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Abstract
We studied spatial changes in soil bacterial microbiome composition and diversity in a 111 acres old growth mixed
hardwood forest plot in Long Island, NY. Forty soil samples were collected from four forest transects across the forest plot
representing various soil features, and dominant vegetation. Three phyla account for 91% of the bacteria in the samples,
Acidobacteriota (43%), Proteobacteriota (30%), and Actinobacteriota (18%). We also found 16 different classes and 33
orders. Sites dominated by black birch, Betula lenta were significant more diverse than all other sites. We also found
significant differences in microbiome composition based on pH and vegetation.

 

1/16/2026 - Open Access



 

Figure 1. Analysis of the bacterial microbiome diversity across vegetational and soil gradients in an northeastern
deciduous forest at SUNY Old Westbury:

A) A map of the study site showing 112 acres of northeastern deciduous forest located on the SUNY Old Westbury
campus. Samples were taken from five sites located four in each of four north to south transects.
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B) Beta-diversity unweighted unifrac principal coordinate analysis plot showing samples labeled based on dominant
vegetation, pH and soil texture . The samples were grouped in two separate clusters but none of the variables examined,
including vegetation, pH and soil texture were able to explain this clustering pattern.

C) Box and whiskers plot for the Faith Phylogenetic alpha diversity index. Based on the Kruskal Wallis Test there are no
significant differences in phylogenetic based diversity among samples from locations with different dominant tree canopy.

D) Box and whiskers plot for the Pielou Evenness alpha diversity index. Based on the Kruskal Wallis Test there are no
significant differences in evenness among samples from locations with different dominant tree canopy.

E) Box and whiskers plot for the Shannon alpha diversity index. Based on the Kruskal Wallis Test there are significant
differences in diversity among samples from locations with black birch and red oak as the dominant tree canopy.

F) Taxonomic bar plot showing the relative percentage of the top nine phyla based on dominant tree canopy. Nine
different phyla are present, three of them account for 91% of the bacteria in the samples, Acidobacteriota (43%),
Proteobacteriota (30%), and Actinobacteriota (18%). The other less abundant phyla are Verrucomicrobiota (4%), RCP2-54
(2%), Bacterioidota (0.95%), Myxococcota (0.83%), WPS-2 (0.79%), and Plantomycetota (0.73%).

G) Taxonomic bar plot showing the relative percentage of the top eighteen classes based on dominant tree canopy. We
found eighteen different classes with at least 1% relative abundance, Acidobacteriae (42%), Actinobacteria (16%),
Alphaproteobacteria (17%), Gammaproteobacteria (13%), RCP2-54 (2.10%), Verrucomicrobiae (3.92%), and
Thermoleophilia (2.75%)

H) Analysis of Composition of the Microbiome with Bias Correction (ANCOM-BC) revealed significant differences in
relative abundance for several taxa among sites with different vegetational composition and pH. Phylum Proteobacteria
was significantly depleted in sites dominated by a combination of black birch and red oak (p=0.05; figure 1H). Sites
dominated by red oak and white oak showed a significant depletion of the phylum Verrucomicrobiota, class
Verrucomicrobiae, and orders Pedosphaerales and S-BQ2-57-soil-group, and an enrichment of the phylum Bacteroidota
and the order Rickettsiales. On sites dominated by white oak the class Thermoleophilia and the order Solirubrobacteriales
were significantly enriched (p=0.05). In soils with pH 5.6, class Thermoanaerobaculia is enriched and classes
Acidomicrobiia and Vicinamibacteria are depleted (p=0.05). Soils with pH 5.3 also show enrichment of class
Thermoanaerobaculia and depletion of class Acidomicrobiia (p=0.05).

Description
Forests cover 30% of the Earth's land surface, accounting for 50% of the primary production and 45% of the carbon on
land (Keenan et al., 2015, Llado et al., 2018, Suzuki et al. 2004). They provide a stratified habitat for many plants and
animals, and many services of economic value to humans like timber and recreational facilities (Cardenas et al., 2015,
Wood et al., 2017). Deciduous forests account for 5.3 % of earth’s land surface and their net primary productivity ranges
from 600–1500 g m-2 yr-1(Vasseur, 2012; Forseth, 2010). Historically deciduous forests have been exploited for logging,
clearing for agricultural uses and eventually urbanization (Vasseur, 2012). The soil microbiome plays a major role in
biogeochemical nutrient cycling facilitating the movement of essential macronutrients between different pools like the
atmosphere, plants and the soil through enzymatic processes like nitrification, nitrogen fixation, decomposition and
mineralization (Uroz et al., 2016; Lladó et al., 2017).

