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Abstract

Understanding how environmental and ecological factors shape variability in soil-associated microbial commmunities
is a complex problem, particularly on islands, which contain a wide range of diverse and unique geology, fauna,
and flora. The island of Crete features sharp altitudinal gradients, diverse landscapes, and distinct ecological zones
shaped by its complex geological history making it an ideal natural laboratory for studying how environmental
variation influences soil microbial communities. In this study, we characterized the soil microbial communities
across Crete's ecozones and identify environmental factors associated with their diversity and composition. We
performed a single-day, island-wide soil microbiota investigation, the first of its kind, to address this challenge by
eliminating sources of variability including seasonality, weather conditions, anthropogenic or land use changes
over time, and ecological succession of microbial communities. This island collection event (Island Sampling Day,
ISD) was conducted in conjunction with the annual meeting of the Genomic Standards Consortium, on the island
of Crete, and utilized standard data and metadata collection protocols. We generated amplicon sequences (V3-V4
regions of the 16 S ribosomal RNA gene) and a metadata-enriched dataset from 435 soil samples across 72 sites
and four distinct ecozones for future whole-island microbiome studies. Here we report on the study design and
sample collection process along with our initial examination of the ecological drivers of soil microbial community
variability (e.g., elevation, soil types, soil pH, soil moisture, vegetation type, land use) across the Crete ecozones
(defined by elevation and distinct habitats).

fJohanna B. Holm and Savvas Paragkamian contributed equally to
this work.

*Correspondence:
Lynn M. Schriml
Ischriml@som.umaryland.edu

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s40793-025-00752-z
http://crossmark.crossref.org/dialog/?doi=10.1186/s40793-025-00752-z&domain=pdf&date_stamp=2025-7-17

Holm et al. Environmental Microbiome (2025) 20:94

Page 2 of 11

[Keywords Soil metagenome, Island, Crete, Metadata standards, Citizen science j

Introduction

Crete is the fifth largest Mediterranean continental island
measuring over 260 km long with a breadth ranging from
12 to 60 km dominated by three mountains rising over
2,000 m. Characterized by sharp altitudinal gradients
up to 2,500 m, it contains diverse and distinct assem-
blages of animal and plant species [1-3]. The Cretan
landscape is diverse, with 39% of the island above 400 m,
plateaus, small valleys, other mountains and hills, along
with tens of gorges, rivers, streams, lakes, wetlands and
beaches. In addition, there are fertile plains and areas
with high anthropogenic impact (e.g., towns, agriculture
and tourist attractions). Soil-associated microbiota are
fundamental to nutrient cycling, decomposition, and
soil formation, and directly influence plant productivity,
vegetation patterns, and ecosystem stability [4, 5]. Aside
from those associated with agricultural crops such as
grains and grapes, the soil microbiota of Crete has never
been surveyed [6, 7].

Advances in metagenomics and standardized meth-
ods like those from the Earth Microbiome Project have
improved our understanding of soil microbial diversity
across regions and time [8—12]. However, variability in
sampling conditions along with geographic and seasonal
differences can obscure the distinction between global
and local environmental drivers of soil microbial com-
munities [13—15]. To reduce these effects, the Genomic
Standards Consortium (GSC, www.gensc.org) [16], the
Institute of Marine Biology Biotechnology and Aqua-
culture (IMBBC, http://www.imbbc.hcmr.gr) and the H
ellenic Centre for Marine Research (HCMR) conducted
a one-day, full-island soil collection event in June 2016.
This inaugural Island Sampling Day (ISD) pioneered a
coordinated, island-wide, citizen-science effort to explore
the diversity and structure of surface soil microbial com-
munities across four out of Crete’s five ecozones, defined
as geographic areas with distinct biodiversity of flora and
fauna while limiting the influences of environmental con-
founding factors (e.g., weather, rainfall, temperature, sun-
shine, humidity). The scale of this one-day, whole-island
sampling event, by necessity, was conducted by a large,
coordinated team.

