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Urbanization is rapidly occurring worldwide and can increase hydrological flows into
urban streams and alter forest structure and soil properties. Stream restoration projects
are ongoing in Fairfax County, Virginia in order to reconnect the channel to the
floodplain and increase nutrient removal via microbially mediated processes.
Ecological assessment of urban forests is also ongoing to understand the ecosystem
services that urban forests provide. Using Illumina sequencing and qPCR, the
bacterial and fungal communities were analyzed between stream riparian zones and
reference sites, and between different forest qualities. Fungal communities differed
significantly after stream restoration and between forest quality types. qPCR was also
used to quantify denitrifying genes between restoration types. Post restoration sites
had higher abundances of nirS, while reference sites were higher in nirK. The high

quality forest sites were most colonized by arbuscular mycorrhizal fungi and were

highest in ectomycorrhizal fungal sequences.
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Chapter 1: Introduction and Literature Review

Urbanization is occurring at a growing rate in the U.S. and globally; within the
next decade, more than 60% of the world’s population will live in cities (United Nations,
2010). The urban environment is typically composed of less green space and more
impervious surface. Urbanization also creates more hydrological connections between
streams and the watershed through the construction of stormwater flow mechanisms, such
as pipes and ditches (Elmore and Kaushal, 2008). These increased flows directly impact
fluxes of organic matter, nutrients, and energy into urban streams (Kaushal and Belt,
2012), causing a multitude of problems for urban streams, including erosion and
decreased bank stability (Leopold, Huppman, and Miller, 2005; Bernhardt and Palmer,
2007). These impacts ultimately result in stream channels that are not connected to their
floodplain (Booth, 1990; Groffman et al, 2003), where nutrient removal via microbial
processes occurs (Groffman et al, 2002). Bernhardt and Palmer (2007) found that most
urban ecological research revealed biotic and biogeochemical impairment in urban stream
systems. In a growing effort to manage pollution entering waterways, many urban areas
are investing in stream restoration projects with the goal of restoring stream connection to
the floodplain where nutrient removal by microbial processes can occur. Elmore and
Kaushal (2008) reported that stream restoration in Baltimore, MD resulted in increased
denitrification due to the restoration reducing incision and therefore allowing for more
water flow into the riparian floodplain. Forested stream reaches can have greater stream
width, nutrient input, and lower stream velocity (Sweeney et al, 2004) and therefore can
have greater habitat availability for nutrient processing and denitrifying organisms

(Vannote et al, 1980). Restoration projects, however, can initially impact ecosystem



function as they often involve removing sediment from the bank and vegetation from the
riparian zone. The floodplains are replanted, but the microbial function of the restored
floodplain is not well understood.

Organic matter content in the restored riparian zones of stream restorations is
often lower when compared to natural reference sites (Gift et al, 2010), as restoration
projects in urban streams tend to use materials that are low in carbon to accomplish bank
stabilization and reducing incision, or they remove sediment from the bank and expose
soil horizons low in organic matter (Bernhardt and Palmer, 2007). Organic matter buildup
in the riparian soil is limited by plant production and microbial mediated litter
decomposition, but itself is an important limiting factor for other microbial mediated
processes like denitrification (Gift et al, 2010). Stream incision associated with
urbanization can reduce the water table, creating aerobic conditions in soils that were
hydric and anaerobic, no longer supporting denitrification (Groffman et al, 2003).
Organic carbon (C) is essential for denitrification, as most denitrifying organisms are
heterotrophic and require C (Burchell et al, 2007). Organic matter, and therefore organic
C in the soil can also lower the oxygen levels in the floodplain, as the increased microbial
activity creates a higher demand for oxygen, creating anaerobic conditions suitable for
denitrification (Tiedje, 1983; Gift et al, 2010). Restored riparian floodplains are most
likely to have lower levels of organic matter, and therefore organic C, and subsequently
lower levels of denitrification when compared to reference floodplain soils. Overtime,
however, restored riparian zones have been shown to have higher levels of soil organic

matter compared to younger restoration sites (McMillan and Noe, 2017).



In addition to their importance in stream ecosystems, urban forests are
increasingly being studied for their roles in mitigating urban problems, such as cooling
urban heat islands (Moss et al, 2019), storing carbon (Nowak and Crane, 2002), slowing
stormwater flow, and reducing energy demand in the built environment (Roy, Byrne, and
Pickering, 2012). According to the United Nations, quantifying ecosystem services of
urban forests is increasingly important, in regards to natural capital accounting in the
global fight against climate change. U.S. federal and state resources and environmental
policies have seen an uptake in ecosystem based management (EBM) strategies, but they
remain largely undefined for urban forestry (Steenburg, Dulkner, and Nitoslawski, 2019).
The i-Tree Eco tool is part of the USDA i-Tree software suite, based on the UFORE
(Urban Forest Effect) model by Nowak and Crane (2000) and is increasingly being used
in urban forest management, as it is capable of quantifying forest factors and valuing
their ecosystem services (Moss et al, 2019). Song et al (2020) used the i-Tree Eco tool to
evaluate the ecosystem services of green spaces in a Chinese city. They found that the
trees in those spaces could store over 50,000 t of C and prevent over 120,000 cubic
meters of runoff. Using i-Tree Eco in urban areas could aid in informing policy makers of
the optimal structure and composition of urban greenspaces in new development
projects.

While the use of i-Tree Eco for natural resource management is increasing,
including in Fairfax County, VA where these studies take place, the analyses typically
focus on the above-ground factors and not the soil properties or microbial cycling.
Microbial communities can have large effects on forest ecosystem services; they

influence rates of litter decomposition and nutrient cycling within the soil (Bodelier,



2011) and can impact soil quality, as the microbial composition and activity can alter
biogeochemical cycling and the organic matter turnover within the soil (Tajik, Ayoubi,
and Lorenz, 2020). Microbial processes are essential in the ecosystem processes that
urban forests can provide, however, they are often overlooked in ecological studies.
Balser et al (2006) concluded that understanding the role of microorganisms in ecosystem
functioning and response to disturbance is limited by methodological differences between
microbial and ecosystem ecologists. The practice of evaluating the ecosystem functions
of the urban forest should therefore not overlook the role of the microbial communities.
Arbuscular mycorrhizal fungi (AMF) are found globally, forming symbiotic
relationships with around 75% of extant plant species worldwide, and can regulate
carbon, nitrogen, and phosphorus cycling in the soils and plants (Kivlin et al, 2011).
AMEF can indirectly influence soil organic matter through their influence on soil
aggregation and plant communities, but have also been found to directly contribute to soil
organic C and nitrogen (N) pools through production of glomalin (Rillig et al, 2001).
Kivlin et al (2011) found that AMF species clustered phylogenetically based on site
location and plant community, suggesting that shifts in plant communities due to climate
change, or perhaps urbanization, can alter AMF communities, which in turn could alter
plant and soil nutrient cycling processes. Ectomycorrhizal (ECM) fungi are also
ubiquitous in forests worldwide and are drivers of forest ecosystem processes (Read et al,
2004). They distribute C, water, and other nutrients to the surrounding soil (Hogberg and
Hogberg, 2002; Hobbie et al, 2006; Anderson and Cairney, 2007). Linde-Medina and
Marcucio (2018) revealed that ECM fungal diversity in forests can be explained by

environmental and host variables and concluded that the current environmental thresholds



used in ecosystem assessment tools undervalue the importance of soil factors relating to
ECM fungal diversity.

The overall goals of our two studies were to 1) understand what changes in the
microbial communities’ composition after stream restoration in the riparian floodplain;
and 2) understand how forest quality impacts the microbial communities. We aimed to
understand if this knowledge can help us determine better riparian management strategies
in future development projects, including stream restorations.

The first study examines the differences in the riparian floodplain microbial
communities, including denitrifying gene abundance between restored, un-restored, and
reference stream sites in Fairfax County, VA. We compared the bacterial 16S rRNA gene
and fungal ITS communities within the floodplain soils of these sites in relation to the
soil chemical properties, as well as assessed the bacterial and fungal gene quantities. We
also assessed the gene quantities of the functional genes, nirK and nirS; two gene
homologs for the enzyme nitrite reductase involved in microbial denitrification. We
hypothesized that: 1) the composition of bacterial and fungal communities based on 16S
rRNA gene and ITS sequences would differ between post-restored, pre-restored, and
reference areas; 2) bacterial 16S rRNA gene and fungal ITS gene abundances would be
higher in reference and restored sites compared to pre-restored sites; 3) we would observe
an increase in denitrification functional genes (nirK and nirS) in the post-restoration
compared to pre-restoration soils.

The second study investigates the relationship between urban forest qualities and
the soil microbial communities, as well as arbuscular mycorrhizal fungal root

colonization. We selected i-Tree sites previously analyzed by Fairfax County and



categorized them into quality types: high, mid, and low quality. We compared the soil
bacterial 16S rRNA gene and fungal ITS communities between the quality types, as well
as collected fine roots from each site to calculate and compare the percent colonization by
arbuscular mycorrhizae fungi (AMF) at each site. First, we hypothesized that the soil
bacterial and fungal communities would differ in quantity and composition between low,
mid, and high-quality plots. Secondly, we predicted that there would be an increase in
mycorrhizal fungi, detectable in sequencing libraries matched to fungal functional guilds

and by the percentage of roots colonized by AMF.
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Chapter 2: Soil microbial community composition differs between pre
and post urban stream restoration sites

Abstract

Ongoing stream restoration projects in Fairfax County, VA aim to reconnect the degraded
streambed to the riparian floodplain, with the goal of nutrient removal and bank
stabilization. The microbial communities of the riparian floodplains along stream
restorations, however, are not well studied. The bacterial (16S rRNA gene) and fungal
(ITS) quantities and community composition, as well as denitrification functional gene
quantities (nirK and nirS) were measured in soil samples collected from four different
stream restoration treatments: pre-restored sites, post restored sites, 10 year old post
restored sites, and reference stream sites. Soil chemical properties were measured for the
soil samples as well. The reference sites had significantly higher quantities of bacterial
16S rRNA genes, as well as nirK genes. Bacterial and fungal alpha-diversity measures
did not differ between restoration groups, while the beta-diversity measures revealed the

restoration treatment significantly altered the fungal communities.
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Introduction

Billions of dollars are spent annually to restore urban streams that have
experienced bank erosion, channel incision, and disconnection from the floodplain
(Leopold, Huppman, and Miller, 2005; Bernhardt and Palmer 2007). Human activities
have doubled nitrogen (N) input into terrestrial and aquatic ecosystems over that last
century (Vitousek et al. 1997). In areas such as the Mid-Atlantic, USA, water quality
concerns have led to new targets for reductions in maximum daily loads and served as the
catalyst for extensive urban stream restorations. Natural floodplain soils experience
periodic inundation, due to their connection to the channel and the groundwater and are
conducive for N removal via denitrification (Kaushal et al, 2008; Gift et al, 2010; Roley
et al 2012; McMillen and Noe, 2017). Although early stream restoration focused on
stabilizing the channel (Bernhardt et al, 2005; Bernhardt and Palmer, 2007), today
restoration methods such as natural channel design (NCD) reestablish the stream-
floodplain connection.

Although stream restoration is considered an effective best management practice
for improving water quality, metrics for gauging restoration success have had mixed
results. There is good evidence that the restored streams have less runoff and channel
incision (Bernhardt and Palmer, 2007), but traditional ecological metrics such as plant
community composition or benthic invertebrates can be slow to show improvement post-
restoration (Dosskey et al. 2010, Violin et al, 2011; Moreno-Mateos et al. 2017).
Measuring 10 different ecological parameters, including canopy cover, Violin et al.
(2011) found no improvement over degraded urban systems after 7 years in at least one
NCD stream. However, the degree and type of disturbance can play a large role in
limiting the time needed for ecosystem recovery. McNeish et al. (2017) documented
recovery of benthic macroinvertebrates following removal of Lonicera maackii from the
riparian buffer within a few months. It is unclear how successful restorations are at

meeting long-term goals such as nutrient retention and restoration of floodplain function
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(Thompson et al, 2018; Griffith and McManus, 2020) Unlike vegetation and benthic
macroinvertebrates, microbial communities may reset quickly and more consistently to
changing ecosystem conditions (Harris 2003, Anderson et al. 2013), potentially making
them a more responsive indicator of restoration trajectories.

