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ABSTRACT: During major flood events, waterborne contami-
nants are relatively poorly characterized. This is due to logistical
difficulties associated with obtaining water samples in potentially
dangerous flood conditions. Herein, we report analyses of water
samples from a large, flooded landscape in Victoria, Australia,
during a major flood event. We collected 83 samples from seven
rivers and 18 river locations as far apart as 520 km. The sampling
campaign covered a 26-day window, with 3 samples taken weekly
from each site. Floodwater samples were analyzed for 778
contaminants and 544 microbial species were identified using
eDNA. Our study shows that 85 contaminants were detected in
floodwaters. Fungicides, phthalates, plant macronutrients, metal-
(loid)s and PPCPs were better explained by land uses, whereas
herbicides and insecticides were explained by a mixture of land use and water flow data. Potentially pathogenic orders with the
highest detection rates were Enterobacterales (82.4%), Mycobacteriales (70.6%) and Legionellales (58.8%). Contaminants and
microbial signatures responded to rainfall, water flow and water level, demonstrating increased and varied human and environmental
risks of exposure during the sampling window. Our work underlines the importance of rigorous and timely monitoring and provides
an evidence-base for decision making during increasingly frequent and intense climate driven flood events.
KEYWORDS: climate change, contaminants of emerging concern, environmental DNA, mass flux, land use and surface water flow models

■ INTRODUCTION
Anthropogenic climate change is increasing the frequency,
duration and severity of extreme weather events,1−4 prompting
global concerns about flood-borne contaminant risks.5,6 During
13−14 October 2022, up to 300 mm of rain fell in parts of
Victoria, Australia (Figure 1). Due to prevailing wet
conditions, rivers and catchments had limited capacity to
absorb additional rainfall. The result was one of the worst
flooding events in Victoria’s history.7 The Environment
Protection Authority Victoria (EPA), in partnership with
State Emergency Service (VICSES) and Natural Hazards
Research Australia sampled floodwaters across the impacted
systems to assess biochemical contamination risks.
Although direct flooding effects (e.g., infrastructure damage,

erosion, postflood cleanup8−19) have been studied previously,
relatively fewer studies characterize anthropogenic chemical
and microbial contamination of flood waters19−21 Additionally,
extreme flood events have been studied more extensively in
relatively stable river systems6,9,22,23 than in those subject to
regular extreme wetting and drying cycles. Some of the rivers
in Victoria dry out entirely or form chains of “billabongs”
connected by underground flows. Studies of such systems are
important, because climate predictions suggest a future of

more energetic and unpredictable extremes of wetting and
drying globally.1,2

Previous studies of flood contaminants report physical and
chemical characteristics of floodwaters (e.g., dissolved oxy-
gen,24 nitrate/nitrite,25 cations,26 trace elements22), or a
restricted suite of contaminants, such as pharmaceutical and
personal care products (PPCPs) or per- and polyfluoroalkyl
substances (PFAS).15,27 Microbial investigations have been
largely restricted to culturable taxa, such as Escherichia coli, and
eDNA studies tend to focus on faecal indicators.16,28 These
narrow within-publication scopes have tended to limit
comparisons across distinct chemical groups and/or taxa
within a given flooded system.
Large scale studies of flooded systems indicate increasing

complexity of hydrological, geological, anthropogenic and
landscape interactions in larger catchment areas.22 Yet many
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studies focus on small rivers in urban environments,29 and the
effect of spatial scale on contaminant-flood relationships is not
well characterized. Further, where large scale land usage has
been assessed, the categories outside of urban environments
are predominantly coarse grained, rely on satellite imagery,26,30

and/or exclude important land uses, such as sewage treatment
and intensive animal production.
Herein, we analyze relative responses of chemical groups and

eDNA signatures to major flooding. Over 26 days, we
measured 778 chemical analytes at 18 sites (with 3 revisits)
and identified 544 microbial operational taxonomic units

