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SUMMARY Increasing anthropogenic activities, particularly those associated with
urbanization, have increased ecological strain on near-urban freshwater wetlands. Despite
wetlands being ecologically significant environments with key functions like habitat
preservation, water quality enhancement, nutrient cycling properties, and regulatory roles in
maintaining greenhouse gas budgets, research characterizing the microbial diversity of
wetland soils and the impact of urbanization on these communities is not well established. To
address this gap, this paper aims to investigate the impact of proximity to population centers
on the microbial community and environmental conditions of wetlands. To explore the
relationships between human population density and freshwater wetland microbial
environments, alpha and beta diversity metrics between urban and rural sites in the state of
New York were assessed. Moreover, differential abundance of microbes between sites were
quantified, and a correlation analysis between pH, nitrogen content and soil saturation was
conducted. We show that richness and evenness are significantly higher in the urban sites
compared to the rural sites. In addition, differential analysis revealed an enrichment of taxa
such as Spirochaetales and Methanosarcinales at urban and rural sites, respectively. Lastly a
positive correlation was observed with soil saturation and pH across genera Aidingimonas,
Flavobacterium, and Sphingomonas in Owego, a rural site. These findings are inconsistent
with our hypothesis and demonstrate that microbial diversity in urban sites increases
compared to rural sites which permits the selection of various taxa. Ultimately, this paper
highlights the intricate nature of microbial wetland systems, emphasizing the need for further
research into the impact of increased urbanization and population density on native wetland
microbial communities and their functionality at an ecological scale.

INTRODUCTION

W etlands are defined as soil areas covered by water all-year or for varying periods of
time during the year (https://www.epa.gov/wetlands/what-wetland). Wetlands are
ecologically significant environments and play important roles in protecting and improving
water quality, providing habitat to aquatic and terrestrial wildlife, and act as a buffer against
storms and other natural catastrophes that could disrupt coastlines (1). Wetlands play an
influential ecological role because of their high productivity, their nutrient recycling
properties, and their role in the regulation of global greenhouse gas budgets (2).
Many of the qualities of wetlands stem from their dependence on soil microbial
communities, which play a notable role in regulating the cycling, retention, and release of
major nutrients and carbon in freshwater wetlands, while also influencing water quality and
global carbon cycling. Wetland plant roots often create oxic-anoxic conditions, which allows ~ Published Online: September 2023
for the simultaneous activity of both aerobic and anaerobic microbial communities (2). There ~ Citation: Balaji, Banka, Kuder, Sidhu. 2023.
are various environmental factors that contribute to microbial community structure in I:g:;?f:yl 22:2;1;?: ;Zi}uﬁsro;l S? :;S;rye;;water
wetlands, such as soil salinity, pH, temperature, organic carbon (CH4) content, inorganic  wetands. UJEMI 28:1-13
carbon (COy) content, ion concentrations, and nutrient concentration (3). In this study, We  ggitor: Lauren Pugsley and Shruti Sandilya, University of
focused on the following environmental variables: soil nitrate and ammonia concentrations, British Columbia
soil saturation, nitrogen in microbial biomass, and pH and investigated how these factors Copyright: © 2023 Undergraduate Journal of
change with population density. Experimental Microbiology and Immunology. All Rights

. . . . . . Reserved.
Previous studies have shown that nitrate and nitrite concentrations are important as they

. e o . . . Add dence to:
serve as major substrates for nitrifying and denitrifying bacteria, which play important A
biogeochemical cycling roles in wetland ecosystems, especially when experiencing periodic
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flooding and drying (4). In general, the addition of soil nitrogen indirectly affects soil
microbial functions by altering carbon turnover rates and microbial growth rates more
generally (5). Nitrogen availability enhances other soil carbon processes that determine what
bacterial genera dominate the soil environment. However, not enough research has been
conducted to find explicit correlations between microbial diversity and nitrogen in microbial
biomass (5). Regarding soil saturation, this cannot be easily correlated to increases or
decreases in microbial diversity (6). This is true because moisture content has both indirect
and direct impacts on other variables, such as ion concentrations and nutrient concentrations.
This does not necessarily impact diversity, however, it may produce changes in which
bacterial groups dominate a specific environment (6). Soil pH has also been found to be a
major variable controlling microbial community structure. Previous studies have shown that
different pHs can select for different groups of bacteria to dominate, which may determine
differences in microbial community structure between rural and urban sites (7).