Soil microbial communities directly and indirectly influence floodplain soil
nutrient dynamics (Phillips et al. 2013) and water quality (Bossio et al. 2006). For
example, a wide variety of soil bacteria carry out denitrification (~10% of the
population), such as from Pseudomonas species, and can be measured by quantifying
functional genes. Increasing stream and floodplain connectivity can lead to increased soil
organic matter (McMillan and Noe 2017). Both bacteria and fungi decompose plant
inputs and mediate soil organic matter formation (Contrufo et al. 2013). Soil bacteria and
fungi also influence plant productivity and health. Molecular methods have been used to
assess the quantity and composition of soil microbial community across many
ecosystems. These approaches have been used in a mid-western prairie restoration
chronosequence, in which decade-scale post restoration microbial communities saw
declines in richness and diversity (Barber et al. 2017) and in restored wetlands, in which
microbial communities dramatically differed from their pre-restored agricultural
counterparts (Bossio et al. 2000).

Over the last 10 years, 42 stream restoration projects, averaging 225 m each, have
restored a total of 10,609 m of stream in Fairfax County, VA. We aimed to characterize
the microbial communities within some of these stream restorations and compare them to
non-restored analogs and to non-degraded reference streams. Stream restoration design is
predominately NCD. Since 2004, Fairfax County has carried out ecological monitoring
focusing on benthic invertebrates, water quality, vegetation, and soil physical and
chemical parameters. Pairing the soil microbial work with Fairfax County’s existing
monitoring network, allowed us to directly measure ecosystem function at the scale of

stream restoration interventions. We expected that the composition of bacterial and
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fungal communities based on 16S rRNA gene and ITS sequences would differ between

post-restored, pre-restored, and reference areas. We hypothesized that bacterial 16S
rRNA and fungal ITS gene abundances would be higher in reference and restored sites
compared to pre-restored sites and that we would observe an increase in denitrification

functional genes (nirK and nirS) in the post-restoration compared to pre-restoration soils.

Methods

Sample Collection

Riparian floodplain soils were collected in the summers of 2017 and 2018 along

18 stream branches of the Potomac River (Table S1) at upstream, downstream, and

central locations with each floodplain. Each sampling site consisted of 4-5 subplots per
stream branch for a total consolidated area of 0.04 hectares. Soil samples for microbial
analysis from each plot were composites of 6 randomly located points within each plot,

making up a total of 83 consolidated soil samples from 18 different stream branches.

Sample sites were characterized as restored sites that are 3-4 years old (post), one
restored site that was 10 years-old (post-10), degraded sites that will be restored (pre),
and reference sites from Prince William Forest Park (ref); a protected forested area that
serves as a reference floodplain of a natural stream system. Soils in Fairfax County are
split amongst three geographical and physiological regions: the coastal plain in the
eastern part of the county, the piedmont upland in the central part of the county, and
lastly the triassic basin in the western portion of the county. Fairfax County has widely
adopted natural channel design as their stream restoration approach with the aim to
restore the function of the stream.

At each sampling location a 1 x 1 m plot was established approximately 1 m from
the stream bank, in upstream, downstream, and central locations from the restoration, in

an area that should represent a floodplain. A 7/8”-outer diameter, nickel plated soil probe

13



(AMS 33"L Nickel-Plated Soil Probe) wiped off with 70% ethanol was used to sample a
15 cm depth soil core. Six cores were taken in a plot and composited to make a single
representative sample per site. A total of 83 soil samples were consolidated and living
invertebrates and large seeds (e.g. acorns) removed. Samples were stored at -80°C until

used for DNA extractions.

Soil Chemical and Textural Analyses

Approximately 200 ml of soil was sent to Waypoint Analytical, a laboratory in
Richmond, VA. Parameters including, organic matter content (%OM) (Sparks, 1984),
estimated nitrogen release (ENR), Mehlich-3 phosphorus (Mehlich, 2008), soil pH, Ca
(ppm), Mg (ppm), and K (ppm) were measured for each soil sample, as well as a textural

analysis to determine the textural classes and percentages of sand, silt, and clay.

Quantification of Microbial Groups

Soil DNA was extracted using QIAGEN’S DNeasy PowerLyzer PowerSoil DNA
extraction kit (Qiagen, Hilden, Germany) with the recommended 0.25 g of soil. This
methodology has been adopted by the Earth Microbiome working group
(www .Earthmicrobiome.org). Extractions were eluted to a final 100 x1 volume. The
eluted DNA concentrations were determined using a Qubit Fluorometer (Life
Technologies, Grand Island, NY) with high sensitivity fluorescent dye and buffer.

DNA samples were diluted to 2.5 ng/ul for quantitative PCR (qPCR). Four
marker genes were quantified for each sample. The four genes of interest were 16S
eubacterial rRNA (used to compare total bacterial biomass), the fungal ribosomal ITS
region (used to compare total fungal biomass), and nirK and nirS (homologous genes

coding for nitrogen reductase involved in microbial denitrification). The primers, thermal

cycler run conditions, and run efficiencies can be found in supplementary table 2. A 2 ul
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aliquot of each dilution was added to a reaction mixture of SYBR green fluorescent dye
(with Rox), 1 uM forward and reverse primers, and sterilized nano-pure water for a total
reaction volume of 20 ul in each well of a 96-well plate. Each sample was run in

triplicate with a 10-fold diluted plasmid standard set per plate for each of the functional

genes.

1llumina sequencing

DNA samples were diluted to 5 ng/ul and amplified with the F515+adapter
primer (5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTA
A-3") and the R806+adapter primer (5'-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACVSGGGTATCTA
AT-3’) to target the 16S rRNA gene V4 region. The fungal ITS ribosomal region was
targeted using the ITS1F+adapter (‘5-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGGAAG
TAA-3’) and ITS2R+adapter (‘3-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGAT

GC-5’) primers (Caporaso et al, 2010). The reaction mix contained 3.5 1 of the 5 ng/ul
DNA, 7 ul of each primer (1 uM), and 17.5 ul of ThermoScientific Phusion Flash High-
Fidelity PCR Mastermix (Thermo Fisher Scientific) for a total of 35 ul in each well. Run
conditions were: 95C for 3 minutes, 25 cycles of [95°C for 30 seconds, 55°C for 30
seconds, 72°C for 30 seconds], and 72°C for 30 seconds. PCR product was run on a

1.25% agarose gel to check for bands.
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Amplified DNA was then cleaned using AmPURE beads (Beckman Coulter,
Pasadene, CA) following the Illumina MiSeq denature protocol (Illumina, 2019).
Samples were then Indexed with the NexteraXT index kit V2 set C and a reaction mix of
5 ul DNA, 5 ul each of Index primers 1 and 2, 25 ul of Thermo Scientific Phusion Flash
High-Fidelity PCR Mastermix (Thermo Fisher Scientific, Walmath, MA), and 10 ul of
PCR grade water was made for a total of 50 x1 in each well. Samples were then amplified
under the following conditions: 95°C for 3 minutes, 8 cycles of [95°C for 30 seconds,
55°C for 30 seconds, 72°C for 30 seconds] and 72°C for 5 minutes. Samples were cleaned
again with AMpure beads following the denature protocol. Samples were pooled into one
library using 2 u1 aliquots and run on a Bioanalyzer 2100 (Agilent Technologies) to
confirm the product size. The library was then amplified using qPCR with KAPA qPCR
mastermix and primers to determine the concentration. The library was then diluted to 12
pM with a 30% phiX (Illumina) spike-in and run on an Illumina MiSeq at the USDA

using a 600-cycle V3 cartridge (FC-420-1003; Illumina, San Diego, CA).

Data analysis

The gene copy numbers were determined for each sample after running the

functional gene qPCR. The copy numbers were calculated using the equation:

660 g * bp of template = g DNA

ng of DNA *6.02x 10> = # of gene copies

1x 10 * g DNA
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The average gene copy number per gram of wet soil was calculated for each
restoration class along with the standard error of the mean. R version 3.6.3 was used for
all data analyses (R Core team, 2020). Nested ANOVAs were run to determine
significant (p < 0.05) differences in the functional gene abundances. The qPCR copy
numbers were reported by taking the averages from each stream watershed and then
taking those means and averaging them for each restoration treatment. The post-10
restoration site was not included in the univariate correlation calculations because the
samples were only taken from one stream watershed (n=1).

The Illumina sequence outputs for the 16S rRNA gene amplicon reads and ITS
ribosomal reads were assembled using the Divisive Amplicon Denoising Algorithm 2
(DADAZ2 v1.16.0) package (Callahan et al, 2016) in R (v1.16.0). The DADA?2 pipeline
(v1.16) and DADAZ2 ITS pipeline (v1.8), respectively were followed in order to filter and
trim the reads, dereplicate, perform sample interference, merge paired reads, remove any
chimeras, and assign taxonomy using the Silva reference database (SILVA v132) and
UNITE ITS database. The packages phyloseq (v1.30.0) (McMurdie and Holmes, 2013)
and vegan (v2.5-7) (Okansen et al, 2019), were used to analyze the output amplicon
sequence variant (ASV) table. ITS samples were rarefied to 300 sequences. Rarefaction is
usually accomplished using the minimum sequence number, however, this number was
23 for the ITS dataset. In order to maintain the most sample coverage, 500 sequences for
each sample were analyzed, although 7 samples were still too low to meet this amount of
sequences and were ultimately lost during the rarefaction process. Non-metric
multidimensional scaling (NMDS) with Bray-Curtis dissimilarity matrices were run with
the samples in order to understand the beta diversity between the restoration classes. The

ordinations were organized by averaging the community data from each stream branch,

and then averaging those values for each restoration type. Homogeneity of group

dispersion was checked using the Vegan functions betadisper and permutest. The envfit

function was used to test for correlations between the community composition of the
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samples and various soil properties and identify the significant (p < 0.05) soil factors.

Vectors with the significant correlations were fitted to the NMDS ordination plots.

Nested permutational multivariate analysis of variance (perMANOVA) was used to test
for statistical significance (p < 0.05) of stream watershed nested in restoration type with
the adonis function. Significant factors were further tested through pairwise comparisons
using permutation MANOV As, examining differences between group levels on the Bray-
Curtis dissimilarity matrices. This was done by running 999 permutations with the
pairwise.perm.manova function from the RvaideMemoire package (v0.9.81) (Hervé,
2021) and Bonferroni corrections to adjust p values after multiple testing. Lastly, the R
package Tax4Fun2 (v1.1.5) (Wembhuer et al, 2020) was used to obtain and match the
relative abundances of functional genes within the 16S rRNA gene sequences to the
KEGG Orthology database in order to investigate the mean relative abundances of
denitrification genes across restoration treatments. Significance was tested by running
ANOVAs with the mean relative abundances of the denitrification genes with restoration

treatment.

Results

Soil properties

The post-restoration soils were significantly higher in organic matter content than
the pre and reference sites (5.9 + 0.6, p-values = 1.0 x 107,0.03), soil pH (59 +0.1,p =
0.002, 0.00006), and the percentage of clay (17 +1,p=1.0x 107, 1.2 x 10%) (Table 2.1).
Post-restoration sites also had more phosphorus than the pre and reference sites (p=1.0 x
107, 1.0 x 10°), more potassium than the pre sites (p = 0.00001), and more levels of

magnesium (p =0, 0), and calcium (p= 0, 0) than the pre and reference sites. The only
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post-10 site had lower concentrations of phosphorus, potassium, magnesium, and calcium
compared to the pre and post-restoration sites, however, was excluded from univariate
comparisons because n=1. Reference soils were the most acidic (5.2 + 0.2) and had less
clay than post restoration soils. Reference soils also contained the lowest levels of

magnesium and calcium (ppm) compared to the other restoration treatments.

