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ABSTRACT

Context. Understanding the impacts of salinity on groundwater microbial communities is
imperative, because these communities influence groundwater chemistry, quality, and its suitability
for use by humans and the environment. Aim. To assess groundwater salinisation and its influence
on groundwater microbial communities within the Murray—Darling Basin (MDB), Australia.
Methods. Alluvial aquifers were sampled from 41 bores, within the Lachlan, Murrumbidgee and
Murray catchments. Environmental DNA (eDNA), microbial activity and water-quality variables
were measured to evaluate microbial communities, which were then correlated with electrical
conductivity (EC) and other environmental variables. Results. Our results indicated widespread
groundwater salinisation within the MDB, with EC ranging from 63 to 51 257 uS cm™'. The
highest EC values were recorded in the Murray catchment; however, mean EC values did not differ
significantly among catchments (P > 0.05). The composition of microbial communities differed
significantly between sites with low (<3000 pS cm™) and high (>3000 pS cm™') EC. Microbial
activity, richness and abundances were all greater at low- than high-EC sites. Conclusions. Changes
to microbial communities as demonstrated here may have impacts on biogeochemical cycling and
ecosystem resilience. Implications. The detrimental ecological impacts of salinity are not limited to
groundwater microbes, but present a larger ecological issue affecting all groundwater-dependent
ecosystems.

Keywords: 16S rRNA, agricultural landscape, aquifer, groundwater quality, microbial community,
Murray—Darling Basin, salinisation, subterranean ecosystems.

Introduction

Salinisation is the accumulation of salts within an environment and can be both from natural
mineral weathering or induced by land-use practices (Halse et al. 2003). Salinisation
degrades the health of freshwater and soil ecosystems and poses a substantial threat to
water resources globally (Ghassemi 1995; Halse et al. 2003; Li et al. 2020). Australia has
the highest proportion of salt-affected soils in the world, with dryland salinity threatening
up to 5.7 x 10° ha of Australia’s cultivatable land (Cartwright et al. 2007). Alongside climate
change, salinisation is arguably the most serious long-term environmental issue in inland
Australia (Cartwright et al. 2004) and poses a major threat to the Murray—Darling Basin
(MDB), Australia’s largest river system and most productive agricultural region (Holland
et al. 2015).

Salinity in the MDB is, in part, due to numerous marine inundations of the Australian
continent over geological time, which have resulted in a hypersaline geology and naturally
saline aquifers (Herczeg et al. 2001), and has been exacerbated since European settlement
by land clearing for agriculture and rising water tables as a result of reduced evapotran-
spiration (Coram et al. 2000; Hart et al. 2020). Irrigation and river regulation further
contribute to dryland salinity by raising water tables, which transport dissolved salts from
deeper geological layers to the surface (Cartwright et al. 2007; Li et al. 2020). Many soils in
the MDB are naturally susceptible to leaching of salts, and the likelihood of salt mobilisation
into groundwater is directly related to the vegetation and soil types (Humphreys 2009;
Lamontagne et al. 2014).
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Salinisation is a major threat to the biodiversity and
integrity of Australia’s inland freshwater ecosystems (Halse
et al. 2003; James et al. 2003; Jolly et al. 2008) and is largely
attributable to human activities (Holland et al. 2015; Hart
et al. 2020). However, although salinisation in aquifers is
recognised as a major threat to water quality, the effects on
groundwater ecosystems and ecosystem services (Griebler
et al. 2019) have only recently been identified as being of
major concern (Bennetts et al. 2006; Shapouri et al. 2016).
The impacts of salinity on groundwater microbial communities
(Tian et al. 2005; Korbel and Hose 2015) are poorly
understood, despite their importance to biogeochemical
processes, including nutrient and carbon cycling, and water
purification (Griebler and Lueders 2009; Sang et al. 2018;
Hofmann et al. 2020). Previous studies have indicated that
groundwater microbial communities vary with increasing
aquifer salinity (Chen et al. 2016; Sang et al. 2018), and in
response to saltwater intrusion (Bouvier and del Giorgio
2002; Héry et al. 2014), with increases in salinity being
linked to a decline in species abundance and richness (Beyer
et al. 2016). Korbel and Hose (2015) identified salinity as a
primary correlate of microbial activity in shallow aquifers
of the northern MDB. However, the impact of salinity on
individual microbial taxa and community structure within
aquifers remains largely unknown.

Our hypothesis is that microbial communities will vary in
composition, richness and activity with salinity. Accordingly,
the aims of this study were to (1) determine the current extent
of aquifer salinisation, (2) characterise the prokaryote
communities, and (3) use hydro-chemical data to evaluate
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relationships between microbial communities and salinity
within groundwaters of the MDB. By understanding these
interactions and the consequences of increasing aquifer
salinisation on biota, land managers may be able to mitigate
impacts from future salinisation threats, such as groundwater
abstraction, river regulation and climate change, so as to
improve sustainable management of groundwater.

Materials and methods

Study area

This study was conducted in lowland areas of the Murray,
Murrumbidgee and Lachlan River catchments of the Murray—
Darling Basin, New South Wales (NSW), Australia (Fig. 1).
The shallow alluvial aquifers in these adjacent catchments
share similar geological formations and complexity (Kingham
1998). All bores sampled accessed the Coonambidgal
Formation alluvial aquifers (<45 m deep), consisting of layers
of gravels, sands and silts (Kumar 2010). Bores at 41 sites were
sampled twice between March and July 2019, ~5 months
apart. A total of 14 sites were sampled in the Murrumbidgee,
12 in the Murray and 15 in the Lachlan catchments. However,
one site each within the Murray and Murrumbidgee
catchments were inaccessible during the March sampling trip
(totalling 80 sites over the two time periods). All bores were
selected on the basis of accessibility and depth (5-45 m), and
restricted to those owned and managed by Water NSW. Bores
were constructed of 50 mm (diameter) PVC casings,
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completely enclosed, except for discrete sections ~1 m long,
with vertical slots that allow the entrance of groundwater
from the aquifer.