In wetlands, dominant bacterial taxa typically include Chloroflexi, Proteobacteria
(Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and Deltaproteobacteria),
Actinobacteria, Acidobacteria, Firmicutes, and Cyanobacteria (8). Generally, Acidobacteria
have been found to be the most abundant phylum in freshwater wetland soils, followed by
Alphaproteobacteria, Actinobacteria, Betaproteobacteria, and Chloroflexi (Green Non-Sulfur
Bacteria) (8). Some research has suggested that there is decreased diversity in less disturbed
wetlands (rural wetlands), as the abundance of some phyla (eg. Acidobacteria) increases
relative to the other phyla (8). However, the diversity and functionality of microbial
communities in wetland systems is highly unexplored and the factors that contribute to
variance in microbial composition, diversity, and functionality still require more research to
draw more conclusive relationships between variables (2).

Soils near urban systems tend to have higher nutrient and pollutant content which
microbial communities are extremely sensitive to (9). The scale of difference will depend on
the mixing and diffusion rates of the wetlands being sampled; higher mixing and diffusion
would result in a more homogenous environment further from a chemical source, and a
subsequently more homogenous microbial community (9, 10). Previous studies have had
contrasting results when assessing the relationship between proximity to population dense
areas and microbial community structure. Some studies have suggested that environments
with higher heterogeneity (urban areas) can promote the dispersal of bacterial species and the
diversification of bacterial community functionality, which would lead to higher diversity
(11). However, other studies have shown that urbanization increases habitat heterogeneity,
and have shown to result in lower levels of diversity due to extensive selective pressures (11).
Nevertheless, the association between population density and microbial community structure
still remains unclear.

With this knowledge gap in mind, we wanted to determine the impact of population
density on microbial community composition and diversity in samples collected from both
rural and urban wetland samples. Prior to analyzing our dataset, we hypothesized that (i)
microbial community composition and diversity would be higher in rural wetland samples,
compared to urban samples, and (ii) microbial functional diversity would be affected by
specific environmental variables, with some being more influential than others in altering
community structure (eg. pH, nitrogen content). We found that microbial community
composition and diversity between both rural sites and between both urban sites that we chose
were similar. However, surprisingly, we found that there were greater differences in microbial
community composition and diversity in urban wetland samples closer to population dense
areas.

METHODS AND MATERIALS

Dataset and metadata. The original dataset was compiled by Ballantine et a/, but no research
article was published with this dataset. The study’s metadata file contained information on
several environmental variables such as latitude, longitude, elevation, exchange capacity,
conductivity, nitrate and ammonium levels, carbon content, CH4 flux, CO, flux, microbial
biomass, pH, etc. We focused particularly on the metadata categories of pH, nitrogen content
(nitrate and ammonium), nitrogen in microbial biomass, and soil saturation (moisture).
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Metadata filtering and Binning. The first step was to remove any sample locations that had
“Missing” or “Not Provided” data values for any of our variables of interest (soil nitrogen
concentrations, soil saturation, nitrogen in microbial biomass, and pH). The resulting filtered
data locations were then mapped and compared to New York State population data (2021)
from the US Census Bureau to determine binning criteria (12). Four binning locations were
chosen based on population density and data clumping (Fig 1). Two urban bins were created
by binning data within a 25km radius of Auburn and Ithaca respectively; these sites were
chosen as both Auburn and Ithaca have a population density more than 3000 people/km?.
Two rural bins were created by grouping data within a 30km radius of Owego and Cuyler.
These locations had a population density less than 700 people/km?. We used a larger radius
for rural bins to maintain an even sampling depth between all binning locations. After
filtering, 49 sites remained for downstream analysis compared to the original 192 sites
sampled.
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FIG. 1 Binning sites in New York Wetlands. Binning locations are grouped by color and circle. After
determining population centers, sample sites located within a 25km radius of population centers were binned
together (Auburn and Ithaca). Sample sites within a 30km radius of designated urban areas were grouped together
(Owego and Cuyler). Red represents sample sites which were placed in the auburn_urban bin. Green represents
sample sites placed in the cuyler rural bin. Blue represents sample sites placed in the ithaca urban bin. Purple

represents sample sites placed in the owego_rural bin.