Herein, we present the first description of soil micro-
bial diversity across crete’s distinct ecozones. Given that
relationships between microbial community composi-
tion and soil moisture [15], organic nutrients [17], and
elevation [18, 19] have been previously described, we
sought to characterize these relationships among crete’s
distinct ecozones. While global soil Microbiome stud-
ies have made significant progress, challenges remain in
disentangling local versus global drivers due to Temporal

and geographic variability. Our study contributes to this
effort by providing a Temporally controlled, island-scale
dataset that complements existing large-scale initiatives

Methods

Study design and sample collection

ISD was held on the final day of the GSC’s annual meet-
ing which was hosted at the HCMR (15th June 2016, h
ttps://www.gensc.org/pages/meetings/GSC18/GSC18.ht
ml). ISD team members (scientists attending the GSC18
meeting, HCMR staff and a group of local volunteers)
were trained on the sampling protocols on the previous
day to facilitate standardized data collection including
identification of soil types, local flora and pertinent meta-
data to be collected. Sampling teams were provided with
an overview of Crete flora (https://github.com/Genomic
sStandardsConsortium/ISD/tree/master/Methods/Sam
pleCollection). Samples were collected in a single day to
control for variations in environmental factors that may
impact the abundance and diversity of microbes such as
season, temperature and humidity. Sampling sites were
chosen that included the dominant flora species. The sites
were selected across Crete to encompass Crete’s distinc-
tive elevation gradient and transects. In summary, ISD
sampling was performed by 26 participants, organized in
10 teams, collecting soil samples from 72 distinct sites (2
subsites per site =144 sample subsites) (Fig. 1). Sampling
site Google Map: https://tinyurl.com/ISD.

Prior to the study, a material transfer agreement (MTA)
was established between the GSC and HCMR, to for-
mally recognize and declare the samples and any prod-
ucts of the biological study were the sole ownership of
Greece. The MTA, methods and associated scripts are
archived in the GSC’s GitHub repository (https://github.c
om/GenomicsStandardsConsortium/ISD).

Sampling sites

Ten sampling routes (Fig. 1), across Crete, were chosen
from a set of twenty potential sites. In total, 72 sampling
sites were chosen and in each site two subsites were sam-
pled for soil cores thus leading to 144 subsite locations.
The routes were selected to cover the different ecologi-
cal zones (ecozones) of the island. Ecological zones were
characterized based on elevation as follows: coastal and
littoral (0—-19 m), lowland (20-339 m), sub mountain-
ous (340-799 m), mountainous (800-2199 m) and alpine
(above 2200 m). For this study, given the challenges of
high elevation sampling, samples were not collected
from the highest ecozone (alpine, above 2200 m). Each
ecological zone has distinct on dominant (most abun-
dant) vegetation: lower elevations: oaks, carob, junipers,
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Fig. 1 Ten sampling routes were selected to examine the diverse and unique habitats and plants across the elevations on the island of Crete (white
labels). Collection sites are indicated by dots colored by ecozones. Google Map: https://tinyurl.com/ISD

and tree-spurge (Euphorbia dendroides); Imbros Gorge
(upper reaches: Cypresses, Kermes oaks, Creten maples;
lower gorge: Calabrian pines (Pinus brutia), olive and
Plane trees, Oleander and Chaste Tree shrubs; middle
elevations: pine and holly oak forests; and higher eleva-
tions: cypress woodlands, evergreen Cretan maple.

Sample collection

Each team followed a standard sampling procedure for
each sampling site (Table S1) including a ram (a narrow
tube with a plastic head for driving the soil borer into the
soil and to push the soil out of the tube after sampling)
(Figure S1).

Metal soil borer (15 ¢cm long, 2 cm wide aluminum
tube), constructed by Dimitris Tsaparis (HCMR)

On each of the 72 sites, teams selected two spe-
cific sampling subsites that were at least 3 m from the
edge of the road and 0.6 m from the base of the identi-
fied plant. Soil was collected from the two subsite loca-
tions (1.5-3 m apart). At each subsite, three soil cores
were extracted as replicates, one inch apart from each
other. Prior to sampling, any organic material (e.g.,
leaves, seeds, branches) were swept away from the sur-
face of the soil. Wearing latex gloves, the soil borer tube
and ram were rinsed with water and wiped with a paper
towel to remove any dirt. Both were sterilized by spraying
with 15% hydrogen peroxide solution followed by three
minutes of air drying [20, 21]. Soil was collected by: [1]
placing the bottom of the borer tube on the ground and
pushing the tube in the soil up to the 8 cm ring marked
on the tube; and [2] removing the tube from the ground
and placing the lower edge of the borer tube inside the
50 mL Falcon tube resulting in ca. 40 cc of collected soil.