The MDB is an intensive agricultural region dominated by
dryland cropping, irrigated mixed farming, intensive irrigated
agriculture, cattle grazing and horticulture (Ross 2012). The
MDB has a semi-arid climate, with an average rainfall of
~500 mm year™! (Bureau of Meterology 2022), predominantly
received in winter. The flux between drought and flood occurs
approximately every 9 years (Leblanc et al. 2012), with the
region experiencing drought conditions at the time of the
study (Department of Primary Industry and Environment
2019). Severe droughts are common and water insecurity is
the largest recurring issue in the region (Barbieri et al. 2023).
Water for irrigation is drawn from both surface and ground-
water sources, with the current groundwater abstraction
volumes expected to double by 2030 (CSIRO 2008; Ross 2012).

Sample collection

Prior to sampling, the bore standing water level (SWL) was
measured and then bores were purged by pumping 180 L of
water by using a motorised inertia pump (Waterra Power
pump II, Waterra, Mississauga, ON, Canada). This volume
exceeded three bore volumes as recommended for purging
(Sundaram et al. 2009) and ensured that water-quality and
microbial samples were representative of the surrounding
alluvial aquifer and not the stagnant water within the bore
(Korbel et al. 2017). The interior and exterior of the pump
tubing was sterilised with sodium hypochlorite and rinsed
with distilled water between samples to eliminate cross-
contamination (Dickie et al. 2018).

After purging, groundwater was pumped into a 10-L
container, and electrical conductivity (EC), pH, temperature
and dissolved oxygen (DO) were measured using a YSI
ProPlus water-quality probe (YSI, Yellow Springs, OH, USA).
A 200-mL sample of groundwater was collected in a sterile
plastic container and immediately frozen at —30°C, with an
additional 60 mL filtered (0.2 pm, sterile membranes;
Sartorius, Germany) and fixed with hydrochloric acid and
transported on ice. Water samples were analysed for total
nitrogen (total N), total phosphorus (total P), nitrate (NO3™),
ammonia (NH4*), sulfate (S04%7), dissolved organic carbon
(DOC), manganese (Mn) and total dissolved ferrous iron
(Fe?*) concentrations at Sydney Analytical Laboratory (Seven
Hills, Sydney, NSW, Australia) by using standard methods
(see Supplementary Table S1).

Environmental attributes including sediment volume,
sediment type (following Wentworth 1922), tree cover
(calculated as number of trees >5 m tall within a 50-m radius
from bore) and land use (e.g. cropping, grazing, conservation
land) were recorded at each site (see Supplementary Table S2).
With few grazing and conservation sites across the study
area, land use was reduced to a comparison of sites with and

without irrigation infrastructure, of which the latter included
a small number of grazing sites and one conservation site.

Water samples for environmental DNA (eDNA) analysis
were collected after purging, by pumping an additional 2 L
of groundwater directly into a sterile container, which was
stored on ice in the dark until processing. Samples were
processed within 7 h of sampling by vacuum filtration (in
duplicate) through sterile 0.2-um mixed cellulose-ester
membranes (Pall Corporation, Port Washington, NV, USA).
Samples were thoroughly shaken before filtering to resuspend
sediments in the sample and ensure both sediment-attached
and free-living microbes were incorporated in the filtered
sample. The volume of filtered groundwater varied between
0.25 and 1.75 L per replicate, dependent on the quantity of
fine sediment within the sample. Filters were transferred
into sterile Petri dishes and stored at —20°C until DNA
extraction occurred. All filtration equipment was sterilised
using ethanol and flaming between samples. For quality
assurance, trip blanks (filter sealed for the entire trip) and
field blanks (a filter processed with 1 L of DNA-free water
in the field) were prepared on or before each trip (Dickie
et al. 2018). These blanks were stored and transported with
other field-collected samples.

Sample processing

DNA extraction, amplification and sequencing

Filters were thawed and then aseptically cut into small
pieces (~3 mm?) and 0.35-1.5 g of filter paper and
sediment were added to an extraction vial. DNA was extracted
using the DNeasy Power Soil Kit (Qiagen, Hilden, Germany)
(Zhou et al. 2012), following the amended protocol for low
biomass water, which included prolonged incubation periods
and repetition of ethanol rinses (Korbel et al. 2017). DNA
samples were stored at —40°C for further analysis. Two
laboratory blanks consisting of no filter or sediment were
also processed.

Quantitative polymerase chain reaction (qPCR) was
undertaken on a subset of eDNA samples on a Roche Light
Cycler 480 using non-tagged primers, to assess for PCR
inhibition and confirm DNA amplification. PCR was performed
to amplify the V4 region of the 16S region of the rRNA gene for
prokaryotes by using the primers 501FB - GTGYCAGCMGCCG
CGGTAA and 809RB — GGACTACNVGGGTWTCTAAT (Julio
et al. 2019). A 96-well plate with DNA samples and controls
(seven blanks, two PCR negative controls and two PCR positive
controls) was established where samples were arranged with a
blank well in each column, and random interspersed positive
(synthetic bacterial DNA) and negative (DNA-free H,0)
controls to ensure that there was no systematic bias. PCRs were
completed using a Master cycler X50s (Eppendorf, Germany),
with the following conditions: initial denaturation at 95°C
(10 min), followed by 35 cycles of denaturing (94°C for 45 s),
annealing (50°C for 60 s), extension (72°C for 90 s) and final
extension period of 72°C for 10 min (Caporaso et al. 2012).
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After PCR, products were visualised on an agarose gel
electrophoresis to determine success of amplification against
a 100-bp size ladder (Qiagen Australia) (Van Bekkum et al.
2006). A PicoGreen double-stranded DNA quantitation assay
(Life Technologies, Australia) and a PHERAstar FSX plate
reader (BMG Labtech, Germany) were used to quantify the
concentration of extracted DNA (Van Bekkum et al. 2006).
DNA from each sample was pooled in equimolar concentra-
tions and amplicons were purified with AMPure XP DNA
purification beads (Beckman Coulter Life Sciences). The final
library was sequenced at the Ramaciotti Centre (University of
New South Wales, Australia) on an Illumina MiSeq (ver. 2, see
https://sapac.illumina.com/systems/sequencing-platforms/
miseq.html ) 2 x 250-bp sequencing run.

