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ABSTRACT

The microbiome of an aquifer contaminated by landfill leachate and undergoing intrinsic remediation was characterised
using 16S rRNA metabarcoding. The archaeal/bacterial V3–V4 hypervariable region of the 16S rRNA gene was sequenced
using Illumina MiSeq, and multivariate statistics were applied to make inferences. Results indicate that the aquifer
recharge and aquifer sediment samples harbour different microbial communities compared to the groundwater samples.
While Proteobacteria dominated both the recharge and groundwater samples, Acidobacteria dominated the aquifer sediment.
The most abundant genera detected from the contaminated aquifer were Polynucleobacter, Rhodoferax, Pedobacter,
Brevundimonas, Pseudomonas, Undibacterium, Sulfurifustis, Janthinobacterium, Rhodanobacter, Methylobacter and Aquabacterium.
The result also shows that the microbial communities of the groundwater varied spatially, seasonally and interannually,
although the interannual variation was significant for only one of the wells. Variation partitioning analysis indicates that
water chemistry and well distance are intercorrelated and they jointly accounted for most of the variation in microbial
composition. This implies that the species composition and water chemistry characteristics have a similar spatial
structuring, presumably caused by the landfill leachate plume. The study improves our understanding of the dynamics in
subsurface microbial communities in space and time.
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INTRODUCTION

Much of the global freshwater used as potable drinking water, in
agriculture and in industries comes from groundwater. In Nor-
way, groundwater supports 15% of the total drinking water sup-
ply (Kløve et al. 2017). From biodiversity point of view, ground-
water forms the largest terrestrial freshwater biome, harbour-
ing up to 40% of the earth’s freshwater prokaryotic biomass
(Griebler and Lueders 2009; Griebler, Malard and Lefébure 2014),
but studies on groundwater ecosystems are still scarce (Griebler
et al. 2016). Despite these benefits, groundwater is subjected to
frequent contamination from anthropogenic activities globally
(Chapman 1996; Zaporozec and Miller 2000). In Norway, ground-
water contamination from agricultural activities and landfill
operations have been frequently reported (Basberg, Banks and
Sæther 1998; Haarstad and Ludvigsen 2007; Haarstad and Mæh-
lum 2008; Kværner et al. 2014; Abiriga, Vestgarden and Klempe
2020), but industries and forestry management such as log-
ging practices are other perturbations (Kløve et al. 2017). Land-
fill is still the primary municipal solid waste (MSW) disposal
strategy practiced in both developing and developed countries
(Mouser et al. 2005; Eggen, Moeder and Arukwe 2010; Zhang
et al. 2016; Chen et al. 2017). Most of the pollution issues asso-
ciated with MSW landfills relate to the leachate. Whereas newer
sanitary landfills are equipped with liners, old MSW land-
fills represent a major source of groundwater contamination
(Kjeldsen et al. 2002; Brad et al. 2013) due to lack of leachate
containment systems. This makes them a potential public
health concern as they may contain both legacy and emerg-
ing pollutants (Eggen, Moeder and Arukwe 2010; Lapworth et al.
2012), as well as being hotspot for antibiotic resistance (Chen
et al. 2017).

The chemical composition of MSW landfill leachate can be
categorised into four major components: organics, inorganics,
heavy metals and xenobiotics (Kjeldsen et al. 2002), but the
actual load of the individual components depends on the waste
material landfilled. MSW landfills are predominantly composed
of organic waste, but the story is far different in and before
the 1990s, when MSW would essentially contain any waste
(Christensen, Bjerg and Kjeldsen 2000). At Revdalen (the present
study site), a wide range of contaminants have been detected
in the groundwater (Abiriga, Vestgarden and Klempe 2020). It
is widely believed that groundwater contamination from land-
fills can persist for decades or centuries (Bjerg et al. 2011). Such
prolonged discharge of leachate into the groundwater is likely
to leave an ecological footprint on the aquifer. Longer pertur-
bations are thought to cause permanent elimination of native
microbial species and allow incursion of new species which may
come to dominate the microbial community (Herzyk et al. 2017).

Since landfills leach a complex mixture of pollutants, a com-
bination of technologies is required to achieve better treatment
results (Remmas et al. 2017; Ye et al. 2019). However, the versa-
tile metabolic capabilities of microorganisms make them suit-
able for remediation of a wide range of contamination cases
(Majone et al. 2015), and are frequently applied in monitored
natural attenuation of landfill-impacted environments (Mouser
et al. 2005). Microbially-catalysed reactions dominate the pro-
cesses that drive natural attenuation of both organic and inor-
ganic contaminants in the environment (Smets and Pritchard
2003). Monitored natural attenuation is by far the cheapest, but
also an efficient and eco-friendly remediation strategy com-
pared to other remediation techniques such as the conventional
pump and treat remedial option (Majone et al. 2015; Logesh-
waran et al. 2018).