Soil microbial communities are very diverse and variable spatially and temporally (Llado et al., 2017, Llado et al. 2028,
Peng et al. 2022, Uroz et al. 2016). The turnover rate of fungal communities is greater than that of bacteria in soils from
mixed forests and it is mostly driven by species replacement rather than taxa gains or losses (Martinovic et al, 2021). The
temporal changes also differ among fungal and bacterial guilds. They are also affected by soil characteristics like pH,
texture, organic matter content and water capacity and biotic factors like plant roots and associated mycorrhizal activity,
aboveground litter, and other decomposing organic matter (Thoms et al, 2010, Llado et al. 2018). Soil characteristics
(particularly pH) have been frequently reported as strong determinants of microbial diversity (Lauber et al., 2008; Kaiser
et al., 2016). Tree species have also been shown to exhibit in some instances a stronger impact on community structure
(Bonito et al., 2014; Dukunde et al., 2022; Galazka et al., 2022; Staszel-Szlachta et al., 2024). Prada-Salcedo et al. (2022)
showed that soil depth had a greater impact on bacterial diversity whereas tree species composition had a more significant
effect on fungal community diversity. Presence of leaf litter from different tree species has also been shown to affect soil
bacterial diversity and activity (Pfeiffer et al., 2013). Micronutrients have also been shown to have a significant effect on
microbiome composition in agricultural soils, but the effect was more significant on fungi and protists that bacteria (Peng
et al., 2022). Understanding what factors impact soil microbial community structure is germane for predicting how
bacteria-mediated processes influence ecosystem responses to environmental changes (Nemergut et al., 2014; Thoms et
al., 2010; Lladó et al., 2018).

In our study we focused on the spatial changes in soil bacterial microbiome composition and diversity in a 112 acre old
growth mixed hardwood forest plot in SUNY Old Westbury campus, Long Island, New York. We specifically looked at
the effect of above ground dominant vegetation, pH, organic matter, water capacity, soil texture and sampling year on
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bacterial community diversity and taxa composition. Soil physicochemical parameters were entered as part of the
metadata file for downstream analysis using Qiime2.

Nine different phyla are present across all samples, three of them account for 91% of the bacteria in the samples,
Acidobacteriota (43%), Proteobacteriota (30%), and Actinobacteriota (18%). The other less abundant phyla are
Verrucomicrobiota (4%), RCP2-54 (2%), Bacterioidota (0.95%), Myxococcota (0.83%), WPS-2 (0.79%), and
Plantomycetota (0.73%) (figure 1G). We found eighteen different classes, those with at least one percent relative
abundance are Acidobacteriae (42%), Actinobacteria (16%), Alphaproteobacteria (17%), Gammaproteobacteria (13%),
RCP2-54 (2.10%), Verrucomicrobiae (3.92%), and Thermoleophilia (2.75%)(figure 1F). And thirty-three different orders,
those with at least one percent relative abundance, are Acidobacteriales (29%), Frankiales (11.5%), Acidobacteriae-
Subgroup-2 (12.5%), Corynebacteriales (3.94%), Rhizobiales (9.85%), Elsterales (4.16%), WD260 (5.15%), RCP2-54
(2.10%), Gammaproteobacteria-Incertae-Sedis (5.95%), Pedosphaerales (2.73%), Chthoniobacterales (1%),
Solirubrobacterales (2.75%), and Acetobacterales (1.59%). Orders with less than one percent relative abundance included
WPS-2, Burkholderiales, Rickettsiales, Chitinophagales, Tepidisphaerales, Polyangiales, JG36-TzT-191,
Xanthomonadales, S-BQ2-57-soil-group, Thermoanaerobaculales, Vicinamibacterales, Caulobacteriales, Myxococcales,
IMCC26256, Catenulisporales, and Planctomycetales.