Bioinformatics

Metabarcoding results were processed using the Greenfield
Hybrid Analysis Pipeline (GHAP, ver. 2.2, created by CSIRO,
Australia, see https://doi.org/10.4225/08/59f98560eba25).
The GHAP pipeline uses USearch tools (ver. 11, see http://
drive5.com/usearch/; Edgar 2013), along with additional
taxonomic classification tools, to cluster and classify
sequences, such as the Ribosomal Database Project (RDP)
Classifier (Wang et al. 2007). The pipeline generates an
operational taxonomic unit (OTUs) table with taxonomic
classifications and closest species assignments, along with
specified read counts for each sample. Within the GHAP
pipeline, data were rarefied and cleaned by a series of steps
that demultiplexed, trimmed poor-quality reads, merged
overlapping areas of paired reads, clustered sequences into
OTUs (97% similarity threshold), filtered and removed non-
target OTUs as well as PCR artefacts and classified OTUs
(RDP). OTUs were normalised against the positive controls,
low-abundant OTUs were removed (<10), organelles were
removed, unassigned taxa at kingdom level were removed
and rarefaction completed.

Microbial activity

To measure total microbial activity, a sterilised 4- x 20-cm
cotton strip was deployed in each bore after water and eDNA
sampling was completed (Lategan et al. 2010). This method
assesses the degradation of cotton strips as a surrogate
measure for microbial activity (Lategan et al. 2010; Korbel
et al. 2013). Cotton was enclosed in a plastic mesh and left
suspended in the water column for 6 weeks, then air dried
and treated by removing 3 mm of threads from each side
(to remove edge effect). The cotton strips were then cut into
three sections (top, middle and bottom), and tensile strength
was measured using a pneumatic tensiometer Universal
Testing Machine (UTM Instron 6022 10-kN load frame) with
2.5-cm? flat plate grips (Lategan et al. 2010). Tensile strength
(MPa) was recorded for each triplicate. Two cotton strips,
placed in sterile water at 18°C for a 6-week period, were
processed as controls. Cotton strips indicating cementation,
a microbial process where the cotton threads cement

together, increasing the overall strength, were excluded from
analyses.

Statistical analysis

Electrical conductivity

The plotted distribution of EC values among all sites had a
break at ~3000 pS cm™ (Supplementary Fig. S1). Accordingly,
we defined EC categories as high when >3000 pS cm™ and
low when <3000 pS cm™ and used these groups as a factor in
subsequent analyses. Further, we considered that samples
collected from the same bore 5 months apart were
temporally independent.

Environmental variables

Water-quality analysis was performed on 30 samples from
the Lachlan, 23 samples from the Murray and 27 samples from
the Murrumbidgee catchments. Variables analysed were EC,
total P, total N, NO3~, NH,*, SO42-, DOC, Fe?*, Mn and the
site characteristic tree cover, land use and sediment type.
The water-quality and site-attribute variables were analysed
using three-factor general linear models (GLM), with
catchments, sampling period and EC category all as fixed
factors. Differences in EC within categorical variables were
analysed using ANOVA. Relationships among continuous
environmental variables were analysed using Pearson correla-
tion. Highly correlated variables (r > 0.90) were excluded
from multivariate analyses (Clarke and Ainsworth 1993).

Microbial communities

Sequence data for the 16S rDNA gene were pooled by order
then standardised per sample to transform read number per
OTU to relative abundance per sample. Although we recognise
the limitations of using amplicon sequence numbers as a
surrogate for taxonomic abundance, there is currently no
consensus for the best methodology for the analysis of such
data (Deiner et al. 2017; Korbel et al. 2017; Thompson et al.
2017). Relative abundance data were square-root transformed
(Hellinger transformation) and a similarity matrix was
calculated using Bray-Curtis index (Clarke et al. 2006).
Non-metric multi-dimensional scaling (nMDS) was used to
visualise differences in microbial communities within and
between catchments and EC groups. Permutational ANOVA
(PERMANOVA) was used to compare microbial communities
among catchments and between EC categories, with SIMPER
analysis completed to identify microbial orders responsible
for the dissimilarity among catchments and between EC
categories. Distance-based linear modelling (DistLM) was run
to examine the relationship between environmental variables
and microbial communities across the region and in each
catchment, with environmental and water-quality variables
being normalised prior to analysis. Results were visualised on
a distance-based redundancy analysis (dbRDA) to compare
relationships between EC categories. Categorical and ordinal
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variables land use and sediment type were not included in the
dbRDA analysis.

Order richness, Pielou’s evenness and Shannon’s diversity
were calculated from the square root-transformed relative
abundance data and analysed using three-factor GLM for
differences among catchments, and between EC categories
and sampling periods. Forty microbial orders ranked by
highest relative abundance were analysed using a three-factor
GLM to discern differences in abundance among catchments,
and between EC categories and times of sampling. Where
significant differences were observed in the GLM, post hoc
analysis was conducted using a one-way ANOVA with Tukey’s
post hoc analysis to determine where differences were
observed at a factor or interaction level. Assumptions of
ANOVA were assessed using plots of residuals (homogeneity
of variance) and Q-Q plots (normality) and data were log;q
transformed where necessary to meet assumptions.

