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Executive Summary

Milestone M12 describes the laboratory analyses conducted on soil samples within WP2 and
WP3 of the WILDCARD project. The sampling campaign across selected High Intensity Sites
belowground (HIS-below) in Europe was previously described in Milestone 7.

WP2 focuses on carbon sequestration and biodiversity in soils following proforestation, i.e. the
exclusion of forest management to allow spontaneous development of vegetation and other
components of ecosystem. In contrast, WP3 addresses abandoned agricultural land
undergoing afforestation (natural afforestation or secondary succession). Within this
framework, belowground processes are investigated under Tasks 2.2 and 3.2, which examine
the key biogeochemical and ecological dynamics driving soil carbon storage and biodiversity
changes across the studied systems.

Soil samples were collected to assess organic carbon stocks in the forest floor and the mineral
soil down to a depth of 1 meter as well as to evaluate soil biodiversity in the upper mineral soll
layer (see Milestone 7 for details). Organic and mineral soil samples were then transported by
local internal and external teams to central laboratories: the Czech Republic (VUK) for WP3,
Belgium (EVINBO) for WP2, and Switzerland (ETHZ) for both WP2 and WP3. Milestone 12
describes the laboratory procedures applied to this set of soil samples, covering the analytical
workflows used to quantify soil organic carbon stocks and to characterize soil biodiversity
across the different study sites and work packages.

Within WP2, a total of 2.332 samples were collected across 200 HIS-below and were analysed
at the EVINBO and ETHZ laboratories, covering soil chemistry, physics and eDNA. In WP3,
a total 1.749 samples were collected from 147 HIS-below. These samples were subsequently
analysed in local partner laboratory (OL samples) or in central laboratories (OFH and mineral
samples).

A standardized pre-treatment protocol (ISO 11464) was applied to all extracted and delivered
WP2 and WP3 soil samples. Physicochemical analyses included determination of total organic
carbon (TOC) and total nitrogen (TN) by dry combustion (ISO 10694, ISO 13878), total
inorganic carbon (TIC) measured after dissolution with acid (ISO 10693), soil pH in CaCl, and
KCI (1ISO 10390), soil bulk density (ISO 11272), and patrticle size distribution (ISO 13320).

Soil biodiversity was assessed using metabarcoding approaches. At ETHZ, 200 WP2 and 147
WP3 mineral soil samples were analyzed for bacteria (16S rRNA V3-V4) and fungi (ITS2
region) using the Illlumina NextSeq 2000 platform. At the same time at EVINBO, 200 mineral
soil and 194 forest floor samples from WP2 were processed for soil mesofauna metabarcoding
targeting COI gene, using the lllumina NovaSeq X Plus platform. WP3 samples were not
analyzed in this way due to lack of funds. However, the samples were stored and funding
sources are now being sought.

The quality of the data obtained was assessed at multiple levels to ensure analytical
robustness and reproducibility. At the laboratory level, approximately 10% of samples were
reanalyzed as internal quality control. At the inter-laboratory level, the VUK and EVINBO
central laboratories participated in a ring trial involving four certified reference materials. Data
consistency was further validated in collaboration with local project partners. For eDNA
analysis at ETHZ, quality control included triplicate PCR amplifications, gel electrophoresis
verification, and the inclusion of a 30 % PhiX spike-in during sequencing. For the EVINBO
mesofauna metabarcoding workflow, quality assessment involved the evaluation of base
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quality scores, read-length distribution checks, and adapter trimming prior to taxonomic
assignment.

All analytical data are stored as structured CSV and Excel datasets within the WILDCARD
shared Microsoft Teams environment (accessible by consortium partners only). Data are
organized according to work package and analytical parameters, ensuring consistent structure
and traceability across datasets. Detailed information on data fields, file structures, and
storage locations is provided in this milestone. Full public archiving of derived plot-level data
is planned alongside Deliverables D2.2-D2.3 and D3.2-D3.3 at Month 36.

