Environment 880 (2023) 163282

methodologies and the proposed utility of new microbial ecology techniques. Ecotoxicol.
Environ. Saf. 111, 9-22.

Kugaorasatham, S., Nagaoka, H., Ohgaki, S., 1992. Effect of turbulence on nitrifying biofilms
at non-limiting substrate conditions. Water Res. 26 (12), 1629-1638.

Kunkel, U., Radke, M., 2008. Biodegradation of acidic pharmaceuticals in bed sediments: in-
sight from a laboratory experiment. Environ. Sci. Technol. 42 (19), 7273-7279.

Lima, S.A.C., Castro, P.M.L., Morais, R., 2003. Biodegradation of p-nitrophenol by microalgae.
J. Appl. Phycol. 15, 137-142.

Lindell, M.J., Granéli, H.W., Tranvik, L.J., 1996. Effects of sunlight on bacterial growth in
lakes of different humic content. Aquat. Microb. Ecol. 11, 135-141.

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive analy-
sis and graphics of microbiome census data. Public Library of Science ONE 8 (4), 1-11.

Morancais, M., Mouget, J.-L., Dumay, J., 2018. In: Levine, LA., Fleurence, J. (Eds.), Proteins
and Pigments. Microalgae in Health and Disease Prevention. Academic Press,
pp. 145-175.

Naudin, J.-J., Cauwet, G., Fajon, C., Oriol, L., Terzi¢, S., Devenon, J.-L., Broche, P., 2001. Ef-
fect of mixing on microbial communities in the Rhone River plume. J. Mar. Syst. 28,
203-227.

OECD, 2002. Test No. 308: aerobic and anaerobic transformation in aquatic sediment sys-
tems. OECD Guideline for the Testing of Chemicals, pp. 1-19.

OECD, 2004. Test no. 309: aerobic mineralisation in surface water - simulation biodegrada-
tion test. OECD Guidelines for the Testing of Chemicals Section 3, pp. 1-21.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R.,
O'Hara, R.B., Simpson, G.L., Stevens, M.H.H., Szoecs, E., Wagner, H., Solymos, P., 2017.
vegan: Community Ecology Package. R 2.4-4, pp. 1-219.

Oya, S., Valocchi, A.J., 1998. Transport and biodegradation of solutes in stratified aquifers
under enhanced in situ bioremediation conditions. Water Resour. Res. 34 (12),
3323-3334.

Packman, A.L, Salehin, M., 2003. Relative roles of stream flow and sedimentary conditions in
controlling hyporheic exchange. Hydrobiologia 494, 291-297.

Posselt, M., Mechelke, J., Rutere, C., Coll, C., Jaeger, A., Raza, M., Meinikmann, K., Krause, S.,
Sobek, A., Lewandowski, J., Horn, M.A., Hollender, J., Benskin, J.P., 2020. Bacterial di-
versity controls transformation of wastewater-derived organic contaminants in river-
simulating flumes. Environ. Sci. Technol. 54, 5467-5479.

Redman, A.D., Bietz, J., Davis, J.W., Lyon, D., Maloney, E., Ott, A., Otte, J.C., Palais, F.,
Parsons, J.R., Wang, N., 2021. Moving persistence assessments into the 21st century: a
role for weight-of-evidence and overall persistence. Environmental Policy & Regulation,
pp. 1-20.

Reynolds, C.S., 1994. The long, the short and the stalled: on the attributes of phytoplankton
selected by physical mixing in lakes and rivers. Hydrobiologia 289, 9-21.

Ritchie, R.J., 2006. Consistent sets of spectrophotometric chlorophyll equations for acetone,
methanol and ethanol solvents. Photosynth. Res. 89 (1), 27-41.

Roldan, M.D., Blasco, R., Caballero, F.J., Castillo, F., 1998. Degradation of p-nitrophenol by
the phototrophic bacterium rhodobacter capsulatus. Arch. Microbiol. 169, 36-42.

Rusch, A., Forster, S., Huettel, M., 2001. Bacteria, diatoms and detritus in an intertidal
sandflat subject to advective transport across the water-sediment interface. Biogeochem-
istry 55, 1-27.