Microbial activity

ANOVA was used to determine whether there was a
difference in tensile strength (microbial activity) among the
top, middle and bottom sections of the cotton strips. No
significant (P > 0.05) difference was recorded, so an average
measure was calculated for each sample. Tensile strength of

strips was compared among catchment, EC category and
sampling period, by using a three-factor GLM as described
above.

All univariate analyses were performed using Minitab (ver.
17, Minitab Inc, State College, PA, USA, see https://www.
minitab.com/en-us/products/minitab/). Multivariate analyses
(nMDS, PERMANOVA, dbRDA and DISTLM) were performed
using PRIMER-E (ver. 7, Primer-E, Auckland, New Zealand,
see https://www.primer-e.com/). The significance level (@)
for all inferential analyses was 0.05.

Results

Electrical conductivity of the groundwater across the study
region varied between 63 and 51 257 pS cm™ (Fig. 2). The pH
of the groundwater was circum-neutral, ranging from 6.0 to
7.7. Dissolved oxygen was below 4.5 mg L' at all sites and
sampling times, except for Site 90029 in the Lachlan
catchment, which had DO of >6.49 mg L! on both sampling
occasions.

The highest EC values (up to 51257 pS cm™) were
recorded in the Murray catchment. The Murrumbidgee and
Lachlan catchments generally had lower EC values, with
the Lachlan having only two sites with EC greater than
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30000 pS cm™! (Fig. 2), and the Murrumbidgee having all
samples below 14 000 pS cm™ (Fig. 2). The mean (+s.d.) EC
value in the Murray (15 652 + 17 892 pS cm™) was more than
twice that of the Lachlan (6352 + 10 816 pS cm™) catchment
and five times that of the Murrumbidgee (3079 + 3697 uS cm™)
catchment. The standard deviations of those means reflect the
large variability in values within each catchment, and hence
the need to log;, transform those values prior to ANOVA.
There was no significant difference in mean log;o EC values
among catchments (P = 0.225) or between sampling periods
(P =0.938), and the catchment x sampling period interaction
was also not significant (P = 0.662) (Supplementary Fig. S2).
A clear spatial EC gradient, increasing from east to west was
evident in the Murray catchment; however, a similar gradient
was not clearly evident in the Murrumbidgee or Lachlan catch-
ments (Fig. 2). There was a significant difference in EC values
between tree-cover categories (P < 0.001); sites without trees
had a significantly higher EC than did those with trees (P < 0.05).

Total P (log, () varied with catchment and sampling period
(catchment x sampling period, ANOVA; F = 3.39, P = 0.039).
The main effect of sampling period was also significant
(F=9.91, P=0.002), but differences among catchments were
not (F = 1.31, P = 0.275) (Fig. S2). Total P concentrations
were significantly higher in the Murray catchment in March
(Fig. S2) than in the other catchments and sampling periods.
Total N concentrations (log; o) were significantly higher in the
Murray catchment than in the other catchments (F = 3.45,
P = 0.037); there was no effect of sampling period, and the
catchment x sampling period interaction was not significant
(P > 0.05). The values of pH and log;o-transformed Fe?*
concentrations differed significantly among catchments
(P < 0.05), but were similar over time (P > 0.05), and neither
variable had a significant (P > 0.05) temporal interaction
(Fig. S2). The Murray catchment had significantly higher
total dissolved Fe** concentrations than did the Lachlan, but
not the Murrumbidgee, catchment (ANOVA: F = 3.56,
P = 0.033) (Fig. S2). The Murray catchment had a signifi-
cantly lower pH than did the Murrumbidgee and Lachlan
catchments (ANOVA: F = 12.41, P < 0.001) (Fig. S2). Last,
no significant differences were found in SO4%~ and NO5~
concentrations among catchments or between sampling periods
(Fig. S2). All other water-chemistry variables, including NH,4™,
DOC and Mn, did not differ significantly among catchments
and between sampling periods, and relevant interactions were
not significant (P > 0.05) (data not shown).

Microbial communities

The final data set contained 79 samples and ~2.62 million
reads containing 13190 OTUs from 166 identified orders;
one sample was removed owing to low read count. All
sites supported between 27 and 94 orders. The orders
with the highest relative abundance included Acidobac-
teria, Anaerolineales, Betaproteobacteria, Deltaproteobac-
teria, Desulfobacterales, Firmicutes, Nitrosopumilales,

Nitrososphaerales, Proteobacteria, Rhodospirillales and
Woesearchaeota.

The composition of the microbial communities differed
significantly among catchments (PERMANOVA: F = 2.38,
P = 0.001) and between EC categories (PERMANOVA:
F=3.53,P=0.001). The catchment x EC interaction was also
significant (PERMANOVA: F = 1.54, P = 0.006), indicating
that the variation between high- and low-EC categories was
not the same within each catchment. This interaction is
evident in Fig. 3a—d, in which there is a distinct separation
between low-EC (open symbols) and high-EC (closed
symbols) sites in the Murray catchment (green triangles), with
little spatial overlap (Fig. 3b), but the separation among
samples from the other catchments was less obvious
(Fig. 3c, d). Overall, there was a general trend of samples
from high-EC sites grouping towards the top and right of the
ordination, and those from low-EC sites towards the bottom
left (Fig. 3a).