Quantification of Microbial Groups

The bacterial 16S rRNA gene copy numbers averaged 2.7 x 10°in the pre-
restoration sites, 2.3 x 10rin the post-restoration sites, and 2.1 x 10°in the post-10
restoration site (Figure 2.1). The reference site had significantly more 16S rRNA gene
copies (3.8 x 10rcopies g soil) than the post restoration sites (p = 0.005) as revealed by a
nested ANOVA. The fungal ITS copy numbers were two orders of magnitude lower than
the bacterial 16S rRNA gene copies (Figure 2.1). On average the restoration treatment
ranged from 2.2 x 10'to 6.6 x 10'gene copies. Nested ANOVA revealed no significant (p
< 0.05) differences between the fungal ITS copy number averages. The nitrite reductase
genes (nirS and nirK) revealed opposite patterns within the restoration treatments (Figure
2.1). The reference sites averaged 1.3 x 10°nirK gene copies, which was several
magnitudes higher than the averages for the pre, post, and post-10 restorations.
Conversely, the reference sites averaged 7.2 x 10-nirS gene copy numbers, which was an
order of magnitude lower than the pre, post, and post-10 restoration averages for the nirS
gene. The pre, post, and post-10 restoration sites for both the nitrite reductase genes (nirK
and nirS) averaged between 1.3 and 2.3 x 10'gene copies. Nested ANOV As comparing
treatments for the nirK and nirS genes revealed that the average copy numbers were
significantly different between the reference and pre and post treatments for only the nirK

gene (p = 0.00, 0.00).

19



Microbial community analyses

A total of 8.4 x 107bacterial 16S rRNA gene sequences remained after the
DADAZ2 processing. The sequences were rarefied to 25,000 reads per samples and two
samples were excluded due to low sequence numbers. The top five phyla from the
rarefied reads taken from the mean relative abundances were: Thaumarchaeota,
Verrucomicrobia, Acidobacteria, Nitrospirae, and Proteobacteria (Figure 2.2). A large
majority of denitrifying bacteria are found within the Proteobacteria (Shapleigh, 2013).
The three classes of proteobacteria found within a subset of the relative abundances of
Proteobacteria in the 16S rRNA gene dataset were Alphaproteobacteria,
Deltaproteobacteria, and Gammaproteobacteria. Investigating further, we found the
presence of known denitrifying genera within these classes; Pseudomonas, Geobacter,
Burkholderia, Sphingomonas, and Mesorhizobium. Analyses of the 16S rRNA gene
sequences with the R package, Tax4Fun2, revealed no significance in the mean relative
abundances of denitrification genes (matched to the KEGG Orthology database) between
restoration treatments (Table 2.3). Neither the Shannon’s diversity index nor the
Simpson’s diversity index differed between the treatments in the bacterial 16S rRNA
gene communities (Table 2.2).

A total of 1.1 x 10’ fungal ITS sequences passed the DADA?2 quality processing.
These reads were rarefied to 500, which was the highest read count that retained the most
samples. Seven samples were excluded due to low sequence counts. The top five phyla
from the rarefied reads taken from the mean relative abundances were: Basidiomycota,
Ascomycota, Mortierellomycota, Rozellomycota, and Glomeromycota (Figure 2.2).
There are around 66 ECM fungal lineages (Tedersoo and Smith, 2013) and most are
found within the Basidiomycota and the Ascomycota, the top phyla found within this
dataset. The Glomeromycota are the only phylum in which AMF belong to, and the 4
orders found in this dataset; Archacosporales, Diversisporales, Glomerales, and

Paraglomerales, consist of around 25 genera of known AMF (Begum et al, 2019). The
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average number of ASVs within each restoration treatment, per the mean of the stream
watersheds can be found in Table 2.2, along with the average Shannon’s diversity index
and Simpson’s diversity index. The 10-year-old post restoration group on average had the
highest Shannon’s and Simpson’s diversity indices but was excluded from variance
testing because n=1 (Table 2.2). One-way ANOV As on Shannon’s and Simpson’s
diversity revealed no significant differences between the indices of restoration type
(Shannon p = 0.105, Simpson p = 0.338).

Bacterial 16S rRNA gene composition significantly differed between each
restoration treatment (perMANOVA p =0.001) and a nested perMANOV A with stream
watershed and restoration treatment also revealed that the bacterial 16S rRNA gene
composition was different across stream watersheds as well (p =0.001) (Figure 2.3a).
Pairwise comparisons using perMANOV As on the NMDS revealed that the post and pre
restoration treatments were significantly different (p = 0.006), as well as the post and
reference restoration treatments (p=0.006). P values were adjusted using the Bonferroni
correction method. Group dispersion homogeneity was significant at p =0.001. The
organic matter content (p=0.001), clay content (p=0.001), magnesium content (p=0.001),
calcium content (p=0.001), potassium content (p=0.011), cation exchange capacity (CEC)
(p=0.001), mehlic3 phosphorus (p=0.001), and pH (p=0.001) correlated to bacterial
composition.

Fungal ITS composition was also significantly different between each restoration
treatment (perMANOVA p=0.001) and nested perMANOV A with stream watershed
nested in restoration treatment revealed the fungal ITS composition was significantly
different across the stream watersheds (p = 0.001) (Figure 2.3b). Pairwise comparisons
on the NMDS showed significant differences (p < 0.05) between the reference and pre
sites (p = 0.006), the reference and post sites (p = 0.006), the reference and post-10 sites
(p=0.018), as well as the pre and post sites (p = 0.048) and the post and post-10 sites (p

=0.018). Group dispersion homogeneity was significant at p = 0.001. Organic matter
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content (p=0.002), pH (p=0.001), clay content (p=0.003), magnesium content (p=0.001),

calcium content (p=0.001), and CEC (p=0.001) correlated to fungal composition.

Discussion

The aim of this study was to pair our soil microbial work with Fairfax County’s
existing soil property measures with the goal of understanding how the differences in the
soil environment of stream restorations affect microbial communities. The data from the
17 stream sites in this study supported our hypothesis that the composition of bacterial
and fungal communities based on 16S rRNA gene and ITS sequences would differ
between pre- and post- restored sites, however the mean relative abundance of
denitrifying genes did not significantly differ between restoration treatments for either
nirK nor nirS. We also expected to see the bacterial 16S rRNA and fungal ITS gene
abundances would increase post restoration, but we did not detect differences in the
quantity of genes between treatments. We did observe more nirK in reference sites, but
did not observe difference between the quantity of the two denitrification genes between

pre- and post- restoration.

Soil properties

The post restoration sites (aged 3-4 years) had the highest average concentration
of organic matter (OM), a result that typically indicates higher microbial biomass (Bossio
et al, 2006), although microbial biomass was not measured for this study. More microbial

biomass in the soil can correlate to higher soil C and N concentrations (Rice et al, 1997),
suggesting more microbial cycling is occurring (Bosatta and Agren, 1994 and Bauhus
and Khanna, 1999). The post restoration sites having the highest levels of OM could

therefore suggest that the soil conditions after stream restoration support microbial

nutrient cycling. The post restoration sites also had the highest clay content, which also
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supports the idea that the post restoration sites could have higher C and N concentrations,
since soils high in clay (or fine textured) impede mineralization of OM leading to higher
C and N (Wang et al, 2003). Higher clay content also usually drives the pH lower in soil
systems, however, the pH values on average were the highest compared to the other
treatments. pH can have a big influence in driving soil microbial communities (Arroyo et
al, 2015 and Kang et al, 2021), and while clay content does drive the pH lower, concrete
in urban environments tends to increase the pH (Brown et al, 2011). It is possible the post
restoration sites have more impaction, especially since stream restoration involves
bulldozing and other construction tools (Yochum, 2018). The post restoration sites also
had the highest concentrations of phosphorus, potassium, magnesium, and calcium,
suggesting they are more prone to runoff from surround impervious surfaces and/or
nearby lawns. The reference sites that were in a protected forested area, had the lowest
magnesium and calcium concentrations, which would suggest they were less impacted by
the urban building environment, as calcium and magnesium can be input into the soil

from the weathering of building material (Craul, 1985 and Plyaskina and Ladonin, 2009).

Quantification of Microbial Groups

Quantitative PCR was used to estimate the total bacteria and fungi within the
riparian soils, as well as to explore the number of nitrite reductase genes (nirK and nirS)
corresponding to denitrification genes in the soils. The reference sites had the most 16S
rRNA gene copies per gram of soil per watershed average, compared to the other
restoration treatments, though not significant. This result suggests that stream degradation
and the restoration process does impact the bacterial communities, possibly lowering
bacterial populations per gram of soil. Quantitative PCR does not differentiate between
living and dead cells (Nocker and Camper, 2006), however, and this result only indicates
the presence of more bacterial genes in the reference sites. There could also be

extracellular DNA that is stabilized in the environment after the organism dies and is
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often soil texture dependent adhering more to clays (Anderson et al, 2012 and Ruppert et
al,2019). The fungal ITS gene copy data revealed a similar pattern, however, the post
restoration sites had slightly more ITS gene copies than the reference sites per watershed
average. The differences in copy numbers were not significant, however, the post-10
restoration site was excluded from the analysis of variance as the samples were only from
one stream watershed (n=1). The post-10 site did have less ITS copy numbers per
watershed average than the other treatments, but we do not know if this difference is
significant. Stream degradation and restoration processes did not appear to have an effect
on fungal ITS gene copy numbers in the soils.

Denitrification is a microbially mediated process that involves a myriad of diverse
bacteria from across over 60 different genera and make up around 5% of total soil
microbial communities (Philippot et al, 2007). Some common denitrifiers are members of
the phyla Firmicutes, Actinobacteria, Bacteriodes, and Proteobacteria (Bowen et al,
2016). Because denitrification occurs anaerobically, when the floodplain is saturated,
there may be peaks of denitrification activity (Fellows et al, 2011), which would suggest
a channel connection to the floodplain (McMillan and Noe, 2017). Establishing and
maintaining this floodplain connection is often the goals of stream restoration. Targeting
functional genes, with primers specific to genes in the denitrification pathway, is
typically how denitrification ecology is studied (Bowen et al, 2016). We investigated two
gene homologs involved in the nitrite reductase step of denitrification: nirK and nirS.
While these two genes code for the same enzyme, nirK contains copper, while nirS
contains cytochrome cd1 (Heylen et al, 2006). Bowen et al (2016) found that the two
genes were not ecologically redundant. In that study, nirfK was correlated to nitrous oxide
production and better predicted denitrification enzyme activity (DEA) in acidic soils,
while nirS better predicted DEA in alkaline soils and ratios of N,O:N,ratios (Bowen et al,
2016). Our reference sites had the most acidic soils, as well as the most nirK abundance.

Most denitrifying organisms will have one version of the gene, but not the other (Coyne
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et al, 1989). Denitrifiers have been found within many bacterial lineages. In soils they
most commonly belong to alpha-, beta-, and gamma- Proteobacteria, as well as
Aquificae, Bacteriodetes, and Firmicutes (Philippot et al, 2007). Our results showed that
per watershed average, the reference sites had magnitudes higher gene copies of nirK
than the pre and post restoration sites (p = 0.005), while the opposite was true for the nirS
gene. This finding is not entirely consistent with our 16S rRNA gene taxonomy findings;
the restoration sites per stream branch average had less relative abundance of the nirK
gene, however the differences in mean abundance were not significant. While this
inconsistency should be reported, it is not very telling of the denitrifying community.
Jones et al (2008) found that taxonomy is not a good indicator of nirK or nirS given that
the phylogenies of the functional genes are inconsistent with 16S rRNA genes. The pre
and post restoration sites had more gene copy numbers of nirS per watershed than the

reference sites, which had one magnitude lower copy numbers. This suggests that the

reference sites’ soil conditions select for organisms that contain the nirK gene. Previous
studies have observed that nirK organisms may produce more nitrous oxide (Graf et al.
2014) due to performing incomplete denitrification as they less often carry the nosZI
gene (nitrous oxide reductase). This finding could be important for restoration success in
that denitrifiers that carry nirS may mediate total denitrification and emitting less

greenhouse gas (Bowen et al. 2020).