Data processing using the QIIME? pipeline & R Studio. We utilized the QIIME2 software
to import and demultiplex the 16S rRNA single-ended sequences from the wetlands dataset
(13). We then conducted sequence quality control using Divisive Amplicon Denoising
Algorithm 2 (DADA?2), and chose a truncation length of 125 nucleotides (14). This length
was chosen because it was the maximum sequence length that could be applied while
retaining sufficient sequence quality. We then generated a feature table of sequences that
further went taxonomy-based filtering to remove mitochondrial and chloroplast sequences
from our dataset. The final step we conducted in QIIME2 was the generation of phylogenetic
trees, which we then imported into R, along with our feature sequence table, our taxonomy
file, and our metadata file (13). In R, we generated an alpha rarefaction plot using a sampling
depth of 250,000 which was chosen to sufficiently capture our sample richness (15). This
value was chosen to be the minimum sequencing depth at which all samples showed optimal
richness, while retaining enough samples for each rural and urban site that we analyzed. These
steps are outlined in Script #0 (see Supplemental 3).
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Alpha Diversity analysis. RStudio was used to conduct alpha diversity analysis on our filtered
datasets generated in QIIME2 (13, 15). Using our filtered feature table, Shannon, Chaol,
ACE, Simpson, InvSimpson, and Fisher diversity metrics to assess whether the results were
significant between Auburn and Cuyler, and Ithaca and Owego.

Beta Diversity analysis. RStudio was used to produce beta diversity metrics based on the
binID column for the filtered dataset (15). Bray-Curtis, Jaccard, and Unifrac diversity
statistics were used to compare samples based on binlD. Adonis2 was then used to measure
the statistical significance of the results comparing Auburn and Cuyler, and Ithaca and Owego
(16). When using Adonis2, we also set the total number of permutations to 10,000 (16).
RStudio steps for this step are outlined in Script #1R (see Supplemental 4).

Classify differential relative abundance through taxonomic analysis. Bioconductor
packages ‘Phyloseq’ and ‘DESeq2’ were used in RStudio to analyze the differential
abundance of microbial communities between urban and rural site pairings (17, 18). A
phyloseq object was created with the generated taxonomic information, OTU table,
phylogenetic tree, and provided metadata of samples of interest; OTU values were then
transformed using a pseudocount of one (18). This object was then filtered to provide isolated
comparisons between rural and urban site pairings (urban site Auburn and rural site Cuyler;
urban site Ithaca and rural site Owego). Filtered sites were subjected to a Wald test in DESeq2
for an analysis of how microbial abundance changes between samples (17). The results were
refined by filtering for significant microbial abundance changes (p < 0.001) which exhibited
alog2fold change cutoff of 2 between sample pairings. Comparisons between the Auburn and
Cuyler, and Ithaca and Owego, were then conducted at the Order level and plotted in R (17).
These steps are outlined in Script #1R.

Correlation analysis between variables of interest (NOs and NH, soil content, N in biomass,
PH, and soil moisture) and microbial abundance regression. A correlation analysis between
various metadata categories (NO3, NHa4, N in microbial biomass, pH, and soil moisture) and
significant orders was conducted using RStudio (15). Changes in metadata were graphed
against microbial abundance in each of the four binnings sites. Orders were chosen based on
differential expression from the DESeq?2 analysis. A p-value of 0.05 was used to determine
significant correlations, and anything below this threshold was designated as significant.
Graphs were produced using ggplot2 in RStudio (15).

RESULTS

Urban sites show significantly higher alpha diversity than rural sites in wetland
samples. To measure significance between the sample locations, a Kruskal-Wallis test using
the Chaol, ACE, and indices was conducted for each binning location (Auburn, Ithaca,
Cuyler, and Owego). When conducting our alpha diversity analysis (Fig 2), Ithaca showed
significantly higher p-values for Chaol, Shannon, and ACE metrics compared to Owego
(with 0.010, 0.014, and 0.011 values respectively). When comparisons were made between
Auburn and Cuyler, no significant results were found for Chaol, Shannon, and ACE (p-values
0f 0.17, 0.064, and 0.017). This was contrary to our hypothesis and we were surprised to find
that this significance was only observed in a single comparison between Ithaca and Owego,
and not between Auburn and Cuyler.

Beta diversity is insignificant between urban and rural wetland sites. With respect to
beta diversity, no significant clustering patterns were observed for either of the jaccard, bray-
curtis, and unifrac metrics. We generated a PCoA plot using the bray-curtis metric, but found
no distinct clustering patterns to be observed (see Supplemental 5).