Figure 1. Measures of rainfall and flooding averaged over the study area during the major flooding in Victoria 2022: (A) rainfall (mm), (B) water
flow (m3 s−1), (C) ΔWater flow (m3 s−1 day−1) (an index of flood acceleration/deceleration), and (D) water level (m). The gray shaded bar
represents the window during which water samples (n = 83 samples) were obtained across 18 river locations. A longer span of flood-affected
months (October 2022 through January 2023) (i.e., outside the chemical and eDNA sampling window) is shown for context. Red lines indicate
sampling dates. Gray shaded areas above and below lines represent 95% CI of the line.
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(OTU) in floodwaters. Random forests analyses were used to
identify relationships between land uses, hydrology, contam-
inant groups and waterborne microbes during a major flooding
event across multiple rivers and catchments. Conclusions are
drawn in the context of risk management and decision making
during and postflooding.

■ METHODS AND MATERIALS
Sampling. All sites used for sampling were impacted by

flooding and were chosen in discussion with EPA VIC and
State Emergency Services (Figure 2). Sites were located on the
Broken River (n = 2), Campaspe River (n = 4), Lake Eppalock
(n = 1), Goulburn River (n = 3), Little Murray River (n = 1),
Loddon River (n = 1), Murray River (n = 2) and Snowy River
(n = 3). Sampling frequencies and exact locations were largely
a function of logistical and safety considerations. Sites were
resampled (83 visits across all sites) on Oct 31, and on Nov 1,
2, 3, 7, 8, 14, 16, 17, 22, 23, 24, and 25. The method for
sampling followed EPA publication IWRG 701 (2009). In
brief, grab samples were collected at each site using prerinsed
bottles (amber glass or HDPE) supplied by the relevant
analytical laboratory. Bottles were triple-rinsed in floodwater
before collecting a sample by pole. Samples were immediately
placed on ice and transported to the relevant laboratory.
Supplementary methods and materials for expanded methodo-
logical descriptions and underlying study design approach)
(see S1.1−S1.13 and Table S1.1).
Analysis. We tested for 778 analytes (here, defined as

chemicals that are quantifiable as concentrations in water)
(refer Table S1.2 and S3.1−S3.2). The methods for sample
collection, handling, transport, storage, and quality assurance
and control were consistent with EPA, national and interna-
tional best practice and standards.31,32 Chemical contaminant
concentrations were determined at Leeder Analytical (Mel-

bourne). Blanks and spiked control samples were used to
address quality control requirements. No quality control
reports indicated possible method inconsistencies or contam-
ination. Quality assurance (QA) and Quality Control (QC)
information is provided in Section S2 of the Supporting
Information (Tables S2.1−S2.6).
Analyte Classification. For clarity, we classified analytes

into 16 groups for data analysis (Table S1.2).
Sample Analysis (eDNA). The eDNA assessments were

conducted by EnviroDNA (Melbourne). Full details are
described in S1.3 of the supplementary methods.
Taxonomic Focus. Waterborne disease associated mi-

crobes were compiled from Chahal, Van Den Akker, Young,
Franco, Blackbeard and Monis33 and Fonti, Di Cesare,
Šangulin, Del Negro and Celussi34 (genera unless otherwise
stated): Acinetobacter, Aeromonas, Family Arcobacteraceae
(including Aliacobacter), Campylobacter, Coxiella, Empedo-
bacter, Enterococcus, Helicobacter, Klebsiella, family Legion-
ellaceae, Leptospira, Family Leptotrichiaceae, Mycobacterium,
Paracoccus, Prevotella (in: Bacteroidales), Pseudomonas, Salmo-
nella, Shigella, Streptococcus, Trichococcus, Vibrio, and Yersinia.
Escherichia coli and order Bacteroidales are also summarized
and discussed, as these are associated with wastewater
effluent28 and have the potential to cause gastroenteritis if
ingested.
Environmental Data: Hydrological. Rainfall (mm),

water flow (m3 s−1) and water level (m) data were provided
by the Australian Bureau of Meteorology (BOM). For each
study site, the nearest upstream water flow/level monitor(s) (n
= 14) and rainfall gauge (n = 12) were identified. Data were
downloaded for all records from 20 Sep 2022 to 18 Jan 2023.
Daily means of waterflow and level were obtained, and rainfall
was summed. From flow data we calculated three-day Δflow,
capturing the acceleration/deceleration of flow for each site