Microbial community analyses

The most abundant phyla of the bacterial 16S rRNA gene communities were the
Proteobacteria, Acidobacteria, and Verrucomicrobia. These are all commonly found in
soil and freshwater environments (Staley et al, 2013) however, the Verrucomicrobia can

persist in environments that may be stressed due to human impact from urbanization
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(Zhang et al, 2020). While denitrifying organisms are diverse and found across many
taxa, the Proteobacteria contains a high abundance of denitrifying organisms in soils
(Shapleigh, 2013). The classes within this dataset that were found to have known
denitrifying genera were the Alphaproteobacteria, Gammaproteobacteria, and
Deltaproteobacteria, including the genera; Pseudomonas, Geobacter, Burkholderia,
Sphingomonas, and Mesorhizobium. The genera Burkholderia and Mesorhizobioum are
known to contain the nirK gene (Shapleigh, 2013). Different strains of Pseudomonas are
known to have the nirK or nirS genes (Shapleigh, 2013). The most abundant fungal phyla
were the Basidiomycota and Ascomycota. The Ascomycota are the most dominant soil
fungal phylum, more so than the Basidiomycota, and exhibit more stress tolerance traits
than the Basidiomycota (Egidi et al, 2019), which could explain their prevalence in our
riparian systems. The Basidiomycota and the Ascomycota also hold the majority of ECM
fungi genera, which consists of about 66 lineages overall (Tedersoo and Smith, 2013).
The Glomeromycota was also a dominant fungal phylum within the fungal sequences.
Further analysis of the orders within the Glomeromycota revealed the 4 orders that hold
25 genera of AMF between them.

The alpha diversity measures performed on both the bacterial 16S rRNA gene and
fungal ITS communities, revealed no significant differences in either the species richness
or evenness between the restoration groups. These results suggest that restoration and
stream degradation do not significantly impact the diversity of soil bacterial and fungal
communities. Conversely, a study in California found that stream restoration along the
Trinity River increased the heterogeneity of microbial communities and the taxonomic
and function diversities (Serrana et al, 2021). In order to better understand how the
phylogeny impacted diversity, we tried also measureed UniFrac distance for the 16S
rRNA gene dataset. There were no significant groupings with this method and UniFrac

distances cannot be used on fungal ITS datasets.
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The beta diversity NMDS ordinations were a composite of the community data
for each stream branch, i.e. the samples from each site, grouped by restoration treatment.
The ordinations revealed that the bacterial community composition significantly differed
between the post restoration sites and the 10-year-old post restoration sites when tested
by perMANOVA. It is possible that the age of the restoration was the cause of this
difference, however, it is interesting that the bacterial community compositions were not
significantly different between the pre and post restoration sites, nor the post restoration
sites and reference sites. The soil chemical factors that correlated to the bacterial
composition and dispersion on the NMDS plot were OM content, clay content, Mg
content, and pH. The post restoration sites had the highest organic matter and magnesium
levels when averaged per mean of watershed per restoration treatment. OM content in the
soil directly influences the microbial communities because it is a storehouse of nutrients
(Mohammadi et al, 2011). Exchangeable Mg cations in the soil have been found to
correlate to bacterial gene copy numbers (Teste et al, 2021), as Mg promotes cell division
(Webb, 1953).

Nested perMANOV As of the NMDS ordinations of the fungal ITS community
compositions revealed significant differences between the reference and pre, post, and
post-10 sites, as well as the pre and post restoration sites. These results indicate that
restoration processes and stream degradation have significant impacts on fungal
community composition between groups. The significant soil chemical factors that
correlated to the fungal composition were OM content, clay content, Mg content, and P
content. Soil phosphorus (P) availability can limit microbial productivity (Vitousek et al,

2010), often encouraging symbiosis with ectomycorrhizal fungi (Meeds et al, 2021), in

which nutrients like P are exchanged for carbon (Selosse et al, 2006).
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Conclusions

The stream restoration site in Fairfax County, VA selected for denitrifying
organisms in the riparian floodplain soils that express the nirS homolog of the nitrite
reductase enzyme, in which the product contains cytochrome cd1. The reference sites
selected for the other nitrite reductase gene homolog, nirK. The soil pH could have
contributed to environmental selection of one denitrifying organism over the other, as

more acidic soils select for nirK organisms (Bowen et al, 2016) and our reference site

soils were the most acidic. If restorations favor denitrifiers that carry nirS, this is positive
from a greenhouse gas perspective because more complete denitrification may be
occurring, as nirK organisms are less likely to contain the nitrous oxide reductase (nosZI)

genes required for complete denitrification. The restoration process impacted the beta
diversity of the fungal ITS community composition, but not the alpha diversity of either
the bacterial or fungal communities. Restoration techniques that alter OM content, soil
texture, cations like Mg, and P levels, may impact the fungal community composition,
which could impact the vegetative communities that form symbiosis with mycorrhizal
fungi. Future monitoring of stream restoration and evaluation of its success should
include microbial methods. The more significant findings of this study suggest that taking
additional soil samples in order to test for nirK/nirS gene abundances via qPCR would be
valuable in understanding the scope of the denitrification cycle occurring in the
floodplain soils. Additionally, focusing on mycorrhizal abundance through microscopy of
root tips or gPCR of AMF and ECM fungal genes would aid in understanding the success

of the floodplain vegetative functioning.
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Table 2.1: Soil Properties across treatments. N denotes the number of watersheds per treatment category.

Soil Texture pH Mehlllfh h K Mg Ca
%
Treatments N 9% Sand % Silt % Clay Organic ppm ppm
Matter

Pre 70 5450 37+50 101'(())1 38030 55+0.10 95+1.3 62+80 130x15 710130
Post 6.0 5%’%i 33+4.0 171'(())i 59+060 59+0.10 200+34 120+23 200+27 1200+ 140

Post 10 1.0 74 14 12 3.6 5.8 6.2 53 109 648
Reference 3.0 55+4.0 35+6.0 1%’%i 46+060 52+020 75+24 101+£22 92+15 520+110
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Table 2.2: Alpha diversity measures across treatments, including average ASV counts per treatment. The averages of each sample per
stream branch, i.e. sampling site, were averaged together per restoration treatment. N denotes number of samples per treatment

category.
16S rRNA ITS
gene
Treatments N ASVs Shannon's  Simpson's N ASVs Shannon's  Simpson's
Pre 7.0 2400 £ 130  7.1+0.05 0.99 £0.00 7.0 702+54 3.6+005 0.94+0.00
Post 6.0 2200+ 180 7.0x009 099+0.00 6.0 82 +12 35+0.19 092+002
Post 10 1.0 2600 72 0.99 1.0 97 4.0 0.97
Reference | 39 210082  69+002 09900 3.0 80.1+30 3.6x010 094=002
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Table 2.3: The mean relative abundances of denitrification genes from the 16S rRNA gene sequences calculated with the Tax4Fun2 R

package and matched with the KEGG Orthology database for prokaryotes.

nirk nirS nosZ narGZ, nxrA
Treatments | N K00368 K15864 K00376 K00370
Pre 7.0 9.3 £1.0E-05 0.34 +£7.8E-07 2.4 £32E-05 9.8 £ 94E-05
Post 6.0 8.2 £ 8.2E-05 0.55 £9.4E-07 2.3 £34E-05 9.0 £ 74E-05
Post 10 1.0 6.7E-05 4.9E-06 1.6E-05 8.1E-05
Reference | 3.0 7.1 £ 8.6E-06 0.25+ 4.5E-07 2.0 £69E-05 7.8 £65E-05
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Figure 2.1: Quantitative PCR gene copy numbers for bacterial 16S rRNA gene
abundance, fungal ITS gene abundance, and bacterial nitrite reductase functional gene
abundances (nirS and nirK). Average copy numbers for each sample in a distinct stream
watershed were taken. The means of those watershed averages were then taken for each
restoration treatment, and then standard error of the mean was calculated.
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Figure 2.2: Relative abundance of the top 8 phyla from the bacteria 16S rRNA gene and
fungal ITS communities. The figure is faceted by restoration treatment (post-, post-10-,

pre-, and reference-).
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Figure 2.3: Non-metric multi-dimensional scaling (NMDS) based on a bray dissimilarity
matrix showing divergence of a: bacterial 16S rRNA communities and b: fungal ITS
communities Biplot arrows in each panel show the correlations of significant (p < 0.05)
soil properties to the NMDS distances. Points are the averages of each sample from a
stream watershed.
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Chapter 3: Soil Microbial communities within urban forest of different
qualities in Fairfax County, VA

Abstract

Urban forests are increasingly important in Fairfax County, VA, as population and
development grow at a steady rate. Providing climate change resilience and a variety of
ecosystem services, such as pollution removal and cooling, urban forests are being widely
studied in cities around the world, in order to understand the benefits of urban forest
habitat to the community, as well as the risks they face from urbanization. The Fairfax
County Forestry Department used the U.S. Forest Service’s software tool, i-Tree Eco
based on the Urban Effects (UFORE) (Nowak and Crane, 2000) model to survey forests
across the county. We selected a subsample of their surveyed sites and divided them into
three quality groups based on forest quality: high, mid, and low. We aimed to investigate
the effects of urbanization on the soil characteristics, the bacterial and fungal abundance
and community composition, and the colonization of tree roots by arbuscular mycorrhizal
fungi (AMF). The most significant impacts that urbanization had on the forest quality
types were increases in soil constituents like phosphorus (P), magnesium (Mg), and
calcium (Ca), as well as decreases in AMF root colonization and decreased abundance of

ectomycorrhizal (ECM) fungal sequences.
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Introduction

Urban forests can provide climate change resilience. For example, they can
mitigate the urban heat island effect through evapotransporative cooling (Rahman et al.
2018), improve air quality (Nowak et al. 2018), and may increase (C) sequestration
(Livesley et al, 2016; Moss et al. 2019). Urban forests removed 16,500 tons of air
pollution across 83 Canadian cities in 2010 (Nowak et al. 2018). Groffman et al. (1995)
observed that urban forest soils had lower labile C and higher passive C than rural forests
and a greater potential to sequester C. Recognizing the benefits of these systems, urban
foresters seek to maintain and manage forest biodiversity and improve tree health. Using
the U.S. Forest Service’s i-Tree software, urban managers can collect information like
tree species, leaf area, diameter at breast height (DBH), and canopy cover. These data can
be synthesized to determine overall forest health (i-Treetools.org) and assign a score (1-
82.5).

Urban forests face a host of challenges including pests, impervious surfaces,
nutrient loading, and non-native species. They typically have less biodiversity and less
native species than their rural counterparts (Vitousek et al, 1997). They also have higher
soil nutrients, including nitrogen (N) (Pouyat and Trammell, 2019). Lower soil C and N
ratios can increase litter decomposition and denitrification rates (Van der Heijden et al,
2008). Soil C is often a limiting factor of denitrification in urban forests due to the
variable soil and vegetation conditions in the patchy forest ecosystems (Rosenblatt et al,
2001; Ullah and Faulkner, 2006; Gift et al, 2010), leading to less N removal. Urban
forests typically have more edge habitat due to the volume of impervious surfaces. The

edges are exposed to more sunlight, runoff, and fluctuations in humidity. These factors
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can increase soil temperature and decrease moisture (Vitousek et al, 1994; McDonnell et
al, 1997; Sun and Zhau, 2016). Soil compaction in urban environments, resulting from
construction or increased traffic, can lead to changes in soil structure, and limits water
and nutrient infiltration (Nawaz et al, 2013). Changes in above-ground vegetation
composition due to urbanization can affect the below-ground microbial communities
(Mitchell et al, 2010), but i-Tree and other quality tools do not assess root systems, soil
properties, or the soil microbial community (Wortley et al, 2013).

Mycorrhizal fungal communities can impact forest communality structure and
function (Karpati et al, 2010), yet urban fungal community dynamics are often
overlooked in urban ecology studies (Newbound et al, 2010). Mycorrhizal fungi form
symbiotic relationships with plant species, in which C is obtained by the fungi in
exchange for nutrients (Newbound et al, 2010). AMF form symbiosis with over 75% of
extant plant species (Kivlin et al, 2011). They can contribute to the nutrient acquisition,
stress tolerance, and pathogen resistance (Newsham et al, 1995 and Lenoir et al, 2016).
Forests with AMF symbionts maintain higher diversity through a network of mycorrhizae
that redistributes symbiotic costs and benefits between trees of the same or different
species (Fellbaum et al, 2014; Babikova et al, 2014). The hyphae of AMF infect the
cortical cells within the fine roots of the symbiotic tree, forming “arbuscules” that
exchange nutrients from the soil with the tree, in exchange for reduced C (Wang et al,
2017). Identifying and quantifying AMF symbiosis within urban forests could provide an
additional variable in determining forest health.