Providing unequivocal evidence of intrinsic bioremediation
involves use of metabolic functional analysis, stable isotope
probing, reactive transport modelling, recording decrease in
contaminant concentrations and identifying resident microbes
to unravel their ecological characteristics such as pollutant
transformation capabilities, abundance and distribution (Smets
and Pritchard 2003; Mouser et al. 2005; Scow and Hicks 2005;
Majone et al. 2015; Zhang et al. 2016; Lueders 2017). Notwith-
standing, data from landfill-impacted groundwater microbial
ecology utilising the latest available molecular techniques are
scarce. Despite contaminations from landfills being numerous
globally, attention has mostly been given to characterising the
groundwater geochemistry or the leachate chemistry, although
microbiological studies on leachate microbiology using the lat-
est molecular techniques are now gaining momentum. Several
previous studies have investigated the microbiology of landfill-
impacted aquifers (Albrechtsen, Heron and Christensen 1995;
Ludvigsen et al. 1999; Mouser et al. 2005; Lin et al. 2007; Chen
et al. 2017; Taş et al. 2018). However, the spatiotemporal and
seasonal microbial community dynamics in general remains
understudied (Smith et al. 2018a), which highlights an important
knowledge gap. Focusing not only on the abundance of degrad-
ing microbes but also on the diversity and dynamics provides
a better understanding of contaminated groundwater ecosys-
tems (Pilloni et al. 2019). The present study gives an insight into
the microbiome of groundwater contaminated by a municipal
landfill, by examining the diversity, abundance and changes in
microbial community composition, as a function of the ground-
water chemistry, distance, time and season over a period of 2
years.

MATERIALS AND METHODS

Study area

The study site is in a complex of quaternary deposits consisting
of moraines, till, subglacial glaciofluvial deposit and glacioflu-
vial delta deposits (Klempe 2004). The presence of a few kettle
holes in the delta deposits attracted dumping of waste and in
the period 1958–1974, one of the largest kettle holes was directly
filled up with MSW. Due to the isolation of the site from the
town centre and the demand for a landfill for Bø and Sauherad
Municipalities (now merged to form Mid-Telemark Municipal-
ity), four cells were opened to establish the Revdalen Landfill,
which was operational from 1974 to 1996 (Abiriga, Vestgarden
and Klempe 2020). Due to lack of liners and leachate collection
system (less stringent regulation at the time), the leachate from
the 1974 to 1996 cells have migrated and contaminated the con-
fined aquifer underneath which is inside a submoraine glacioflu-
vial deposit (Klempe 2004). Additional information on the study
site is available elsewhere (Klempe 2004, 2015; Abiriga, Vestgar-
den and Klempe 2020, 2021b).

Experimental procedure

Groundwater and aquifer sediment sampling
Groundwater samples were collected from four wells: R0, located
in a nearby uncontaminated aquifer; R1, R2 and R4, located
downgradient of the landfill in the contaminated aquifer (Fig. 1).
R1 has five levels (R101–R105) at 126, 125, 124, 123 and 122 m
above sea level; R2 has four levels (R201–R204) at 122, 121, 119
and 118 m above sea level; R4 has three levels (R401–R403) at 118,
117 and 114 m above sea level. R1, R2 and R4 were placed along
the groundwater flow direction at the proximal, intermediate
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Figure 1. Location of Revdalen Landfill on a map of Norway (A) and a detailed map showing the location of the landfill and the sampling wells R0, R1, R2 and R4 (B). R0 is

the background well located in a nearby uncontaminated aquifer, while R1, R2 and R4 are located in the contaminated aquifer, placed at the proximal, intermediate and
distal positions from the landfill. The arrows indicate the groundwater flow direction, and the red triangle depicts the location of a seasonal rivulet which recharges the
confined aquifer. For clarity of readability, the location for the aquifer sediment samples is not shown; it is only ∼30 cm downgradient of R4. Green shading indicates

woodland, yellow indicates farmland and grey indicates industrial land, including the landfill and an adjacent active gravel pit/quarry. [Mapping source: Norwegian
Mapping Authority, www.norgeskart.no, with permission].

