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Temperate forests are threatened by urbanization and fragmentation, with over 20%
(118,300 km?) of U.S. forest land projected to be subsumed by urban land development.
We leveraged a unique, well-characterized urban-to-rural and forest edge-to-interior
gradient to identify the combined impact of these two land use changes—urbanization
and forest edge creation—on the soil microbial community in native remnant forests.
We found evidence of mutualism breakdown between trees and their fungal root mutu-
alists [ectomycorrhizal (ECM) fungi] with urbanization, where ECM fungi colonized
fewer tree roots and had less connectivity in soil microbiome networks in urban forests
compared to rural forests. However, urbanization did not reduce the relative abundance
of ECM fungi in forest soils; instead, forest edges alone led to strong reductions in
ECM fungal abundance. At forest edges, ECM fungi were replaced by plant and animal
pathogens, as well as copiotrophic, xenobiotic-degrading, and nitrogen-cycling bacteria,
including nitrifiers and denitrifiers. Urbanization and forest edges interacted to generate
new “suites” of microbes, with urban interior forests harboring highly homogenized
microbiomes, while edge forest microbiomes were more heterogeneous and less stable,
showing increased vulnerability to low soil moisture. When scaled to the regional level,
we found that forest soils are projected to harbor high abundances of fungal pathogens
and denitrifying bacteria, even in rural areas, due to the widespread existence of forest
edges. Our results highlight the potential for soil microbiome dysfunction—including
increased greenhouse gas production—in temperate forest regions that are subsumed
by urban expansion, both now and in the future.

ectomycorrhizal fungi | urbanization | forestedge | microbial function

The world’s forests are being rapidly urbanized and fragmented by land development
(1, 2), with more than 70% located within 1 km of a forest edge (3), especially in temperate
regions which contain 52% more edge forest area than tropical regions (4). However, we
are still in the early stages of understanding how urbanization and forest edge creation
impact some of a forest’s most important ecological communities. Soil microbes are critical
regulators of carbon (C) loss and sequestration in forests, accelerating tree mortality by
acting as pathogens, sustaining aboveground forest productivity by increasing nutrient
availability for plants (5), or storing C belowground in stable microbial products (6).
Recent studies show dramatic shifts in the composition and activity of soil microbiomes
with urbanization (7-10) and at forest edges (11). Urban forests are situated near developed
cities, while forest edges are characterized by a zone on one side that lacks trees due to
deforestation. However, the combined, compounding impacts of these two intense land
development activities on soil microbial communities are unclear. Urbanization, fragmen-
tation, and forest edge creation are expanding worldwide, with the loss of interior forests
occurring up to seven times faster than the loss of edge forests in the temperate zone (12).
At the same time, society has increased its reliance on temperate forests in urban and rural
areas for recreational, esthetic, and health benefits (13, 14). Understanding the form and
function of microbial communities within fragmented urban forests will become increas-
ingly critical as we depend on them more heavily to sustain environmental quality and
human well-being in the coming decades.

The multiple, interacting environmental stressors of urbanization and forest edge effects
may be particularly detrimental to microbial mutualists of plants, similar to the negative
impact of environmental stress on plant—animal mutualisms (15) and microbial symbionts
of animals (16). Urban areas have higher ambient air temperatures, greenhouse gas con-
centrations (e.g., carbon dioxide; CO,), nitrogen (N) loads (e.g., ammonium and nitrate
deposition), and ambient pollutants (e.g., particulate matter and ozone; O;) relative to
rural areas (17-21). Especially sensitive to these conditions are fungal symbionts of tree
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roots (e.g., ectomycorrhizal (ECM) fungi), which provide nutri-
ents (such as N) to host trees in return for plant C (5). ECM fungi
often decline when soil N availability rises or when plant photo-
synthesis slows due to land cover change or pollutant exposure,
potentially because plants allocate less C belowground (22-24).
Forest edges can exacerbate urban stressors, as they experience
higher air and soil temperatures (25) and higher nutrient and
pollutant deposition compared to forest interiors (26). ECM fungi
are critical mediators of ecosystem energy and element flows: they
can funnel up to 50% of plant C belowground and provide up to
80% of plant N, while also providing pathogen protection to trees
(27), ultimately controlling forest productivity to a degree that
impacts atmospheric CO, levels and the stability of the global
climate (28). If ECM fungi decline at forest edges, then urban
edge forests—which comprise a rapidly increasing fraction of the
world’s forests (1, 3)—may have a dramatically lower capacity for
C and nutrient sequestration than their rural, interior forest coun-
terparts (29-31), especially if trees become more vulnerable to
pathogens.