When the soil was extremely hard, a peroxide sterilized
metal spoon was utilized to loosen soil prior to sampling.
This was repeated to collect a total of three replicates of
50 mL Falcon tubes at each of the two subsite locations.
Replicate Tube 1 was for metagenomic analysis, Tube
2 for soil chemistry analysis and Tube 3 for permanent
storage at HCMR. The soil sample tubes were stored
immediately in dry-ice containing coolers during the
sampling event and stored at -20 °C at HCMR prior to
shipping. In total, 432 soil cores were collected (3 per 144
subsites).

In addition, in each site, teams recorded metadata on
ISD sheets prepared with GSC MIxS standard metadata
terms  (https://www.gensc.org/pages/standards/all-ter
ms.html). The ISD sheets metadata included collection
date and time, air temperature (°C), humidity, elevation,
latitude and longitude, city (nearest town), plant type/
species, land use, place name, environmental feature
(habitat), soil type, litter type and on site measurements
of soil moisture (%), soil temperature (°C), pH and litter
depth (approximation in cm). The pH, soil moisture and
temperature were measured within the same area of soil
(6 cm, to the right of the spot where the soil was sam-
pled). Where possible, metadata was also collected via
the GIS cloud app (https://www.giscloud.com/). Proximi
ty to urban, forested, and agricultural land was also docu-
mented and the flora located at the sampling subsite was
identified, collected and photographed.

Controlled vocabularies were utilized for environmen-
tal features, soil type and land use. Soil types were iden-
tified (shale, conglomerates, clay deposits, limestone,
limestone & flysch, mari, alluvial fan, flysch, clay, sandy
clay, silty clay, clay loam) and recorded. Environmental
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feature terms included: agricultural land, alpine, beach,
botanical garden, boulder field, cave, crevice, cultivated
habitat (crop production), desert, farm, field, forest (e.g.
oak forest), gravel field, grassland, greenhouse, lacustrine
beach, meadow, national forest, nature reserve, olive
grove, orchard, park, pasture, planted forest, plateau,
sandy beach, valley, vineyard. Land use terms included:
agricultural, botanical garden, cultivated, pristine, beach.

Soil chemistry analysis

Two replicate sets were shipped on dry ice to the Uni-
versity of Maryland Soil Lab for RNA and DNA extrac-
tion and soil chemistry analysis (USDA PERMIT
NUMBER: P330-16-00090) [22-24]. Prior to DNA
extraction, the moisture, total organic Carbon and Nitro-
gen (CN) weights and CN analysis were determined. Soil
moisture was determined following the USDA Soil Sur-
vey Laboratory Methods Manual (https://www.govinfo.
gov/content/pkg/GOVPUB-A57-PURL-gp093947/pdf/
GOVPUB-A57-PURL-gp093947.pdf), with the moisture
value calculated by subtracting the weight of the dry soil
from the weight of the moist soil and then this value is
divided by the weight of the dry soil. The CN analysis was
conducted on October 4th, 2016. Combustion capsules
of soil were submitted for C&N analyses using LECO
CN628 (LECO Corporation, Saint Joseph, MI, USA).

