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Microorganisms are critically important for the function of surface water ecosystems
but are frequently subjected to anthropogenic disturbances at either acute (pulse) or
long-term (press) scales. Response and recovery of microbial community composition
and function following pulse disturbance is well-studied in controlled, laboratory scale
experiments but is less well-understood in natural environments undergoing continual
press disturbance. The objectives of this study were to determine the drivers of
sediment microbial compositional and functional changes in freshwaters receiving
continual press disturbance from agricultural land runoff and to evaluate the ability of
the native microbial community to resist disturbance related changes as a proxy for
freshwater ecosystem health. Freshwater sediments were collected seasonally over
1 year in Kewaunee County, Wisconsin, a region impacted by concentrated dairy cattle
farming, manure fertilization, and associated agricultural runoff which together serve
as a press disturbance. Using 16S rRNA gene amplicon sequencing, we found that
sediments in locations strongly impacted by intensive agriculture contain significantly
higher abundances (p < 0.01) of the genera Thiobacillus, Methylotenera, Crenotrhix,
Nitrospira, and Rhodoferax compared to reference sediments, and functions including
nitrate reduction, nitrite reduction, and nitrogen respiration are significantly higher
(p < 0.05) at locations in close proximity to large farms. Nine species-level potential
human pathogens were identified in riverine sediments including Acinetobacer lwoffi and
Arcobacter skirrowii, two pathogens associated with the cattle microbiome. Microbial
community composition at locations in close proximity to intensive agriculture was not
resistant nor resilient to agricultural runoff disturbance within 5 months post-disturbance
but did reach a new, stable microbial composition. From this data, we conclude
that sediment microbial community composition is sensitive and shifts in response
to chemical and microbial pollution from intensive agriculture, has a low capacity
to resist infiltration by non-native, harmful bacteria and, overall, the natural buffering
capacity of freshwater ecosystems is unable to fully resist the impacts from agricultural
press disturbance.
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INTRODUCTION

Freshwater ecosystems are a vital natural resource, providing
sources of drinking water, food, animal habitats, and recreation.
Sediment microbial communities within freshwater ecosystems
support important functions including carbon and nitrogen
cycling due to their high abundance, diversity, and stability
(Nealson, 1997). Sediments also serve as the primary site of
accumulation and attachment of both bacteria and chemical
pollutants; thus, sediment microorganisms are exposed to a
wide variety of anthropogenic pollutants (Noe and Hupp,
2005; Devarajan et al., 2015; Saxena et al., 2015). In ecological
systems, pollution exposure events are termed “disturbances.”
Disturbance events are classified by their duration of impact as
either pulse (short-term, acute) or press (long-term, continuous)
disturbance (Shade et al., 2012a). Disturbance is a primary factor
in microbial community structure and diversity (Shade et al.,
2012a,b), and microbial community stability within freshwater
sediments is crucial for maintaining ecosystem functioning. The
impact of disturbance on microbial ecosystems can be measured
by two factors: resistance, or the degree to which a community
can withstand and remain unchanged by disturbance, and
resilience, or the rate at which a community returns to a pre-
disturbance composition (Allison and Martiny, 2008; Shade et al.,
2012a). Measuring changes in microbial community composition
following anthropogenic disturbance helps predict ecosystem
functioning and health (Galand et al., 2016; Santillan et al., 2019).

Agriculture is the primary source of non-point source
(NPS) pollution and degraded water quality in rivers and
streams (USEPA, 2017). Livestock and field crop farming
practices contribute to both reduced water quality and ecosystem
functioning by introducing nitrate, phosphorus, heavy metals,
antibiotics, and non-native microorganisms into waterways
via agricultural land runoff (Pruden et al., 2013; Manyi-
Loh et al., 2016; USEPA, 2017; Le et al., 2018). Microbial
pathogens originating from manure are a primary concern.
Livestock manure is known to contain pathogens that cause
infection in humans including members of the genera Arcobacter
and Acinetobacter and more well-known pathogens including
methicillin resistant Staphylococcus aureus and toxic Escherichia
coli (Igbinosa et al., 2012; Giacometti et al., 2015; Guimarães et al.,
2017; Klotz et al., 2017). Input of high concentrations of nitrate
and phosphorus from agricultural fertilization runoff can also
alter sediment microbial community composition. Henson et al.
(2018) found that members of the family Comamondaceae and
genera Mucilaginibacter, Pseudospirillum, and Novosphingobium
strongly correlate with nitrate concentrations while members of
the class Holophagaceae, family Gemmatimonadaceae, and genus
Nitrospira strongly correlate with phosphate concentrations.
Additionally, it has been well-documented that increases
in Cyanobacteria, particularly genera Microcystis, Anabaena,
Planktothrix, and Aphanizomenon, are associated with freshwater
eutrophication events (Havens, 2008; Dolman et al., 2012;
Graham et al., 2012). The responses of microbial communities
to disturbance are dependent on multiple interrelated factors
including the type, number, length, and severity of disturbance
(Reinold et al., 2019). Several studies report high sensitivity

of microbial communities to anthropogenic disturbances and
the Microbiome Stress Project (Rocca et al., 2019) provides
a comprehensive database facilitating comparisons of major
findings. However, the resilience of native microbial communities
following disturbance in the environment is still largely
unexplored and most reports are based on controlled laboratory
experiments (Mooshammer et al., 2017; Lourenço et al., 2018).
Understanding of the impact of press manure disturbance on the
resistance and resilience of microbial community composition
is necessary to evaluate ecological and human health risks, as
resistant and resilient microbial communities tend to be more
diverse, functionally redundant, and better able to resist influxes
of pathogenic organisms and chemical pollutants (Allison and
Martiny, 2008; Shade et al., 2012a).

In our study, the primary research question is: how
does agricultural land runoff impact microbial community
composition and function in freshwater sediments in a region
of intensive agriculture that suffers from reduced freshwater
quality? We have addressed this question in Kewaunee County,
Wisconsin, which is home to 16 Confined Animal Feeding
Operations (CAFOs, i.e., operations exceeding 1,000 animal
units) and more than 160 smaller farms. Each year, approximately
151,000 tons of manure solids and 784 million gallons of
liquified manure are applied onto land in the county between
the mandated spreading dates of April 15–December 31 (KCDL
and WC, 2019), serving as a repeated, press disturbance. Due
to subsequent manure runoff, local river watersheds remain at
high risk for repeated NPS pollution and are listed as impaired
waterways by the US-EPA (KCDL and WC, 2019). Additionally,
the region has a shallow, fractured karst bedrock geology that
contributes to surface-to-groundwater pollution of drinking
water wells with contaminants including nitrate, bacteria, and
viruses (Borchardt et al., 2019).

We hypothesized that (1) sediment microbial communities in
the highly impacted Kewaunee River watershed will be resilient
to press disturbance from manure fertilization runoff due to
long-term stress and adaptation to pollutants in the region;
(2) microbial community composition will shift seasonally
during the manure fertilization period toward communities
enriched with copiotrophs (such as members of the phylum
Cyanobacteria and members of the genera Pseudomonas and
Novosphingobium); and (3) potential pathogens associated with
the cattle microbiome will be detected more frequently in
freshwater sediments at river locations impacted by manure
runoff from intensive agriculture. We tested these hypotheses
using 16S rRNA gene sequencing combined with exact sequence
matching and functional inferences.