Another way in which urbanization and forest edges may
impact the soil microbiome is by increasing the vulnerability of
soil communities to both abrupt and long-term environmental
stress, similar to edge effects on forest trees (4, 32, 33). Evidence
is accumulating that there is a growth-stress tolerance trade-off in
microorganisms (34-37), similar to that in macroorganisms (38,
39), such that a fast-growing soil community may have a lower
tolerance to environmental stress. If fast-growing microbes are
favored at forest edges, they may have lower stress tolerance and
experience higher turnover, or instability, over time (40). The effect
would be exacerbated if soil microbiomes become more homoge-
neous with urbanization, as seen in plant and animal communities
(41, 42). Urbanization can create unique environments that favor
the growth of certain species (41-43), leading some to suggest the
existence of an “urban suite” of soil microbes (44), similar to

lon

groups of plants often found in urban settings (45). However,
urbanization can also generate high spatial habitat and community
heterogeneity (46, 47), potentially accelerating evolutionary
dynamics (48, 49), so it is unclear what the overall impact of
urbanization and forest edges have on microbial community struc-
ture if urban forest communities can withstand additional envi-
ronmental stressors from edge effects, and what the role of these
communities is in the health and functioning of forests.

We hypothesized that urbanization and forest edges interact to
reduce ECM abundance in soils, shifting soil microbial commu-
nities toward more pathogenic and copiotrophic taxa, particularly
at urban forest edges. We also expected urbanization and forest
edges to homogenize soil microbial communities, selecting for
communities with fewer associations between taxa and making
soil communities more vulnerable to environmental stress, which
could explain changes in soil N cycling and C storage observed at
urban forest edges (33, 50, 51). To test these hypotheses, we exam-
ined soil microbial community composition in the Urban New
England (UNE) study (33, 50, 51), which includes a series of
eight fragmented, ECM-dominated temperate forest sites along
a 120-km urban-to-rural gradient in the State of Massachusetts
(MA). At UNE, duplicate sampling points are located along a
90-m transect from the forest edge to the forest interior at each
site (8 sites x 5 distances from the edge x 2 sampling points = 80
sampling points in total, Fig. 1 and S Appendix, Table S1). We
paired three years of data (2018, 2019, and 2021) on soil microbial
community composition measured at each UNE sampling point
(227 samples in total) with soil biogeochemistry (e.g., full elemen-
tal analysis, soil respiration rates, and rates of net ammonification
and nitrification) and physiochemistry (e.g., pH, temperature,
moisture) data from the same soil samples, as well as data on root
biomass, ECM colonization rates, and plant density and commu-
nity composition. We tested the impact of urbanization (measured
as the distance from an urban center (Boston Common in Boston,

Fig. 1. Map of sampling regime and sampling locations across the UNE study system. Circles represent individual sampling locations mapped on Google Map
images. (A) Individual sampling sites are shown on a map of the state of Massachusetts. (B) Individual sampling locations (replicates A and B) within a sampling
site (Sutherland Woods) along the 0-90 m distance from forest edge transect within an individual 100-m x 100-m plot are shown. lat, latitude; lon, longitude.
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MA) and forest edges [classified as the distance from the forest
edge (33, 51)] on soil microbial communities using a combination
of linear regression models that accounted for spatial autocorre-
lation in community composition (S Appendix, Fig. S1), differ-
ential abundance analyses, and covariance network analyses. To
understand the potential roles of microbial groups in soil C and
N cycling, we also looked for relationships between the abundance
of microbial C and N-cycling functional groups, C and N and
total soil respiration rates (51), N transformations (33), and C
stocks (50). Additionally, we scaled the results of our analyses to
the state level, leveraging soil microbiome data we generated for
cach of the ECM-dominated USDA FIA forest types in MA. In
MA, which is one of the most densely populated and densely
forested states in the United States, forests cover 60% of the land
surface but are heavily fragmented due to urban sprawl (52), where
over two-thirds of the population currently live (53). Increases in
temperature at the forest edge compared to the forest interior are
comparable to the amount of warming this region experienced
between 1900 and 1999 due to climate change (54).