Consistency of Nitrogen content across binning sites depends on N Speciation. The
distribution of nitrogen species was much more site-specific, and there were general trends
between both rural and both urban sites. Nitrate was found to be elevated in rural binning
locations, with [NO3]ave=0.71 and =1.09ugN/gDry soil for Cuyler and Owego, respectively
(Fig 3A). The rural locations had [NO3]a.=0.46 and =0.30 ugN/gDry soil for Auburn and
Ithaca, respectively (Fig 3A). [NOs3] were found to significantly correlate with binning
location (p-value = 0.005). The ammonium concentrations for both rural sites were fairly
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FIG. 2 Alpha Diversity is observed to be significant between rural and wetland samples, as indicated by the Chaol and
Shannon diversity metrics. Chaol and Shannon alpha diversity metrics for all four binning sites (auburn_urban, cuyler rural,
ithaca_urban, and owego rural). Both Chaol and Shannon metrics were significant between binning locations. There is a
distinct difference in alpha diversity between rural and urban sites. A p-value threshold of <0.05 was used to determine
significance. Chaol had a p-value = 0.011. Shannon diversity had a p-value = 0.015.
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FIG. 3 Environmental variables variables measured for each location show differences in NO3, pH, and base saturation.
The distribution of environmental variables within the four bins (auburn_urban, cuyler rural, ithaca_urban, and owego_rural).
Only pH and [NOs] were found to be significantly correlated with binning location. Red box plots correspond with Auburn data
points, green box plots correspond with Cuyler data points, blue box plots correspond with Ithaca data points, and purple
corresponds to Owego data points. The diamonds of corresponding color represent the average measurement for each variable at
each binning site. A) shows the concentration of NOs in soil samples in (ugN/g dry soil) across binning locations. B) shows the
soil concentration of NH4 in (ugN/g dry soil) across binning sites. C) shows the amount of nitrogen in microbial biomass (ugN/g
dry soil). D) shows the percent base saturation across sample bins. E) Shows the soil pH across sample bins.

September 2023 Volume 28: 1-13 Undergraduate Research Article » Not refereed https://jemi.microbiology.ubc.ca/ 5



Balaji et al.

constant with [NH4]ae=36.4 and =29.4 ugN/gDry soil for Cuyler and Owego respectively
(Fig 3B). The urban locations had widely different ammonium concentrations, likely due to
runoff accumulation in Auburn, which has a much lower elevation than the other binning
locations (Fig 3B). The average ammonium concentration in Auburn was found to be 60.1
ugN/gDry soil, whereas the average ammonium concentration in Ithaca was only 11.8
ugN/gDry soil. Ammonium concentrations did not significantly correlate with binning
locations (p-value = 0.30). This trend continued with Auburn having the highest amount of
nitrogen found in biomass (at 74.8 ugN/gDry) and Ithaca having the lowest N content held in
biomass (at 18.0ug/gDry). Both rural binning sites had relatively similar N content in
biomass, with 53.4 ugN/gDry found in Cuyler biomass and 36.2 ugN/gDry soil found in
Owego biomass (Fig 3C). Nitrogen in biomass did not significantly correlate with binning
locations (p-value = 0.36). Significance values were calculated using a Kriskal Wallis test
and a significance p-value <0.05.

Soil pH and Saturation tightly linked to Rural and Urban binning. Sampling locations
had soil pH ranging from 5-8.5 and, similar to observed N-species distribution, rural sites had
conserved pH levels while urban pH was site-specific. Rural binning sites had pHay=6.45
and =6.40 for Cuyler and Owego respectively (Fig 3E). The urban locations had less variation
in pH measurements between samples than rural locations, but there was no consistency in
average pH for urban bins as a whole. pHay for Auburn was 6.79, which was relatively
consistent with rural pH measurements. Ithaca, however, had pHa..=7.74. Soil pH was found
to significantly correlate with binning location (p-value = 0.028). Soil saturation was
conserved between rural and urban binning locations (Fig 3D). Surprisingly, Urban bins had
a higher soil saturation (on average) than rural locations. The average percent soil saturation
for rural locations was 55.9 and 54.1 for Cuyler and Owego respectively (Fig 3D). The
average percent soil saturation for urban sites was 75.3 and 80.9 for Auburn and Ithaca
respectively. Owego had the widest range of soil saturation with 87.8-20.9%. Owego also had
the biggest bin size, being composed of 15 samples. Auburn had the smallest range in soil
saturation, with samples ranging from 48.9% to 100.8%. Due to the methods used to calculate
percent base saturation there are values which exceed 100% saturation (Fig 3D). Base
saturation values did not significantly correlate with all binning locations (p-value = 0.12).