There were clear similarities in microbial communities
among sites within each EC category (Fig. 4a—d). The classes
and orders contributing most to the dissimilarity among catch-
ments and between EC categories were Deltaproteobacteria,
Proteobacteria, Anaerolineales, Rhodospirillales, Firmicutes,
Woesearchaeota, Desulfobacterales, Chromatiales, Myxococ-
cales, Gammaproteobacteria, Rhizobiales, Chloroflexi,
Nitrosopumilales, candidatus Brocadiales and Pacearchaeota.
The relative abundance of orders Woersearchaeota (Archaea),
Nitrososphaerales, Acidobacteria and Desulfobacterales had
significant interactions between catchment and EC category
(Supplementary Table S3). The orders Rhodospirillales,
Chromatiales, Anaerolineales had significantly higher abun-
dance within the high-EC sites, whereas Burkholderiales
had a significantly higher abundance within the low-EC sites
(Table S3). In addition, Betaproteobacteria abundance was
significantly higher in the Murrumbidgee than in the Murray
and Lachlan catchments (Table S3). The relative abundance of
Chloroflexi and Myxococcales were also significantly higher
within the Murrumbidgee catchment than in the Murray
catchment, whereas their relative abundances in the Lachlan
catchment were similar to that in both the Murray and
Murrumbidgee catchments (Table S3). The relative abundance
of order Rhodospirillales was significantly higher within the
Murray than the Lachlan catchment, whereas its relative
abundance in the Murrumbidgee catchment was not significantly
different from that in either the Murray or Lachlan catchments.
Many of these differences are evident in Fig. 4.

Together, all environmental variables explained 13% of
the total variation in the microbial communities across the
three catchments (DistLM). EC, NH,*, total P, SO,2-, Fe?* and
Mn independently explained a significant proportion of the
biotic variation (DistLM: P < 0.05). The stepwise analysis
identified that EC explained the largest portion of the varia-
tion in the microbial assemblage (P = 0.001, R? = 8.08%),
followed by total P (P = 0.002, R?> = 1.09%), NH4*
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Fig. 3. Non-metric multi-dimensional scaling (hnMDS) ordination plot of the [6S rDNA-derived microbial groundwater communities.

(a) Similarities among samples across catchments and EC categories, (b) samples from the Murray catchment in the same ordination,
(c) samples from the Murrumbidgee catchment in the same ordination, and (d) samples from the Lachlan catchment in the same ordination.
Low EC (<3000 ps cm™, open triangles) and high EC (>3000 pS cm™, closed triangles). Solid lines outline high-EC (>3000 puS cm™)
samples, dashed lines outline low-EC (<3000 pS cm™') samples. Catchments: Lachlan (blue), Murrumbidgee (red) and Murray (green).

(P = 0.020, R? = 1.37%), Fe** (P = 0.009, R? = 1.60%) and
DOC (P = 0.024, R? = 1.81%).

There were significant differences in mean microbial order
richness, Pielou’s evenness and Shannon’s diversity between
EC categories (ANOVA: P < 0.05) (Fig. 5). High-EC sites had a
significantly lower order richness (ANOVA: F = 5.00,
P = 0.028), evenness (ANOVA: F = 5.00, P = 0.028), and
diversity (ANOVA: F = 4.68, P = 0.034) than did low-EC sites
(Fig. 5a—c). However, there were no significant (P > 0.05)
interactions between EC and sampling period.

Individual catchment analysis

Lachlan
Environmental variables explained 23.9% of the fitted

variation of microbial community structure in the Lachlan
catchment (DISTLM, Fig. 6a). Variables NO3~, EC, DOC, NH,*
and Mn were independently correlated with microbial assem-
blage structure in the Lachlan catchment (P < 0.05). The
stepwise DistLM identified NO5~ as describing the largest

portion of variation within the microbial community

(P = 0.003, R? = 9.6%), followed by EC (P = 0.004,
R? = 6.6%), DOC (P = 0.012, R? = 6.2%), DO (P = 0.05,
R? = 5.2%) and Mn (P = 0.046, R?> = 4.9%). The dbRDA

ordination showed some separation of samples on the basis
of EC; however, there was a large cluster of similar sites
with both high and low salinity (Fig. 6a).

Murrumbidgee

The DistLM for environmental variables described 22.2%
of the variation in the microbial community structure in the
Murrumbidgee catchment (Fig. 6b). Variables EC, NH,4*,
S0,4%~ and Fe?* each independently explained a significant
proportion of the variation in the microbial communities. The
stepwise DistLM analysis indicated that EC was the variable
explaining the most variation in the microbial community
(P = 0.006, R?> = 8.4%), followed by NH,* (P = 0.008,
R2 = 7.3%). There was a clear distinction in microbial
community assemblage between high- and low-EC sites, with
a minimal overlap (Fig. 6b).
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Fig. 4. Graphical comparison of microbial relative abundance per catchment and EC group.
‘Other’ refers to orders that each contribute <2% of the total abundance. ‘Undescribed’ refers
to the proportion of prokaryotes that were taxonomically unassigned at order level.

Murray

Environmental variables explained 42.4% of the total
variation in microbial community structure in the Murray
catchment (Fig. 6). Variables EC, total P, pH, NO3~, SO42~, Fe?*,
Mn and tree cover all independently accounted for a signifi-
cant proportion of the variation in the microbial community
structure (P < 0.05). Sequential tests identified EC as the
variable describing the largest portion of variation (P = 0.001,
R? =19.3%), followed by NO5~ (P = 0.001, R? = 13.5%), total
N (P = 0.004, R? = 9.6%), Mn (P = 0.002, R? = 7.0%), total P
(P=0.014,R?=6.0%), NH,* (P = 0.016, R?> = 5.6%), and SO 4>~

(P = 0.011, R? = 4.8%). Within the Murray catchment, there
was a clear relationship between microbial community struc-
ture and EC groups (Fig. 6¢). Tree cover was also significantly
negatively correlated with EC (R = —0.60, and P = <0.0001).
Neither of the other catchments displayed this significant
result (P > 0.05).