MATERIALS AND METHODS

Sediment Sampling
The three major watersheds within Kewaunee County, Wisconsin
have been fully described elsewhere (Beattie et al., 2018). Briefly,
Kewaunee County contains three primary river watersheds,
which encompassed 15 CAFO farms at the time of this
study. This work focuses primarily on locations within the
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Kewaunee River watershed due to the high impact of CAFO
farms, manure fertilized cropland, and associated runoff on the
Kewaunee River surface water ecosystem; however, we collected
additional samples immediately north and south of a CAFO
farm in northern Kewaunee County and samples outside of
the impact of CAFOs in adjacent Door County, Wisconsin.
Grab sediment samples were collected from the riverbanks of
seasonally accessible sites at a total of 19 riverine locations in
Kewaunee and Door Counties, Wisconsin in February, May,
September, and October 2017. Fourteen sample sites fall within
the Kewaunee River watershed, two sample sites fall within
the Ahnapee River watershed immediately north and south
of a CAFO farm, and three sites fall within the Red River
and Sturgeon Bay watershed which receives no impact from
CAFO farming (Beattie et al., 2018) (Supplementary Table S1
and Figure 1). These collection timepoints were chosen to
capture sediment microbial communities before the manure
fertilization period begins in Kewaunee County (pre-disturbance,
February), during the manure fertilization period (disturbance,
May), and after the predominant manure fertilization period
(post-disturbance, September and October). Sediments at these
sites are classified as silty-sandy and because sediments were
collected from the riverbank, no significant differences in flow
rate were found regardless of sampling location or season. At
each site on each date, three grab samples totaling approximately
1 kg were collected from the top 10 cm of sediment within a
1 m2 area. Sediment samples were homogenized in the field,
transported on ice, stored at 4◦C, processed in the lab within 48 h,
and subsamples were kept frozen at −20◦C. Additionally, one
composite manure sample (multiple cattle, fully homogenized
before sampling) from a dairy CAFO farm was collected in May
2017 and two composite manure samples from a < 200 head beef
farm were collected in May and September 2017 for reference.
A total of 68 sediment samples were collected for this study.

DNA Extraction
Sediment and manure were subsampled in the laboratory for
a total of two separate DNA extractions. DNA was extracted
from 0.5 g of sediment or manure using the DNeasy PowerSoil
Kit (Qiagen) according to manufacturer instructions. Duplicate
DNA extractions were pooled for downstream analyses.

DNA Sequencing and Amplicon
Sequence Mapping
Universal primers were used to amplify the V3–V4 hypervariable
region of the 16S rRNA gene followed by next generation
sequencing (NGS) (McGovern et al., 2018). Paired-end
sequencing of sediment and manure DNA was performed
by the University of Wisconsin Biotechnology Center (Madison,
WI, United States) with the Illumina MiSeq Platform. Primer
sequences were removed from the raw demultiplexed reads
using cutadapt v1.18. Reads were subsequently processed using
DADA2 v1.9 (Callahan et al., 2016). Sequences containing
ambiguous bases and phiX sequences were removed and only
those reads with a minimum base quality score of two being
retained for subsequent steps. Forward and reverse reads were

then truncated to 250 and 230 bp, respectively, and were only
retained if maximum expected errors associated with such reads
were equal to or less than three (forward) or four (reverse)
respectively. Reads were error-corrected and pooled prior to
inferring sample composition. Error-corrected reads were then
merged to yield the complete sequence spanning the sequenced
hypervariable region. Chimeric sequences were subsequently
removed prior to taxonomic annotation. Taxonomy was assigned
using the RDP classifier based on the SILVA database v132.
Species-level identification was accomplished using exact
string-matches against a customized variant of the same database
(Callahan, 2018). The resulting amplicon sequence variant (ASV)
table was further processed by removing any ASVs with less than
five reads across all samples and/or ASVs present in less than
two samples. Raw sequence data were submitted to the NCBI
Sequence Read Archive (SRA) under accession: PRJNA555250.

Potential pathogens were identified at the species level using
the DADA2 extension for 100% exact sequence matching of
sample sequences to sequenced reference strains within the Silva
database (Callahan, 2018). To identify potential pathogens within
each sample, the taxonomy assignment output file for all ASVs
was first subset to 146 genera known to contain pathogens
curated by previous studies (Li et al., 2015; Subirats et al.,
2017; Fang et al., 2018). Next, those genera were subset again
to only those ASVs mapped to species level using the strict
100% sequence matching criteria. Last, potential pathogens from
each sample were identified from known human pathogenic
species curated in the above studies followed by a confirmatory
literature search of human infection cases with identified
pathogenic species.

Pollution Indicator Measurements
Field measurements included dissolved oxygen, pH, and water
temperature (Mettler Toledo pH/ion Meter), and a portion of
these results have been reported in previous work (Beattie et al.,
2018). Agricultural pollution indicators nitrate (NO−

3 ), phosphate
(PO3−

4 ), total coliform bacteria, and E. coli were measured in
river water from sediment collection sites. Nitrate and phosphate
were measured using Ion Chromatography in unaltered water
samples (Dionex ICS-1100, Thermo Scientific). Total coliform
bacteria and E. coli were measured in 100 mL of river water within
24 h of collection using the USEPA approved Colilert Quanti-
Tray/2000 Method (United States Environmental Protection
Agency, 2010). Metal concentrations within sediments were
measured using Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) following digestion with concentrated nitric acid.

Statistical Analyses
Statistical analyses were performed in both PRIMER-E version
7 with the PERMANOVA + add on package and R version
3.5.2. The phyloseq package in R was used to calculate relative
abundances of raw ASV counts based on taxonomic classification
(McMurdie and Holmes, 2013). To determine microbial
community patterns based on beta-diversity, non-metric
multidimensional scaling (NMDS) plots were produced from
a Bray-Curtis dissimilarity matrix of ASV relative abundance
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FIGURE 1 | Sampling locations, CAFO locations, and river watershed locations in Kewaunee and Door counties, Wisconsin.

in conjunction with permuted multivariate homogeneity of
dispersions (PERMDISP) and permuted multivariate analysis
of variance (PERMANOVA). From these analyses we found
no significant differences in microbial community composition
between samples from the same river branch (Kewaunee River)
or watershed; thus we combined samples by river branch or
watershed for all downstream analyses as Branch 1, Branch
2, Branch 3, and Downstream (Kewaunee River), DD sites
(immediately north and south of a CAFO), and OKW sites
(sites outside the Kewaunee River watershed in Door County);
see Figure 1 and Supplementary Table S1 for full details.

Additionally, distance based linear models (distLM) and
distance-based redundancy analysis (dbRDA) were performed in
PRIMER-E to determine agricultural pollution factors impacting
microbial community composition variation (Clarke and Gorley,
2015). Functional Annotation of Prokaryotic Taxa (FAPROTAX)
software was used to assign putative functional roles to ASVs
(Louca et al., 2016). Briefly, FAPROTAX assigns functional roles
to ASVs at the genus or species level only if all cultured members
of that group have the assigned function. Relative functional
group abundances in each sample are then calculated as the
total ASVs assigned to a particular function normalized to the
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total number of ASVs that were assigned a functional role in a
particular sample.

Resistance and resilience measurements of sediment alpha
diversity (within sample) and beta-diversity (between samples)
pre- and post-manure fertilization disturbance were calculated
with February samples considered “pre-disturbance,” May
samples considered “disturbance,” September samples considered
“4 months post-disturbance,” and October samples “5 months
post-disturbance.” We considered May sample” disturbance” due
to the start of the fertilization period (April 15th) and the intensity
of manure fertilization at this timepoint. We postulate that no
significant difference in alpha or beta-diversity between pre-and
post-disturbance samples indicates community resistance while
a significant difference pre- and post- disturbance with a return
to the pre- disturbance state indicates community resilience.
Resistance and resilience indices at the alpha-diversity level
were calculated using estimators of sample diversity, richness,
and evenness including Chao1, ACE, Shannon, and Inverse
Simpson diversity indices. Resistance and resilience at the beta-
diversity level were estimated by calculating the difference
in beta-diversity between pre- and post-disturbance microbial
communities using both PERMANOVA (analysis of variance)
and ANOSIM (analysis of similarity) tests, as in Shade et al.
(2012b) and Zhang et al. (2017).

RESULTS AND DISCUSSION

Microbial Community Diversity,
Composition, and Function Within
Sediments Are Impacted by Pollutants
From Agricultural Land Runoff
The specific impact of microbial and chemical contamination
from manure runoff on the stability of sediment microbial
communities in freshwater ecosystems is not well-characterized.
In order to determine microbial community composition in
freshwater sediments both with and without impact from
intensive agriculture runoff over time, we collected a total
of 68 seasonal sediment samples and three representative
manure samples for 16S rRNA amplicon sequencing. ASVs
based on NGS of 16S rRNA genes were inferred from quality
filtered reads and downstream sample processing resulting
in a total of 3,545,815 sequences mapped to 16,240 distinct
ASVs. To answer our central hypotheses, we first investigated
if the varying levels of contamination in the sampled regions
impacted the microbial community diversity, composition, and
function within sediments on a spatial scale. Next, we analyzed
the community composition by river location over time to
determine if microbial communities are resistant or resilient
to manure fertilization runoff and if spatial location plays a
role in the microbial community response to this temporal
press disturbance.