Conversely to AMF, ectomycorrhizal (ECM) fungi create a mycelial mantle

around the fine plant roots, forming a hartig net (Anderson and Cairney, 2007).
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Ectomycorrhizal fungi are drivers of forest ecosystem processes (Read et al, 2004 and
Nehls, 2008). They distribute C, water, and other nutrients to the surrounding soil
(Hogberg and Hogberg, 2002; Hobbie et al, 2006; Anderson and Cairney, 2007). In urban
forests, when trees are removed for development or soils are disturbed, ECM fungal
populations decline (Epp Schmidt et al, 2017). Investigating the mycorrhizal and other
soils microbial communities through high throughput sequencing can give an idea of the
microbial mediated processes occurring in the urban forest.

Fairfax County, VA, an urban center in the greater DC metropolitan area, has
experienced rapid population growth over the last century (fairfaxcounty.gov). From
1940 to 1990, the population increased nearly twenty-fold from 40,929 to 818,584
residents. Since the 90s, the county has experienced a stable 13% growth rate reaching
1.2 million residents in 2021 (fairfaxcounty.gov). The Fairfax County Urban Forest
Management Division used the U.S. Forest Service’s software tool, i-Tree Eco based on
the Urban Effects (UFORE) (Nowak and Crane, 2000) model to survey forests across the
county. A county-wide ecosystem services valuation, completed in 2017, measured 200
1/10-acre plots. Parameters such as cover, diversity and biomass were included. Using a
subset of the county’s i-Tree plots, we selected plots that had different i-Tree scores to
test two hypotheses. First, we hypothesized that the soil bacterial and fungal communities
would differ in quantity and composition between low, mid, and high-quality plots.
Secondly, we predicted that there would be an increase in mycorrhizal fungi, detectable
in sequencing libraires matched to fungal functional guilds and by the percentage of roots

colonized by AMF.
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Materials and Methods

Site Selection and Sampling

Fairfax County surveyed 200 i-Tree plots which ranged in quality from 1-82.5
points based on factors such as impervious surface, human impact, invasive plants, signs
of pests, and tree health (Figure S1). In this chapter, a total of 26 i-Tree plots (0.04
hectares) were selected and categorized as high, mid, or low quality. We excluded plots
with scores lower than 35 because they were not forested. Plot selection was designed to
capture geographic variation across the county, but we were additionally limited to plots
that had not seen substantial disturbance from 2017 to 2019 and by landowner
permission. A pilot study was conducted in 2017 on 18 forested riparian plots in the
Difficult Run watershed. The results from this study were used to conduct a power
analysis to determine how many samples would be needed in each parameter (high, mid,
or low quality) to report significance at a power of 0.8. The value was determined to be 8
plots. Ten plots were considered high quality (scores ranged from 69.5-73), eight plots
were characterized as mid quality (scores ranging from 50-68), and eight plots were
categorized as low quality (scores ranging from 38-49) (Figure 3.1).

In the Fall of 2019, the selected i-Tree plots were located based on GPS
coordinates. Five soil cores (2 cm diameter x 15 cm depth) were taken aseptically at the
center of each plot within a Im x 1m zone. Individual cores were combined into plastic
sampling bags, totaling 1 soil sample per plot, and any invertebrates or large seeds (e.g.
acorns) were removed. Each plot sample was collected and returned to the lab the same
day, where they were stored at -40°C for further analysis. Using a spade, fine root

samples were collected at the drip line of two trees within each plot. One tree was an

46



ECM-associated tree (Quercus spp.) and the second was an AMF-associated tree (Acer
spp., Carya, and Liriodendron). A full list of sampled tree species can be found in Table
3.1. Roots were kept moist in the field and washed in the lab with distilled water and then

stored in 50% ethanol.

Soil chemical and textural analyses

Fifty grams of soil per sample was sent out for chemical and textural analyses
(Waypoint Analytical Laboratories, Richmond, VA, Large, 2017). Organic matter (OM)
content was determined based on loss on ignition and reported as a percent (Sparks,

1996). Phosphorus was determined by Mehlic-3 extractions (ppm) (Mehlic, 2008).

Microbial biomass

Microbial biomass C was determined using 2 g soil (dry wt.) in each fumigated
and unfumigated sample container (Howorth and Paul, 1994). Fumigated samples were
incubated under a chloroform vacuum for 48 hours. Both fumigated and unfumigated
samples were extracted with 1 M KSO. for 1 hour at 30 rpm. Solutions were filtered
through 42 Whatman filter paper pre-wetted with 1 M K.SO.. Samples were analyzed for
total organic carbon (TOC) on a Shimadzu analyzer. Microbial biomass C (MBC) was
calculated using the formula:

(1) TOC (mg/L) * extractant volume (L) = TOC (mg C)
(2) TOC (mg C)/ g dry soil equivalents = mg C per g dry soil

(3) TOC.,...— TOC,.... = Total Extractable C (TEC, mg C/ g dry soil)
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(4) TEC * Carbon Efficiency Factor (CEF - 0.37) = MBC (mg C / g dry)

Quantification of Microbial Groups

Soil DNA was extracted using a DNeasy PowerLyzer PowerSoil DNA extraction
kit (Qiagen, Hilden, Germany) with the recommended 0.25 g of soil. Lysis was
performed using a FastPrep-24 Instrument (MP Biomedical, Solon, OH) set at 5.5 m/s for
45 seconds. Extractions were eluted to a final volume of 100 y1 and quantified using a
Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA or Grand Island, NY).

DNA samples were diluted to 2.5 ng/ul for qPCR analyses. Two marker genes
were quantified for each sample. The two genes of interest were 16S eubacterial RNA
(used to compare total bacterial biomass) and the fungal ribosomal ITS region (used to
compare total fungal biomass). (Table S2). A 2 ul aliquot of each dilution was added to a
reaction mixture of SYBR Green qPCR ReadyMix with Rox (Sigma, St. Louis, MO), 1
uM forward and reverse primers, and sterile water for a total reaction volume of 20 ul.
Each sample was run in triplicate on a StepOnePlus Real-Time PCR thermocycler
(Applied Biosystems, Foster City, CA) with a 10-fold diluted plasmid standard set per

plate for each gene. Run conditions and primer sets can be found in table S2.

1llumina sequencing

For sequencing, DNA samples were diluted to 5 ng/u1 and amplified with the
F515+adapter primer (5'-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTA

A-3") and the R806+adapter primer (5'-
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GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACVSGGGTATCTA
AT-3’) to target the 16S rRNA gene V4 region. The fungal ITS ribosomal region was
targeted using the ITS1F+adapter (‘5-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGTCATTTAGAGGAAG
TAA-3’) and ITS2R+adapter (‘3-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGAT
GC-5’) primers (Caporaso et al, 2010). The reaction mix contained 3.5 1 of the 5 ng/ul
DNA, 7 ul of each primer (1 uM), and 17.5 ul of ThermoScientific Phusion Flash High-
Fidelity PCR Mastermix (Thermo Fisher Scientific, Walmath, MA) for a total of 35 ul in
each well. Run conditions were: 95-C for 3 minutes, 25 cycles of [95C for 30 seconds,
55-C for 30 seconds, 72°C for 30 seconds], and 72°C for 30 seconds. PCR product was run
on a 1.25% agarose gel to check for bands.

Amplified DNA was then cleaned using AmPURE beads (Beckman Coulter,
Pasadene, CA) following the Illumina MiSeq denature protocol (Illumina, 2019).
Samples were then Indexed with the NexteraXT index kit V2 set C and a reaction mix of
5 ul DNA, 5 ul each of Index primers 1 and 2, 25 p1 of ThermoScientific Phusion Flash
High-Fidelity PCR Mastermix (Thermo Fisher Scientific, Walmath, MA), and 10 u1 of
PCR grade water was made for a total of 50 u1 in each well. Samples were then amplified
under the following conditions: 95-C for 3 minutes, 8 cycles of [95C for 30 seconds, 55-C
for 30 seconds, 72°C for 30 seconds] and 72-C for 5 minutes. Samples were cleaned again
with AMpure beads following the denature protocol. Samples were pooled into one
library using 2 ul aliquots and run on a Bioanalyzer 2100 (Agilent Technologies) to

confirm the product size. The library was then amplified using qPCR with KAPA qPCR
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kit (KAPA Biosystems, Roche, Basel, Switzerland). The library was then diluted to 12
pM with a 30% PhiX (Illumina) spike-in and run on an [llumina MiSeq using a 600-cycle

V3 cartridge (FC-420-1003; Illumina, San Diego, CA).

AM fungal quantification

Preserved roots were cut in 1 cm segments and cleared and dyed using a modified
method by Brundrett (1984), due to the heavy pigmentation of tree roots. Firstly, roots
were cleared by soaking in 10% KOH and autoclaved at 121-C for 45 minutes. After
rinsing in tap water, roots were soaked in 5% bleach solution for 15 minutes. They were
then rinsed in tap water and acidified in 1% HCI for 20 minutes. Roots were placed
directly in 0.05% trypan blue in lactoglycerol solution for 2 hours (Burke, 2008). They
were then transferred to 50% glycerol to de-stain overnight (Burke, 2008). Roots were
mounted on slides in sets of 12 root segments with a drop of lactoglycerol. A glass
coverslip was placed overtop the roots and the slide was sealed using clear nail polish
along the borders of the coverslip. Slides were examined at 40x magnification using a
brightfield microscope and the method outlined by McGonigle et al. (1990) in order to
obtain a percentage of AM colonization. A mark of AM colonization included hyphae,
arbuscules, hyphal coils, and/or vesicles. A mark of other fungal colonization included
dark septate endophytes (DSE). No presence of fungi was recorded as well. Note:
samples were collected to also quantify ECM fungi, but the ethanol preservation

technique left root tips opaque and not usable for counts of ECM root tip colonization.
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Data analyses

The bacterial 16S rRNA and fungal ITS gene copy numbers were analyzed for
variance between quality types using a one-way ANOVA test in R. Tukey honest
significant differences were calculated by preforming multiple pairwise-comparisons
between the means of the quality types. The one-way ANOVA and Tukey honest
significant differences were also performed on the microbial biomass C data.

The Illumina sequence outputs for the 16S rRNA gene amplicon reads and ITS
ribosomal reads were assembled and processed using the Divisive Amplicon Denoising
Algorithm 2 (DADA2 v1.16.0) package (Callahan et al, 2016) in R (v1.16.0). The
DADAZ? pipeline (v1.16) and DADAZ2 ITS pipeline (v1.8), respectively were followed in
order to filter and trim the reads, dereplicate, perform sample interference, merge paired
reads, remove any chimeras, and assign taxonomy using the Silva reference database
(SILVA v132) and UNITE ITS database. The packages phyloseq (v1.30.0) (McMurdie
and Holmes, 2013) and vegan (v2.5-7) (Okansen et al, 2020), were used to analyze the
output amplicon sequence variant (ASV) table. ITS samples were rarefied to 500
sequences. Rarefaction is usually accomplished using the minimum sequence number,
however, this number was 23 for the ITS dataset. In order to maintain the most sample
coverage, 500 sequences for each sample were analyzed, although 7 samples were still
too low to meet this threshold and were excluded by the rarefaction step. Nonmetric
multidimensional scaling (NMDS) with Bray-Curtis dissimilarity matrices were run with
the samples in order to understand the beta diversity between the quality types.
Homogeneity of group dispersion was checked using the Vegan functions betadisper and

permutest. The envfit function was used to test for correlations between the community
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composition of the samples and various soil properties and identify the significant (p <
0.05) soil factors. Vectors with the significant correlations were fitted to the NMDS
ordination plots. Permutational multivariate analysis of variance (perMANOVA) was
used to test for statistical significance (p < 0.05) with the adonis function. Significant
factors were further tested through pairwise comparisons using permutation MANOV As,
examining differences between group levels on the Bray-Curtis dissimilarity matrices.
This was done by running 999 permutations with the pairwise.perm.manova function
from the RvaideMemoire package (v0.9.81) (Hervé, 2021) and Bonferroni corrections to
adjust p values after multiple testing. Fungal functional guilds were determined using the
FungalTraits database (Polme et al, 2021). The ITS sequence taxonomy object was
fastmelted with the FungalTraits2021 csv file containing the primary lifestyle information
and the dplyr package (v1.0.7) (Wickham et al, 2018) was used to filter amplicon

sequences that belonged to the ECM fungi.