Consistent enrichment of bacterial orders at urban and rural sites. Comparing the
differential abundance analysis reveals orders which are enriched across both urban sites and
urban sites (Fig 4, 5). Urban sites Auburn and Ithaca shared a significant enrichment of
Rokubacteriales,  Spirochaetales, Vicinamibacterales, = Rhizobiales, and NBI-j
(Deltaproteobacteria). Rural sites Cuyler and Owego shared a significant enrichment of
Defluviicoccales, Methanosarciniales, Bacteroidetes VC2.1 Bac22, Flavobacteriales,
Cytophagales, and Sphingobacteriales.

Defluviicoccale, Spirochaetales, Flavobacteriales, and Rokubacteriales all show
significant correlations between cell abundance and [NO3]. After performing DESeq2 to
identify differentially expressed orders between urban and rural binning sites, a correlation
analysis was run for the most differentially expressed orders and select metadata categories.
We choose to run the abundance of differentially expressed organisms against soil pH, percent
base saturation, soil [NOs], and soil [NH4]. Using a significance metric of p < 0.05, we found
that the Order of Defluviicoccale had significant correlations between cell abundance and pH
(positive correlation in Auburn, Ithaca, and Owego bins), NO3 (negative correlation in Ithaca
and positive correlation in Owego bins), NHy4 (negative correlations in Auburn and Owego
bins), and soil saturation (positive correlation in Owego bin). The Order Spirochaetales also
had significant correlations between cell abundance and pH (negative correlation in Cuyler
bin), NO; (positive correlation in Cuyler bins), and base saturation (positive and negative
correlations in Auburn and Cuyler bins respectively). Abundances of the order
Flavobacteriales were found to have significant positive correlations between cell abundance
and pH and base saturation in the Owego bin. Abundances of Rhizobiales had significant
positive correlations with NO3 in Ithaca and base saturation in both rural bins (Auburn and
Ithaca). Abundances of Rokubacteriales had a significant positive correlation with base
saturation in the Auburn bin (Supplemental 2).
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FIG. 4 The relative abundance of significant genus between urban site Auburn and rural site Cuyler. Orders that
exhibited a significant log2fold change of 2 between the Auburn and Cuyler site were plotted above using DESeq?2.
Colours depict distinct phyla.
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FIG. 5 The relative abundance of significant genus between urban site Ithaca and rural site Owego. Orders that exhibited
a significant log2fold change of 2 between the Ithaca and Owego site were plotted above using DESeq2. Colours depict distinct
phyla.
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DISCUSSION

In this study, we aimed to explore potential differences in microbial community
composition and environmental conditions of wetlands in relation to the proximity of two
major population centers. We conducted alpha and beta diversity analysis as well as
differential abundance with DESeq2. We also conducted a correlation analysis to compare
the effects of five environmental variables (soil nitrogen content, soil saturation, N in
microbial biomass, and pH) on microbial abundance for each rural and urban binning site.

Significant alpha diversity between urban and rural sites. We sought to determine
whether the microbial community composition varied at the sampling sites depending on
whether the sites were in proximity to population centers. To investigate this, we evaluated
alpha diversity between Auburn (urban), Cuyler (rural), Ithaca (urban), and Owego (rural).
As shown in Fig 2, we found significant differences between urban sites and rural sites, with
urban sites exhibiting greater measures of alpha diversity (using a p-value threshold <0.05).
This suggests that wetlands in proximity to population centers have greater microbial
diversity. These results contradict our original hypothesis based on literature stating that
urbanization results in a decrease in microbial diversity (11). Existing literature suggests that
higher environmental heterogeneity can impact the establishment of dispersed bacterial
species, which can decrease the similarities in community composition, and increase diversity
(11). Environmental heterogeneity is a term used to describe the non-uniformity present
within environments with regards to vegetation and physical factors, which may include soil
variables, climate, topography (19). In the context of our study, environmental heterogeneity
could result from anthropogenic activity altering natural wetland heavy metal, fertilizer, and
CO, and CH4 concentrations. Conversely, too much environmental heterogeneity can result
in decreased microbial diversity as the altered environment would then select for specific
taxa, over others (11, 20). This may favor select bacterial taxa that exhibit specific metabolic
functions that allow them to adapt to conditions resulting from urbanization (eg. increased
pollutant content, increased runoff, etc).