Results and Discussion

In contrast to our expectations, neither urbanization nor its inter-
action with forest edges reduced ECM fungal abundance in soils
of remnant, native forests. Instead, forest edges alone had striking
negative effects on ECM fungi: ECM fungi declined precipitously
in soil at the edges of both urban and rural forests (Fig. 24) despite
a similar relative density of ECM trees and similar root biomass
at forest edges compared to forest interiors (S Appendix, Fig. S2).
These results indicate that recent reports of reduced ECM fungal
abundance in urban soils worldwide (9) could be explained in part
by edge effects on fragmented urban landscapes. Loss of ECM
fungi was correlated with an increase in fungal and bacterial

Urbanization: F (7, 187)=1.2,p=.3

diversity in soils at forest edges (S Appendix, Fig. S3) due to an
increase in pathogenic microbes (Fig. 2 Band Cand S/ Appendix,
Table S2), xenobiotics-degrading and copiotrophic bacteria, as
well as nitrate-producing and consuming bacteria (S Appendix,
Table S2 and Fig. S3). This shift in soil microbiome composition
from ECM fungi to nitrate-cycling bacteria was mirrored by
increased nitrification rates at forest edges (S/ Appendix, Fig. S4)
(33) and parallels results from other studies showing that nitrifying
bacteria may compete with ECM fungi for ammonium (55).
Denitrifying bacteria also showed high abundance at the forest
edge, indicating a high potential for forest edges to release nitrog-
enous greenhouse gases (e.g., N,O and NO,) that may accelerate
atmospheric warming and feedback to increase drought stress in
forest edges. Interestingly, animal pathogen abundance was also
high at forest edges (Fig. 2B and SI Appendix, Table S2), as was
the abundance of dung-saprotrophic fungi (S Appendix, Table S2),
suggesting a greater influence of animals on the soil microbiome
at both urban and rural forest edges.