Results

Soil Properties and i-Tree Eco Metrics

The average quality score of the low-quality sites was 41.9 £ 0.9, while the mid
quality sites averaged 60.5 + 1.8, and the high quality sites averaged 71.3 £ 0.5. The mid
quality sites had the widest range of scores. The three-forest quality types all had similar
soil textures. There was no discernable difference between the percentages of sand (p =
0.96), silt (p =0.94), and clay (p = 0.90). The high-quality forest soils had the highest

organic matter content (4.9% + 0.1, p = 0.47) and were the most acidic (4.9 £0.1,p =
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0.13), but neither difference was significant. The low-quality sites had the highest mean
levels of phosphorus and were significant different compared to the high quality soils (p
=0.02). Potassium levels were not significantly different between the quality types,
however the magnesium and calcium levels were both significantly different between the

low and high quality sites (Mg p =0.05,Ca p=0.01) (Table 3.2).

Microbial biomass and Quantification of Microbial Groups

The average microbial biomass carbon (MBC) per forest quality type ranged from
59 to 74 pug of C per gram of soil (Figure 3.3c), with the high-quality sites averaging the
most (74 = 21). A one-way ANOVA testing for significance between treatments revealed
no significant differences between the MBC per quality types (p=0.51).

The high-quality sites averaged more bacterial 16S rRNA gene copies per g soil
(7.1 x 10° £+ 2.3 x 10~) than the mid and low quality sites (3.7 x 10°+ 2.7 x 10> and 3.7 x
10~ + 8.6 x 10, respectively). However none of the average bacterial gene copy
abundances were significantly different from each other (p=0.256) as tested by a one-way
ANOVA along with Tukey pairwise comparisons between groups (Figure 3.3a).

The fungal ITS copy numbers were two orders of magnitude lower than the
bacterial 16S rRNA gene copies. They averaged 1.6 x10* + 2.6 x 10’ per g soil in the high
quality sites, 7.0 x 10" £ 2.6 x 10 per g soil in the mid quality sites, and 9.2 x 10" +£ 3.3 x
10'per g soilin the low quality sites. The high quality sites averaged more fungal ITS
copy numbers than the mid and low quality sites, however, this difference was not
significant (p=0.0724) based on a one-way ANOVA and Tukey pairwise comparisons

(Figure 3.3b).
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Microbial Community Analyses

16S rRNA gene

An average of 136,041 16S rRNA gene sequences were generated per sample.
Samples were rarefied to the minimum sample count of 64,033 reads for downstream
processing. The average number of ASVs per quality type can be found in Table 3.3
along with the average Shannon’s diversity index and Simpson’s diversity index per
restoration treatment. The most abundant bacterial and fungal phyla, measured by mean
relative abundance, can be found in Figure 3.2 A one-way ANOVA on Shannon’s and
Simpson’s diversity indeces revealed no significance between any of the quality types
(p=0.057 and p = 0.31).

Significant (p < 0.05) vegetative and soil chemistry factors that affected the
distances between samples amongst the Bray-Curtis dissimilarity matrix were: quality
score (p=0.012), nitrogen release (ENR) (p=0.044), pH (p=0.001), cation exchange
capacity (CEC) (p=0.001), magnesium content (p=0.001), and calcium content (p=0.001).
(Fig 3.4a). The Bray-Curtis dissimilarity matrix revealed homogeneity of group
dispersion (p = 0.021) and PERMANOVA tests revealed significant differences between
the quality groups (p = 0.003). The quality groups were further investigated using
pairwise comparisons, which revealed no significant differences between the high and
low quality groups (p=0.003), but no significance between high and mid quality groups
(p=0.147) and the mid and low quality groups (p = 0.246).

ITS
An average of 29,422 fungal ITS sequences were generated per sample. Samples

were rarefied to the minimum sample count, 1733 reads for downstream processing. The
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average number of ASVs per quality type can be found in Table 3.3, along with the
average Shannon’s diversity index and Simpson’s diversity index per restoration
treatment. There was no significant difference (p<0.05) in alpha diversity between the
quality types within the fungal sequences for either Shannon or Simpson diversity
measures. ANOVA on Shannon diversity grouped by quality had a p-value =0.412 and
Shannon diversity had a p-value =0.197.

The significant (p < 0.05) soil chemistry factors that affected the distances
between samples amongst the Bray-Curtis dissimilarity matrix were quality score
(p=0.001), calcium content (p=0.001), magnesium content (p=0.001), potassium content
(p=0.008), pH (p=0.001), and CEC (p=0.001). Unlike with the 16S rRNA gene
sequences, there was no homogeneity of group dispersion (p=0.072) within the Bray-
Curtis dissimilarity matrix. PERMANOVA tests revealed significant differences between
quality groups (p=0.02) and pairwise comparisons of these groups also revealed
significant differences between the high and low quality groups (p=0.009), but not the
high and mid (p=0.201) or mid and low (p=0.405) (Figure 3.4b).

In order to understand the ECM fungal abundance, the fungal ITS sequences are
matched to the FungalTraits2021 database, containing the primary and secondary
lifestyles of known fungi, as well as metabolic data. This step was necessary as we were
not able to quanitfy the ECM fungi microscopically as the roots collected for this method
were compromised. ASVs that were identified as being ECM as their primary lifestyle
were analyzed for mean relative abundance by quality type. ASVs identified as AMF,
soil saprotrophs, and plant pathogens were also analyzed for mean relative abundance by

quality type. The relative abundance of ECM fungal associated sequences trended
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toward increasing with quality of forest. The high-quality plots had the most
ectomycorrhizal associated sequences compared to the mid and low quality plots, with
low quality plots having the least amount of associated sequences (Figure 3.5). Forty-
three different genera of ECM fungi from the Agaricomycetes, Pezizomycetes,
Dothideomycetes, and the Eurotiomycetes classes were found within the I'TS amplicon
dataset. The saprotophs also trended toward increasing with quality of forest and the

AMF sequences trended toward decreasing with forest quality (Figure 3.5).

AM Colonization

Percent AMF colonization significantly increased with i-Tree quality score
(p=0.0038). Further testing with Tukey honest significant different comparisons revealed
that the high and low quality groups accounted for the significant difference (p=0.003.
(Figure 3.6). The high-quality sites (scores averaging 71.3 +0.5) clustered together
between a range of AMF colonization of 40-80%. The “mid” quality sites (with scores
averaging 60.5 + 1.8) split with half below 40% AMF colonization and half above 40%
AMF colonization. The low-quality sites (scores averaging 41.9 +0.9) trend below 40%
AMF colonization, more so at around 30% colonization with a few outliers trending more

like the mid and high-quality sites.

Discussion

As a continuously growing urban center in the greater Washington D.C.
metropolitan area, Fairfax County, VA serves as an ideal case study on how the microbial

communities are impacted by urban development. The goal of this study was to
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understand how the presence/absence of various factors associated with the urban forest,
such as invasive plant prevalence, pests/disease, edge impacts, and anthropogenic
development might alter the soil bacterial and fungal communities. We predicted that the
bacterial and fungal communities would differ in number and composition between the
different forest quality levels. In addition, we hypothesized that both ECM and AMF
fungi populations would increase with forest quality, as well as the root colonization by

AMF.

Soil Properties

The low-quality sites had the highest levels of soil phosphorus, magnesium, and
calcium. These sites typically scored low because they were anthropogenically impacted,
i.e. impervious surface or lawn cover, and/or building development or restoration
activities, in addition to tree health and invasive species impacts. Being adjacent to
neighborhoods, roads, or other developed areas can leave forests susceptible to nutrient
runoff from lawn fertilizers or storm water (Groffman et al, 2003; Whitney, 2010;
Livesley et al, 2016). This could explain the higher levels of phosphorus in the low
quality soils. Building erosion and construction materials can leach magnesium and
calcium into the surrounding environment (Craul, 1985 and Plyaskina and Ladonin,
2009), which would suggest that the low quality forested soils were more severely
impacted by urbanization. The microbial biomass was not significantly different between
the i-Tree qualities, however, the high-quality sites averaged more MBC than mid or low
qualities. Microbial biomass is often correlated to higher levels of C in the soil and more
microbial nutrient cycling (Bosatta and Agren, 1994 and Bauhus and Khanna, 1999). The

high-quality sites typically were in more established forests, with healthier trees, and less
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invasive plants. Urbanization over time can reshape the natural forests, reducing green
space, creating man-made boundaries that disconnect patch habitats, resulting in more
forest fragments and edge habitat (Urban et al, 1987, Bergsten et al, 2013). This
combined with ongoing development can lead to less well-established forests that are
vulnerable to deer browse and invasive species cover (Mavimbela et al, 2018). These

factors could lead to less microbial cycling.

Quantification of Microbial Groups

We expected to see differences in the bacterial and fungal gene copy numbers of
the different quality sites. While there was more bacterial 16S rRNA and fungal ITS gene
copies in the high-quality sites, these differences were not significant. Quantitative PCR
does not differentiate between living and dead cells, and therefore can overestimate the
active population (Nocker and Camper, 2006). This result really only indicates the
presence of more bacterial and fungal genes in the high-quality sites. There could also be
the presence of extracellular DNA which is soil texture dependent, with more
stabilization on clay surfaces (Anderson et al, 2012 and Ruppert et al, 2019). These
results suggest that urbanization did not have a discernable impact on bacterial and fungal
cell populations within the soil and that forest stand quality did have an impact on the

bacterial and fungal quantities.

Microbial Community Analyses

The top 3 phyla in the bacterial 16S rRNA gene communities in each quality type
were Acidobacteria, Proteobacteria, and Verrucomicrobia. These phyla are commonly

found in soil environments, however Verrucomicrobia has been known to persist in urban
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environments (Zhang et al, 2020), which could explain its abundance in these urban soils.
One of the most abundant genera within the soils was Candidatus Udaeobacter of the
Verrucomicrobia. This genus is ubiquitous in many soils, and has been discovered to
increase in abundance upon the addition of antibiotics to the soil (Willms et al, 2020).
This finding has implications about the ability of this genus to not only resist antibiotics,
but efficiently uptake leached nutrients from adjacent non-resistant bacteria within the
soil. Having such a large proportion of this genus within the County’s forested soils could
therefore suggest the presence of antibiotics from the urban environment within the
forested soils, furthering the urbanization impact. Another genus within the
Verrucomicrobia, Candidatus Xiphinematobacter, was abundant across all forested soils,
and has been observed to form endosymbiosis with the nematode species, Xiphinema
americanum (Vandekerckhove et al, 2000). The Acidobacteria are abundant in soil
environments and tend to be slow growing, but actively degrade plant carbon, and are
tolerant to low nutrient levels, as well as fluctuation soil conditions (Ménnisto et al,
2012). The genus Bryobacter, belonging to the Acidobacteria was also found in nearly all
of the soil samples. Only one species of Bryobacter, isolated from boreal Sphagnum peat
bogs, has been described: Bryobacter aggregatus, inhabiting acidic wetlands and soils
(Dedysh, 2019). The ability for this slow growing species to persist in the County’s
forested samples could suggest the presence of hydric soils. The nitrogen fixing genus,
Bradyrhizobium, belonging to the Proteobacteria, was found in nearly all of the soil
samples in each quality forest type, suggesting the plant communities within these sites

have formed symbiotic relationships with the proteobacteria in order to fix nitrogen.
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Shannon’s and Simpson’s diversity measures revealed no significant differences
in the richness and evenness of bacterial or fungal species between quality types,
however, further analysis using two-way ANOVAs to test correlation with the different
plot health factors revealed that the quality score of the plots, as influenced by tree
establishment/maintenance, and the dominant tree species in the plot, impacted the
bacterial and fungal Shannon’s diversity index. This result indicates that the dominant
tree species in a forest, as well as the establishment of that forest, impacts the richness
and evenness of the bacterial and fungal soil communities. The plots were most often
dominated by Quercus, Liriodendron, or Acer species; the mid and low quality forests
having several Acer dominated plots. Along the Eastern United States, many once
dominated Quercus forested stands are now being dominated by shade-tolerant, fast
growing species like Acer rubrum due to the lack of fire disturbance needed to maintain a
Quercus overstory (Alexander and Arthur, 2014). As Acer rubrum presence increases,
initial leaf litter decomposition increases, as well as N immobilization, but decreases with
leaf litter contribution by the Acer species (Alexander and Arthur, 2014). The mid and
low quality forested stands had several plots dominated by Acer species, while the high
quality stands were only dominated by Quercus or Liriodendron. This could impact initial
litter decomposition rates in the soil as the leaves fall. Quercus species are often
associated with ECM fungal symbiosis (Cairney and Chambers, 1999). This relationship
allows the roots of the tree to extend into the soil through the mycorrhizae network,
possibly altering the soil nutrients available to the surrounding bacteria.