DNA extraction, amplicon sequencing, and sequence
quality filtering

DNA and RNA extraction followed the Earth Microbi-
ome Project (EMP) standard protocols (www.earthmicr
obiome.org/protocols-and-standards/16s) [11] utilizing
the MoBio RNA extraction kit and the MoBio DNA elu-
tion kit to go with RNA kit (Qiagen, Hilden, GER). DNA
quantification was performed using Qubit (Thermo-
fisher). When the first extraction did not yield sufficient
DNA, a second DNA extraction was attempted using the
MoBio PowerMac Kit. Sequencing was conducted at the
Institute for Genome Sciences, Genomics Resource Cen-
ter (Maryland Genomics, https://marylandgenomics.org
/) at the University of Maryland School of Medicine. The
total DNA extracted in 100 uL was calculated by multi-
plying the concentration (ug/mL) by 0.1. This value was
then scaled up to estimate the DNA content per gram of
soil by multiplying by 1/0.25 and converted to milligrams
by dividing by 1000. Sequencing libraries were prepared
using a 2-Step PCR method [25], where the first PCR
used short, target-specific primers with heterogeneity
spacers and Illumina sequencing primer sequences, and
the second PCR added dual-index barcodes and flow
cell adaptors. Amplicon libraries targeting the 16S ribo-
somal RNA gene V3-V4 region of 16S rRNA gene were
sequenced (Primers: 338F 5-ACTCCTACGGGAGGCA
GCAG-3’; 806R 5-GGACTACHVGGGTWTCTAAT-3)
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as described elsewhere [25]. Libraries were sequenced
on an Illumina HiSeq2500 alongside four positive in-
house and four negative controls representing each step
of library preparation (extraction, amplification, bar-
coding, sequencing). Sequencing data were processed
as described by Holm et al. [25] using DADA2 [26] to
produce amplicon sequence variants (ASVs). Briefly,
raw paired-end reads were processed using the DADA2
pipeline (v1.6.0). Reads were filtered and trimmed using
filterAndTrim() with parameters truncLen =c(255,225),
maxN =0, maxEE =c [2], and truncQ =2, and PhiX reads
were removed. Quality profiles were inspected post-
trimming. Error rates were learned from 1 million reads
per direction. Amplicon sequence variants (ASVs) were
inferred using the DADA algorithm and paired-end reads
were merged. Chimeric sequences were removed using
the default consensus method. An ASV was defined as a
unique, non-chimeric sequence inferred after denoising
and merging, representing a biological sequence variant
at single-nucleotide resolution. Taxonomy was assigned
using the RDP Classifier [27] trained on the SILVA NR99
v138 reference dataset and v128 (September 25, 2016)
[28]. Counts from ASVs with the same taxonomic assign-
ment were summed. ASVs assigned to d_Bacteria or d_
NA and taxa present in any negative control with >100
sequences were removed from downstream analyses

(Escherichia/Shigella).

Descriptive and statistical analyses

Analyses were performed and figures generated using R
Statistical Software (v4.4.0) [29]. Ecozones were summa-
rized by elevation (m), soil moisture (log10-transformed),
pH, organic carbon, and organic nitrogen content and
each were compared between ecozones using Kruskal-
Wallis tests. Shannon’s H was calculated for each sample
using the diversity function of the vegan package (v2.6-
6.1) [30]. Wilcoxon rank-sum tests were performed
within each ecozone to compare Shannon diversity dif-
ferences between spatially proximate (<1 m) and distant
(>1 m) soil samples. To determine if soil features were
associated with Shannon’s H, a linear regression model
was fit using elevation, soil moisture, pH, organic carbon,
and organic nitrogen content as predictors and Shan-
non’s H as the response. Significance was detected via
p-values <0.05.

B-diversity was evaluated through Bray-Curtis dis-
similarities using the vegdist function of the vegan pack-
age and visualized using PCoA (package ape v5.8) [31].
PERMANOVA tests (adonis2 function, vegan) were
performed to identify associations with Bray-Curtis dis-
similarities. PCoA analyses were employed to identify
how sampling site characteristics, including elevation,
ecozone, geographic region, pH, soil type, total organic
nitrogen, and total organic carbon and their microbial
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communities related to one another. A heatmap was also
constructed using pheatmap v1.0.12 to visualize the 75
most abundant taxa. Taxa-specific associations with soil
physical and chemical features were performed using
count data normalized using the “poscounts” method
and dispersions were estimated with a local fit type using
the estimateSizeFactors and estimateDispersions func-
tions from the DESeq2 package [32]. Normalized counts
were extracted from the DESeq2 object and transformed
to log2-counts per million (logCPM) using the voom
function, which also estimated the mean-variance rela-
tionship [33]. A linear model was fitted, and empirical
Bayes moderation was applied to the standard errors of
the estimated coefficients. The results were visualized
using ggplot2 [34, 35], with significant taxa labeled based
on adjusted p-values.

Results

The ISD teams collected 432 soil samples (3 replicates/
subsite) from 46 coastal or littoral, 36 lowland, 38 sub-
mountain and 24 mountainous sampling sites (Table
S2). One replicate from each subsite was used for ampli-
con sequencing analyses (n=144). Three other samples,
all collected in sand, had no detectable DNA following
extraction (isd_10_site_1_loc_1, 1isd_10_site_1 loc_2,
isd_10_site_2_loc_2), and two samples were excluded
from downstream analyses because they had fewer than
1,000 sequences  (isd_3_site_2_loc_2_repl 2_DNA,
isd_7_site_10_loc_1_repl_2_DNA). For 139 remaining
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samples, an average of 270,439 quality-filtered sequences
per sample were obtained (range: 41-406k) from 2,248
total taxa. A total of 179,903 amplicon sequence variants
(ASVs) were detected with an average 5,268 ASVs per
sample detected (range: 797-8,130).