Figure 2. A map of the state of Victoria, Australia showing approximate study locations and major urban centers (underlying topographic map via
Wikimedia commons). Black lines enclose catchments that empty into the study sites. Blue lines are natural water courses. Green indicates higher
elevation and white indicates lower elevation.
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over the previous 3 days. See S1.5 (Supplementary Methods
and Materials) for further information on hydrological data.
Environmental Data: Land Use/Surface Water Flow

Model. To identify and summarize all land uses from which
water flows to each sample site, we developed a catchment
boundary geographical information system using a 10 × 10 m
digital elevation model (DEM) data set from Vicmap
Elevation.35 Land use boundaries and classifications were
obtained from Victorian land use information system (VLUIS)
(Agriculture Victoria)36 and the Australian Bureau of
Statistics.37 Land uses were captured at 10 and 50 km radii
of each site, such that land use parcels fell within the upstream
catchment. See S1.8 for a detailed description of the land use
model (Figures S1.1−S1.3). Summed land use categories and
areas for the study are in Table S1.3.
Environmental Data: Upstream Range. A measure of

distance from the farthest downstream sampling site (allocated
0 km) and sites upstream. Distances were measured in Google
Earth along watercourses on a satellite image. See S1.9
(Supplementary Methods and Materials) for a detailed
description.
Enrichment and Dilution. We define “enrichment” and

“dilution” of contaminants as functions of their concentration
correlated against water volume (i.e., a C−Q concentration−
discharge relationship38). A detailed description is in S1.10.
Multiscale Analysis. We tested two spatial scales for land

uses: 10 and 50 km radii around study points. The land uses
were parcels that fell inside the watershed for the study site at
the study radii. For temporal scale, we used “lagged” rainfall,
water flow, water level and Δflow on the day of sample (day 1)
and 2−10, 15, and 20 days prior to sample date (i.e., where the
“2 day lag” is the environmental flow data for the previous day,
etc.).
Mass Flux.Mass flux values were calculated for all chemical

analytes in water using the R Package “calcLoad” in “rcmodel”
for each sample (kd/day). See S1.11 for a detailed description.
Method Limited of Reporting Imputations. All

descriptive statistics (median, mean, standard error etc.) and
inferential statistics (random forests, correlations) use zero
imputation for Method Limit of Reporting (<MLR) values.
This means that the values represent underestimates. However,
because variance in MLR among analytes differs on orders of
magnitude (even within the same category, such as
‘insecticides’), and “detection” assays (as versus quantifica-
tions) were not obtained, the use of half-MLR or MLR in this
study was not viable.
Data Analysis. All data analysis was conducted in RStudio

2023. 12.1 + 40239 for macOS and R 4.3.2 (2023-10-31).40

Data analysis was applied to chemical concentrations and
eDNA using random forests (“cforest” in “party” and
“partykit”: n = 20,000, replacement = false) to characterize
the meaningfulness of 105 environmental variables including
land use areas (km2) (at 10 and 50 km radii) and lagged
environmental variables (i.e., rainfall on the day, and 1−10, 15,
and 20 days prior to water grab sampling. All explanatory
variables in the “expanded” analysis are in Supplementary
Table S1.4. Models were checked for stability and +10,000
iterations were added until stability was achieved. No model
needed >50,000 iterations. Two sites on the Murray River were
excluded from Random Forests analysis due to insufficient land
use data. Summary statistics (mean, median etc.) were
calculated using ‘ddply’ in ‘plyr’. Plotting used ‘ggplot2’ and
“ggparty”.

Alpha Level. Because of the large number of comparisons,
a significance level of <0.005 is used instead of <0.05. Note
that random forests are not discussed in terms of “significance”.
Instead, “importance” is used when discussing the relative
importance within the model, and “meaningful” denotes an
explanatory variable that is both better than random and above
the error of the model. Note that a variable can satisfy P <
0.005 in some iterations of a Random Forests model averaging
method, but still not reach “meaningful” explanatory power.
Determining “meaningfulness” is a two-step process. (1)
Comparison of variables to explanatory power using
randomized data, and (2) elimination of any variable that
falls within the error of the model both add additional
stringency beyond the <0.005 alpha level (see S1.12 and S1.13
for additional information).