Both the 16S rRNA gene and fungal ITS NMDS ordination significantly

separated by quality type, as revealed by perMANOV As on the Bray distances,
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specifically between the high and low quality groupings, suggesting that the effects of
urbanization impact the bacterial and fungal community compositions in forested soils.
These results do not indicate the effect of urbanization on microbial cycling or
functioning though, and future studies should evaluate these processes. -Soil chemical
factors that were significantly correlated to Bray distance in both the bacterial and fungal
sequences were soil pH, magnesium and calcium levels, and CEC. These soil factors,
including OM, have been found to affect heavy metal toxicity and accumulation in urban
soils in France and China (Waterlot et al, 2012 and Liu et al, 2016). Potassium levels
significantly correlated to the differences in fungal community composition. Potassium
levels have been shown to correlate to soil moisture (Luebs et al, 1956), which has a
direct influence on the fungal community composition (Hawkes et al, 2010 and Deepika
and Kothamasi, 2014).

When investigating the fungal ITS sequences based on primary lifestyle, we were
able to determine how the ectomycorrhizal communities differed between forest quality
types. These results showed that the higher quality sites had the highest mean relative
abundance of ECM fungi, while the low quality sites had the lowest mean relative ECM
fungal abundance. ECM fungi are active participants in tree-soil nutrient exchange
(Selosse et al, 2006) and provide benefits to the vegetative community such as increased
uptake of soil nutrients (Tibbett and Sanders, 2002). ECM fungi can be associated with
N-limited forest soils, however, as they are opportunists that find a niche with vegetation
lacking sufficient nutrient uptake (Kranabetter et al, 2008). Urbanization in the case of

this study, in which lower quality forests were characterized by human development
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impact, invasive species cover, and impacts to tree health and establishment, resulted in
forests that had less abundance of ectomycorrhizal fungi.

Arbuscular mycorrhizal fungi can be an indicator of forest health (Gupta, 2020) in
part because they supply mineral nutrient to the trees in exchange for C (Smith and Read,
2008) and form extensive mycorrhizal networks in the soil, connecting plant roots and
serving as nutrient sinks for the surrounding soil microbial communities (Corradi and
Bonfante, 2012). AMF can be sensitive to pollution and other anthropogenic stresses and
are often used as an indicator of forest health (Leyval et al, 2002). We hypothesized that
we would find higher percentages of AMF colonization in the higher quality forests,
which were less impacted by urbanization. The AMF colonization was significantly
higher in the roots of the high quality forests than the roots of the low quality forests,
which were the most impacted by human development and influence. Davison et al
(2011) found that AMF composition correlated to the age of the forest stands. The high
quality forests in our study were typically more established with older trees. AMF
populations can suffer from stresses in the host’s environment (Bennett and Bever, 2008),
which could explain why the low-quality sites, with more P, Mg, and Ca levels had lower
percentages of AMF root colonization. Urbanization has a direct impact of AMF tree root
colonization, which can lead to vulnerability of the trees in the form of loss of nutrient
uptake and pathogen protection. Interestingly, we found that the mean relative abundance
of AMF sequences decreased with forest quality, however, these sequences were only
identified in two of the high quality sites. This could be because the AMF soil hyphal
network was not as extensive as the ECM fungi network in these soils, though this metric

was not measured in this study.
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Conclusions

The most significant impacts that urbanization had on the forest quality types
were increases in soil constituents like P, Mg, and Ca, as well as decreases in AMF root
colonization and decreased abundance of ECM fungal sequences. The high-quality sites
had significantly more root colonization of AMF, and ECM fungal sequences. The high
quality sites also had greater OM content. Bacterial and fungal communities significantly
differed between the high and low quality categories. These findings suggest that
microbial metrics should be included in future efforts to evaluate urban forests using the
i-Tree Eco metrics in order to fully understand the ecosystem services provided by the
forest, both above and below ground. Microscopy or molecular methods in order to
quantify mycorrhizal fungi should be utilized, as both the AMF and ECM fungi in this

study were significantly different between the high and low quality forest types
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Table 3.1: i-Tree Eco plot information, including the number of tree species found at each plot, the dominant tree species per plot, as
well as the average tree height per plot. Fine root samples to quantify AMF were sampled mainly from Acer trees and roots to quantify

ECM fungal quantities were taken mainly from Quercus trees.

l\slzmlp;leer Quality Numsbpe:c(i)isTree Dominil;ijl;lisf Genus Average Tree Height (Ft)  Tree Sampled for AMF Tree Sani?pullel(;ifor ECM

1 High 13 Quercus 39.3 Acer Quercus
2 High 7 Quercus 42.4 Acer Quercus
3 High 6 Liriodendron 34.2 Acer Quercus
4 High 6 Quercus 55.1 Acer Quercus
5 High 8 Liriodendron 63.5 Acer Quercus
6 High 8 Quercus 51.3 Fagus Quercus
7 High 6 Quercus 50.5 Acer Quercus
8 High 13 Liriodendron 50.1 Acer Quercus
9 High 11 Quercus 29.4 Acer Quercus
10 High 7 Quercus 46.8 Acer Quercus
11 Mid 11 Carya 48.3 Acer Quercus
12 Mid 19 Quercus 43.2 Acer Quercus
13 Mid 11 Quercus 27.0 Acer Quercus
14 Mid 5 Quercus 47.1 Acer Quercus
15 Mid 8 Acer 49.9 Acer Quercus
16 Mid 3 Acer 49.8 Acer Quercus
17 Mid 5 Platanus 56.3 Acer Quercus
18 Mid 9 Quercus 48.7 Acer Quercus
19 Low 12 Quercus 25.5 Juglans Quercus
20 Low 3 Platanus 38.5 Platanus Quercus
21 Low 1 Acer 29.0 Acer Quercus
22 Low 3 Liriodendron 68.0 Acer Pinus

23 Low 9 Liriodendron 50.8 Acer Quercus
24 Low 6 Liriodendron 49.0 Acer Quercus
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26
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Low
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Table 3.2. Soil Properties for low, mid, and high quality forest stands.

Soil Texture pH Mehlll,Ch h K Mg Ca
Quality o % % Organic
Treatments N Score % Sand % Silt Clay Matter (ppm) ppm
Low 8 42409 5625: 39+5.0 Siooi 36404 54402 16423  74+10 109 £25 ngoi
. 53+ 9.0+
Mid 8 61+1.8 70 38+5.0 20 36+04 5.0+0.2 12+2.5 45+ 8.0 587 290+ 65
. 51+ 9.0+
High 10 71+0.5 40 40+4.0 1.0 43+0.5 49+0.1 80+14 53+5.0 59+9 190+35
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Table 3.3. Alpha diversity measures across quality forest types, including average ASV counts per treatment. N denotes number of
samples per treatment category.

s

Treatments N ASVs Shannon's  Simpson's N ASVs Shannon's  Simpson's
Low 8.0 2900+83  7.0+£0.10  0.99+0.0 8.0 120 15 3.5£0.20  0.93+£0.010
Mid 8.0 1900 £120 6.8+0.10  0.99 £0.0 8.0 150 +£17 3.8£0.10  0.95+0.010
High 10.0 2700 £180 7.1 £0.050 0.99 +0.0 10.0 130 +10.0  3.7£0.10  0.95+0.010
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Figure 3.1. i-Tree Eco plots in Fairfax County, VA. Blue circles mark the high quality
sites (10 sites), green circles mark the mid quality sites (8 sites), and red circles mark the
low quality sites (8 sites). High quality scores ranged from 69.5-73, mid quality scores
ranged from 50-68, and low quality scores ranged from 38-49.
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Figure 3.2. Relative abundance of the top 10 phyla from the bacteria (16S rRNA gene)
and fungal (ITS) communities.
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Figure 3.3. The quantity of soil microorganisms as determined by A) 16S rRNA gene

gPCR, B) ITS gqPCR, and C) microbial biomass C determined by fumigation extraction.
Means and SE bars are shown.
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Figure 3.4. Non-metric multi-dimensional scaling (NMDS) based on a bray dissimilarity
matrix showing divergence of a: bacterial 16S rRNA communities and b: fungal ITS
communities Stars show the mean of treatments with SE bars and significant
environmental variables are shown as vectors in the upper left corner of panel A and
lower left corner of panel B. i-Tree Eco quality scores are labels on points. Note: NMDS|1
is on the y-axis.
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Figure 3.5: Mean relative abundance of the primary lifestyle sequences, including ECM
fungi, AMF, soil saprotrophs, and plant pathogens, subsetted from the fungal ITS
sequence dataset and organized by quality type.
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Figure 3.6: Percent AMF root colonization presented per i-Tree Eco plot quality score. Black
points represent low-quality sites, light green points represent mid-quaility sites, and dark green
points represent the high-quality sites.
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Chapter 4: Conclusions

The overall goals of this research were to investigate how urban stream
restoration affects riparian microbial communities and to explore the possible link
between forest health and microbial communities, including AMF root colonization.
Methods typically used to characterize stream and forest health, such as benthic
macroinvertebrates and plant communities, may be slow to change after a disturbance.
My research evaluated if microbial communities within the riparian and forest soils were
sensitive to restoration and urbanization impacts, and therefore could be used as
biological indicators to gauge stream restoration success and healthy forest ecosystems.

The first study evaluated the soil and microbial differences between restored,
degraded, and unimpacted (i.e. reference) riparian sites by quantifying soil bacterial 16S
rRNA and fungal ITS gene quantities and characterizing community composition based
on sequencing. I also quantified two functional genes (nirK and nirS) involved in
bacterial denitrification. The second study examined the bacterial and fungal
communities of different quality levels of forested i-Tree Eco sites. Once again bacterial
16S rRNA and fungal ITS genes were quantified and sequenced. Additionally, I
measured the microbial biomass based on chloroform fumigation and quantified AMF
root colonization between the forest quality types. Both studies examined the relationship
between the bacterial and fungal communities and a selection of soil chemical properties
that included pH, SOM percentage, and nutrient content.

In the riparian soils, restoration changed many key soil properties, and those
properties were correlated to microbial community structure. The SOM was significantly

higher in the post restoration sites than the pre or reference sites. Higher organic matter
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content in soils can lower the oxygen levels in the floodplain and create anaerobic
conditions suitable for denitrification (Tiedje, 1982; Gift et al, 2010). Restored riparian
floodplains typically have lower levels of organic matter, and therefore lower levels of
denitrification when compared to reference floodplain soils. Overtime, however, restored
riparian zones have been shown to have higher levels of soil organic matter compared to
younger restoration sites (McMillan and Noe, 2017). This study’s restorations having
significantly higher levels of SOM compared to the pre and reference soils is an
important finding that could indicate riparian floodplain conditions are suitable for
denitrification to occur. Soil texture was a significant factor for differentiating bacterial
and fungal communities between restoration sites, specifically clay content. The post-
restoration soils also had the most clay content compared to the pre and reference sites
and were the highest pH. Soil pH also significantly correlated to the differences in the
bacterial and fungal community composition.