and distal positions, respectively, and are hereafter referred to as
such. Groundwater samples were collected twice a year in spring
and autumn in 2018 and 2019 from all the levels in the four wells.
Groundwater sampling procedures have been described else-
where (Abiriga, Vestgarden and Klempe 2020), as well as ground-
water chemical analysis (Abiriga et al. 2021a). Samples for analy-
sis of the diversity of the 16S rRNA genes were collected in sterile
350 mL PETE bottles. A total of 300 mL of the water was filtered
through 0.2 μm polycarbonate membrane filters within 48 h and
the filters were stored at −70◦C prior to DNA extraction. A total
of 52 samples were collected from the four monitoring wells. In
addition, one sample was taken from a rivulet which feeds the
aquifer at the outcrop area. Further, three aquifer sediment sam-
ples were obtained at depths of 6–7, 8–9 and 9–10 m using the
piston method. 25 g saturated sediment subsamples were taken
and stored at −70◦C prior to DNA extraction.

DNA extraction, sequencing and bioinformatics
The procedure for the extraction of DNA from the filters has been
described previously (Abiriga et al. 2021a). DNA extraction from
the aquifer sediment was done using DNeasy PowerSoil Kit fol-
lowing the manufacturer’s instructions. The amount of genomic
DNA in the samples was quantified using Qubit Flourometer 3.0
(Life Technologies, Malaysia) and the quality evaluated by gel
electrophoresis on 2% agarose. All the samples were subjected to
16S rRNA gene metabarcoding of the V3–V4 hypervariable region
using the universal primer set 319F (5′-ACTCCTACGGGAGGCAG
CAG-3′) and 805R (5′-GGACTACNVGGGTWTCTAAT-3′). Samples
were sequenced using Illumina MiSeq (600 cycles) by applying
the 300 bp paired-end protocol. PCR amplifications and library
preparation, as well as the bioinformatics pipeline implemented
in sequence data analysis are described in Abiriga et al. (2021a).

The library statistics for the samples are provided in the supple-
mentary material (see supplementary data).

Statistical data analysis

All statistical analyses were conducted in R version 4.0.2 (R Core
Team 2020). Water chemistry data was subjected to principal
component analysis. Due to the dimensionally heterogeneous
physicochemical data, the data was standardised (centred and
normalised) prior to principal component analysis to ensure
all parameters are given equal weight. Difference in groundwa-
ter chemistry across sampling wells and between spring and
autumn was tested using the nonparametric Kruskal–Wallis and
Mann–Whitney tests respectively, as the data showed nonnor-
mal distribution. Because the levels of solutes in the background
well were different from the other wells (assessed during data
exploration), data from the background well was excluded in the
Kruskal–Wallis analysis to minimise type-I error. In all the above
analyses, iron has been excluded because it was below the limit
of detection in all the wells except R4, while temperature was
excluded due to many missing observations.

Nonmetric Multidimensional Scaling (NMDS) was used to
visualise spatial group clustering based on Bray–Curtis dissimi-
larity distance. The operational taxonomic unit (OTU) data was
transformed using fourth-root transformation (except for inter-
mediate well which was subjected to square root transformation
as fourth-root transformation was too strong for it) and stan-
dardised using Wisconsin double standardisation. Differences in
the microbial community composition among sampling wells,
between 2018 and 2019, and between autumn and spring were
tested using permutational multivariate analysis of variance
(PERMANOVA; Anderson 2001) by applying the function adonis
from package vegan (Oksanen et al. 2019) on 999 permutations.
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The analysis was performed on Bray–Curtis dissimilarity mea-
sure calculated from fourth/square root-transformed and Wis-
consin double-standardised community data. The assumption
of homogeneity of group dispersion was checked using the func-
tion betadisper (Anderson 2006).

Canonical ordination i.e. redundancy analysis (RDA) was con-
ducted on fourth-root-transformed and Hellinger standardised
(Legendre and Gallagher 2001) OTU abundance data and stan-
dardised water chemistry data. Water chemistry variables that
were significantly associated with variation in microbial species
composition were selected using forward selection based on 999
permutations at 0.05 significance level (Akaike Information Cri-
terion if there are ties) by implementing the function ordistep
from package vegan (Oksanen et al. 2019). To quantify the con-
tributions of water chemistry, season, year and distance (well)
to the variation in microbial composition, variation partitioning
(Borcard, Legendre and Drapeau 1992) was conducted and signif-
icance was tested by permutation (999 permutations). In total,
two parameters: total nitrogen and temperature were removed
from the data during the constrained ordination as they contain
numerous missing values.