Despite high relative abundances of ECM fungi in urban forest
soils, we found evidence of tree-ECM mutualism breakdown
under urbanization: urban trees had lower ECM colonization rates
on roots (Fig. 2D), despite higher ECM tree and root abundance
(SI Appendix, Fig. S2) and increased plant N uptake (leaf N con-
centration, SI Appendix, Fig. S4 and Table S2) relative to rural
trees. This result is consistent with one other study that quantified
ECM colonization of trees planted in urban street tree pits vs. rural
forests (56), which found lower ECM colonization of trees in street
pits. High rates of net N mineralization in urban sites (33) might
explain this phenomenon, as we found that experimental N addi-
tion at rural forests reduced the ECM colonization rate to levels
close to those found in urban forests (S/ Appendix, Fig. S5). High
levels of inorganic N in soil have an overwhelmingly negative effect
on tree—ECM symbioses (57), suggesting that the benefit of strong
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Fig. 2. Relationships between urbanization and forest
edges and key plant- and animal-associated soil microbes.
The relationship between distance from the forest edge and
the relative abundances of (4) ECM fungi and (B) pathogenic
fungi calculated from FungalTraits are shown. (C) ECM
fungi are anticorrelated with pathogenic fungi in the soil,
including plant and animal pathogens. Differences in (D)
ECM colonization of oak trees between urban sites and
rural sites illustrate the breakdown of tree-ECM mutualisms
with urbanization. ANOVA results for the linear mixed-effect
models testing for relationships with urbanization (negative
distance from Boston), edge effects (negative distance from
edge), and their interactions (U x E) are shown for ECM
fungi (A), fungal pathogens (B), and ECM colonization (D).
Correlation test results for the fungal group are shown (C).
The error bar of the line graphs shows the SE.
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tree—ECM mutualisms under the high temperature and drought
stress in urban systems might not outweigh the benefit of reducing
C allocation to symbionts under high soil N availability.
Tree—-ECM mutualism breakdown, combined with additional
unique environmental conditions in urban forests, changed com-
munity structure and species connectivity in the soil microbiome.
In contrast to our expectations, network analysis revealed that
urban soil microbiomes were highly connected, with taxa cluster-
ing into densely connected “cliques” (Fig. 3 4 and B) that indicate
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strong covariance of taxa in response to environmental conditions
(58). Interestingly, ECM fungi were less central in urban soil com-
munity networks than in rural networks (Fig. 3D). Instead, the
most connected taxa in urban soil networks were other, less
well-studied bacteria and fungi (Fig. 34). This switch from soil
microbiomes connected by tree symbionts to ones potentially
structured by the activity of free-living saprotrophs suggests that
the combination of higher soil temperatures and lower ECM activ-
ity may be the major impact of urbanization on microbiome
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Fig.4. Community composition of (A) fungi and (B) bacteria, including suites of urban/rural and edge/interior forest soil microbes. Point color and size represent
the distance from Boston (km) and the distance from the forest edge (m), respectively. Differential abundance of microbial groups across suites was tested using
the vegan::envfit function (70), and significant groups are shown on each plot (70). 1) All the fungal functional groups, 2) nitrifying and denitrifying bacteria, 3)
pathogenic and xenobiotic-degrading bacteria, and 4) all the other bacterial functional groups referred to 1) FungalTraits, 2) amoA- and nosZ- targeting qPCR,

3) PICRUSt2, and 4) in-house database, respectively.
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Fig. 5.

of soil properties

(A) Homogenization (measured as distance to centroids) of soil microbial (both fungal and bacterial) communities in each location (urban edge, urban

interior, rural edge, rural interior), and (B) the relationships between homogenization of soil properties and soil microbial communities. The result of ANOVA
for the linear mixed-effect model for urbanization, edge effects, and their interactions (U x E) and the results of Tukey's multiple comparison tests (A), and the

correlation coefficients (B) are shown.

structure and metabolism. Microbial network connectivity was
positively correlated with soil and foliar C content (57 Appendix,
Fig. S4), consistent with other studies (59, 60), providing evidence
of a relationship between C storage and ecosystem complexity
(61) across urban-to-rural gradients.

Together, urbanization and forest edges interacted to generate
suites of soil microbes that characterized each forest type that was
phylogenetically diverse (S/ Appendix, Fig. S6) but functionally

constrained. For example, urban forest interiors were character-
ized by ECM fungi and cellulolytic, nitrate/nitrite-reducing, and
methanotroph bacteria, while urban edges were defined by plant
pathogens and nitrifying taxa (Fig. 4 and SI Appendix, Fig. S7).
Consistent with our expectations, urban forest soil communities
were more homogeneous than rural forests, but only in forest
interiors (Fig. 54). This phenomenon corresponded to the
homogenization of soil properties (soil temperature, moisture, pH,
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Fig.6. Community instability across urban/rural and edge/interior forest soils (A) and community vulnerability to drought stress across sites (B). Instability was
calculated as community similarity (calculated as Aitchison distance) compared to the 1st year (2018), of which community was the baseline of the comparison
(A), and vulnerability to drought stress was calculated as the relationship between community instability and soil moisture (B). The result of ANOVA for the linear
mixed-effect model for urbanization, edge effects, and their interactions (U x E) is shown (A), and the correlation coefficients for fungal and bacterial community
instability are shown (B).
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Fig.7. Projected abundances of microbial groups in ECM-dominated forests in the mixed rural and urban landscape across the state of Massachusetts. Forest
type groups at UNE field sites were matched with US Forest Service forest types, then relative abundances of key fungal [ECM fungi (A and C), plant pathogens
(B and D), and animal pathogens ()] and bacterial denitrifying groups (F) calculated for each UNE plot were projected across interior and edge forest areas
within the state. The amount of forest areas (in ha) that contain a certain fraction (%) of microbial functional groups is shown (C-F). Edge forest was categorized
as forest area bordered by non-forest in distance-from-edge bins (15, 30, 60, and 90 m). The abundances of fungal functional groups and denitrifying bacteria
were calculated based on FungalTraits categorization of ITS amplicon sequence data and qPCR of the nosZ gene in soil DNA extracts, respectively.