■ RESULTS AND DISCUSSION
Detection of Chemical Analytes. A total of 85 analytes

were detected (Tables S3.1, S3.2, and Figure 3A). Total
detected chemicals per group were: biphenyls (n = 1), erosion
prone salts (n = 3), fungicides (n = 7), herbicides (n = 16),
insecticides (n = 3), metal(loid)s (n = 19), PAHs (n = 5),
PFAS (n = 11), phthalates (n = 8), Plant macronutrients (n =
6), PPCPs (n = 1), TPH (n = 4 brackets; C6−C9, C10−C14,
C15−C28, C29−C36) and VOCs (n = 1). No antiparasitics,
mammalian hormones, plant growth regulators or sweeteners
were detected, and these are not discussed further.
Mass Fluxes. Mass flux indicates the volume of

contaminant moving through the landscape during floods.
The largest mass fluxes were for the erosion prone salts, with
the highest value being Na (897,744 kg/day at one site),
followed by Ca (389,022 kg/day) and Mg (299,248 kg/day).
Plant macronutrients were the next highest category, with site
maximums of 287,000 kg/day (K) and 123,000 kg/day (N).
The highest orthophosphate mass flux recorded was 3213 kg/
day. Metal(loid)s also showed high mass fluxes with
maximums of 3348 (Al), 1387 (Ba), 31,566 (Fe), and 8191
(Mn) kg/day. Among metals and metalloids, As showed the
highest maximum mass flux (136.8 kg/day). In comparison, Pb
mass flux was only 22.0 kg/day. Total petroleum hydrocarbon
mass flux was high, particularly C15−C28 (8141 kg/day). The
highest mass fluxes of pesticides were captan (fungicide; 4.02
kg/day), diuron (herbicides; 3.23 kg/day) and imidacloprid
(0.94 kg/day). C2 and C3 alkyl-naphthalene gave equal
highest PAH mass flux values (3.2 kg/day), and among PFAS,
perfluorooctanoic acid was the most prevalent (0.43 kg/day).
The phthalates di-isooctyl phthalate, di-isobutyl phthalate and
di-n-butyl phthalate were quantified at 35.0, 6.57, and 6.10 kg/
day, respectively (Table S3.3).
It is increasingly recognized that exposures to mixtures of

contaminants can lead to synergistic endocrine effects in
humans and animals,41 as shown in recent studies of
phthalates.42−44 We observed an average daily passage of
∼1.5 kg of phthalates in floodwaters daily during the study
window, representing a substantial contaminant load.19 The
most “meaningful” land use predictor of phthalate concen-
trations was sewage and wastewater treatment plants (WWTP)
(τ + 0.088; see relative importance below). Investigation of
effluent from WWTPs in the area might be warranted. Note
that “meaningful” is not equivalent to ‘significant.’ Meaningful
predictors were both better than random and had greater
predictive power than the error of the random forests models.
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Although mass flux of PFAS was much less than that of
PAHs, downstream deposition may represent considerable risk
given the high persistence, bioaccumulation and toxicity of
PFAS.45,46 Of the remaining chemicals that were assessed,
lincomycin showed an average of ∼42 g/day. This is a high
value for an antibiotic that has activity at low concentrations
and can lead to selection pressure favoring resistance genes in
microbes.47,48