RESULTS

Groundwater chemistry

The groundwater chemistry was characteristically different
across the four wells (Figures S1 and S2, Supporting Informa-
tion). Overall, the wells in the contaminated aquifer were more
related to each other than to the background well. Within the
contaminated aquifer, similarity in water characteristics was
greatest between the proximal and intermediate wells (Figure
S2, Supporting Information). Nonparametric Kruskal–Wallis test
showed significant differences across the wells in the contami-
nated aquifer for most of the groundwater parameters, except
nitrate, total nitrogen and manganese (Table S1, Supporting
Information). None of the parameters showed statistically sig-
nificant differences across the depth profiles in the proximal,
intermediate or distal wells (not shown). Seasonal variation was
strongest in the proximal well, followed by the intermediate well
(Table S2, Supporting Information). A total of eight groundwa-
ter variables showed significant differences between spring and
autumn, however, none of the 15 variables showed significant
seasonal changes in the distal and background wells. Similarly,
interannual change in the groundwater chemistry was greatest
in the proximal well (nine variables), followed by the interme-
diate well (six variables; Table S2, Supporting Information). The
distal and background wells had only moderate (four variables)
and marginal (one variable) significant interannual changes.

Groundwater and aquifer sediment microbiology

Microbial composition and abundance
There were 1763 OTUs detected from the contaminated ground-
water samples, which were classified to 62 phyla, constitut-
ing 98.7% bacteria, 1.24% archaea and 0.06% unclassified. The
background groundwater samples had 485 OTUs classified to 39
phyla, consisting of 97.73% bacteria, 2.06% archaea and 0.21%
unclassified. The eight most abundant phyla from both the back-
ground and contaminated aquifer were Proteobacteria, Patescibac-
teria, Actinobacteria, Acidobacteria, Verrucomicrobia, Bacteroidetes,
Chloroflexi and Nitrospirota (Fig. 2). The aquifer recharge sam-
ple had 599 OTUs, all from domain bacteria. These were classi-
fied to 29 phyla, of which, Proteobacteria, Bacteroidetes, Chloroflexi,

Verrucomicrobia, Acidobacteria, Actinobacteria, Patescibacteria and
Cyanobacteria were the top eight phyla. From the aquifer sedi-
ments, 652 OTUs were detected, comprising 39 phyla. Of these,
Acidobacteria, Proteobacteria, Chloroflexi, Actinobacteria, Firmicutes,
Methylomirabilota, Planctomycetota and WPS.2 (candidate phylum)
formed the top eight phyla (Fig. 2).

In order to simplify comparison, the top ten most abun-
dant OTUs in each sample were identified. In the background
well, these included genus Duganella, which displayed a higher
abundance in spring. Other OTUs were Collimonas, Pseudomonas,
Polaromonas, Alkanindiges and Rhodoferax; with Duganella, Alka-
nindiges and Rhodoferax as the most abundant OTUs in the spring
samples of the first sampling campaign (Figure S5, Support-
ing Information). The proximal well showed that Aquabacterium,
Janthinobacterium, Oxalobacteraceae and Pedobacter were highly
abundant in the uppermost level of the well, while Sulfuri-
fustis and Sulfuritalea were more abundant in the deeper lev-
els (Figure S6, Supporting Information). Taxa Methylobacter and
Polaromonas were ubiquitous throughout the levels in this well.
Other taxa include Gallionella, Polynucleobacter, Pseudomonas, Rho-
danobacter and Rhodoferax. A medically relevant genus among
the top 10 taxa in this well was Enterococcus. In the intermedi-
ate well, the top 10 taxa showed modest abundances, except
Oxalobacteraceae, Saccharimonadales, Brevundimonas, Rhodoferax,
Pseudomonas, Pedobacter, Caulobacter, LWQ8 (uncultured family
of Saccharimonadales) and Undibacterium (Figure S7, Supporting
Information). Taxa of medical relevance in the top 10 OTUs were
Legionella and Stenotrophomonas. Genera Caulobacter and Methy-
lobacter were ubiquitous in the intermediate well. The most
abundant taxa in the distal well were Oxalobacteraceae, Rhod-
oferax, Polynucleobacter and Undibacterium (Figure S8, Supporting
Information), but Saccharimonadales was also moderately abun-
dant. Genus Duganella appeared in the second year of the sam-
pling campaign, but only occurred in high abundance in spring.
A similar seasonal trend was observed for Polynucleobacter and
GKS98 (uncultured Alcaligenaceae).

Spatial and seasonal variation in microbial community composition
The microbial community compositions of the water samples
collected from the four sampling wells clustered separately
from each other, although the proximal and intermediate wells
showed some slight overlap (Fig. 3). The aquifer sediment sam-
ples also clustered separately and well away from the nearby
distal well, and the recharge sample was also well isolated from
the other groups. PERMANOVA results from a global comparison
( F = 7.14, df = 4 and P = 0.001) and pairwise comparisons (Table 1)
revealed significant differences in microbial community com-
position across and between the wells, respectively. The overall
quantitative contribution of distance to the microbial commu-
nity composition is provided under RDA (Fig. 7).