In our samples, the core sediment microbial community (ASV
taxa present in at least 50% of sediment samples) is comprised
of members of the phyla Acidobacteria, Actinobacteria,
Bacteroidetes, Chloroflexi, Cyanobacteria, Proteobacteria,

and Verrucomicrobia among others. ASVs present in sediments
above 0.25% relative abundance at the genus level were
considered “highly abundant” taxa and are displayed in Figure 2.
Highly abundant taxa in sample sediments include the genera
Pseudomonas, Sulfuritalea, Novosphingobium, and Thiobacillus
from phylum Proteobacteria; Flavobacterium from the phylum
Bacteroidetes; Nitrospira from the phylum Nitrospirae; Gaiella
from the phylum Actinobacteria, and Luteolibacter from the
phylum Verrucomicrobia. Phyla Proteobacteria, Bacteroidetes,
Cyanobacteria and Verrucomicrobia are commonly reported
as abundant members of freshwater ecosystems, equating to
more than 90% of taxa in a meta-analysis (Newton et al.,
2011). Additionally, in comparison to marine and intertidal
sediments, freshwater sediments are enriched in members of
the genus Nitrospira and phylum Verrucomicrobia (Wang et al.,
2012), both of which are highly abundant in sediments from
this study. However, as Wang et al. (2012) notes, comparison
between freshwater riverine sediment studies is difficult
because these sediments have historically been the least studied
despite their functional importance. Reference manure samples
contained microbial communities that differed substantially
from the sediment core community; however, manure did
contain elevated abundances of the genera Flavobacterium and
Pseudomonas (Figure 2).

Microbial community alpha diversity (within sample
diversity) was estimated before, during and after manure
fertilization disturbance using Chao1, ACE, Shannon, and
Inverse Simpson diversity metrics within samples clustered by
sampling location (Supplementary Figure S1). When compared
within sampling location over time, the microbial community
evenness and richness of samples from both highly impacted
branches and low or non-impacted branches of the river did
not differ significantly (p > 0.05). However, the diversity of
microbial communities within sediment samples from highly
impacted locations was significantly higher (p < 0.05) 4 months
post-disturbance compared to their pre-disturbance state
(Supplementary Figures S1C,D, Branch 2 and Downstream
sites). Other studies in coastal (Galand et al., 2016) and freshwater
sediments (Zhang et al., 2017) have also found that disturbance
increases diversity in sediment microbial communities. Microbial
communities from less or non-impacted sites were relatively
stable over the course of the sampling regimen.

Spatial differences in the abundance of dominant taxa are
evident from Figure 2; thus, we investigated both spatial and
temporal patterns of the sediment microbial communities across
the three sampled watersheds. Using Bray-Curtis dissimilarity to
quantify beta diversity of sediments (between sample diversity)
we compared differences in sampling watershed, sampling
location, and sampling timepoint (pre- to post-disturbance)
for all samples. Sediments from different watersheds contained
significantly different microbial community composition
(PERMANOVA, p = 0.001 main test, p < 0.01 post hoc t-tests;
Supplementary Table S2). This suggests that spatial differences
between watersheds strongly influence sediment microbial
community structure likely due to the high proportion of
agricultural land use (non-point source pollution) and CAFO
presence (point source pollution) impacting sample locations
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FIGURE 2 | Relative abundance of sediment and manure amplicon sequence variants (ASVs) mapped to “highly abundant” genera, or those with a relative
abundance of at least 0.25% across all sediment samples displayed per sample. ASVs are named by Phylum_Genus on the y-axis and sample branch and date are
indicated with the site name on the x-axis.

within the Kewaunee River watershed (79% agricultural land,
6 CAFOs) compared to the Ahnapee River watershed samples
(71% agricultural land and 1 CAFO) and Red River-Sturgeon
Bay watershed (57% agricultural land and 0 CAFOs) (KCDL and
WC, 2019). Within the Kewaunee River watershed, we found
microbial communities are spatially and temporally structured
with significant compositional differences present between all
branches of the river but not between all months (see Figure 1
and Supplementary Table S1 for sample sites within each river
branch). Pre-disturbance and manure fertilization disturbance
samples are significantly different from both each other and
post-disturbance samples, but samples from post-disturbance
samples are not significantly different from one another (p = 0.83
post hoc t-test, Table 1). Ecological theory supports differences
in microbial community composition both over time and
with increased geographic distance (Nemergut et al., 2013);
however, the strong spatial gradients in sediments (including
gradients of agricultural pollutants) suggest that sediment
microbial communities vary more strongly on spatial scales
(Lozupone and Knight, 2007).

The impact of agricultural land runoff on sediment microbial
community composition differs spatially due to the presence
or absence of CAFOs in each watershed and differences in
agricultural land use. T Thus, we investigated the specific
taxonomic differences in ASV abundance between sediment
samples from the branch of the Kewaunee River with the
highest agricultural pollution impact (Branch 2) and the locations
least impacted by agricultural pollution (OKW sites) using
differential abundance analysis (Figure 3). A total of 412 ASVs
from 14 named phyla and 87 named genera were significantly
more abundant (adjusted p < 0.01) in Branch 2 sites of the
Kewaunee River compared to OKW sites; the effect size estimate
displayed in Figure 3 expresses the estimate of the difference
in the abundance of one ASV between Branch 2 and OKW
sampling locations. These include ASVs of genera Thiobacillus,
Methylotenera, Crenotrhix, Nitrospira, and Rhodoferax among
others. Of ASVs mapped to the species level, those that

were more abundant in Branch 2 sites include Arenimonas
aquatica, Leptothrix cholodnii, Nitrospira defluvii, Flavobacterium
flevense, Polaromonas naphthalenivorans, Zoogloea oleivorans,
Flavobacterium psychrolimnae, and Flavobacterium xinjiangense.
Members of these genera and associated higher level taxonomy
are commonly found in freshwater environments (Robertson and
Kuenen, 2006; Newton et al., 2011; Kalyuzhnaya et al., 2012) but
are frequently present in higher abundances when agricultural
pollutants are present (Wang et al., 2016; Huang et al., 2017;
Yu et al., 2017). In particular, Nitrospira taxa have been found
linked to fertilization practices in agricultural systems (Freitag
et al., 2005), and Flavobacterium taxa are enriched in dairy cattle
manure (Pandey et al., 2018), suggesting manure fertilization
practices in Kewaunee County may contribute to the elevated
abundances of these microorganisms in Branch 2.

To investigate how specific agricultural pollutants or
environmental variables influence spatial and temporal
differences in microbial community composition, we used
distance-based redundancy analysis (dbRDA; Figures 4A,B).
Concentrations of nitrate (N), dissolved oxygen (DO), total
fecal coliforms, E. coli, and 12 metals previously reported
(Beattie et al., 2018) significantly contributed to the variation
in microbial communities (Supplementary Table S2). Multiple
manure associated pollution indicators (nitrate, total fecal
coliforms, heavy metals) significantly influenced the variation
in sediment microbial community composition, together
contributing to 56.5% of the explained variation identified by
dbRDA (Figure 4A). Although microbial communities grouped
by location do appear heterogeneous on the plot rather than
forming tight clusters, Branch 2 and Downstream samples
are closely ordinated with one another and vary strongly
along dbRDA2, suggesting the spatial pattern of microbial
communities is a result of the local concentration of pollutants.
Spatial patterning within the Kewaunee River watershed was
stronger than temporal patterning within the watershed as a
whole (Figure 4B) and was consistent across all timepoints,
suggesting local concentrations of pollutants strongly select
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TABLE 1 | Microbial community composition response to manure fertilization disturbance measured by differences in beta-diversity between pre- and post-disturbance
samples within the Kewaunee River watershed.

ANOSIM*

Before disturbance Manure fertilization 4 months post 5 months post

Before disturbance 0.003 0.01 0.002

Manure fertilization 0.195 0.006 0.001

4 months post 0.144 0.135 0.782

5 months post 0.253 0.193 −0.031

*Upper triangle values represent p-values of the ANOSIM test (bolded values are significant) while lower triangle values represent the ANOSIM R statistic of differences in
beta-diversity similarity between sampling dates.