organic matter content, ammonium content, and nitrate content)
in the interiors of urban forests (Fig. 5B), similar to other studies
that have found urbanization homogenizes the physical environ-
ment (62) and contributes to biotic homogenization of plants
and animals (41, 43). By contrast, forest edge microbiomes were
more heterogeneous and tended to change more dramatically over
time—or be less stable—than at the forest interior (Fig. 6A4).
Instability of both bacterial and fungal communities was linked
to increased vulnerability to low soil moisture (Fig. 6B), which is
most severe at the forest edge (50). Soil microbial vulnerability
to drought has been hypothesized for the last decade (63) and
our data provide the evidence that this is a key way in which
urbanization and forest edges impact the soil microbiome.
Interestingly, bacteria are less stable than fungi and more sensitive
to low soil moisture at forest edges (Fig. 6B), potentially because
they are more dependent on water for dispersal (64, 65). Forest
edges also experience larger fluctuations of soil water content than
interiors, because of high light intensity in edge habitats (66), a
process that is known to change microbial community composi-
tion (67, 68). In addition, because ECM fungi can connect micro-
biome members by providing plant C and N (69), a loss of ECM
fungi could also partially explain community instability at forest
edges (Fig. 64).

When we scale the change in forest soil microbiomes with
urbanization and edge creation across ECM-dominated forests
for the state of MA, we project unexpectedly high regional loads
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of plant and animal pathogens (Fig. 7). While ECM fungi com-
prise >55% of the soil fungal community for forests in most of
this territory, plant pathogens make up over a quarter of the soil
fungal community in over 77,000 ha of forest area. This phenom-
enon is associated with widespread forest edges, resulting in strik-
ingly high projected levels of fungal pathogens in the rural,
typically regarded as pristine, western part of the state. The loss
of tree symbionts and the rise of pathogenic microbiomes in forests
could explain reduced tree growth at the edges of temperate forests
that experience extreme heat stress (32). In addition to fungal
pathogens, we project extremely high levels of denitrifying bacteria
across the state: over 130,000 Ha of forest across the state harbors
more than double the relative abundance of denitrifiers found in
soils of intact, interior rural forests (Fig. 7), indicating potential
for greater N-based greenhouse gas emissions from soil than pre-
viously expected.

Conclusion

Arguably one of the greatest—and most poorly understood—
threats to temperate forests is edge creation through land clearing
and development. Northern temperate hardwood forests are
already the most urbanized and fragmented forest type in the world
and have the highest likelihood of becoming more fragmented and
urbanized in the coming decades (1, 2). Our study suggests that
urbanization and edge effects from this land development have
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strong negative impacts on tree symbionts and their role as key-
stone taxa in soil microbial communities. In contrast to our expec-
tations, urban forest soils can be dominated by ECM fungi, if there
is a high percentage of ECM trees in the forest stand. However,
higher soil N availability—driven by increasingly warmer soil tem-
peratures and high N pollution in urban areas—may threaten
tree~ECM symbioses and dramatically change urban forest com-
position in the near future (71). Our observation that soil at forest
edges has fewer ECM fungi and increases in pathogenic and
N-cycling microbes indicates that where ECM trees decline, we
may see additional increases in pathogen and denitrifier loads
beyond what we now project for the region.