Relative Importance of Land Use and Surface Water
Flows. In analyses of land use and hydrology predictors,
chemical contaminant concentrations were variably attribut-
able to land uses and/or water flow and rainfall. Fungicides,
phthalates, plant macronutrients, metal(loid)s and PPCPs
(here, lincomycin) were better explained by land uses, whereas
herbicide and insecticide contamination were explained by a
mixture of land use and water flow data. At the other extreme,

erosion prone salts (cations), PAHs, PFAS and TPH were best
explained by water flows, and to a lesser extent rain and water
levels. Although we detected biphenyls and VOCs in some
samples, no clear predictors were implied by our analyses.
Figure 4A−F shows correlations for six environmental
categories that were repeatedly predictive of contaminants:
water flow (5 day lag), rain (5 day lay), lakes and reservoirs
(50 km), upstream range, natural vegetation (50 km) and
cropping (50 km) (refer Figures S3.1−3.13).
Within the limitations of the random forest models, the most

frequently identified land use correlations were with water
bodies, natural vegetation and to a lesser extent cropping,
agricultural services and sawmills. Fungicides, insecticides,
herbicides and lincomycin were all positively associated with
water bodies. Lakes are known to act as reservoirs for
pesticides49 and PPCPs,50 suggesting that flooding “flushed
out” upstream waterbodies, either by resuspending contami-
nants from sediments and/or potentially mobilizing dissolved
contaminants. Because sewage and WWTP (including
retardation ponds) are distinct land uses, we suggest that the
positive association with lakes and reservoirs is not due to
WWTP overflow. Natural vegetation was negatively associated
with metal(loid)s and phthalates, perhaps acting as a reverse
index of anthropogenic activity or alternatively as sinks for
chemical contaminants, as shown for forests.26 Cropping, on
the other hand, was positively related with fungicides, perhaps
reflecting heavier use of agrichemicals in these areas.51−53 The
cropping land use category also excluded grazing or tree
horticulture, and soil runoff could be exacerbated by regular
ploughing and machine harvesting.53

The 50 km land use radii around study points outperformed
the 10 km radii as a predictor of contaminants across all
contaminant groups (Figures S3.1−3.13). In a contrasting
study of anthropogenic land uses (patch density, contagion,
interspersion and juxtaposition), landscape indices measured
200 m on either side of a flooded river explained cation and
anion concentrations in flood waters better than at other scales
(100−2000 m).26 In another study of small catchment scales
(<15 km across), higher zinc and TPH contents in artificial
wetlands were related to the presence of industry covering
>10% of the upstream study area.54 Urban environments are
highly heterogeneous,55 and our analyses likely tend toward
larger scale causal relationships because of this. Prior studies
have argued that “typical” patterns in flooded rivers might be
restricted to smaller rivers in urban environments.25 Taken
together, these studies warrant a multiscale approach to
understanding risks and management options in flooded
landscapes.
In temporal analyses of “lagged” water flow, level and rainfall

(1−10 days, 15 and 20 days prior to sampling), contaminant
concentrations at study sites were predominantly determined
by discharge volumes 5−10 days prior. Higher rating
correlations were negative for lagged flow and rainfall
relationships, suggesting broadscale discharge-dilution effects
and dominance of source limitations in the entire river system
(i.e., negative concentration−discharge (C−Q) relationships).
The lack of concentrating effects is consistent with some
previous floods studies,19 but not with others.16 Both temporal
and landscape scales may play a role here. Large-scale,
nonurban watersheds might behave differently to smaller
urban rivers, but a lack of research focus on larger systems in
flood limits the certainty of this assertion.

Figure 3. (A) Boxplots showing concentration (ng/L) medians, upper
and lower quartiles for the detected chemical contaminant groups.
The jittered red data points are individual detections. Note that the
concentrations are on a log scale, and that there is a gap between the
limit of reporting (LOR) and zero in each category. (B) Boxplots
showing medians, upper and lower quartiles for eDNA counts each of
the detected pathogenicity associated microbial taxa. Only pathoge-
nicity associated species are plotted.
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Comparisons to other reports of contaminants in flooded or
postflooded waterways reveal seemingly few clearly general-
izable trends across reported data (some examples8−17,56). For
example, He, Dong, Sun, Zhang, Zhang, Hua, and Guo15

reported 17 PPCPs in floodwater, whereas we detected just
one, lincomycin. The same study reported potentially

concerning levels of natural estrogens in floodwaters, whereas
no mammalian hormones or analogues were detected in this
study. Triclosan is a widely used antimicrobial (e.g. sunscreen,
and hand soaps) and frequently detected in surface
waters,15,57,58 yet we saw no indication of its presence in the
flooded landscape. Quite different patterns tend to be reported