PERMANOVA +

Before disturbance Manure fertilization 4 months post 5 months post

Before disturbance 0.01 0.001 0.001

Manure fertilization 1.3759 0.018 0.001

4 months post 1.5085 1.3924 0.83

5 months post 1.5830 1.621 0.85224

+ Upper triangle values represent p-values of the PERMANOVA test (bolded values are significant) while lower triangle values represent PERMANOVA pair-wise t-tests of
differences in beta-diversity variance between sampling dates.

FIGURE 3 | Differential abundance of ASVs between Branch 2 locations (highly impacted by intensive agriculture) and OKW locations combined (no impact from
intensive agriculture) with ASVs that are significantly (p < 0.01, Benjamini–Hochberg correction) more abundant in Branch 2 displayed on the plot. Each point is the
log2 fold change ± standard error of one ASV representing the estimate of the difference in the abundance of that ASV between Branch 2 and OKW sampling
locations. Genera are listed on the x-axis and colored by phylum.

for sediment microbial community composition, similar to
the results of a multi-year study by Fortunato et al. (2012).
Temporally, some patterning is evident as samples collected
during the manure fertilization disturbance period (May)
are more separated from post-disturbance samples and are
strongly correlated with E. coli and nitrate, two indicators
of fecal contamination (Figure 4B). However, the spatial

patterning associated with key contaminants appears to be
driving the microbial community composition of Kewaunee
County sediments.

Changes in the abundance of microbial taxa within sediments
can alter key ecosystem processes due to the functional
importance of microorganisms; thus, putative microbial
community functions were analyzed via Functional Annotation
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FIGURE 4 | Distance-based redundancy analysis (db-RDA) of Kewaunee
County watershed sediment microbial communities in response to measured
environmental factors clustered by (A) river sampling location and (B)
sampling timepoint. Variables found to explain variation in microbial
community composition that were at or near significance (p < 0.1) and with
moderate to strong correlations (r2 > 0.2) are displayed in the plot (for all
variables in the model, see Supplementary Table S2).

of Prokaryotic Taxa. Functional roles inferred using FAPROTAX
were only assigned to 16.8% of ASVs in this study. However,
generalizations about dominant functions in samples and taxa
associated with those functions can be assessed. Most samples
were enriched for ASVs assigned to aerobic chemoheterotrophy
(Figures 5A,B), which can likely be attributed to the increased
carbon available from agricultural land runoff in the sampled
region as indicated by other studies (Das et al., 2017; Chen et al.,
2018). Interestingly, Branch 2 and DD sites, both highly impacted
by intensive agriculture, contained the highest relative abundance
of chemoheterotrophy functions while OKW and Branch 1 sites,
either unimpacted or less impacted by agricultural land runoff,
contained the lowest relative abundance of these functions
(Figure 5A). Additionally, chemoheterotrophy functions were
higher during disturbance than post-disturbance, supporting
our hypothesis that manure fertilization disturbance increases
available carbon sources (Figure 5B). Functions assigned to the
remainder of highly abundant genera in sediments across all
study locations (Figure 2) can be found in Table 2.

Additional functions identified in freshwater sediments
included fermentation, nitrate reduction, nitrate respiration,
and sulfate respiration (Figure 5A). Functions including nitrate
reduction and respiration were significantly more abundant
(p < 0.05) in Branch 2 samples than OKW samples, indicating

potential differences in microbial community function in
areas highly impacted by intensive agriculture compared to
unimpacted locations. This finding was also reflected by the
ASV taxa mapped to these functions including Rhodoferax and
Nitrospira which were found to be both more abundant in highly
impacted sites (i.e., Branch 2; Table 2). Nitrospira are ubiquitous
members of the nitrogen cycle, known to perform key functions
including nitrite oxidation from ammonia and facilitation of
nitrate reduction (Lücker et al., 2010), thus ammonia inputs
to freshwaters from manure runoff can increase the abundance
of members of this genus and increase the concentration
of nitrate in surface waters (Daims et al., 2015). Higher
concentrations of nitrate contribute to freshwater eutrophication
and threatens human health when present in drinking water
supplies. Rhodoferax and Thiobacillus taxa are known to reduce
iron and oxidize sulfur, respectively (Finneran et al., 2003; Yang
et al., 2010). Additionally, members of the genera Methylotenera
and Crenothrix can utilize reduced carbon sources, such as
methane, as their primary carbon source (Oshkin et al., 2015;
Oswald et al., 2017); as such, they play a major role in freshwater
carbon cycling. Together, the increased abundances of these
genera at sites highly impacted by intensive agriculture likely
reflects their functional importance and ability to utilize nutrient
inputs from agricultural land runoff in freshwater sediments.

Microbial Resistance and Resilience of
Sediments Impacted by Agricultural
Land Runoff
The manure fertilization period in Kewaunee County begins
in mid-April annually, serving as a repeated press disturbance
to surrounding ecosystems. We hypothesized that sediment
microbial communities of the highly impacted Kewaunee
River watershed would be resilient to the annual manure
fertilization disturbance because of the repeated, long-term
exposure to microbial and chemical stressors in the region. We
calculated the resistance and resilience of sediment microbial
communities, focusing on the Kewaunee River watershed, based
on alpha diversity (richness and evenness) and beta diversity
(community composition). Within sample sediment microbial
richness and evenness did not differ significantly pre- and
post-disturbance at any sampling location (Supplementary
Figures S1A,B); however, the within sample diversity at
branches highly impacted by manure fertilization disturbance
was higher by 4 months post-disturbance compared to the pre-
disturbance state (Supplementary Figures S1C,D; Branch 2
and Downstream). A deeper investigation of the resistance and
resilience of microbial community composition was estimated
using PERMANOVA and ANOSIM statistics to determine
if significant differences in the beta diversity of microbial
communities both pre-and post-disturbance existed throughout
both the entirety of the Kewaunee River watershed (temporal
differences only; Table 1) and/or by river branch location
(temporal and spatial differences; Figures 6A,B). At the
watershed level, significant differences in the beta diversity of
sediment microbial community composition between pre- and
post-disturbance samples were identified, indicating microbial
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TABLE 2 | Functions assigned to highly abundant genera via FAPROTAX.

Genus or species Assigned functions

Arenimonas Chemoheterotrophy

Crenothrix Chemoheterotrophy, hydrocarbon degredation, methanotrophy, methylotrophy

Denitratisoma oestradiolicum Chemoheterotrophy, nitrate reduction, nitrate respiration, nitrogen respiration

Ferruginibacter Chemoheterotrophy

Flavobacterium Chemoheterotrophy

Gallionella Dark iron oxidation

Geobacter Iron respiration

Leptothrix cholodnii Dark iron oxidation

Methylotenera Chemoheterotrophy, methanol oxidation, methylotrophy

Nitrospira Aerobic nitrate oxidation, nitrification

Novosphingobium Chemoheterotrophy

Pseudomonas Chemoheterotrophy

Rhodoferax ferrireducens Chemoheterotrophy, nitrate reduction, nitrate respiration, nitrogen respiration, iron respiration

Thiobacillus Dark oxidation of sulfur compounds, dark sulfide oxidation

FIGURE 5 | Relative abundance of functions assigned by FAPROTAX to each sample clustered by (A) river sampling location and (B) sampling timepoint. Mean
relative abundance ± standard error is shown for each cluster on a log scale.

Frontiers in Microbiology | www.frontiersin.org 9 October 2020 | Volume 11 | Article 539921

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-539921 October 11, 2020 Time: 10:31 # 10

Beattie et al. Resilience of Microorganisms to Disturbance

FIGURE 6 | Changes in beta-diversity based on the mean ± standard
deviation of Bray-Curtis Index (similarity) in (A) river branches receiving high
disturbance impact and (B) river branches receiving low or no disturbance
impact. Significant decreases (PERMANOVA and post hoc tests, p < 0.05) in
microbial community composition similarity within river branches between the
pre-disturbance and disturbance/post-disturbance states are indicated with *
in colors corresponding to the sampling branch; only high disturbance river
branches were significantly less similar between the pre and post-disturbance
sampling timepoints.

communities are not resilient up to 5 months after disturbance
(Table 1). Although microbial communities within pre- and post-
disturbance samples at the watershed level were significantly
dissimilar (p < 0.01), microbial community composition of the
post-disturbance samples were more similar to one another
than samples pre- or during manure fertilization disturbance
(R = −0.031, p > 0.05). This result suggests sediment microbial
communities impacted by manure fertilization disturbance reach
a new steady state by 5 months post-disturbance (Table 1).