Materials and Methods

Study System and Sample Collection. The Urban New England (UNE) study
consists of eight mid-successional, temperate, deciduous forest sites spanning an
urban-to-rural gradientin Massachusetts (S/ Appendix, Fig. 51 and Table S1). Here,
we defined the urbanization gradient as the distance from an urban core (33),
where Park Street Station in Boston represented the urban end of the gradient,
and Leverett, MA represents the rural end. Microbial communities are more sim-
ilar when grouped based on the distance from the urban center (Boston), rather
than by other well-known urbanization indicators, such asimpervious surface area
(Fig. 4 and SI Appendix, Fig. S8) (72). Each of 8 sites at UNE consists of 5 plots
thatare 70 m x 20 m in area and are located at 0, 15, 30, 60, and 90 m from
the forest edge (40 plots in total). The climate at these sites is humid continental
with warm summers (mean monthly temperatures of 18.6 °C to 21.7 °C) and
cold, snowy winters (—4.3 °Cto —0.1°C), and 1,100-1,300 mm of precipitation
distributed evenly throughout the year (NOAA 2021). Dominant tree species are
mostly ECM-associates such as red oak (Quercus rubra), white pine (Pinus strobus),
sweet birch (Betula lenta), although some plots have a high abundance of red
maple (Acer rubrum), and sugar maple (Acer saccharum).The total tree basal area
per plotranged from 10.5 to 94.0 m? ha™" (S/ Appendix, Table S1). Additional site
details are available in Garvey etal. (51) and Caron et al. (33).

Organic horizon soils (0.8-9.7 cm depth) at UNE were collected in August
2018, July 2019, and July 2021. Organic horizon soils contain the vast majority
of soil microbial activity, including N mineralization (33) and extracellular enzyme
activities (50). Two replicate soil samples were collected in each plot at the same
time and location as soil respiration and temperature measurements were taken
from PVC respiration collars installed on the forest floor (51) (227 samples in total;
40 plots x 2 replicates x 3 sampling years). We omitted 1 and 12 samples from
20184and 2021, respectively, because of plot accessibility. Soil samples were kept
on ice during same-day transport back to the laboratory and stored at 4 °C until
processing within 72 h of sampling. Soils were sieved through a 2-mm sieve and
then a subsample was stored in a —80 °C freezer until DNA extraction. Additional
fresh soil subsamples were used to measure soil physicochemical properties,
including gravimetric moisture content, pH, organic matter concentration, Cand
N content, and ammonium and nitrate content (33, 51). Net N mineralization
and nitrification rates, root ECM colonization rate, and foliar C and N content
measured at UNE (33, 50, 51) were also included in the analysis. Details for all
biogeochemical assays and plant measurements can be found in S/ Appendix,
Supplementary Methods.

Soil DNA Extraction, Quantitative PCR, Fungal/Bacterial Amplicon
Sequencing, and Bioinformatics.