The elevations of sampling sites ranged between 1 and
1733 m, with the highest elevation sampled at approxi-
mately 1730 m (sample: isd_9_site_3) located at Lakos
of Migero on Psiloritis Mountain (municipality of Mylo-
potamos). Four ecological zones (ecozones) significantly
differed by elevation (p <0.001), soil moisture (p <0.001),
and organic nitrogen (p<0.001, Table 1). Samples with
the highest moisture and nitrogen content were the
from the Coastal and Littoral ecozone specifically isd_4,
known as the Richtis Gorge (Table S2). Total organic car-
bon was also greatest in the Coastal and Littoral ecozone,
specifically isd_1_site_2_loc_2 sample, collected from
Askiyfou- Sfakia at a lacustrine beach, with the local veg-
etation composed of grasses and dwarf shrubs. The high-
est percent of total organic Nitrogen was identified from
the isd_4_site_8_loc_1 sample, which was collected in the
Richtis Gorge, in a woodland area with Tamarix parvi-
flora, known by the common name smallflower tamarisk.
The highest DNA concentration was extracted from the
isd_7_site_1_loc_2 sample, collected from an olive grove
on a hillside with strawberry plants nearby near Dafnes
village (Heraklion municipality).

Mountainous ecozone samples featured signifi-
cantly more organic nitrogen than other ecozones on

Table 1 Physical and chemical characteristics of ecozones. Kruskal-Wallis (K-W) p-values are reported

Coastal and Littoral Lowland Sub-Mountainous Mountainous K-W
(N=42) (N=35) (N=38) (N=24) p-value
Elevation (m)
Mean (SD) 6.60 (4.89) 132(91.8) 586 (165) 1160 (346) <0.001
Median [Min, Max] 5.00[1.00, 18.0] 132[20.0,309] 581 [340, 798] 1030 [805, 1730]
Soil Moisture (wfv)
Mean (SD) 223(3.88) 104 (28.7) 2.61(1.97) 6.42 (4.00) <0.001
Median [Min, Max] 0.766 [0.0405, 21.8] 1.77 [0.0584, 141] 2.28[0.0956, 10.4] 5.51[0.876,12.5]
pH (Corrected)
Mean (SD) 7.05(0.319) 6.95(0.578) 7.22(0.510) 7.25(0.463) 0.2
Median [Min, Max] 7.00 [6.50, 8.00] 7.00 [5.80, 9.00] 7.00 [6.60, 8.50] 7.00 [7.00, 8.00]
Missing 14 (33.3%) 4(11.4%) 12 (31.6%) 16 (66.7%)
Organic C (mg/kg soil)
Mean (SD) 593 (47.1) 63.2 (37.6) 492 (38.2) 63.6 (48.6) 0.3
Median [Min, Max] 53.1[1.60, 238] 59.1[16.5,173] 45.3[3.00, 141] 40.5[15.5,175]
Organic N (mg/kg soil)
Mean (SD) 1.60 (2.20) 2.19(1.65) 1.72(1.32) 3.86 (2.14) <0.001
Median [Min, Max] 1.00[0,12.3] 1.80 [0.100, 6.90] 140 [0.100, 6.00] 2.90[1.30, 7.90]
Total Estimated DNA (ug / g Soil)
Mean (SD) 6.36 (5.22) 6.16 (5.62) 7.30 (4.67) 845 (4.61) 0.04
Median [Min, Max] 5.18[0.436, 20.0] 5.00[0.988, 32.0] 6.54[0.928, 23.7] 742[295,17.8]
Shannon Diversity Index
Mean (SD) 4.78 (0.253) 4.84(0.195) 4.79(0.213) 4.74(0.227) 04
Median [Min, Max] 4.80[4.07,5.18] 4.87 [442,5.29] 4.79[4.27,532] 4.75[4.23,5.17]
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Fig. 2 (A) Elevation and soil moisture of samples colored by ecozone. (B) Soil nitrogen content was significantly higher in samples from the mountain-
ous ecozone (and see Table 2). (C) Soil carbon content did not differ between ecozones (see Table 2). (D) a-diversity, as measured by Shannon’s H index,
was more similar between samples from sites within 1 m compared to those from sites > 1 m apart in most ecozones. The difference was not significant

among sites from the mountainous ecozone

Table 2 Significant linear relationships exist between physical
and chemical features and Shannon diversity index (H)