Figure 4. Bar graphs (red = negative, blue = positive) showing concentration (μg/L) tau correlations with (A) water flow (5 days prior), (B)
rainfall (5 days prior), (C) lakes and reservoirs (50 km), (D) upstream sampling range, (E) natural vegetation (50 km), (F) cropping (50 km).
Hydrological lags and land use categories were chosen based on relative importances of predictors in random forests models.
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across different studies (some examples8−17,56), and other
authors have drawn attention to apparent trends in the
published data that suggest the contaminant makeup of
flooded or postflood waterways is highly context depend-
ent.19−21 Certainly, this seems to be the case here. Different
contaminant groups, and even chemicals within a group, show

quite varied and distinct responses to land use, water flow and
rainfall. Based on the current results, it seems possible that no
single overarching model of contaminants in floods is viable.
Contextual relationships between the landscape, hydrology and
specific chemical attributes are potentially too locally variable
to be sensibly transposed from one environment to another.

Figure 5. Bar graphs showing eDNA [potentially pathogenic Orders] “count” tau correlations (red = negative, blue = positive) with (A) water flow
(9 days prior), (B) rainfall (9 days prior), (C) lakes and reservoirs (10 km), (D) aquaculture (10 km), (E) grazing (10 km), (F) abattoirs (10 km).
Hydrological lags and land use categories were chosen based on relative importances of predictors in random forests models.
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We used total suspended solid concentrations, as a proxy for
suspended sediments, and observed quite different responses
to the dissolved concentrations of contaminants in water.
Whereas meaningful flow relationships with the contaminants
tended to be negative, indicating dilution, TSS had a strong
positive (concentrating) association with flow at 6 days.
Interestingly, TSS also tended to respond at the 10 km radius
limit where land uses were important predictors, such as for
stormwater and natural vegetation (both positive). Previous
studies have argued that for chemicals (e.g., heavy metals) that
bond to sediment, up to 90% of the contaminant load might be
in the suspended sediment in a flood,59 meaning the primary
pathway of the contaminant might not be strongly different to
the pathway of sediments. Future research on contaminant-
sediment relationships in large-scale flooded landscapes are
needed, especially for sediment-binding groups, such as
phthalates60 and heavy metals.59

Fungicides, insecticides, herbicides, erosion prone salts and
lincomycin were more concentrated at sites farther down-
stream than upstream (Figure 4D). These contaminants
include a PPCP (lincomycin) and agrichemicals, which can
cause harm to humans and to the environment at low
concentrations. For example, a recent study reported that even
at very low concentrations (pyrethroids; 96 h exposure range
0.0007−0.0010 μg L−1), pesticide exposure can affect fish
behavior and gene expression for generations.61 Our study is in
agreement with previous work that recommends postflood
monitoring to continue farther downstream of a flooded
catchment to assess risks to the health of the water system.20

Assessments of contaminants in alluvial sediments deposited
by floodwaters should be standard practice. This has been
undertaken more frequently in postflood urban environ-
ments22 than in agricultural landscapes. Some authors5 have
argued that flood-borne chemical contaminants may enter
human food chains after deposition on agricultural or
horticultural land, potentially triggering the ‘next big’ food
scandal.19 There is clearly a need to improve postflood
assessment of farmed landscape soils, crops, and stock animals
(or animal products, e.g., milk) after serious flooding. Some
very high mass fluxes in the current study in combination with
the observation that at least some contaminants were
concentrated at downstream sites suggests this system would
benefit from postflood sediment monitoring.
Detection of Disease Associated Microbes. In total,