As stated previously, the branches of the Kewaunee River
watershed are differentially impacted by manure fertilization
and agricultural runoff; thus, we analyzed if each individual
river branch displayed the same temporal pattern and lack
of resistance/resilience identified within the watershed as a
whole. We discovered that the lack of resistance and resilience
identified in Kewaunee River sediments was driven by only
two of the four branches: the highly impacted Branch 2
and Downstream. The other two, less impacted branches of
the Kewaunee River were not dissimilar over time and were

instead resistant to microbial community compositional changes
(Figure 6B). Additionally, we analyzed OKW sites which have
no impact from CAFO farming for compositional differences
pre- to post-disturbance and found that they were also not
significantly different (Figure 6B). These results clearly indicate
that the differences in microbial community composition found
pre- and post- disturbance in this study are not simply
due to seasonal temporal turnover or seasonal changes in
environmental variables but rather can be attributed to manure
fertilization disturbance because the temporal effects are only
found in branches of the river highly impacted by manure
fertilization runoff and agricultural activity. This strengthens
support for our hypothesis of manure fertilization disturbance
as the driver of changes in sediment microbial community
composition at highly impacted river locations. Additionally,
these results are supported by significant increases in the
abundance of taxa associated with nutrients or pollutants from
agricultural runoff at highly impacted locations (see Figure 4
above). Other studies have shown that microbial communities
may take several years to exhibit resilience to disturbance
(Enwall et al., 2007; Allison and Martiny, 2008; Zhang et al.,
2017). In highly impacted areas of chronic contamination
such as the Kewaunee River watershed, microbial communities
may never return to a “pre-disturbance” state as they are
continually exposed to multiple stressors from agricultural
land runoff (microbial pathogens, heavy metals, nutrients,
antibiotics, etc.).

One limitation of this study is that samples were collected
over 1 year; thus, additional sample collection over multiple
years is necessary to fully tease apart the relationship between
disturbance, resilience, and seasonal temporal turnover in
freshwater sediments. It is important to note that the temporal
changes in microbial community composition associated with
agricultural runoff disturbance in this study could also be
associated with seasonal changes that occur in temperate
regions such as Kewaunee County, WI. For example, the
concentration of dissolved oxygen in surface waters is known
to change seasonally with temperature (Rounds et al., 2013)
but also with increased concentrations of organic pollutants
(Graczyk and Sonzogni, 1991; Bricker et al., 2008). In this
study, dissolved oxygen was shown to significantly impact
variation in microbial community composition (Figure 4)
and did change significantly during each sampling timepoint,
with the highest measured concentrations in February and
the lowest in September/October (data not shown). The
Kewaunee River watershed, as a whole, displayed a temporal
trend in microbial community composition; thus, without
further investigation, one would be inclined to link seasonal
changes in environmental variable concentration with the
observed differences in microbial community composition.
However, as we note above, the strong temporal trend was
only identified in branches of the Kewaunee River that are
highly impacted by intensive agriculture disturbance. This
temporal trend disappears entirely in less impacted branches
and the unimpacted OKW sites, supporting our hypothesis that
agricultural runoff disturbance and associated spatial differences
drive changes in microbial community composition in these
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sediments, not seasonal differences. These results highlight the
complexity of analyzing the impacts of press disturbance in
natural environments.

Identified Potential Pathogenic Genera
and Species in Freshwater Sediments
Are Associated With the Cattle
Microbiome
Using manure as cropland fertilizer introduces a number of
human health risks into the environment including potential
pathogenic bacteria (Oun et al., 2014). Due to the presence of
15 CAFO operations and manure fertilized cropland throughout
the study area, we predicted that potential pathogens associated
with the cattle microbiome would be detected more frequently
in sediments at river locations impacted by agricultural runoff
from intensive agriculture. Across all samples (including manure
samples), 889 ASVs were mapped to a total of 46 genera known to
contain human pathogens equating to 5.5% of the total sequence
variants observed in this study (Supplementary Table S4). Of
the 889 ASVs, 93 (10.5%) were classified to the species level
using the strict 100% sequence matching method. Of these 93, 12
ASVs (12.9%) were identified as known human pathogen species
equating to a total of nine species (Supplementary Table S4).
We note that this method does not confirm pathogenicity
of the identified species but does confirm their presence in
these sediments.

Multiple potential human pathogens associated with the cattle
microbiome were identified to the species level in both manure
and sediment samples including Acinetobacter lwoffii, Aeromonas
sobria, and Arcobacter skirrowii (Supplementary Table S4).
Although Acinetobacter, Aeromonas, and Arcobacter genera are
ubiquitous in freshwater environments, these genera contain
opportunistic pathogens whose presence has been shown to
increase following manure pollution (McAllister and Topp, 2012;
Xiong et al., 2015). This result, together with the increased
diversity of potential pathogens within the Kewaunee River
watershed following the start of the manure fertilization period
in late April, supports our hypothesis. We anticipated the
detection of a diverse array of pathogens in Branch 2 and
Downstream of the Kewaunee River but were surprised to also
see an increase in pathogen diversity in Branch 1 due to the
lack of CAFO farms impacting these locations (Supplementary
Table S5). However, Branch 1 locations still receive agricultural
runoff from manure fertilized cropland which demonstrates
the widespread contamination in the county. Additionally,
OKW locations which are unimpacted by intensive agriculture
do not show a similar increase in pathogen diversity with
time (Supplementary Table S5). While 16S rRNA sequence
data alone cannot predict functional pathogenicity potential
of the identified species, the presence of these species and
changes in their abundance might be considered in human
health risk assessments. Pathogen contamination of freshwater
resources is estimated to impact more than 480,000 km of river
ecosystems in the United States alone (Pandey et al., 2014),
and manure is a primary source of these non-native bacteria in
freshwater environments (Cabral, 2010). In Kewaunee County,

both recreational freshwaters and groundwater drinking wells
are at risk from manure runoff contamination due to the highly
fractured karst bedrock geology. Thus, the identification and
abundance of potential pathogens from agricultural sources
should be further monitored in addition to the resistance and
resilience of sediment microbial communities to infiltration by
these potential pathogens.

CONCLUSION

Sediment microbial communities are a core, but relatively
understudied, component of freshwater ecosystems. Because
sediments serve as sites of accumulation and transfer of
pollutants and a reservoir of microorganisms (Devarajan et al.,
2015), they are excellent indicators of long-term contamination
from both point and NPS. Microbial communities within
these sediments provide additional information about the
health and functioning of the ecosystem as changes in core
microbial taxa and functions can be reflective of environmental
disturbance. In this study, we evaluated the impacts of long-
term press disturbance on sediment microbial community
composition and function in freshwater ecosystems. We found
that sediment microbial communities within the highly impacted
branches of the Kewaunee River are not resilient to manure
fertilization disturbance over short timescales but do reach
an alternative steady state. Sediment microbial community
composition also varies significantly in association with local
concentrations of agricultural pollutants. Microbial community
functions in impacted freshwater sediments included anaerobic
functions suggesting depleted dissolved oxygen and possible
eutrophication events at locations highly impacted by manure
runoff. Additionally, nine potential pathogens were identified to
the species level, three of which are known to be associated with
or originate from the cattle microbiome. Together, our results
suggest agricultural land runoff from intensive livestock farming
practices increases risks to environmental and human health by
disseminating pollutants into the ecosystem and reducing the
ability of the ecosystem to resist the influx of harmful bacteria
and toxic chemicals.

This study does have a few limitations including the short
timescale of the study and seasonal sampling. Additionally,
calculating resistance and resilience under a natural press
disturbance is difficult due to the continual contamination
in the region and a lack of clearly defined “disturbance”
timepoints. However, despite these limitations, the results
presented here provide a strong case demonstrating the impact
of press disturbance in freshwater sediments indicating microbial
communities lose their potential to resist long-term, repeated
stressors which alters ecosystem health and functioning.