In the proximal well, an overall analysis of variance (PER-
MANOVA) showed a statistically significant difference among
the levels (F = 1.47, df = 4 and P = 0.002). However, perform-
ing pairwise comparisons between the levels did not give signif-
icant differences after Bonferroni correction (Table S3, Support-
ing Information). In moving from top to bottom within the prox-
imal well, a higher dispersion was observed among the samples
from the topmost level (Fig. 4 and Figure S4, Supporting Informa-
tion). No significant overall difference was observed among the
depth profiles in the intermediate or distal wells ( F = 0.89, df =
3 and P = 0.651 and F = 1.08, df = 2 and P = 0.322, respectively).
Similarly, no significant differences in the pairwise comparisons
between the levels in each well were observed (Table S3, Sup-
porting Information). As in the proximal well, samples from the
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Figure 2. Abundant microbial phyla in the nearby uncontaminated aquifer (R0), in the contaminated aquifer (R1, R2 and R4), recharge water (Rec) and aquifer sediment
(Sed) near R4. R1, R2 and R4 were placed along the groundwater flow direction at the proximal, intermediate and distal position from the landfill, respectively.

Figure 3. Nonmetric multidimensional scaling (NMDS) plot showing the beta

diversity (Bray–Curtis) among the samples: the background aquifer (R0), the con-
taminated aquifer (proximal R1, intermediate R2, distal R4 and aquifer sedi-
ment), and the aquifer recharge.

topmost level in the intermediate well (R201) showed the high-
est dispersion (Fig. 4 and Figure S4, Supporting Information). In
the distal well, the dispersion among samples was comparable,
although the dispersion seemed higher in samples of the middle
level (R402; Fig. 4 and Figure S4, Supporting Information). Among

Table 1. PERMANOVA result of pairwise comparisons of the microbial
community composition between the samples. R0 is the background
well located in a nearby uncontaminated aquifer, while R1, R2 and
R4 are the wells located in the contaminated aquifer at the proximal,
intermediate and distal positions from the landfill. Sed is the aquifer
sediment sample.

Pairs F. Model R2 P. adjusteda

R0 vs. R1 6.621 0.231 0.01
R0 vs. R2 7.022 0.281 0.01
R0 vs. R4 7.791 0.358 0.02
R0 vs. Sed 3.655 0.422 0.23
R1 vs. R2 7.379 0.178 0.01
R1 vs. R4 8.373 0.218 0.01
R1 vs. Sed 4.525 0.177 0.02
R2 vs. R4 8.191 0.240 0.01
R2 vs. Sed 3.680 0.178 0.01
R4 vs. Sed 3.822 0.227 0.03

aP-value adjusted using Bonferroni correction.

The recharge sample was removed during the permutation testing as it has only
one observation.

the levels in the proximal and intermediate wells, a lower micro-
bial diversity was observed in the uppermost levels, while no
clear trend was observed among the levels in the distal well (Fig-
ure S3, Supporting Information).

PERMANOVA conducted on seasonality showed significant
differences in the microbial community composition between
spring and autumn only in the proximal and intermediate wells
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6 FEMS Microbiology Ecology, 2021, Vol. 97, No. 7

Figure 4. Nonmetric Multidimensional Scaling (NMDS) plots of the depth profiles and Principal Coordinate Analysis plots of seasonal grouping (the centres to which
the samples are connected are the centroids) from the depth profiles. Colour schemes of light to dark indicate increasing depth. R1, R2 and R4 are the wells located in
the contaminated aquifer at the proximal, intermediate and distal positions from the landfill.

(Table 2); this was accompanied by a large increase in dispersion
in the intermediate well (Fig. 4 right hand panel). The overall
seasonal effect on the microbial community is presented under
RDA (Fig. 7).

Interannual variation (2018 and 2019)
Beta dispersion (Fig. 5) suggests difference in microbial commu-
nity composition between 2018 and 2019. However, this was sig-
nificant only for the intermediate well (F = 2.29, df = 1 and P =
0.024). No statistically significant change in the microbial com-
munity between 2018 and 2019 was observed for the proximal (F
= 1.34, df = 1 and P = 0.104), distal (F = 1.09, df = 1 and P = 0.355)
or background (F = 1.22, df = 1 and P = 0.148) wells.