554 OTU (species level) were identified across 26 microbial
phyla in floodwater via eDNA metabarcoding. The phyla with
the highest maximum eDNA counts (relative detectability)
were Firmicutes (66,822), Asgardarchaeota (24,998) and
Proteobacteria (12,543). The phyla with the highest mean
count values were Asgardarchaeota (2,319.9), Firmicutes
(586.4) and Armatimonadota (188.6). The phyla Actino-
bacteriota, Armatimonadota, Bacteroidota, Cyanobacteria,
Desulfobacterota, Firmicutes, Proteobacteria and Verrucomi-
crobiota returned positive signals for presence in all study sites.
Putative OTU belonging to potentially pathogenic and/or
effluent associated taxa were detected (Table S3.4 and Figure
3B). The number (n) of OTUs per taxon were: Acinetobacter
(n = 3), Aeromonas (n = 3), Arcobacteraceae (n = 3),
Bacteroidales (Prevotalla) (n = 1), Enterococcus (n = 2),
Escherichia (n = 1), Klebsiella (n = 4), Legionellaceae (n = 2),
Leptotrichiaceae (n = 2), Mycobacterium (n = 4), Paracoccus (n
= 1), Pseudomonas (n = 1), and Streptococcus (n = 4). Notably,

some of these taxa include potentially serious pathogens (e.g.,
Mycobacterium spp. and Legionella spp.).
Microbial Profile in Water. Microbial risks of exposure in

floodwaters have been explored previously,13,62,63 however
most prior work has focused on culturable taxa and/or
bacterial toxins. Increasingly, there is a recognition that
metagenomic surveillance of pathogenic microbes is required
for thorough monitoring.64 Of the taxa detected (Table S3.5),
Acinetobacter, Legionellaceae, Mycobacterium, Paracoccus, and
Pseudomonas are commonly found in environmental soil and/
or water, but can cause infectious disease in humans or other
animals upon entering the body. Arcobacteraceae and
Klebsiella can persist in both the environment (water, soil)
or living organisms, and are typically considered either
opportunistic pathogens and/or pathogenic only in some
infection-adapted lineages. Leptotrichiaceae and Streptococcus
include some well-known pathogens, though also form part of
the commensal microbiota in animals. Aeromonas, Order
Bacteroidales (including Prevotella), Enterococcus, and Escher-
ichia are found in human and animal guts, and are either
suspected or known to cause gastroenteritis. This last set of
microbes is typically not considered likely to originate in the
environment (i.e., they tend not to persist in soil or water), and
are typically attributed to wastewater effluent, rural septic tank
leakage, or agricultural sources (feeding pens, milking yards
etc.). Overall, a diversity of potential pathogenic groups was
detected, including taxa of environmental origin (naturally
persisting in soil and water) and others that are more likely to
originate from animal or human faecal waste entering the river
system during a flooding event.
Microbe and Environmental Patterns. Overall, micro-

bial eDNA counts tended to be better explained by land uses
than water flow, rainfall or water level, although some Orders
were highly taxonomically dominated in their explanatory
variables. Figure 5A−F shows correlations for six environ-
mental categories that were repeatedly important for predicting
microbial eDNA signatures: water flow (9 day lag), rain (9 day
lay), lakes and reservoirs (10 km), aquaculture (10 km),
grazing (10 km) and abattoirs (10 km). As with chemical
contaminants, responses to environmental variables were not
consistent across taxa (see Figures S3.14−S3.25).
Aquaculture at either 10 or 50 km showed positive

associations with Orders Campylobacterales, Enterobacterales,
Lactobacillales, Pseudomonadales and Rhodobacterales. Aqua-
culture in marine environments has been associated with some
contaminants.65 Hence, our observations warrant targeted
investigations to determine whether aquaculture in or near
river systems promotes proliferation of pathogen associated
microbes. The presence of Fusobacteriales, Legionellales and
Staphylococcales was better explained by rural land uses, such
as grazing (Fusobacteriales and Staphylococcales) and
intensive animal production (Fusobacteriales) or abattoirs
(Legionellales and Staphylococcales). Contrary to expect-
ations, Bacteroidales and Enterobacterales were not associated
with Sewage and WWTP and Rural Residential (septic tanks)
land use categories. Instead, Bacteroidales was predominantly
explained by diluting and/or survivorship reducing effects of
lakes and reservoirs, flow, and water level. Previous work has
shown that Bacteroidales are good indicators of faecal
discharge in flood waters because they do not survive in
environmental water, whereas E. coli can persist for days or
weeks.66 Enterobacterales, which includes E. coli, was better
explained by taxon-specific predictors rather than any land use,
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with the exception of aquaculture. Overall, our study indicates
that microbes might respond to water flows on a slightly longer
time scale, but over a smaller landscape scale compared to
contaminants.
Environmental Management Implications. The detec-