This study highlights the impact of intensive agricultural
contamination on the freshwater sediment microbial
communities that serve as drivers of ecosystem processes.
Further environmental monitoring is needed to determine the
mechanism of specific biological and chemical drivers that
contribute to decreased water quality and their impact on the
resistance and resilience of freshwater microbial communities
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following pulse and press disturbances. Results from this
study suggest that microbial communities exposed to repeated,
long-term environmental manure contamination do not fully
recover by five most post-disturbance, indicating that manure
fertilization policies need to be re-evaluated to reduce exposure
in surrounding ecosystems. Preventative measures, including
construction of wetlands, buffer strips, and winter cover crop
planting, aimed at reducing chemical and microbiological
pollutants from manure runoff into freshwater sources should be
implemented to protect environmental and human health.

DATA AVAILABILITY STATEMENT

Raw sequence data generated for this study were submitted
to the NCBI Sequence Read Archive (SRA) under accession:
PRJNA555250.

AUTHOR CONTRIBUTIONS

KH and RB designed the sampling regimen and identified
collection locations. RB collected and processed samples and
wrote the initial manuscript draft. RB and AB analyzed sequence
data and performed statistical analysis. KH, AB, and SS
edited and provided suggestions for the final version of the

manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This research was supported by a Marquette University
Innovation Grant Number P017 (PI: Hristova). RB was supported
by a US Department of Education Graduate Assistance in Areas
of National Need (GAANN) fellowship.

ACKNOWLEDGMENTS

The authors would like to thank Marquette University
undergraduate students Ellen Bakke and Rebecca Thill and for
assistance with sample collection. They also thank the University
of Wisconsin Biotechnology Center DNA Sequencing Facility for
providing 16S rRNA sequencing facilities and services.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2020.539921/full#supplementary-material

REFERENCES
Allison, S. D., and Martiny, J. B. H. (2008). Resistance, resilience, and redundancy

in microbial communities. Proc. Natl. Acad. Sci. U.S.A. 105(Suppl. 1), 11512–
11519.

Beattie, R. E., Walsh, M., Cruz, M. C., McAliley, L. R., Dodgen, L., Zheng,
W., et al. (2018). Agricultural contamination impacts antibiotic resistance
gene abundances in river bed sediment temporally. FEMS Microbiol. Ecol. 94:
fiy131.

Borchardt, M. A., Hunt, R. J., Bonness, D. E., Firnstahl, A. D., Kieke, B. A., Owens,
D. W., et al. (2019). Assessing Groundwater Quality in Kewaunee County,
Wisconsin and Characterizing the Timing and Variability of Enteric Pathogen
Contamination within the Dolomite Aquifer in Northeastern Wiscons, Vol. 227.
Madison, WI: University of Wisconsin-Madison, 138.

Bricker, S. B., Longstaff, B., Dennison, W., Jones, A., Boicourt, K., Wicks, C., et al.
(2008). Effects of nutrient enrichment in the nation’s estuaries: a decade of
change. Harmful Algae 8, 21–32. doi: 10.1016/j.hal.2008.08.028

Cabral, J. P. (2010). Water microbiology. Bacterial pathogens and water. Int. J.
Environ. Res. Public Health 7, 3657–3703. doi: 10.3390/ijerph7103657

Callahan, B. J. (2018). Silva Taxonomic Training Data Formatted for DADA2 (Silva
version 132). Geneva: Zenodo.

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina
amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Chen, W., Wilkes, G., Khan, I. U. H., Pintar, K. D. M., Thomas, J. L., Lévesque,
C. A., et al. (2018). Aquatic bacterial communities associated with land use
and environmental factors in agricultural landscapes using a metabarcoding
approach. Front. Microbiol. 9:2301. doi: 10.3389/fmicb.2018.02301

Clarke, K. R., and Gorley, R. N. (2015). PRIMER v7: User Manual/Tutorial.
Plymouth: PRIMER-E, 296.

Daims, H., Lebedeva, E. V., Pjevac, P., Han, P., Herbold, C., Albertsen, M., et al.
(2015). Complete nitrification by Nitrospira bacteria. Nature 528, 504–509.
doi: 10.1038/nature16461

Das, S., Jeong, S. T., Das, S., and Kim, P. J. (2017). Composted cattle manure
increases microbial activity and soil fertility more than composted swine

manure in a submerged rice paddy. Front. Microbiol. 8:1702. doi: 10.3389/fmicb.
2017.01702

Devarajan, N., Laffite, A., Graham, N. D., Meijer, M., Prabakar, K., Mubedi, J. I.,
et al. (2015). Accumulation of clinically relevant antibiotic-resistance genes,
bacterial load, and metals in freshwater lake sediments in Central Europe.
Environ. Sci. Technol. 49, 6528–6537. doi: 10.1021/acs.est.5b01031

Dolman, A. M., Rücker, J., Pick, F. R., Fastner, J., Rohrlack, T., Mischke, U.,
et al. (2012). Cyanobacteria and cyanotoxins: the influence of nitrogen versus
phosphorus. PLoS One 7:e38757. doi: 10.1371/journal.pone.0038757

Enwall, K., Nyberg, K., Bertilsson, S., Cederlund, H., Stenström, J., and Hallin,
S. (2007). Long-term impact of fertilization on activity and composition of
bacterial communities and metabolic guilds in agricultural soil. Soil Biol.
Biochem. 39, 106–115. doi: 10.1016/j.soilbio.2006.06.015

Fang, T., Cui, Q., Huang, Y., Dong, P., Wang, H., Liu, W. T., et al. (2018).
Distribution comparison and risk assessment of free-floating and particle-
attached bacterial pathogens in urban recreational water: implications for water
quality management. Sci. Total Environ. 61, 428–438. doi: 10.1016/j.scitotenv.
2017.09.008

Finneran, K. T., Johnsen, C. V., and Lovley, D. R. (2003). Rhodoferax ferrireducens
sp. nov., a psychrotolerant, facultatively anaerobic bacterium that oxidizes
acetate with the reduction of Fe(III). Int. J. Syst. Evol. Microbiol. 53, 669–673.
doi: 10.1099/ijs.0.02298-0

Fortunato, C. S., Herfort, L., Zuber, P., Baptista, A. M., and Crump, B. C.
(2012). Spatial variability overwhelms seasonal patterns in bacterioplankton
communities across a river to ocean gradient. ISME J. 6, 554–563. doi: 10.1038/
ismej.2011.135

Freitag, T. E., Chang, L., Clegg, C. D., and Prosser, J. I. (2005). Influence of
inorganic nitrogen management regime on the diversity of nitrite-oxidizing
bacteria in agricultural grassland soils. Appl. Environ. Microbiol. 71, 8323–8334.
doi: 10.1128/aem.71.12.8323-8334.2005

Galand, P. E., Lucas, S., Fagervold, S. K., Peru, E., Pruski, A. M., Vétion, G., et al.
(2016). Disturbance increases microbial community diversity and production
in marine sediments. Front. Microbiol. 7:1950. doi: 10.3389/fmicb.2016.01950

Giacometti, F., Lucchi, A., Di Francesco, A., Delogu, M., Grilli, E., Guarniero,
I., et al. (2015). Arcobacter butzleri, Arcobacter cryaerophilus, and Arcobacter

Frontiers in Microbiology | www.frontiersin.org 12 October 2020 | Volume 11 | Article 539921

https://www.frontiersin.org/articles/10.3389/fmicb.2020.539921/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.539921/full#supplementary-material
https://doi.org/10.1016/j.hal.2008.08.028
https://doi.org/10.3390/ijerph7103657
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.3389/fmicb.2018.02301
https://doi.org/10.1038/nature16461
https://doi.org/10.3389/fmicb.2017.01702
https://doi.org/10.3389/fmicb.2017.01702
https://doi.org/10.1021/acs.est.5b01031
https://doi.org/10.1371/journal.pone.0038757
https://doi.org/10.1016/j.soilbio.2006.06.015
https://doi.org/10.1016/j.scitotenv.2017.09.008
https://doi.org/10.1016/j.scitotenv.2017.09.008
https://doi.org/10.1099/ijs.0.02298-0
https://doi.org/10.1038/ismej.2011.135
https://doi.org/10.1038/ismej.2011.135
https://doi.org/10.1128/aem.71.12.8323-8334.2005
https://doi.org/10.3389/fmicb.2016.01950
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-539921 October 11, 2020 Time: 10:31 # 13

Beattie et al. Resilience of Microorganisms to Disturbance

skirrowii circulation in a dairy farm and sources of milk contamination. Appl.
Environ. Microbiol. 81, 5055–5063. doi: 10.1128/aem.01035-15

Graczyk, D. J., and Sonzogni, W. C. (1991). Reduction of dissolved oxygen
concentration in wisconsin streams during summer runoff. J. Environ, Qual.
20, 445–451. doi: 10.2134/jeq1991.00472425002000020018x

Graham, J. L., Ziegler, A. C., Loving, B. L., and Loftin, K. A. (2012). Fate
and Transport of Cyanobacteria and Associated Toxins and Taste-and-Odor
Compounds From Upstream Reservoir Releases in the Kansas River, Kansas,
September and October 2011. U.S. Geological Survey Scientific Investigations
Report 2012–5129. Lawrence, KS: U.S. Geological Survey.