Based on the Kruskal-Wallis test, we only found significant differences in α-diversity for the Shannon index between sites
with black birch as the dominant vegetation and those with red oak (figure 1E). We didn't find any significant differences
for the Pielou evenness and Faith Phylogenetic Diversity tested for dominant vegetation nor for any of the other
environmental variables considered (figure 1C & D). The Principal Coordinate Analysis (PCoA) using Unweighted
Unifrac method shows two clusters of samples but none of the variables considered in this study explained the clustering
pattern (figure 1B). PCoAs using Weighed Unifrac, Jaccard and Bray-Curtis indices don’t show any significant clustering
pattern of the samples for any of the variables tested. The ANCOM-BC analysis shows significant levels of depletion
and/or enrichment in relative abundance for several taxa based on vegetation and pH (p=0.05; figure 1H). Phylum
Proteobacteria was significantly depleted in sites dominated by black birch and red oak (25.26%; p=0.05). Sites
dominated by red oak and white oak showed enrichment of the phylum Bacteroidota (1.2%; p=0.05) and a significant
depletion of the phylum Verrucomicrobiota (1.6%; p=0.05), in particular of orders Pedosphaerales (1.36%; p=0.05) and
S-BQ2-57-soil-group (0%; p=0.05). Order Subroup_2 (12.2%; p=0.05), from class Acidobacteriae , was also significantly
depleted. Phylum Bacteroidota (1.2%) and order Rickettsiales (0.4%) were enriched in sites dominated by red oak and
white oak. S-BQ2-57 soil group are uncultured bacteria in the phylum Verrumicrobiota not well documented. Bacteria in
the order Pedosphaerales have been found to be important members of the microbiome in soil macroaggregates,
characterized by richer labile organic matter and lower diversity (Bach et al., 2018) and in soil microbiomes of tall grass
prairie (Fierer et al., 2013), but its function is not well understood. On sites dominated by white oak the class
Thermoleophilia, order Solirubrobacteriales, from were significantly enriched (3.4%). Solirubrobacteriales is an order in
the class Thermoleophilia and phylum Actinobacteria. Bacteria in this order are mesophylic gram positive rods commonly
found is soils particularly under dry conditions and have unique adaptations to UV radiation (Jiang et al., 2023). Soil
water capacity for soils where white oaks are the dominant tree is 0.2 cm/cm compared to 0.25 cm/cm for all other sites.
White oaks are known to have deep root systems that makes them particularly resistant to drought conditions. We also
found significant differences in relative abundance based on soil pH (p=0.05; figure 1H). Class Thermoanaerobaculia,
phylum Acidobacteriota, was enriched (0.2%) and class Acidomicrobiia, phylum Actinobacteriota, was depleted (0.05%)
in soils with pH 5.3 and 5.6 compared to pH 4.6 soils (figure 1H). Class Vicinamibacteria, phylum Acidobacteriota, is
also significantly depleted in pH 5.6 soils (0.03%; figure 1H). Classes Thermoanaerobaculia and Vicinamibacteria, both
members of the phylum Acidobacteriota, are ubiquitous in soils with reported average relative abundances of 0.92% and
3.8% respectively (McReynolds et al., 2024). Some of the members of the class Acidomicrobiia are extreme acidophiles
with an optimal growth pH of around 2 (Hu et al., 2018).

Our results are consistent with published data supporting that soil characteristics, particularly pH, (Lauber et al., 2008;
Kaiser et al., 2016) and tree species and type of leaf litter (Bonito et al., 2014; Dukunde et al., 2022; Galazka et al., 2022;
Staszel-Szlachta et al., 2024; Pfeiffer et al., 2013) are determinants of microbial diversity, activity and community
structure.

Methods
Sampling sites

112 acres of forest located on the SUNY College at Old Westbury campus on Long Island’s North Shore. This land
consists of mud, sand, gravel, and boulders eroded from Upstate New York and New England and deposited as part of the
Harbor Hill Moraine and its outwash plain. Underlying bedrock is close to one hundred meters deep overlain by sediments
of the Cretaceous period that were uplifted above sea level and eroded during the Tertiary period and later covered with
glacial outwash and till which created the present-day landscape. The vegetation is that of a mesophytic eastern broadleaf
forest that occurs on moist, well-drained sites in southeastern New York, humid temperate domain, hot continental
division, and oceanic province (Bailey, 2016). The average annual temperature and precipitation for this location are 12.59
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°C and 1058 mm, and length of the growing season is 165 days. The dominant trees include a mixture of five or more of
the following: red oak (Quercus rubra), beech (Fagus grandifolia), black birch (Betula lenta), red maple (Acer rubrum),
scarlet oak (Quercus coccinea), black oak (Q. velutina), and white oak (Q. alba). There is typically a subcanopy stratum of
small trees and tall shrubs dominated by flowering dogwood (Cornus florida); common associates include witchhazel
(Hamamelis virginiana), sassafras (Sassafras albidum), red maple (Acer rubrum), and black cherry (Prunus serotina). We
sampled twenty locations along four transects following the major axis of the forest patch in a north-south orientation.