tion of several PAHs might be of particular concern in an
Australian context. PAHs, including naphthalene, are used in
industrial processes, and are also produced by combustion of
petrochemicals or wood.67 Naphthalene and all derivative
PAHs are considered probable carcinogens in humans.67 These
chemicals may also have endocrine disrupting effects.68

Although roads and industrial facilities are present in the
study area, wood combustion is an important source of PAHs
in Australia, particularly in regional areas,69 where bushfires
can increase soil erosion, destroy vegetation root systems and
transfer of ash substances.70,71 Extreme rainfall events and
extreme fire events are likely to increase in frequency and
intensity with climate change,1 potentially elevating PAH
contamination in waterways.
Another point of particular concern in a strongly wetting/

drying environment are the high observed loads of plant
macronutrients. Although eutrophication associated with plant
macronutrients (agrichemical contaminants) is a long-standing
focus of environmental research and management,72 the issue
requires further consideration in the Australian context.
Australian water systems tend to pass through ‘wetting’ and
‘drying’ cycles, and plant macronutrients are the metabolic
currency required to underwrite periodic algae blooms. In
recent years, algal blooms have been observed in Australian
rivers during drying cycles, leading to deoxygenation of the
water and subsequent ‘fish kill’ or ‘black water’ events.73,74

Although all macronutrients are required for algal growth, in
most freshwater systems, phosphorus is the limiting element.
Carlson’s trophic scale index classifies total phosphorus levels
>24 μg L−1 as satisfying the requirements for eutrophication.75

In our study, 44% of floodwater samples had orthophosphate
concentrations above this threshold, with a maximum of 142
μg L−1. We did not monitor the effects of drying after the flood
subsided, but if 44% of samples were potentially eutrophic at
the height of the flood, the receding waters might have
concentrated orthophosphate to an even larger extent in
postfloodwater bodies (see Table S3.6 for some baseline
values).
Many of the chemical contaminants studied here undergo

chemical, biological and physical transformations in the
environment. These downstream processes are replete with
complex interactions,29 and the resulting metabolites can be
more toxic and concentrated than the parent compounds.76

Assessing metabolites, or hydrolytic, thermolytic and photo-
lytic products, and their relations with parent molecules in the
environment could form an avenue of future research in this
system.29 A recent metanalysis proposed that most glyphosate
in European rivers might originate from aminopolyphospho-
nates converted to glyphosate in WWTPs, and not from
agriculture.77 Failing to consider possible chemical derivative
pathways might lead to false conclusions. Relationships
between chemical concentrations and mass fluxes, with
biomagnification and bioaccumulation in the food web, is
also a point of concern, especially for contaminants that are
known to bioaccumulate (e.g., Hg, PFAS).
It remains unclear how metabarcode eDNA counts should

be interpreted in the context of human health risks. Yet, Vibrio
infections and gastrointestinal illnesses have been reported

postflooding.28 Mean probable colonies per 100 mL reached
1200 in some of the present samples, exceeding the EPA
guideline of 260 Most Probable Number (MPN)/100 mL in
recreational water. Hence, monitoring bodies could establish
clear guidelines for safe levels of potential pathogens in
environmental water based on eDNA metabarcode counts.
In conclusion, if environmental values and human health are

to be conserved, it is essential to know what contaminants have
moved through a flooded landscape, and their respective
concentrations. The present dataset is an evidence-base for
decision making during increasingly frequent and high
magnitude extreme weather events.24,25 Our explanatory
models show that potential contaminant risks are highly
context dependent and illustrate a pressing need to allocate
resources to monitoring of contaminants during and after
flooding.
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