Sanchez-Pérez, J.M., Montuelle, B., Mouchet, F., Gauthier, L., Julien, F., Sauvage, S., Teissier,
S., Dedieu, K., Destrieux, D., Vervier, P., Gerino, M., 2013. Role of the hyporheic hetero-
trophic biofilm on transformation and toxicity of pesticides. Ann. Limnol. Int. J. Limnol.
49 (2), 87-95.

Sandau, E., Sandau, P., Pulz, O., Zimmermann, M., 1996. Heavy metal sorption by marine
algae and algal by-products. Acta Biotechnol. 16 (2-3), 103-119.

Sartory, D.P., 1982. Spectrophotometric analysis of chlorophyll a in freshwater phytoplank-
ton. Department of Water Affairs, pp. 1-163.

Schaper, J.L., Posselt, M., McCallum, J.L., Banks, E.W., Hoehne, A., Meinikmann, K.,
Shanafield, M.A., Batelaan, O., Lewandowski, J., 2018. Hyporheic exchange controls
fate of trace organic compounds in an urban stream. Environ. Sci. Technol. 52,
12285-12294.

Seller, C., Duygan, B.D.Ozel, Honti, M., Fenner, K., 2021. Biotransformation of Chemicals at
the Water-Sediment Interface - Toward a Robust Simulation Study Setup. 1. American
Chemical Society Environmental Au, pp. 46-57.

Sherwood, A.R., Presting, G.G., 2007. Universal primers amplify a 23S rDNA plastid marker in
eukaryotic algae and cyanobacteria. J. Phycol. 43, 605-608.

Shrestha, P., Junker, T., Fenner, K., Hahn, S., Honti, M., Bakkour, R., Diaz, C., Hennecke, D.,
2016. Simulation studied to explore biodegradation in water-sediment systems: from
OECD 308 to OECD 309. Environmental Science & Technology 50, 6856-6864.

Smith, J.W.N., 2005. Groundwater-surface water interactions in the hyporheic zone. Environ-
ment Agency Science Report SC030155/SR1, pp. 1-65.

Sgrensen, S.R., Ronen, Z., Aamand, J., 2002. Growth in coculture stimulates metabolism of
the phenylurea herbicide isoproturon by sphingomonas sp. Strain SRS2. Appl. Environ.
Microbiol. 68 (7), 3478-3485.

Southwell, R.V., Hilton, S.L., Pearson, J.M., Hand, L.H., Bending, G.D., 2020. Inclusion of sea-
sonal variation in river system microbial communities and phototroph activity increases
environmental relevance of laboratory chemical persistence tests. Sci. Total Environ. 733.

Spain, J.C., van Veld, P.A., Monti, C.A., Pritchard, P.H., Cripe, C.R., 1984. Comparison of p-
nitrophenol biodegradation in field and laboratory test systems. Appl. Environ. Microbiol.
48 (5), 944-950.

Stoeck, T., Bass, D., Nebel, M., Christen, R., Jones, M.D.M., Breiner, H.-W., Richards, T.A.,
2010. Multiple marker parallel tag environmental DNA sequencing reveals a highly com-
plex eukaryotic community in marine anoxic water. Mol. Ecol. 19 (s1), 21-31.

Stravs, M.A., Pomati, F., Hollender, J., 2017. Exploring micropollutant biotransformation in
three freshwater phytoplankton species. Environ. Sci.: Processes Impacts 19, 822-832.

Sturman, P.J., Stewart, P.S., Cunningham, A.B., Bouwer, E.J., Wolfram, J.H., 1995. Engineer-
ing scale-up of insitu bioremediation processes: a review. J. Contam. Hydrol. 19,
171-203.