Coeffi- Std. 95% Con-  F-statistic  p-
cient (8)  Error fidence value
Interval
(Intercept) 4.62E+00 291E-01 4to52
Elevation  -7.94E-05 4.86E-05 0to0 54188 0.022
(m)
Soil Mois-  4.17E-03 1.16E-03 0toO 16.2659 <0.001
ture (wvf)
pH 1.17E-02 4.19E-02 -0.1t00.1 1.3277 0.252
(corrected)
C(mg/kg 2.25E-03  590E-04 0toO 13.3092 <0.001
soil)
N(mg/kg -1.66E-02 1.25E-02 0to0 1.7744 0.186
soil)

average (Fig. 2A, B). Soil carbon content did not differ by
ecozones (Fig. 2C). a-diversity of the soil microbiota was
generally high with Shannon diversity indices (H) rang-
ing from 4.1 to 5.2. Within all ecozones, Shannon’s H was
more similar from samples collected 1 m apart compared
to those from different collection sites, though the two
nearby samples from mountainous isd_2_site_5 had the
greatest difference in a-diversity than all other compari-
sons (Fig. 2D,|H;-H,| = 0.8). Shannon’s H did not differ
between ecozones (Table 1) but was significantly associ-
ated with specific physical and chemical features: greater

diversity was associated with lower elevations (p=0.02,
Table 2), higher moisture contents (p<0.001), or when
more organic carbon was present (p <0.001).

Ecozones were significantly associated with B-diversity
of the soil microbiota, accounting for 14% of the vari-
ance (PERMANOVA F=7.1, p<0.001). When stratified
by ecozone, 43% of B-diversity variance was explained by
physical features of the soil (Fig. 3). A total of 26% of the
variance in p-diversity was explained with PCoA axes 1
and 2. Higher values of PCoA 1 (14% of composition vari-
ance) were found in the coastal and littoral ecozone and
was largely driven by elevation (R*=0.2, p<0.001, Fig. 3,
top row). The highest PCoA 2 values (12% of the compo-
sition variance) were observed in the lowland ecozone
and correlated with higher soil moisture (R*=0.3,
p<0.001), organic carbon (R*=0.2, p<0.001) and nitro-
gen content (R*=0.1, p <0.001, Fig. 3, bottom row).

The most prevalent taxa in this study included Soli-
rubrobacter, Nocardioides, and Blastococcus are glob-
ally prevalent [12]. On Crete, many microbial taxa were
uniquely associated with specific physical and chemi-
cal soil features (Fig. 4 and see Table S3 for all results).
In this analysis, log fold changes represent the change in
taxon abundance per unit increase in each environmental
variable, modeled as continuous predictors. Numerous
ASVs from taxa within the Actinomycetota were asso-
ciated with higher elevations including Angustibacter,
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results

Lapillicoccus, Candidatus Nostocoida, Candidatus Udae-
obacter, Xanthobacteraceae, and Dactylosporangium,
while Limibaculum and Woesia (Proteobacteria) were
associated with lower elevations. ASVs from Methylobac-
terium methylorubrum was also associated with eleva-
tion, as well as drier soils, and higher organic nitrogen
content. Soil moisture was positively associated with
Algoriphagus and order Actinomarinales. The great-
est associations with organic carbon content were with
ASVs from SWB02, while those from Sediminibacterium
had the strongest coefficients of association with organic
nitrogen content. Ensifer, Geodermatophilus, and Deser-
tibacter were each associated with drier soils. No signifi-
cant observations were made regarding pH, likely due to
the limited range of soil pH values sampled. The distribu-
tion of taxa across all physical and chemical features are

presented in Fig. 5.