The quantities of nirK and nirS genes also differed between restoration
treatments. I found that after restoration, the riparian soils had significantly higher
quantities of nirS gene copies than the reference soils. The opposite was true for nirK,
where reference sites had significantly higher gene copies. These two genes code for
homologs of nitrite reductase but are usually found in different denitrifying bacteria.
Previous studies have observed that nirK organisms are less likely to carry the nosZI1
gene (nitrous oxide reductase), and therefore may produce more nitrous oxide (Graf et al.
2014). If restorations, such as those included here, favor denitrifiers that carry nirsS this is
positive from a greenhouse gas perspective because more complete denitrification may be

occurring (Bowen et al. 2020).
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The riparian restorations were designed to improve hydrological connection in the
riparian zone. They changed soil texture, SOM content, and increased soil pH. Although
I did not measure denitrification activity, differences in the microbial community and soil
properties are indicative of greater complete denitrification and therefore enhanced N
removal. Future monitoring of stream restoration sites should include determining some
soil chemical properties (SOM, pH) and quantification of nirK and nirS genes. The gene
quantification should be compared to denitrification potential assays to strengthen the
supposed relationship between microbial community structure and function.

In contrast to the differences in soil properties observed in the riparian sites, few
differences were observed between forest quality types. Counter to my expectations
SOM did not differ between the forest quality types, though the high-quality sites tended
to have more SOM compared to mid and low quality. Soil texture also did not differ
between the forest quality sites or correlate to differences in microbial community
composition. Overall, few differences were observed between high, mid, and low-quality
forest stands in terms of soil properties or differences in the fungal and bacterial
community composition.

The noteworthy exception was in the case of mycorrhizal fungi. The percent of
AMF root colonization and the relative abundance of ECM fungal sequences positively
correlated to forest quality scores. Both AMF and ECM fungi are important drivers of
forest ecosystem services. They can improve plant health directly through nutrient and
water uptake and indirectly by lowering disease incidence and improving soil structure,

increasing aggregation for instance.
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Urbanization effects that lowered forest quality scores included increased
impervious surface, more invasive species cover, and lower tree health and establishment.
All these factors are interrelated to mycorrhizal colonization. Since mycorrhiza can be
critical for tree establishment, future management and research goals should include
evaluating the use inoculums at tree planting. This is outside the scope of the current
study, but maybe a valuable tool to improve urban soil health.

The conclusions of this research are constrained by sample number and access to
sites, particularly in the case i-Tree Eco sites where we had a low response rate from
private homeowners. Future research should increase statistical power by including more
samples within each group to better capture heterogeneity. Of course, there was only one
10-year riparian restoration, as this practice was not as common in the past. If future
research is done, many more restoration will be available. Here too only a single time
point was sampled, but a longitudinal study would also yield important information. In
the case of forest sites, the root colonization yielded significant results between the low
and high quality forest types, however, statistical power could be further increased by
sampling roots from more trees with each plot, as opposed to one per plot. Future
research could also investigate AMF and ECM root colonization in the riparian
floodplains before and after stream restoration. Finally, future research should investigate
the use of microbial inoculums to encourage colonization of beneficial microorganisms
like AMF that could help to improve plant and soil health.

In summary, this work supports including microbial methods in monitoring and
evaluating urban ecosystems. In both the riparian and forest sites, fungal communities

were sensitive to disturbance and human impacts. Rather than focus on characterization
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of the entire fungal community however, I would suggest focusing on mycorrhizal
abundance either through microscopic quantification of root tips or targeted molecular
approaches. There are at least some primer sets specific to AMF for example. In
evaluating restoration success, we always must be clear what the original goal was.
Fairfax County, VA has invested in stream restoration in large part to improve water
quality. The data collected here point to some success in establishing the functional
community needed to remove N in urban runoff and these metrics should continue to be

evaluated and compared across different restoration types.
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Appendices

Appendix 1. Chapter 2 supplemental information

Table S1: Sample information including the stream branch that was sampled, the central,
downstream, or upstream location, and the restoration type.

Sample Branch Sample_code Restoration

1 Brittenford BT C R 345 Pre

2 Brittenford BT U 0 Pre

3 Brittenford BT C L 345 Pre

4 Brittenford BT C 0 Pre

5 Brittenford BT D L 345 Pre

6 Walney Wal U 0 Reference
7 Walney Wal U R 34.5 Reference
8 Walney Wal C L 345 Reference
9 Walney Wal D C 0 Reference
10 Flatlick3 FL C L 72 Pre

11 Flatlick3 FL D L 34.2 Pre

12 Flatlick3 FL C L 342 Pre

13 Flatlick3 FL U L 342 Pre

14 Flatlick3 FL C 0 Pre

15 Wolf Trap WT D R 342 Post

16 Wolf Trap WT U 0 Post

17 Wolf Trap WT U R 342 Post

18 Wolf Trap WT C 0 Post

19 Wolf Trap WT D 0 Post
20 South Lakes SL U R 342 Post
21 South Lakes SL C R 342 Post
22 South Lakes SL D L 342 Post
23 South Lakes SL D R 342 Post
24 Banks BNK U R 34.2 Post
25 Banks BNK U R 0 Post
26 Banks BNK C L 342 Post
27 Banks BNK D 0 Post
28 Banks BNK C 0 Post
29 Crook Branch CB D L 342 Pre

30 Crook Branch CB D R 49 Pre

31 Crook Branch CB DO Pre

32 Crook Branch CB C R 342 Pre

33 Crook Branch CB U R 342 Pre

34 Rabbit Branch RB U 0 Pre

35 Rabbit Branch RB U R 343 Pre

36 Rabbit Branch RB D L 345 Pre

37 Rabbit Branch RB D 0 Pre
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

Rabbit Branch
Bull Neck
Bull Neck
Bull Neck
Bull Neck
Bull Neck

Dead Run SV

Dead Run SV

Dead Run SV

Dead Run SV

Dead Run SV

Dead Run SV
Flag Run
Flag Run
Flag Run
Flag Run

Poplar Springs

Poplar Springs

Poplar Springs

Poplar Springs

Poplar Springs

Poplar Springs

Big Rocky Run
Big Rocky Run
Big Rocky Run
Big Rocky Run
Big Rocky Run
Paul Spring GMP
Paul Spring GMP
Paul Spring GMP
Pohick at Guinea
Pohick at Guinea
Pohick at Guinea
Pohick at Guinea
Pohick at Guinea
Greentree
Greentree
Greentree
Greentree
Greentree

Banshee Reeks

Banshee Reeks

Banshee Reeks

RB_C_0
BN C L 342
BN D L-34.2

BN D 0
BN U 0
BN U R 342
DRSV_U 0

DRSV_U R 342
DRSV_C 0 R

DRSV_C_R 342
DRSV C 0 L

DRSV_D R 342
FR_D R 34.2
FR_C_R 342

FR_D 0
FR_U 0
POP U R 345
POP U L 345
POP_U 0
POP D R 345
POP_C_0
POP C R 345
BRR_C R 345
BRR_D R _34.5
BRR_U 0
BRR_C 0
BRR D 0
GMP D R 345
GMP_C 0
GMP_U 0
PG D 0
PG D R 342
PG U R 342
PG U 0
PG C 0
GT C 0
GT C L 342
GT_U R 342
GT D L 342
GT D R 342
BAR_C_R_34.5
BAR_C_0
BAR D 0
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Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Pre
Post_10
Post_10
Post_10
Post_10
Post_10
Post_10
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Post
Reference
Reference
Reference
Reference
Reference
Reference
Reference
Reference



81 Banshee Reeks BAR D R 345 Reference
82 Banshee Reeks BAR U L 345 Reference
83 Banshee Reeks BAR U 0 Reference
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Table S2: gPCR Reaction Conditions

Target Target Pure Primers & References Thermocycler Conditions Number of Plasmid standard
Gene Culture (Forward / Reverse) (Acquisition Step Bolded) Cycles and soil correction
efficiency (%) (r*
values)
EUB Bacteria 16S Escherichia coli  EUB338 95°C for 5 min 1 93-98% soil = 90%
rRNA gene EUBS518 (Fierer et al, 95°C for 5s/55°C for 15s/72°C for 40 Allr*>97%
2005) 10s
ITS Fungal ITS Haematonecretia 95°C for 5 min 1 95-99% soil = 93%
haematococca ITSIF 95°C for 5s/55°C for 15s/72°C for 40 All 1* > 99% except
ITS 5.8S (Fiereretal,  10s soil I = 87%
2005)
nirk Nitric oxide Sinorhizobium nirk876 95°C for 5 min 1 91-96% soil = 95%
reductase meliloti nirK1040 (Henry etal,  95°C for 15 s/ 63-59°C for 60 s 5(TD) All 1* > 97% except
2004) 95°C for 15 s/ 58°C for 60 s 40 soil ¥ =91%
nirS Nitric oxide Pseudomonas nirSCD3aF 95°C for 5 min 1 91-109%, soil = 97%
reductase Sstutzeri nirSR3cd (Hristova 95°C for 15 s/ 63-59°C for 75 s 5(TD) Allr*>97%
and Six, 2006) 95°C for 15 s/ 58°C for 75 s 41




Appendix II. Chapter 3 supplemental information

Table S1: Fairfax plot health variable data sheet created by the Urban Forest Management Division of
Fairfax County, VA. Scores from each section are totaled with a max score of 82.5 for each i-Tree Eco ple
A high score in each section is deemed as a higher quality forested stand, less impacted by urbanization.

Plot ID: Date: Survey Team:
*If selected, skip rest of survey

Overall Plot
Imperivous/vegetation
Impervious* Dominant impervious or lawn Trees with lawn Partially forested Forested

0 1 2 3 4 5 6| 7 8| 9 10|

Human Impact
Extensive or imminent Moderate; active

Site cleared; impervious jevel >50% of plot impacted | restoration activities | Light; no construction | Minimal or none

0 1 2 3 4 5 6| 7 8| 9 10|
Tree Age Class & Size Distribution

No trees Even age or single tree Limited age structure Transition forest Mixed age Ideal composition
0 1 2 3 4 5 6| 7 8| 9 10|

Tree Establishment & Maintenance/Stand Management

Dead trees; lack of tree

No trees maintenance Negligent/Stressed Acceptable Unmanaged or restored | Natural forest/Ideal
0 1 2 3 4 5 6| 7 8| 9 10|

Tree Structure/Health

>75% of trees in plot Less than half
Dead tree(s) or no trees stressed >50% stressed stressed Mostly healthy Normal/Healthy
0 1 2 3 4 5 6| 7 8| 9 10|

Invasive Plants

Equal (~50%)
C y overgrown >80% of plot i >50% colonized native/invasive Patchy invasives Majority native
0 1 2 3 4 5 6| 7 8 9 10|

Forest pests/diseases

Majority Dead Tree(s) or Light or temporary (e.g.
no trees Significant >50% of trees affected Moderate defoliation) Superficial or none
0 1 2 3 4 5 6| 7 8 9 10|

Deer browse

>50% affected; non- [Dispersed or transient| <25% impacted; Minimal (<10%) or
~100% of plot affected | Lack of shrubs & understory palatable plants damage palatable plants present [ none; regeneration
0 1 2 3 4 5 6 7 8 9 10

Total Score:

Supplemental Questions: (out of 82.5)
1 Impact of forest pests and type: 4 Evidence of ecosystem management?
O none (0.5 points) O vyes (0.5 points)
O scale insects/aphids O no
O defoliators
O disease/cankers 5 Is there a distinct deer browse line?
O borers O yes
O other O no (0.5 points)

List species, if known:

2 Evidence of poor tree care:
O vyes
O no (0.5 points)

3 Is the plot mostly comprised of ash trees?
O vyes
O no (0.5 points)
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Table S2: gPCR Reaction Conditions

Target Target Pure Primers & References Thermocycler Conditions Number of Plasmid standard

Gene Culture (Forward / Reverse) (Acquisition Step Bolded) Cycles and soil correction
efficiency (%) (r*
values)

EUB Bacteria 16S Escherichia coli EUB338 95°C for 5 min 1 99%, soil = 83 %

rRNA gene EUBS518 (Fierer et al, 95°C for 5 s/ 55°C for 15 s / 72°C for 40 All *=93%
2005) 10s
ITS Fungal ITS Haematonecretia 95°C for 5 min 1 93%, soil =93%
haematococca ITSIF 95°C for 5 s/55°C for 15 s/ 72°C for 40 All > =99 except soil

ITS 5.8S (Fierer et al,
2005)

10s

 =87%
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