http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650436697
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650436697
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650436697
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650438926
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650438926
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537200338
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537200338
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537221088
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537221088
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010648149576
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010648149576
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010648149576
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650441296
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650441296
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650445216
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650445216
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010648362796
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010648362796
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010648362796
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649049176
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649049176
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649049176
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649049176
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537436878
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537436878
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650580156
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650580156
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650580156
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650587616
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650587616
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537501028
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537501028
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649326736
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649326736
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649326736
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651033016
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651033016
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651074246
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651074246
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651074246
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537534778
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010537534778
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010539023608
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010539023608
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651082046
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651082046
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010539423997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010539423997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010539423997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010539423997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010540058517
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010540058517
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010540058517
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651086586
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651086586
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651086586
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651124646
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651124646
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655295276
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655295276
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655450086
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655450086
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651407166
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651407166
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651419596
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651419596
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010541464728
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010541464728
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010541464728
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542092348
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542092348
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542092348
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649552336
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649552336
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010649552336
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651433086
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651433086
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010651433086
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542150218
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542150218
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652054376
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652054376
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652063066
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652063066
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652073776
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652073776
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542368738
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010542368738
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010543107898
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010543107898
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010543107898
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652082516
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652082516
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652082516
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650137966
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650137966
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010544030887
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010544030887
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010545173587
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010545339167
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010545339167
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010545339167
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652099886
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652099886
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652188076
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652188076
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652188076
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010549351297
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010549351297
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010549351297
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652193986
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652193986
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652200616
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652200616
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652209616
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652209616
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010549370567
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010549370567
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010549370567
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652224146
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652224146
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652224146
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652235306
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652235306
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650415576
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010650415576
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652289636
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652289636
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652289636
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010647251907
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010647251907
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010647251907
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652294106
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652294106
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652297906
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652297906
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010647303806
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010647303806
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652304076
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652304076
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652304076
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652310376
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652310376
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652310376
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652314256
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652314256
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652314256
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010556252917
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010556252917
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558173756
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558173756
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652320366
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652320366
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652320366

R.V. Southwell et al.

Thomas, K.A., Hand, L.H., 2011. Assessing the potential for algae and macrophytes to degrade
crop protection products in aquatic ecosystems. Environ. Toxicol. Chem. 30 (3), 622-631.

Thomas, K.A., Hand, L.H., 2012. Assessing the metabolic potential of phototrophic communi-
ties in surface water environments: fludioxonil as a model compound. Environ. Toxicol.
Chem. 31 (9), 2138-2146.

Thullner, M., Mauclaire, L., Schroth, M.H., Kinzelback, W., Zeyer, J., 2002. Interaction be-
tween water flow and spatial distribution of microbial growth in a two-dimensional
flow field in saturated porous media. J. Contam. Hydrol. 58, 169-189.

Wetzel, R.G., 1993. Microcommunities and microgradients: linking nutrient regeneration, mi-
crobial mutualism, and high sustained aquatic primary production. Neth. J. Aquat. Ecol.
27 (1), 3-9.

11

Science of the Total Environment 880 (2023) 163282

Williams, P., Whitfield, M., Biggs, J., Bray, S., Fox, G., Nicolet, P., Sear, D., 2003. Comparative
biodiversity of rivers, streams, ditches and ponds in an agricultural landscape in southern
England. Biol. Conserv. 115, 329-341.

Xia, X., Wang, R., 2008. Effect of sediment particle size on polycyclic aromatic hydrocarbon
biodegradation: importance of the sediment-water interface. Environ. Toxicol. Chem.
27 (1), 119-125.


http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652326046
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652326046
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652330896
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652330896
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652330896
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558407997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558407997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558407997
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652335356
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652335356
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010652335356
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558418027
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558418027
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010558418027
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655258586
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655258586
http://refhub.elsevier.com/S0048-9697(23)01901-0/rf202304010655258586

	Water flow plays a key role in determining chemical biodegradation in water-�sediment systems
	1. Introduction
	2. Materials and methods
	2.1. Environmental inoculum
	2.2. Test chemical
	2.3. Experimental set up
	2.4. Environmental inoculum addition
	2.5. Establishment of water flow conditions
	2.6. Isopyrazam addition
	2.7. Sampling
	2.8. Isopyrazam analysis
	2.8.1. Water fraction
	2.8.2. Sediment fraction

	2.9. Water chemistry analysis
	2.10. Microbial analysis
	2.10.1. Chlorophyll a analysis
	2.10.2. Viable plate counts to determine culturable bacterial communities
	2.10.3. Molecular microbial community analysis to evaluate populations in water and sediment

	2.11. Statistical analyses

	3. Results
	3.1. Isopyrazam dissipation in microflumes
	3.2. Microflume water chemistry
	3.3. Microflume microbial community
	3.3.1. Water bacterial counts, chlorophyll a, and biofilm development
	3.3.2. Microbial community composition


	4. Discussion
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	section29
	Acknowledgements
	Funding sources
	Appendix A. Supplementary data
	References