Soil DNA Extraction and 16S-rRNA Sequencing

Forty topsoil samples were taken from twenty sampling sites along four transects crossing north to south the study site.
All the samples were collected during the month of June in 2020 and 2021. Physico-chemical soil properties for each of
the sampling sites was collected from the Web Soil Survey (https://websoilsurvey.nrcs.usda.gov/app/). Soil DNA
extraction was done on the same day of collection. DNA was extracted using the Power SoilTM DNA Isolation Kit
(QIAGEN Laboratories Inc., Solana Beach, USA). All 16S rRNA illumina-tag PCR reactions were performed on the
DNA extracts per the Earth Microbiome Project’s protocol using 515f GTGCCAGCMGCCGCGGTAA, 806r
GGACTACHVGGGTWTCTAAT primers (Walters et al. 2016; Caparoso et al., 2011 ). PCR products were pooled, and
gel purified on a 2% agarose gel using the Qiagen Gel Extraction Kit (Qiagen, Germantown, Maryland, USA). Before
sequencing, the purified pool was quality checked using an Agilent 2100 BioAnalyzer and Agilent DNA High Sensitivity
DNA kit (Agilent Technologies, Santa Clara, California, USA). The purified pool was stored at -20˚ C and then sequenced
by Wright Labs (https://www.wrightlabs.org/, Huntingdon, PA, USA) using an Illumina MiSeq v2 chemistry generating
paired-end 250 base pair reads.

16S-rRNA Sequence Bioinformatic Analysis

Microbiome bioinformatics were performed with QIIME2-amplcion-2024.5 (Bolyen et al. 2019). Raw sequence data was
imported as Casava 1.8 paired-end fastq demultiplexed files. The sequences were denoised using DADA2 (Callahan et al.
2016) (via q2‐dada2). After denoising we found 798,528 sequences corresponding to 232 different Amplicon Sequence
Variants (ASV). The average number of sequences per sample was 19,963, the minimum number in a sample is 7,157 and
the maximum 40,234. The mean frequency per feature was 3,442, ranging between 1000 and 39,031. All amplicon
sequence variants (ASVs) were aligned with mafft (Katoh et al. 2002) (via q2‐alignment) and used to construct a
phylogeny with fasttree2 (Price et al. 2010) (via q2‐phylogeny). Alpha‐diversity metrics observed features, Pielou
evenness, and Faith’s Phylogenetic Diversity (Faith 1992), beta diversity metrics, weighted UniFrac (Lozupone et al.
2007), unweighted UniFrac (Lozupone et al. 2005), Jaccard distance, and Bray‐Curtis dissimilarity, and Principle
Coordinate Analysis (PCoA) were estimated using q2‐diversity after samples were rarefied (subsampled without
replacement) to 1000 sequences per sample. Taxonomy was assigned to ASVs using the q2‐feature‐classifier (Bokulich et
al. 2018a) classify‐sklearn naïve Bayes taxonomy classifier against the Silva 138.1 habitat specific pre-trained 515f-806r-
soil-non-saline classifier OTUs reference sequences (Kaehler et al., 2019, McDonald et al. 2012, Quast et al. 2013, and
Robeson et al. 2013). Taxa differential abundance was done using the Analysis of Compostion of Microbobiome with Bias
Correction, ANCOM-BC (Lin and Peddada, 2020).

The sequences are archived as BioProject accession number PRJNA1058532, SRX23708619-SRX23708658 in the NCBI
BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1058532).

Reagents

Name Supplier Catalog

Power SoilTM DNA
Isolation Kit QIAGEN Cat. No. 47014

QIAquick Gel Extraction Kit Qiagen Cat. No. 28706X4

Agilent 2100 BioAnalyzer Agilent Technologies NA

Agilent DNA High
Sensitivity DNA Agilent Technologies 5067-4626

Illumina MiSeq Illumina NA

Qiime2 https://qiime2.org/ NA
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Web Soil Survey https://websoilsurvey.nrcs.usda.gov/app/

Forward Primer 515f Earth Microbiome Project. Walters et al. 2016; Caparoso
et al., 2011

GTGCCAGCMGCCGCGGTA
A

Reverse Primer 806r Earth Microbiome Project. Walters et al. 2016; Caparoso
et al., 2011

GGACTACHVGGGTWTCTA
AT
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