Discussion
This study described the soil microbiota of the island
of Crete and addressed the challenges of controlling for
confounding environmental factors such as seasonality,
anthropogenic or land use changes over time, and eco-
logical succession of microbial communities to reveal the
relationships between local ecological drivers of soil and
its associated microbial diversity [30]. This whole island
soil microbiome sampling event, enabled sampling across
the breadth of ecoregions, and demonstrated capacity
for a coordinated effort to collect the breadth of samples
using consistent methods. Devising a systematic sam-
pling plan facilitated sampling of diverse types of sites
while also collecting enriched metadata describing the
ecological context. Here, we have demonstrated ‘proof of
principle; that it is reasonably feasible to conduct single-
day, large-scale collection studies, in a collaborative and
standards compliant fashion.
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The four ecological zones aligned to those catego-
rized by previous biodiversity studies in Crete [36, 37].
Although the ecozones varied significantly in elevation,
soil moisture, and nitrogen content, these differences
did not correspond to significant variation in microbial
a-diversity, which remained consistently high across
zones (Hg, >4). However, overall a-diversity in the ISD
samples (H=4-5) was lower than that reported in a
recent European soil microbiota study (H=6-8) [38].
This disparity may be because the latter soil study cov-
ered a relatively wider region over a longer time (mul-
tiple seasons) compared to the ISD project which was
specifically designed to complete all sampling within a
single day. These differences likely also contribute to the
relatively higher percent variance in B-diversity explained
by the PCoA analysis of the ISD project (26% variance

explained by PCoA axes 1 and 2) compared to the Euro-
pean soil project (18% variance explained by dbRDA axes
1 and 2). Soil bacterial biodiversity is very complex, even
sites a few meters apart can differ significantly in their
community composition (Fig. 2D). This is a fact that is
sometimes left unmentioned in worldwide studies [38].
Islands like Crete can be useful to perform denser soil
samplings to exclude variables such as latitude to explain
the microbial diversity.

Elevation emerged as a strong associate of -diversity,
with higher elevations characterized by increased organic
nitrogen content. Taxa such as Xanthobacteraceae and
Candidatus Udaeobacter, both known nitrogen fixers
and recently proposed bioindicators of soil health [39—
41], were enriched at higher elevations, consistent with
their ecological roles in nutrient-limited environments.
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Additionally, several members of the phylum Actino-
mycetota—including Angustibacter, Lapillicoccus, and
Dactylosporangium—were also associated with high-
elevation sites, aligning with previous reports of their
prevalence in oligotrophic, montane soils [42]. Soil mois-
ture was also a major driver of B-diversity. Associations
between soil moisture and microbial diversity has been
previously reported and taxa such as Geodermatophi-
lus, Desertibacter isolated from desert soils were unsur-
prisingly associated with low-moisture settings [43-47].
Conversely, Algoriphagus and members of the order Acti-
nomarinales were associated with wetter soils, consistent
with their aquatic or semi-aquatic origins. Interestingly,
Methylobacterium methylorubrum was associated with
both higher elevation and drier soils, suggesting a poten-
tial role in nitrogen cycling under xeric conditions [48].
In contrast, soil pH did not significantly influence micro-
bial composition, likely due to the narrow pH range
observed across samples. Overall, the taxa-environment
associations observed in this study largely align with
known ecological traits, reinforcing the robustness of
the ISD dataset and its potential for identifying microbial
indicators of environmental conditions.

The findings presented here hold promise for bench-
marking bacterial community composition while con-
trolling for variation across seasons, temperature and
humidity. Our open data approach will serve future rep-
etitions of the experiment both in the island of Crete as
well as other islands, for interisland community com-
parison purposes. Through this first Island Sampling Day
study, our team demonstrated that it is not only feasible
but fruitful to conduct an entire island microbiome study
in a single day, to provide novel insights of an understud-
ied ecosystem, by controlling for environmental variables
which vary over time and season [49]. This snapshot of
the soil microbial diversity across the island of Crete:
[1] put metadata into action through a citizen science
project to demonstrate their value in future samplings;
[2] described the first full island microbial community
assessment and [3] shed light on microbial phylotypes
variability across Crete’s distinct terrestrial habitats.

Our selection of Crete as the first island microbiome
study presented an opportunity to study a unique eco-
system with diverse ecoregions, an established model
for traditional biodiversity research [50]. We invite and
encourage reuse of this rich metadata dataset. More
recently, samples have been collected, following the pro-
tocols devised for this work, for a second Crete ISD #2
and Tahiti ISD in 2022, to further this work through a JGI
initiative to conduct full metagenomic sequencing of the
Crete and Tahiti datasets.
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