DNA extraction. Total soil DNA was extracted from approximately 0.25 g of soil
using the DNeasy PowerSoil HTP 96 Kit (QIAGEN, Hilden, Germany). Two technical
replicates were extracted from one soil sample, resulting in 454 extracts in total
({8 sites x 5 plots x 2 biological replicates x 3 sampling years — 13 samples} x
2 technical replicates). Extracts were stored frozen at —80 °C until further analysis.
Amplicon sequencing. The two DNA extractions (technical replicates) from each
soil sample were pooled to better represent soil microbiome diversity (73).
Modified versions of the primer setfITS7 and [TS4 were used for fungi, amplifying
the ITS2 region of rDNA(74, 75) and modified versions of the primer set 515f and
806r, which target the v4 16S region of rDNA, were used for bacteria (76). Primers
contained both the Illumina adapter and individual sample indexes (77, 78).
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Amplicon sequencing was conducted on the pooled DNA extract per sample (227
samples in total). Amplicons were checked by agarose gel electrophoresis, then
cleaned using the Just-a-Plate 96 PCR Purification and Normalization Kit (Charm
Biotech, MO) and quantified using the Qubit HS-dsDNA kit (Invitrogen, Carlshad,
CA). 16S and ITS amplicons for each sample were mixed at equimolar concentra-
tions. Both 16S and ITS amplicons for 80 samples at maximum were combined
into a single library for sequencing, generating six libraries in total. Each library
was subject to 250 base pair (bp) paired-end sequencing on lllumina MiSeq run
at the TUFTS Genome Sequencing Core facility. Sequence data were deposited
in the Sequence Read Archive at NCBI under accession number DRA015736.
Bioinformatics was performed in the R software environment (version 4.0.0),
where the R package dada2 was used for sequence quality control, paired-end
assembly, identification of amplicon sequence variants (ASVs), and taxonomy
assignment (79). Taxonomy was assigned to ASVs using the naive Bayesian
classifier method (80) in combination with the UNITE database (v. 7.2) (81) as
the reference for fungal ITS ASVs and the SILVA database (release 138.1) (82)
as the reference for bacterial ASVs. To assign taxa to functional guilds, fungal
ASVs were searched against the FungalTraits database (83), and bacterial genera
were searched against an in-house functional database created based on the
presence of genes coding for enzymes in specific biochemical pathways (copi-
otroph, oligotroph, cellulolytic, ligninolytic, methanotroph, chitinolytic, assimila-
tory nitrite-reducing, dissimilatory-nitrite reducing, assimilatory nitrate-reducing,
dissimilatory nitrate-reducing) (84, 85). PICRUSt2 (86) was used for predicting
the bacterial xenobiotic-degrading and pathogenic gene abundances for each
sample based on KEGG Orthology (KO) (87) annotations. Suites of bacteria and
fungi were calculated for each location group (i.e., Urban edge, Urban interior,
Rural edge, and Rural interior) using indicator species analysis (88).
Quantitative PCR (qPCR). Due to the small population sizes of certain fungal
and bacterial functional groups (such as arbuscular mycorrhizal fungi, N-fixing
bacteria, nitrifying bacteria, and denitrifying bacteria) within the community, their
abundance could not be accurately determined based on amplicon sequencing.
Therefore, we conducted a qPCR analysis specifically targeting these groups. AM
fungi (18S rDNA), N-fixing bacteria (nifH), nitrifying bacteria (amoA), and denitri-
fying bacteria (nosZ) genes were quantified by qPCR following published proto-
cols with several modifications (89-92). In addition, to facilitate the comparison
between fungal and bacterial amplicon sequencing-based relative abundances,
total fungal and bacterial gene abundances were quantified using the same
primer sets employed in amplicon sequencing [fITS7/ITS4 for fungi (74, 75),
and 515f/806r for bacteria (76)]. A detailed description of the qPCR conditions
is included in S Appendix, Supplementary Methods.
Covariance network analysis. We constructed covariance networks for soil
microbial communities at each distance from edge (0, 15, 30, 60, 90 m from
forest edge) in urban and rural forests, resulting in 10 different soil microbiome
networks. Samples from the same plot for urban and rural forests (i.e., urban
forest 0 m plots, urban forest 15 m plots, rural forest 0 m plots, etc.) across all
sampling years were combined to construct a network (2 samples per plot x 4
forests perforest type x 3 sampling years = 24 samples per network). For network
construction, we collapsed fungal and bacterial amplicon sequence counts to
the genus level and normalized each genus by total fungal and bacterial abun-
dance based on qPCR. Functional groups of the genus were detected using the
FungalTratis database and the in-house database for fungi and bacteria, respec-
tively. Abundance tables were filtered (S Appendix, Supplementary Methods) and
networks were constructed using the SpiecEasi package of R (93) (parameters are
described in SI Appendix, Supplementary Methods). Networks were analyzed for
measures of connectivity, overall topological structure, and taxon importance
using the igraph package of R (94).