Redundancy analysis

The first two axes of the RDA (Fig. 6) account for 12.1% of the total
constrained variance (31.4%). Note that the inferred variance
(explained proportion) is the adjusted R2. A total of five canonical
axes were statistically significant (RDA1-RDA3, P = 0.001; RDA4, P
= 0.016 and RDA5, P = 0.024; after 999 permutations). Groundwa-
ter chemical parameters that significantly influenced the micro-
bial composition were pH, sodium, calcium, magnesium, man-
ganese, alkalinity, nitrate and total organic carbon (TOC). These
are the variables which have also demonstrated stronger gra-
dients in the studied ecosystem (Figure S1, Supporting Infor-
mation). Notwithstanding the output from the statistical model
selection, all the variables in the global model were retained in
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Figure 5. Beta dispersion between 2018 and 2019 for R1, R2, R4 and R0. R0 is the background well located in a nearby uncontaminated aquifer, while R1, R2 and R4 are

the wells located in the contaminated aquifer at the proximal, intermediate and distal positions from the landfill.

Figure 6. Redundancy analysis (RDA) performed on fourth-root transformed and Hellinger-standardised OTU abundance data. To distinguish water chemistry variables

from OTUs, OTU scores are plotted without arrows. Only the prominent species vectors are shown. R0 is the background well located in a nearby uncontaminated
aquifer, while R1, R2 and R4 are the wells located in the contaminated aquifer at the proximal, intermediate and distal positions from the landfill.

the final model to explore potential biogeochemical processes
in the contaminated aquifer, moreover such automatic variable
selection strategies would sometimes choose ecologically irrele-
vant models (Ramette 2007). In the RDA triplot (Fig. 6), dissolved
oxygen showed a strong but opposite gradient to pH, ammo-
nium and chloride along RDA1. Conductivity, sodium, potas-
sium, calcium, magnesium and sulphate, on the other hand,
showed stronger gradients along RDA2. The geochemical and
microbial data have structured the sampling sites first along
RDA1, separating the background and the distal wells which cor-
related negatively with the axis, from the proximal and interme-
diate wells which correlated positively with the axis. The second
axis (RDA2) separated mainly the uncontaminated groundwater

from the contaminated groundwater. The proximal and inter-
mediate wells clustered close to each other.

Output from variation partitioning (Fig. 7) shows that all the
four explanatory variables (water chemistry, year, season and
well) collectively accounted for 33.2% of the total variance, while
66.8% variance remained unexplained. Much of the explained
variance was shared by water chemistry and well (18.5%), while
only 0.2% of the variation in microbial composition was jointly
explained by all the four variables. The result also showed that
the unshared variation in microbial composition (excluding the
effects of covariables) explained individually by the variables
was higher for water chemistry (7%) and well (5.9%), but lower
for season (0.8%) and year (<0%). The overall contribution with-
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Figure 7. Variation partitioning of proportions of variation in microbial com-
munity composition explained by water chemistry, year, season and distance
(well). Values in parenthesis indicate variations explained by the variables with-
out removing the effects of covariables.

Table 2. PERMANOVA results of seasonal microbial community vari-
ation in the sampling wells R0, R1, R2 and R4. R0 is the background
well located in a nearby uncontaminated aquifer, while R1, R2 and
R4 are the wells located in the contaminated aquifer at the proximal,
intermediate and distal positions from the landfill.

Well
Number of

sample
Number of

OTU F. Model R2 P-value

R1 20 927 1.71 0.087 0.007
R2a 16 1342 3.54 0.202 0.001
R4 12 1027 1.36 0.12 0.086
R0 12 616b 1.43 0.125 0.064

aOTU data was square-root transformed, as fourth-root transformation was too
strong in this case.
bOTUs based on 12 samples, but only 4 samples were used in all the other anal-

ysis.

out removing the effects of covariables was 25% for water chem-
istry, 0.46% for year, 1.3% for season and 23% for well. Testing
for these proportions based on 999 permutations yielded signif-
icant results for water chemistry (F = 1.83 and P = 0.001), well (F
= 2.00 and P = 0.001), and season (F = 1.37 and P = 0.035), but
not for year (F = 0.97 and P = 0.539). Thus, the variables can be
ordered based on their importance in explaining the variation
in the microbial composition as water chemistry > distance >

season > year.