Urban and rural sites were enriched with consistent bacterial orders.

Several enriched taxa may be explained when considered alongside our correlation
analysis.

Urban community trends: Rokubacteriales is notably enriched in both urban sites, Auburn
and Ithaca (Fig 4, 5). Previous studies have characterized Rokubacteriales as a neutrophilic
non-methanotrophic found in nitrogen-rich peatlands (21). Peatlands are a classification of
wetlands which are highly saturated with water and produce strong anaerobic conditions (22).
Our linear regression found that the urban wetlands exhibited greater soil saturation than rural
sites (Supplemental 2), which may explain why Rokubacteriales were more abundant in urban
sites versus rural sites. This increased abundance might be because the high soil saturation of
urban sample sites replicates optimal conditions of peatlands for Rokubacteriales. The same
study which characterized the presence of Rokubacteriales at peatlands also found that the
relative abundance of Rokubacteriales was positively correlated with pH (22). This is
consistent with our finding that Rokubacteriales is differentially abundant at urban sites
(Supplemental 2), which feature higher pH levels than the rural sites.

Spirochaetales is another order that is enriched across urban sites (Fig 4, 5). Rieke et al.
found that the relative abundance of Spirochaetales in soil increases following the agricultural
application of manure to crop soils (23). Both urban sites Ithaca and Auburn are located in
counties associated with productive farming with 169, 969 and 91, 277 acres of cropland,
respectively (24, 25). Both the counties that Auburn and Ithaca reside in have documented
plans on mitigation of manure runoff, with local county rulings suggesting a need for reducing
soil leaching and runoff of fertilizer products like manure (26, 27). As we find that
Spirochaetales is enriched at sites with documented manure management and runoff
concerns, our findings may align with Rieke et al., where Spirochaetales is enriched at sites
of manure runoff (23, 28). This grows more plausible when considering the greater elevation
of the agriculture land surrounding Auburn site, which may result in a greater accumulation
of greater manure runoff (29), and an enrichment of manure-associated microbes like
Spirochaetales.

Vicinamibacterales and NB1-j are enriched at all urban sites (Fig 4, 5). Both the orders
Vicinamibacterales and NB1-j have been described as taxa present in heavily contaminated
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environments, ranging from marine sediments to the Canadian prairies (30, 31). Moreover,
independent studies have concluded that Vicinamibacterales and NB1-j are positively
correlated with copper contamination (30, 31). A link between agricultural activity and
copper contamination is well-documented around global farmlands (32, 33, 34). Moreover,
agricultural contamination of copper has been shown to contaminate water systems (34). It
may be possible that the proximity of the urban sites to agricultural centers is resulting in
greater heavy-metal contamination, which may be influencing the microbiome of wetlands to
enrich for species like Vicinamibacterales and NB1-j. Similarly, the order Rhizobiales is
enriched across both Auburn and Ithaca urban sites and is also associated with metal and
metalloid contaminated soils (35).

Rural community trends: The rural sites Cuyler and Owego depict an enrichment of
several orders (Fig 4, 5). Of these enriched rural taxa, Bacteroidetes VC2.1 Bac22 (also
known as Bacteroidetes VC2.1 Bac2 and Candidatus Sulfidibacteriales) and
Defluviicoccales have yet to be described in soils (36, 37). Sphingobacteriales is also
minimally characterized in soil environments, but it is associated in highly diversified and
complex soil microaggregates containing organic matter (38). Given the minimal information
available on Bacteroidetes VC2.1 Bac22, Defluviicoccales, and Sphingobacteriales,
understanding their enrichment at rural sites requires further research.

The enriched orders Flavobacteriales and Cytophagales are associated with the
decomposition of organic compounds (39, 40, 41). It is unclear why these decomposing
microbes are found enriched at the rural wetlands rather than the urban wetlands. It may be
that different microbes fill the decomposer niche at urban sites (Fig 4, 5; 42). Another reason
why Cytophagales may be found enriched at the rural sites is that they are typically found in
soils with pH levels that range from neutral to slightly acidic (43). As the urban sites had a
higher pH, it might be that the near-neutral pH of the rural sites selects for Cytophagales
enrichment at rural sites. It is unclear why rural and urban sites vary in their pH levels. A
potential list of reasons includes agricultural runoff, gravel road input which increases with
proximity to human population centers, and pesticide usage (28, 30). The most common
pesticide used in agriculture across all four sites is SuperChlor, which uses the active
ingredient sodium hypochlorite (44, 45); sodium hypochlorite is a weak base that has a pH of
12 before it is diluted for agriculture applications (45). In 2009, the counties in which the
urban sites Auburn and Ithaca reside in used 9337 and 1636 GL of this chemical, respectively
(44). Conversely, the rural sites Cuyler and Owego respectively used 1163 and 148 GL (44).
It is possible that this variation in pesticide use may result in a more basic runoff at the urban
sites, meaning the near-neutral pH of the rural sites could select for groups like Cytophagales.