Scaling to the State of MA. To explore the implications of our findings over a
mixed rural and urban landscape, we scaled our results across the state of MA. We
first applied forest compositional groups defined by the US Forest Service (Forest
Inventory & Analysis User's Manual Appendix D) to categorize each of our study
sites based on their species composition. UNE sites were classified as white/red/jack
pine (Code 100), oak/pine (Code 400), pine/hickory (Code 500), or maple/beech/
birch (Code 800). We used a one-meter resolution land-cover map developed by
the Massachusetts Bureau of Geographic Information (available at https://www.
mass.gov/info-details/massgis-data-2016-land-coverland-use) to categorize forest
area bordered by nonforest into distance-from-edge bins [15, 30, 60, and 90 m;
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sensu Reinmann etal. (32)]. We then categorized the US Forest Service forest types
within this high-resolution land-cover map using a 250-m resolution forest com-
position map (95). We selected only forested areas of the same forest type as the
UNE study sites, then estimated the relative abundances of microbial community
constituents in MA based on patterns of distance from edge and forest composition.

Statistical Analysis. Prior to statistical analyses, data were normalized in multiple
ways, depending on the data type. For qPCR, data were normalized via logarithmic
function. For amplicon sequence data, we normalized ASV counts across samples
using the rarefaction, which lowers the false discovery rate of ASVs when samples vary
>10-fold in sequencing depth (96). ASV counts persample were rarefied by equalizing
final read numbersto 18,028 reads forfungal communities and 11,384 reads for bac-
terial communities using random pick-up based on the minimum read number. We
found that normalization by ANCOM-BC (97) and rarefaction produced similarresults
across analyses (S Appendix, Table S3),so we report results of taxonomicand functional
group analyses with rarefied data, allowing us to include rare taxa in the analysis.

To explore relationships between urbanization, edge effects, and the soil micro-
biome, we used distance from Boston and distance from the edge, as well as their
interaction, as the fixed independent variables for all statistical models. To account
for repeated sampling at individual locations, UNE sampling site was included as
a random variable in each model (33). Shannon's alpha diversity for the whole
fungal and bacterial community was calculated by the vegan package (70)in R. For
community instability, Aitchison’s dissimilarities (98) were calculated on the unrar-
efied ASV tables where a value of "1" was added to all values. We then converted
Aitchison's dissimilarities to similarities ranging from one to zero using the following
algorithm: 1 — ((value - min)/(max - min)).To test for urbanization and edge effects
on community homogenization, the distance to centroids was calculated in each
location group (i.e., Urban edge, Urban interior, Rural edge, and Rural interior).
Urban and rural site designations were based on distance from Boston (33) and
the edge included 0-15 m, while the interior included a 30-90 m distance from
the forest edge. Urban and edge effects on microbial community were calculated
using a linear mixed-effect model (LMM). ANOVA test for LMMs was run for values,
standardized by the scale function in R, using the Ime4 and ImerTest packages
(99,100)in R. Community differences among soil samples were visualized by non-
metric multidimensional scaling (NMDS) of community structure based on the Bray-
Curtis dissimilarity index using the metaMDS function in the vegan package (70) of
R.The envfit function was used to illustrate significant correlations between fungal
or bacterial functional groups and community dissimilarity among soil samples.

We measured the relationships between environmental factors, urbanization,
and edge effects using an LMM. At UNE, urbanization was significantly positively
correlated with soil temperature, and net N mineralization rate, but significantly
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negatively correlated with total tree basal area (S/ Appendix, Table S2B). Forest
edges were significantly positively correlated with soil pH, soil nitrate content,
net nitrification rate, total tree basal area, and foliar C: N ratio, but significantly
negatively correlated with soil moisture, SOM concentration, soil net N min-
eralization rate, and soil respiration rate (S/ Appendix, Table S2B). To see the
significant correlations between microbial functional groups and environmental
variables, Pearson's correlation test was used. We set the level of significance at
5% forall statistical tests. The codes are available on GitHub (https:/github.com/
ChikaeTatsumi/UNE).

Data, Materials, and Software Availability. Raw sequence data are available
under DDBJ/NCBI BioProject PRIDB15313 (101).
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