DISCUSSION

Spatial variation

Microbial community composition showed a significant spa-
tial variation. The background well, which is an unperturbed
environment, was most dissimilar to the other wells. This is a
clear manifestation of the impact of the landfill leachate on the
aquifer ecosystem. However, as the background and contami-
nated aquifers are not connected, their original communities
may have been different. In the contaminated aquifer, there was
clear evidence of variation of the microbial community along
the line of flow, with the two wells nearest the landfill and each
other being more similar. Similar findings have been reported

for a landfill leachate plume in Banisveld landfill using denatur-
ing gradient gel electrophoresis community profiling (Brad et al.
2013). Such spatial differentiation of microbial communities has
been suggested to contribute to better degradation of contami-
nants (Brad et al. 2013) and, in addition, provides useful informa-
tion, as it gives insight into differential adaptation of microbes to
leachate (Mouser et al. 2005). The ecological gradient in Revdalen
is short, where samples primarily differ in species abundances
(Ramette 2007). The water chemistry demonstrated two maxi-
mum directions (Fig. 6): towards the proximal well (for eight vari-
ables) and towards the distal well (for six variables). On a sim-
ilar pattern of structuring, the abundant OTUs in the proximal
and distal wells were mostly culturable, while those in the inter-
mediate and background wells were predominantly uncultured
taxa.

Depth-resolved variation in microbial composition indicated
a significant difference across the levels in the proximal well,
which could be attributed to the disproportionately high abun-
dance of certain OTUs, e.g. Aquabacterium, Janthinobacterium,
Oxalobacteraceae and Pedobacter in the uppermost level, and Sul-
furifustis and Sulfuritalea in the deeper levels (Figure S6, Support-
ing Information). In addition, beta diversity analysis (Fig. 4) indi-
cates that samples from the uppermost level have larger dis-
persion. Both the intermediate and distal wells showed non-
significant differences across the discrete depth profiles and in
pairwise comparisons, which suggest that the microbial floras
of the intermediate and distal wells were compositionally sim-
ilar across the depths. This agrees with the observation that
only three most abundant OTUs in the intermediate well (Bre-
vundimonas, Pseudomonas and Saccharimonadales) and one in the
distal well (Oxalobacteraceae) showed disproportionately higher
abundance in one level (Figures S7 and S8, Supporting Infor-
mation). Similar lack of vertical variation within sampling wells
has been reported in a crude-oil contaminant plume (Fahren-
feld et al. 2014). However, a study on microbial communities
from wells at depths 10–17 m but having different hydraulic
conductivities recorded significant vertical variation (Lin et al.
2012). In Revdalen, the aquifer matrix comprises sand and gravel
(∼5 m thick), which can be considered to have relatively less var-
ied hydraulic conductivities compared to matrices made up of
completely different geological layering materials that can influ-
ence microbial and nutrient distribution (Smith et al. 2018a). In
addition, Revdalen has a different hydrological regime than the
unconfined aquifer studied by Lin et al. (2012). Depth-resolved
microbial community variation in various types of geological
strata remains poorly understood (Smith et al. 2018a), which
calls for more elucidation.

Variation partitioning showed that both water chemistry and
distance (wells) were intercorrelated and they jointly accounted
for most of the variation in the microbial composition. This
implies that the microbial composition and water chemistry
characteristics have a similar spatial structuring, presumably
caused by the landfill leachate plume. A gradient of an increase
in concentrations of dissolved oxygen, magnesium, potassium,
manganese and sulphate, and a decrease in pH, conductiv-
ity, calcium and alkalinity were observed along the proximal–
intermediate–distal path (Figures S1 and S2, Supporting Infor-
mation). This highlights the importance of distance on attenua-
tion of pollutants which has been described previously (Abiriga,
Vestgarden and Klempe 2020; 2021b). This likely influenced
the microbial composition and structure. Thus, homogenisa-
tion force from the leachate plume should be strongest at
the proximal and intermediate wells, which makes the micro-
bial composition and structure more similar in these wells,
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although the close proximity would also imply microbial prop-
agation from proximal to intermediate well. At the distal well,
such homogenisation force is diminished, and other processes
become increasingly important in driving the microbial compo-
sition and structure.

Seasonal and Interannual variations

By the virtue of their formation, aquifers are viewed as being
environmentally stable (Zhou, Kellermann and Griebler 2012;
Pilloni et al. 2019). In Snowbelt countries such as Norway, there
can be considerable aquifer recharge after snowmelt, account-
ing for 60–80% of the yearly recharge in some regions (Kløve
et al. 2017). This is likely to cause shifts in the geochemical pro-
cesses within an aquifer and is particularly important in uncon-
fined aquifers, where seasonal groundwater table fluctuations
can lead to redistribution of contaminants (Fretwell et al. 2005).
This causes shifts in plume movement, which can exert con-
trol over microbial community assemblages (Pilloni et al. 2019).
In Revdalen, a significant difference in water chemistry between
spring and autumn was observed, but only in the proximal and
intermediate wells. The variables with significant changes were
sulphate, TOC, sodium, potassium and calcium in the proximal
well, and conductivity, ammonium and TOC in the intermediate
well (Table S2, Supporting Information).