Microbial activity

Microbial activity, measured by tensile strength of cotton
strips, varied widely among catchments and between EC

8



www.publish.csiro.au/mf

Marine and Freshwater Research 75 (2024) MF23014

454 (a) 1.00, (b) 251(c)
bl
al a bl b
0.95

1 %
= 20 all
T s
> ‘%’ 0.90 ”
2 35 ) 3
2 < £
P & 0.85 g 15
5 3.0 !; =
E U4 o 6
% g 0.80

101
251 . 0.75- :
2.0 . ' 0.704 ‘ 5 ‘ '
High Low High Low High Low
EC
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categories. Activity differed significantly among catchments
(P <0.01) and was overall lower in high-EC than low-EC sites
(P = 0.02) but did not differ significantly with sampling
period (P > 0.05). Interactions between catchment, EC
group and sampling period were not significant (P > 0.05).
Within individual catchments, microbial activity was overall
higher (mean tensile strength lower) at sites with low EC,
although this was statistically significant only in the
Murrumbidgee catchment (P < 0.01).

Discussion

Our central hypothesis that salinity (measured as EC) is an
important factor influencing the structure and activity of
microbial communities in shallow aquifers of the central-
southern MDB cannot be disproven. As found in previous
studies, water quality strongly influenced the distribution of
groundwater microbial communities (e.g. Korbel and Hose
2015; Smith et al. 2018); however, of the water variables
analysed in this study, EC had the greatest influence on
microbial community structure in all catchments. Electrical
conductivity varied spatially across each catchment (Fig. 2),
and microbial diversity and activity were lowest at sites
with high EC (>3000 pS cm™).

Extent of salinity

Our study confirms that salinity in the MDB remains an
environmental concern, with groundwater salinities exceeding
39000 pS cm™! in both the Murray and Lachlan catchments.
Electrical conductivity was highly variable across the
catchments, ranging from 63 to 51 257 pS cm™, although the
mean electrical conductivity among catchments was similar.

Salinity has been a concern in the MDB since the 1960s
(Hart et al. 1991). These issues are primarily caused by the
combination of intensive irrigation schemes, river regulation
and the removal of native vegetation, and compounded by the
naturally high salinity in the regional groundwater (Hart et al.
2020; Pollino et al. 2021). Salinity in western NSW typically
results in EC values increasing downstream from east to west
(Bennetts et al. 2006; Cartwright and Simmonds 2008).
This trend was evident in the Murray catchment, where
salinities ranged from 63 pS cm™! in the eastern-most site,
to 51 257 pS cm™! in the west of the catchment. In comparison,
neither the Murrumbidgee nor Lachlan catchment had
evidence of east-west salinity gradients; however, the uneven
spread of sites evident in each catchment may not truly reflect
the overall salinity patterns. The pattern of increasing salinity
from east to west also reflects the climate gradient consistent
across the basin (Leblanc et al. 2012), with rainfall decreasing
and temperature and evaporation increasing from east to west
(Bureau of Meterology 2022), potentially also contributing to
increasing groundwater salinity gradient. In contrast to
Korbel et al. (2013) who studied groundwater ecosystems
in the northern MDB, we found no significant differences in
the EC of groundwater with land use, specifically between
irrigated and non-irrigated sites, although this may be
caused by the uneven distribution of sites in the present
study or the widespread nature of salinity in the catchments.

Also of interest are the significantly higher EC values
recorded at sites without large trees. The Murray catchment
is the most heavily modified for agriculture of the three
catchments, with only 0.5% of land area protected by nature
reserves or national parks, which are generally restricted to
riparian zones (Murray-Darling Basin Authority 2021). In
contrast, the Lachlan and Murrumbidgee catchments have
~13 and 6% of protected natural vegetation or minimal-use
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DO, dissolved oxygen; total N, total nitrogen (N); total P, total

phosphorus (P); NOs-N, nitrate (NO37); NH4-N, ammonia (NH4*); SOy, sulfate (SO427); DOC, dissolved organic carbon (DOC);
Mn_D, total dissolved manganese (Mn); Fe™™, total dissolved ferrous iron (Fe?*).

land respectively (Department of Primary Industries 2018a,
2018b). It is likely that the widespread removal of deep-rooted
vegetation for agriculture has contributed to salinisation across
these catchments (Leblanc et al. 2012; Holland et al. 2015).
However, the density of large trees may naturally decrease
with an increasing aridity from east to west (Vandandorj
et al. 2017), although our observations at field sites suggest
that human activities have reduced tree density. The relation-
ship between tree cover and groundwater salinity emphasises
the value of protected areas and the importance of maintaining
deep-rooted vegetation for managing salinity in groundwater
(Jolly et al. 2008; Li et al. 2020) and supports calls for the
protection and re-establishment of native vegetation across
the MDB. Our study suggests the potential importance of

native vegetation to groundwater salinity, and, consequently,
the need for holistic landscape-scale management, including
the protection and re-establishment of native vegetation, to
preserve and protect all groundwater-dependant ecosystems
from the threats of salinity.