Guimarães, F. F., Manzi, M. P., Joaquim, S. F., Richini-Pereira, V. B., and
Langoni, H. (2017). Short communication: outbreak of methicillin-resistant
Staphylococcus aureus (MRSA)-associated mastitis in a closed dairy herd.
J. Dairy Sci. 100, 726–730. doi: 10.3168/jds.2016-11700

Havens, K. E. (2008). Cyanobacteria Blooms: Effects on Aquatic Ecosystems.
New York, NY: Springer, 619.

Henson, M. W., Hanssen, J., Spooner, G., Fleming, P., Pukonen, M., Stahr, F., et al.
(2018). Nutrient dynamics and stream order influence microbial community
patterns along a 2914 kilometer transect of the Mississippi River. Limnol.
Oceanogr. 63, 1837–1855. doi: 10.1002/lno.10811

Huang, W., Chen, X., Jiang, X., and Zheng, B. (2017). Characterization of
sediment bacterial communities in plain lakes with different trophic statuses.
Obiologyopen 6:e00503. doi: 10.1002/mbo3.503

Igbinosa, I. H., Igumbor, E. U., Aghdasi, F., Tom, M., and Okoh, A. I. (2012).
Emerging Aeromonas species infections and their significance in public health.
ScientificWorldJournal 2012:25023.

Kalyuzhnaya, M. G., Beck, D. A. C., Vorobev, A., Smalley, N., Kunkel, D. D.,
Lidstrom, M. E., et al. (2012). Novel methylotrophic isolates from lake sediment,
description of Methylotenera versatilis sp. nov. and emended description of the
genus Methylotenera. Int. J. Syst. Evol. Microbiol. 62, 106–111. doi: 10.1099/ijs.
0.029165-0

KCDL and WC (2019). 2020-2029 Draft Plan and Updates for the Kewaunee
County Land and Water Resource Management Plan. Kewaunee, Wisconsin:
Land Conservation Committee of Kewaunee County, 1–144.

Klotz, P., Göttig, S., Leidner, U., Semmler, T., Scheufen, S., and Ewers, C. (2017).
Carbapenem-resistance and pathogenicity of bovine Acinetobacter indicus-like
isolates. PLoS One 12:e0171986. doi: 10.1371/journal.pone.0171986

Le, H. T. V., Maguire, R. O., and Xia, K. (2018). Method of dairy manure
application and time before rainfall affect antibiotics in surface runoff.
J. Environ. Qual. 47, 1310–1317. doi: 10.2134/jeq2018.02.0086

Li, B., Ju, F., Cai, L., and Zhang, T. (2015). Profile and fate of bacterial pathogens in
sewage treatment plants revealed by high-throughput metagenomic approach.
Environ. Sci. Technol. 49, 10492–10502. doi: 10.1021/acs.est.5b02345

Louca, S., Parfrey, L. W., and Doebeli, M. (2016). Decoupling function and
taxonomy in the global ocean microbiome. Science 353, 1272–1277. doi: 10.
1126/science.aaf4507

Lourenço, K. S., Suleiman, A. K. A., Pijl, A., van Veen, J. A., Cantarella, H., and
Kuramae, E. E. (2018). Resilience of the resident soil microbiome to organic
and inorganic amendment disturbances and to temporary bacterial invasion.
Microbiome 6, 142–142.

Lozupone, C. A., and Knight, R. (2007). Global patterns in bacterial diversity. Proc.
Natl. Acad. Sci. U.S.A. 104, 11436–11440. doi: 10.1073/pnas.0611525104

Lücker, S., Wagner, M., Maixner, F., Pelletier, E., Koch, H., Vacherie, B., et al.
(2010). A Nitrospira metagenome illuminates the physiology and evolution of
globally important nitrite-oxidizing bacteria. Proc. Natl. Acad. Sci. U.S.A. 107,
13479–13484. doi: 10.1073/pnas.1003860107

Manyi-Loh, C. E., Mamphweli, S. N., Meyer, E. L., Makaka, G., Simon, M., and
Okoh, A. I. (2016). An overview of the control of bacterial pathogens in cattle
manure. Int. J. Environ. Res. Public Health 13:843. doi: 10.3390/ijerph13090843

McAllister, T. A., and Topp, E. (2012). Role of livestock in microbiological
contamination of water: commonly the blame, but not always the source. Anim.
Front. 2, 17–27. doi: 10.2527/af.2012-0039

McGovern, E., Waters, S. M., Blackshields, G., and McCabe, M. S. (2018).
Evaluating established methods for rumen 16S rRNA amplicon sequencing with
mock microbial populations. Front. Microbiol. 9:1365. doi: 10.3389/fmicb.2018.
01365

McMurdie, P. J., and Holmes, S. (2013). phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:e61217. doi: 10.1371/journal.pone.0061217

Mooshammer, M., Hofhansl, F., Frank, A. H., Wanek, W., Hämmerle, I., Leitner,
S., et al. (2017). Decoupling of microbial carbon, nitrogen, and phosphorus
cycling in response to extreme temperature events. Sci Adv. 3:e1602781. doi:
10.1126/sciadv.1602781

Nealson, K. H. (1997). Sediment bacteria: who’s there, what are they doing, and
what’s new? Annu. Rev. Earth Planet Sci. 25, 403–434. doi: 10.1146/annurev.
earth.25.1.403

Nemergut, D. R., Schmidt, S. K., Fukami, T., O’Neill, S. P., Bilinski, T. M., Stanish,
L. F., et al. (2013). Patterns and processes of microbial community assembly.
Microbiol. Mol. Biol. Rev. 77, 342–356.

Newton, R. J., Jones, S. E., Eiler, A., McMahon, K. D., and Bertilsson, S. (2011). A
guide to the natural history of freshwater lake bacteria. Microbiol. Mol. Biol. Rev.
75, 14–49. doi: 10.1128/mmbr.00028-10

Noe, G. B., and Hupp, C. R. (2005). Carbon, nitrogen, and phosphorus
accumulation in floodplains of Atlantic Coastal Plain rivers, USA. Ecol. Appl.
15, 1178–1190. doi: 10.1890/04-1677

Oshkin, I. Y., Beck, D. A. C., Lamb, A. E., Tchesnokova, V., Benuska, G., McTaggart,
T. L., et al. (2015). Methane-fed microbial microcosms show differential
community dynamics and pinpoint taxa involved in communal response. ISME
J. 9, 1119–1129. doi: 10.1038/ismej.2014.203

Oswald, K., Graf, J. S., Littmann, S., Tienken, D., Brand, A., Wehrli, B., et al. (2017).
Crenothrix are major methane consumers in stratified lakes. ISME J. 11:2124.
doi: 10.1038/ismej.2017.77

Oun, A., Kumar, A., Harrigan, T., Angelakis, A., and Xagoraraki, I. (2014). Effects
of biosolids and manure application on microbial water quality in rural areas in
the US. Water 6, 3701–3723. doi: 10.3390/w6123701

Pandey, P., Chiu, C., Miao, M., Wang, Y., Settles, M., del Rio, N. S., et al. (2018).
16S rRNA analysis of diversity of manure microbial community in dairy farm
environment. PLoS One 13:e0190126. doi: 10.1371/journal.pone.0190126

Pandey, P. K., Kass, P. H., Soupir, M. L., Biswas, S., and Singh, V. P. (2014).
Contamination of water resources by pathogenic bacteria. AMB Express 4:51.