Considering aquifers as microbial habitats, their intrinsic
features such as changes in geochemical and hydraulic regimes
are now acknowledged as key influencers of activity and popu-
lation of microorganisms (Griebler and Lueders 2009; Brad et al.
2013; Lueders 2017). Results suggest that microbial composi-
tion in Revdalen is influenced by season, but it seems that
although statistically significant, season has only a marginal
effect, as it accounted for only 1.3% of the variation. Previ-
ous studies have reported seasonal variation in composition
and diversity of microbes in pristine aquifers (Farnleitner et al.
2005; Lin et al. 2012; Zhou, Kellermann and Griebler 2012) and
in industry-impacted urban aquifers (Smith et al. 2018b). Beta
diversity analysis indicated significant seasonal variations in the
proximal and intermediate wells. Given the locations of these
wells relative to the landfill, these observations suggest that the
microbial communities in them are more susceptible to sea-
sonal changes. This agrees with the observation that more geo-
chemical parameters have shown significant seasonal fluctua-
tions in the proximal and intermediate wells than in the dis-
tal and background wells (Table S2, Supporting Information).
However, seasonal variation was also evidenced in the distal
and background well, where taxa Duganella, Polynucleobacter and
GKS98 (uncultured Alcaligenaceae), showed higher abundances in
spring. It is unclear why these taxa showed higher abundances
only in spring. It can be speculated that the recharge water
brings along nutrients that specifically favoured these microor-
ganisms. Duganella for instance, might be responding to dis-
solved oxygen, as dissolved oxygen was found to be replenished
in spring (Abiriga, Vestgarden and Klempe 2020) and the genus
showed a positive correlation with dissolved oxygen (Fig. 6). In a
batch experiment (Griebler et al. 2016), growth of Duganella was
strongly stimulated when nutrient source (R2A) was amended
in a reactor. Our study is based on field observation and unam-
biguous interpretation of such dynamics is difficult (Pilloni et al.
2019). More study is required to understand this dynamism,
but the results suggest that the microbial communities were
less variable in autumn than in spring, probably due to calmer
groundwater flow conditions in autumn. The higher recharge

occurring in spring (Kløve et al. 2017) may be followed by mixing
and this causes instability in the subsurface (Smith et al. 2018a).

Results from beta diversity analysis and variation partition-
ing suggest that the microbial communities were less variable
over the study period. A similar observation of less community
variability over a one-year period have been made from pris-
tine aquifers (Farnleitner et al. 2005). However, a closer look into
the data indicated that the microbial community in the inter-
mediate well was more variable, as the beta diversity analysis
gave a significant difference between 2018 and 2019 (P = 0.024).
Even so, the temporal variation was related to season, especially
with samples collected in spring 2018 (not shown). The mete-
orological conditions in 2018 were exceptional, with unusually
high winter snowfall, leading to a higher aquifer recharge, fol-
lowed by very dry weather in the summer. This likely lowered
the water table, creating zones of unsaturation around the prox-
imal and intermediate wells that favoured oxidation reactions.
Consequently, concentrations of sulphate, dissolved oxygen and
nitrate were highest in autumn (Figure S2, Supporting Informa-
tion). How long such implied community stability will prevail in
aquifers is a matter of future studies as apparently no data exists
for field observation >2 years.

CONCLUSION

Literature on landfill-leachate-impacted aquifers is scarce. Here,
we examined key influencers of the microbial community in an
aquifer contaminated by a municipal landfill leachate in south-
east Norway to understand the interplay between microbial
community composition and environmental factors: groundwa-
ter geochemistry, distance, season and time. The explanatory
variables explained 33.2% of the variation in microbial composi-
tion, thus a bigger proportion (66.8%) of the variation remained
unexplained. The unexplained proportion likely represents both
deterministic but unmeasured variables (that the present data
was unable to capture) and stochastic processes. The explained
variation was largely jointly accounted for by the groundwa-
ter chemistry and distance, which were intercorrelated. Sea-
son had only a marginal effect on the microbial communities,
as it explained only 1.3% of the variation. Interannual varia-
tion was negligible, which suggests that the microbial commu-
nities were less variable over the study timeframe. The findings
of the study are important in understanding how environmen-
tal factors influence microbial composition of anthropogenically
impacted aquifers, which is very useful in ensuring proper man-
agement of remediation sites.
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