Prokaryote communities

There was a high diversity of microbial taxa in groundwaters
throughout all catchments, with order richness ranging
from 27 to 94 per site. Several taxa were present in a high
relative abundance across all catchments, including Aci-
dobacteria, Anaerolineales, Betaproteobacteria, Deltapro-
teobacteria, Desulfobacterales, Firmicutes, Nitrosopumilales,
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Nitrososphaerales, Proteobacteria, Rhodospirillales and
Woesearchaeota. These results provided further evidence of
the widespread distribution of these orders in alluvial
aquifers of the MDB (Korbel et al. 2017, 2022a) and
highlighted the considerable diversity of microbial communities
within groundwaters (Griebler and Lueders 2009; Gregory
et al. 2014). Although not optimised for Archaea, metabarcoding
of the 16S rDNA gene does detect some archaeal taxa, and
Hathaway et al. (2021) identified that generic 16S rDNA
primers, such as the EMP primers (Jilio et al. 2019) used in
this study, are better than domain-specific primers at
capturing total diversity and, overall, have better coverage
of microbial community structure. Consistent with studies
elsewhere in the MDB (Korbel and Hose 2015), a large
proportion of the Bacteria and Archaea detected in this study
were undescribed. Bacteria and Archaea within groundwater
play significant roles not only in biogeochemical cycling, but
also as the basis of the ecosystem’s food web, providing
biofilms on which protozoans and stygofauna graze
(Foulquier et al. 2010; Griebler et al. 2019; Weitowitz et al.
2019); however, the large proportion of undescribed taxa
limits our ability to infer function at the community level.

Our study, which has been the first extensive study of
groundwater microbial communities in the central-southern
MDB, has highlighted the many potential functions of
microbes within these shallow alluvial aquifers. Taxa within
the orders found are associated with both anaerobic and
aerobic processes, as well as a variety of biogeochemical
functions such as sulfur and iron reduction, nitrification,
denitrification and carbon cycling. The influence of spatial-
scale, particularly micro-scale variability, on biotic distribu-
tion within shallow alluvial aquifers was evident, because
taxa requiring both anaerobic and aerobic properties were
recorded within the same sample (Schmidt et al. 2017).

Microbial communities were influenced by several water-
quality variables, of which EC was the primary influence.
These findings are consistent with studies in the northern
MDB (Korbel and Hose 2015), elsewhere in Australia (Smith
et al. 2018) and internationally (Héry et al. 2014; Chen et al.
2016; Sang et al. 2018; Li et al. 2020) and have important
consequences for biogeochemical processes within ground-
water (Griebler and Lueders 2009; Flynn et al. 2013; Sang
et al. 2019). Interestingly, these findings contrast to a recent
study in a coastal aquifer, which concluded that salinity was
not a primary driver of microbial abundance and diversity
(Zhang et al. 2021). However, in the case of Zhang et al.
(2021), the magnitude of the salinity gradient across the
study area (~300-38 000 pS cm™') was slightly smaller than
in our study, and potentially microbiota within those coastal
aquifers were more tolerant to salinity because of the natural
fluxes of sea-water intrusion and sea-level fluctuations
over time.

Dissolved oxygen, DOC and nutrients (e.g. NO3™) also
influenced microbial community structure in the studied
catchments. These environmental variables have previously

been linked with changes in groundwater microbial commun-
ities in the MDB (Korbel et al. 2022a, 2022b) as well as
functional roles (Hofmann and Griebler 2018), particularly
under irrigated lands where DOC, oxygen and nutrient
concentrations can be higher as a result of increased infiltra-
tion and connectivity with the surface (Brown et al. 2011;
Korbel et al. 2022a, 2022c¢). The number of factors influencing
the microbial communities reflects the complexity of
groundwater ecosystems, and the common, yet challenging,
scenario of understanding multi-stressed systems (Chariton
et al. 2016; Castano-Sanchez et al. 2020a).

Microbial responses to salinity

Our results have indicated that not only is there a difference
between the diversity and activity of microbes under different
salinity conditions, but also in the types of microbes and their
putative functions. The impacts of salinity on freshwater
surface ecosystems (Halse et al. 2003; James et al. 2003;
Nielsen et al. 2003; Kefford et al. 2007), soil microbiomes
(Chen et al. 2016; Zhang et al. 2019) and groundwater
invertebrates (Castano-Sanchez et al. 2020b) have been
well documented and typically attributed to the direct or
indirect effects of the increased osmolarity in the external
environment (Grant 2004). However, there is a lack of data
on the impact of salinty on natural groundwater microbial
communities.

High-EC groundwaters

Microbial activity and richness at sites with high EC were
significantly lower than at low-EC sites, which is consistent
with reports from elsewhere (e.g. Foulquier et al. 2011).
When faced with increased salinity or EC, microbial cells
produce osmolytes within their cytoplasm to maintain
homeostasis, cellular structural integrity, and prevent
dehydration (Sleator and Hill 2002; Grant 2004). In some
instances, the combined effect of prolonged osmotic stress
and the production of osmolytes can result in microbial
inactivity and death (Burg and Ferraris 2008). Here, we
expect that EC may be acting as a stressor reducing the
richness and abundance of microbes within groundwater
(Elmajdoub et al. 2014). Both microbial activity and richness
are fundamentally linked to ecosystem resilience (Elmqvist
et al. 2003) and stress responses (Wang et al. 2011), and
both were affected by high EC in this study. A decrease in
community resilience can affect the provision of ecosystem
services and functions (Walker 1992; Oliver et al. 2015)
and, in groundwaters, this may be evident as a decline in the
microbial functions that maintain water quality (Chapelle
2000). For example, Rudd et al. (1988) showed that
decreased resilience affected nitrogen cycling in freshwater.