Methanosarciniales is enriched across both rural sites (Fig 4, 5). Methanosarciniales are
methane-producing archaea which selectively inhabit environments devoid of oxygen (46).
Previous literature has described them as a rare taxonomic order present in wetlands in low
abundances (47, 48, 49). Wang et al. demonstrated that higher levels of anthropogenic
pollution can result in a less resilient archaeal community of wetland methanogens like
Methanosarciniales (50). Thus, the relative abundance of Methanosarciniales at rural sites
compared to urban sites may be due to a decreased amount of exposure to anthropogenic
pollution as a function of population density. Wetland remediation efforts for the rural site
Cuyler have been documented (51, 52). A conscious effort to restore the rural wetland sites
may enable the growth of more sensitive taxa like Methanosarciniales, which require
undisturbed environments due to their sensitivity to oxygen and anthropogenic pollutants (46,
50).

Limitations Our study was limited by the ambiguous sampling methods that Ballantine et al.
used to retrieve data. There is no associated publication with the dataset used, making it
difficult to determine how data was collected and the heuristics used to filter the collected
data. We also are unclear about the sequencing procedure used, which could have artificially
impacted the measured abundances of certain taxa. In addition to the ambiguities in dataset
processing, the data collected by Ballantine et al. was not intended to be used to test the
impacts of anthropogenic activity on wetland ecology. If the study was more focused on
intentionally testing anthropogenic activity such as farming activity, industrialization, and
pollution, the sampling and data processing procedures would likely be different, and would
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likely be more reflective of the differences between urban and rural wetland soils. Our
adaptation of the dataset produced by Ballantine et al. required us to remove a lot of the
sequencing data due to lack of metadata. This decreased the amount of sequencing data we
had to work with substantially. If the original sampling procedure was conducted with the
intention of measuring the impact of anthropogenic activity on microbial diversity, we would
have more data to work with, resulting in a more holistic conclusion.

Conclusions Our results refute our original hypothesis and suggest that microbial alpha
diversity may be higher in urban binning locations, closer to population dense areas. We
found orders, which have been previously understudied in soil communities, to be
significantly different between urban and rural sites. Of particular interest were the orders
Rokubaceriales, Defluviicocales, Spirochaetales, and Methanosarciniales. We also found pH
and soil saturation to differ between urban and rural locations. Further research is required to
determine the full impact of population centers on wetland soil ecology and microbial
diversity. Our findings provide a basis for future studies to conduct a more in-depth analysis
of microbial diversity and population density.

Future Directions There is conflicting evidence regarding whether microbial diversity
increases or decreases with proximity to population dense areas. This draws attention to the
need for more research efforts to (i) characterize and study wetland soils and (ii) intentionally
study the impacts of anthropogenic activity on wetland microbial soil communities. This can
be accomplished by measuring anthropogenic impacts on wetland soil ecology by tracking
wastewater runoff, agricultural runoff, stormwater runoff, and measuring pollution content
within particular sites. Conducting a more holistic omics approach (proteomics,
metabolomics, and transcriptomics) to measure functional community metrics would also
allow us to understand the intricacies of microbial communities and anthropogenic impacts.
It would be particularly rewarding to investigate the ecological metabolism of known
recalcitrant pollutants (such as aromatic compounds, alkanes, and various chlorinated
hydrocarbon compounds). These chemicals are known to persist in the natural environment
and accumulate to toxic levels (11). Understanding the in situ pathways for breakdown of
these recalcitrant compounds would allow for better cleanup efforts in the future. In addition,
there is minimal information regarding specific taxa in soil environments such as
Bacteroidetes VC2,1 Bac22, Defluviicoccales, and Sphingobacteriales; further research can
help to understand their enrichment and characterize their roles.
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