Pruden, A., Larsson, D. G. J., Amézquita, A., Collignon, P., Brandt, K. K., Graham,
D. W., et al. (2013). Management options for reducing the release of antibiotics
and antibiotic resistance genes to the environment. Environ. Health Perspect.
121, 878–885.

Reinold, M., Wong, H. L., MacLeod, F. I., Meltzer, J., Thompson, A., and Burns,
B. P. (2019). The vulnerability of microbial ecosystems in a changing climate:
potential impact in shark bay. Life 9:71.

Robertson, L. A., and Kuenen, J. G. (2006). “The Genus Thiobacillus,” in The
Prokaryotes: Volume 5: Proteobacteria: Alpha and Beta Subclasses, eds M.
Dworkin, S. Falkow, E. Rosenberg, K.-H. Schleifer, and E. Stackebrandt
(New York, NY: Springer New York), 812–827.

Rocca, J. D., Simonin, M., Blaszczak, J. R., Ernakovich, J. G., Gibbons, S. M.,
Midani, F. S., et al. (2019). The microbiome stress project: toward a global meta-
analysis of environmental stressors and their effects on microbial communities.
Front. Microbiol. 9:3272. doi: 10.3389/fmicb.2018.03272

Rounds, S. A., Wilde, F. D., and Ritz, G. F. (2013). Dissolved Oxygen (ver. 3.0):
U.S. Geological Survey Techniques of Water Resources Investigations, Book 9,
Chap. A6, Sec. 6.2. Available online at: http://water.usgs.gov/owq/FieldManual/
Chapter6/6.2_v3.0.pdf

Santillan, E., Seshan, H., Constancias, F., Drautz-Moses, D. I., and Wuertz, S.
(2019). Frequency of disturbance alters diversity, function, and underlying
assembly mechanisms of complex bacterial communities. npj Biofilms Microb.
5:8.

Saxena, G., Marzinelli, E. M., Naing, N. N., He, Z., Liang, Y., Tom, L., et al. (2015).
Ecogenomics reveals metals and land-use pressures on microbial communities
in the waterways of a megacity. Environ. Sci. Technol. 49, 1462–1471.

Shade, A., Peter, H., Allison, S., Baho, D., Berga, M., Buergmann, H., et al.
(2012a). Fundamentals of microbial community resistance and resilience.
Front. Microbiol. 3:417. doi: 10.3389/fmicb.2012.00417

Shade, A., Read, J. S., Youngblut, N. D., Fierer, N., Knight, R., Kratz, T. K., et al.
(2012b). Lake microbial communities are resilient after a whole-ecosystem
disturbance. ISME J. 6, 2153–2167.

Subirats, J., Triado-Margarit, X., Mandaric, L., Acuna, V., Balcazar, J. L., Sabater,
S., et al. (2017). Wastewater pollution differently affects the antibiotic resistance
gene pool and biofilm bacterial communities across streambed compartments.
Mol. Ecol. 26, 5567–5581.

United States Environmental Protection Agency (2010). EPA Region 4 (Science
and Ecosystem Support Division) Approval of Colilert-18 for the Detection and

Frontiers in Microbiology | www.frontiersin.org 13 October 2020 | Volume 11 | Article 539921

https://doi.org/10.1128/aem.01035-15
https://doi.org/10.2134/jeq1991.00472425002000020018x
https://doi.org/10.3168/jds.2016-11700
https://doi.org/10.1002/lno.10811
https://doi.org/10.1002/mbo3.503
https://doi.org/10.1099/ijs.0.029165-0
https://doi.org/10.1099/ijs.0.029165-0
https://doi.org/10.1371/journal.pone.0171986
https://doi.org/10.2134/jeq2018.02.0086
https://doi.org/10.1021/acs.est.5b02345
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1073/pnas.0611525104
https://doi.org/10.1073/pnas.1003860107
https://doi.org/10.3390/ijerph13090843
https://doi.org/10.2527/af.2012-0039
https://doi.org/10.3389/fmicb.2018.01365
https://doi.org/10.3389/fmicb.2018.01365
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1126/sciadv.1602781
https://doi.org/10.1126/sciadv.1602781
https://doi.org/10.1146/annurev.earth.25.1.403
https://doi.org/10.1146/annurev.earth.25.1.403
https://doi.org/10.1128/mmbr.00028-10
https://doi.org/10.1890/04-1677
https://doi.org/10.1038/ismej.2014.203
https://doi.org/10.1038/ismej.2017.77
https://doi.org/10.3390/w6123701
https://doi.org/10.1371/journal.pone.0190126
https://doi.org/10.3389/fmicb.2018.03272
http://water.usgs.gov/owq/FieldManual/Chapter6/6.2_v3.0.pdf
http://water.usgs.gov/owq/FieldManual/Chapter6/6.2_v3.0.pdf
https://doi.org/10.3389/fmicb.2012.00417
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-539921 October 11, 2020 Time: 10:31 # 14

Beattie et al. Resilience of Microorganisms to Disturbance

Enumeration of Fecal Coliforms in Wastewater Samples; Revision 3. Washington,
DC: United States Environmental Protection Agency.

USEPA (2017). Nonpoint Source: Agriculture. Avaliable at: https://www.epa.gov/
nps/nonpoint-source-agriculture (accessed November 18, 2019).

Wang, Y., Li, P., Jiang, Z., Sinkkonen, A., Wang, S., Tu, J., et al. (2016). Microbial
community of high arsenic groundwater in agricultural irrigation area of hetao
plain. Inner Mongolia. Front. Microbiol. 7:1917. doi: 10.3389/fmicb.2016.01917

Wang, Y., Sheng, H.-F., He, Y., Wu, J.-Y., Jiang, Y.-X., Tam, N. F.-Y., et al. (2012).
Comparison of the levels of bacterial diversity in freshwater, intertidal wetland,
and marine sediments by using millions of illumina tags. Appl. Environ.
Microbiol. 78, 8264–8271.

Xiong, W., Sun, Y., Ding, X., Wang, M., and Zeng, Z. (2015). Selective pressure of
antibiotics on ARGs and bacterial communities in manure-polluted freshwater-
sediment microcosms. Front. Microbiol. 6:194. doi: 10.3389/fmicb.2015.
00194

Yang, Z.-H., StÖVen, K., Haneklaus, S., Singh, B. R., and Schnug, E. (2010).
Elemental sulfur oxidation by Thiobacillus spp. and aerobic heterotrophic
sulfur-oxidizing bacteria. Pedosphere 20, 71–79.

Yu, S.-X., Pang, Y.-L., Wang, Y.-C., Li, J.-L., and Qin, S. (2017). Spatial variation of
microbial communities in sediments along the environmental gradients from
Xiaoqing River to Laizhou Bay. Mar. Pollut. Bull. 120, 90–98.

Zhang, N., Xiao, X., Pei, M., Liu, X., and Liang, Y. (2017). Discordant temporal
turnovers of sediment bacterial and eukaryotic communities in response to
dredging: nonresilience and functional changes. Appl. Environ. Microbiol.
83:AEM.02526-16.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Beattie, Bandla, Swarup and Hristova. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 October 2020 | Volume 11 | Article 539921

https://www.epa.gov/nps/nonpoint-source-agriculture
https://www.epa.gov/nps/nonpoint-source-agriculture
https://doi.org/10.3389/fmicb.2016.01917
https://doi.org/10.3389/fmicb.2015.00194
https://doi.org/10.3389/fmicb.2015.00194
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Freshwater Sediment Microbial Communities Are Not Resilient to Disturbance From Agricultural Land Runoff
	Introduction
	Materials and Methods
	Sediment Sampling
	DNA Extraction
	DNA Sequencing and Amplicon Sequence Mapping
	Pollution Indicator Measurements
	Statistical Analyses

	Results and Discussion
	Microbial Community Diversity, Composition, and Function Within Sediments Are Impacted by Pollutants From Agricultural Land Runoff
	Microbial Resistance and Resilience of Sediments Impacted by Agricultural Land Runoff
	Identified Potential Pathogenic Genera and Species in Freshwater Sediments Are Associated With the Cattle Microbiome

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