Although the differences in microbial community structure
in response to EC were most obvious in the Murray catchment,
differences in community structure between high- and low-EC
groundwaters were apparent across the region. Taxa from the
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orders Anaerolineales, Rhodospirillales, Firmicutes, Woe-
searchaeota, Desulfobacterales, Chromatiales, Myxococcales,
Rhizobiales, Chloroflexi and Nitrosopumilales were more
abundant in high- than low-EC sites. Several of these taxa are
known to have some natural halotolerance (Grant 2004). In
particular, the higher relative abundances of Rhodospirillales
(family Rhodospirillacea) in groundwaters with >3000 uS cm™!
is not surprising. Taxa from this family are known as both
halophilic (requiring saline environments for growth) and
halotolerant (capable of surviving in a wide range of
salinities) (Imhoff et al. 2021) and are often present in high
abundances in both shallow unconfined aquifers (Smith et al.
2012), and extreme alkaline-saline soils (e.g. EC 159 000 uS cm™
and pH 10.02; Valenzuela-Encinas et al. 2009). The greater
abundances of Chloroflexi, Nitrosopumilales, Anaerolineales
at high-EC sites contradicts a recent study in which abun-
dances of these taxa were greatest in low-salinity soils in
the Yellow River Delta, China (Zhao et al. 2020). This
illustrates the complexity of microbial responses, and the
heterogeneity of groundwater and soil environments.
Interestingly, the relative abundances of Bacteria and Archaea
orders capable of denitrification, such as Sphingobacteriales,
Chromatiales, Rhizobiales, Rhodocyclales, Sphingobacteriales,
Pseudomondales, Anaerolineales, Chromatiales and
Rhodospirillales (Korbel and Hose 2017; Wang et al. 2017;
Julio et al. 2019), and sulfur-reducing Desulfobacterales were
often greater at sites with high EC. Denitrifying bacteria and
Archaea are essential for the cycling of nitrogen within
groundwater (Meng et al. 2018; Korbel et al. 2022a).
Previous studies have demonstrated that excessive salinity
can hamper denitrification processes and reduce the function
of anaerobic ammonium oxidation bacteria (Zhao et al. 2013;
Meng et al. 2018; Zeng et al. 2020) because of osmotic
pressure and inhibition of various enzymes (Zhao et al. 2013;
Meng et al. 2018). Although our study is not consistent with
these findings, we note that higher EC was broadly correlated
with intensive agriculture, which is often associated with
nitrogen contamination (Hansen et al. 2011; Korbel et al.
2013, 2022a). This may suggest that the increased abundance
of denitrifying bacteria may be responding to land-use
practises more so than to EC (Nielsen et al. 2003). This is
supported by the fact that nitrate explained a significant
proportion of the variation in the microbial community
structure in both the Murray and Lachlan catchments.

Low-EC groundwaters

Burkholderiales was present in greater relative abundances
at low- than high-EC sites, which suggests sensitivity to
salinity. This finding is consistent with reports from soil studies
(Zhao et al. 2020), and more global analyses showing that
species of beta-Proteobacteria (including Burkholderiales)
dominate in freshwater and pristine groundwater environments
(Bouvier and del Giorgio 2002; Sang et al. 2018; Yavari-
Bafghi et al. 2023). Burkholderiales species are known to
inhabit groundwater in eastern Australia (Korbel et al. 2017);

however, their functional roles within groundwaters are
largely unknown.

Groundwater microbial communities shift rapidly in
response to environmental change, including salinity, often
by increases in the abundance of species tolerant to the
disturbance or species that can utilise the disturbance to
metabolic advantage (Hemme et al. 2010; Mouser et al.
2010). Owing to these rapid responses, microbes are ideal
bioindicators of groundwater health (Fillinger et al. 2019).
As such, the order Burkholderiales may have potential as a
bioindicator of low-salinity groundwater environments
because of its significantly higher abundance in low-salinity
sites; however, further research is necessary to confirm this
suggestion.

Our study clearly indicated that microbial composition,
richness and activity are affected by EC. However, it remains
unclear how these changes relate to ecosystem function, since
species that change along the gradient may be replaced by
halotolerant species with a similar ecological role (Anneser
etal. 2010; Griebler et al. 2014; Sacco et al. 2019). Cotton strip
decomposition was correlated with more general measures of
microbial activity (Lategan et al. 2010); hence, our observa-
tion of greater tensile strength (lower activity) at high-EC
sites suggests that some ecological functions may not be
maintained across the salinity gradient. Further characterisation
of microbial communities and their functions using metage-
nomics may provide additional detail on the abundance
of functional genes and may reduce the proportion of
undescribed bacteria within this study, and thus is recom-
mended in future studies (Broman et al. 2021).

We recognise that our use of eDNA to characterise
microbial communities, particularly with inferring function
and activity of the taxa identified, is not without limitations
(Morey et al. 2017; Griebler et al. 2022). Taxa identified
using eDNA may be remnant or inactive, and eRNA may be
more appropriate for indicating functions occurring at the
time of sampling (Yates et al. 2021). However, our recent
work has highlighted the challenges of using eDNA to
characterise communities in groundwater where only low
concentrations of RNA are present (Korbel et al. 2022¢) and
showed that eDNA was similar to eRNA in its ability to
discriminate among sample groups (Korbel et al. 2022c¢).

As hypothesised, salinity (as EC) was high in places and
varied spatially throughout the MDB. Both microbial richness
and activity decreased with higher salinity, and, importantly,
we noted a shift in community compositions, with likely flow-
on effects to key biogeochemical processes and ecosystem
functions within aquifers. We expect that detrimental
ecological impacts of salinity are not limited to microbes,
but also affect stygofauna (Castafio-Sanchez et al. 2020q,
2020b), and other groundwater-dependent ecosystems, such
as wetlands, marshes and rivers (Halse et al. 2003), and that
the ionic composition of the saline waters is a significant
factor determining the ecological response (Zalizniak et al.
2006). With climate change being likely to further exacerbate
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salinity issues because of decreased recharge and increased
irrigation (Holland et al. 2015), understanding the conse-
quences of groundwater salinity on microbes and groundwater
quality is essential for the protection of both groundwater-
dependent ecosystems and the industries that rely on this
water source.

Supplementary material

Supplementary material is available online.
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