Keywords

Soil sampling; chronosequence; soil chemistry; soil physics; soil eDNA; soil microbiome
diversity; belowground organic carbon
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1. Introduction

The WILDCARD project investigates how rewilding influences organic carbon storage and
biodiversity in two main contexts: the transition of previously managed forests into protected
systems (“proforestation”) and the natural expansion of forest vegetation on abandoned
agricultural land (“afforestation”). The study spans six European ecoregions and examines
effect multiple environmental gradients, including biophysical conditions, climate, soils, and
forest types (Milestone 1). Both aboveground and belowground ecosystem components are
considered. The key objectives are: (1) to compile and integrate existing knowledge on carbon
stocks and biodiversity changes during rewilding; (2) to develop empirically based predictions
of carbon dynamics and associated biodiversity outcomes across environmental gradients and
ecoregions; (3) to provide insights into belowground biodiversity shifts using advanced eDNA
techniques; and (4) to assess how carbon pools and biodiversity indicators respond to future
climate scenarios, including extreme events such as drought and disturbances such as fire.

This Milestone 12 document summarize the laboratory procedures, data pre-processing steps,
and Quality Assurance & Quality Control (QA/QC) measures applied to the soil samples
collected within WP2 and WP3. It covers physicochemical analyses (total organic carbon, total
nitrogen, total inorganic carbon, soil pH, bulk density and soil texture) as well as eDNA-based
biodiversity analyses targeting soil microbiome and soil fauna. Soil samples were collected
from 200 High Intensity Sites belowground (HIS-below) within WP2 and 147 HIS-below within
WP3, following the standardize Soil Sampling Protocol.

Throughout this document, a distinction is made between “physicochemical” samples or data
(relating to physical and chemical analysis) and “eDNA” samples or data (relating to
environmental DNA). As WP2 and WP3 followed largely comparable procedures, distinctions
between work packages are only made where methodological or analytical differences are
relevant.


https://wildcard-project.eu/wp-content/uploads/2024/03/WILDCARD_M1_Ecoregion_20240413_FVA-BW_VUKOZ_v1.0.pdf
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2. Sample Logistics and Chain of Custody

This section briefly outlines the flow of samples from field collection to their arrival in the
laboratory, as described in more detail in Milestone 7. Central labs included EVINBO
(physicochemical samples and eDNA-mesofauna samples for WP2), VUK (physicochemical
samples for WP3) and ETHZ (eDNA-microbiome samples for WP2 and WP3). From a Quality
Assurance & Quality Control (QA/QC) perspective, the procedures were designed to ensure
full traceability and transparency throughout the sample chain of custody, while maintaining
sample integrity. This provides a reliable foundation for all subsequent analytical work. Legal
aspects of the sample delivery process (including sampling permits, Letters of Intent, Material
Transfer Agreements, service contracts for external partners) are detailed in Milestone 7.

2.1 Sample delivery

Samples were collected between April and October 2025 at the sites specified in Milestone 7
following the standardized soil sampling protocol. An exception applies to a subset of WP3
sites processed by VUK, which were surveyed in 2024 as a training dataset.

ETH:zurich

Physicochemical Loca| Partner

and eDNA samples

RESEARCH INSTITUTE
NATURE AND FOREST

Physicochemical Dried physicochemical
ang eDnAzamges  Local Partner

WP3 HIS below site

an
UKOZ

Figure 2.1: Overview of soil sampling logistics. OL samples were not sent to the central labs. WSL delivered eDNA1
MO1 samples directly to ETH Zirich.

2.1.1 Physicochemical samples

Samples for physicochemical analysis (OFH and disturbed belowground mineral samples)
were dried at 40°C, weighed by each institution conducting the soil sampling and subsequently
shipped in a dry state to the central labs (EVINBO for WP2 and VUK for WP3) by regular
courier service (Figure 2.1). Undisturbed samples were also transported to the central
laboratories using the same procedure. Organic litter samples (OL horizon) were not sent to
the central laboratory. Instead, they were dried, separated and weighed at local partner
institutions, and the resulting digital records were subsequently shared with the central labs.


https://wildcard-project.eu/wp-content/uploads/2024/03/WILDCARD_M07_Soil_sampling_completed_20251231_FVA-BW_v1.0.pdf
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2.1.2 eDNA soil samples

Samples for eDNA analysis (OFH and M01) were collected and immediately cooled to prevent
DNA degradation. Subsequently, they were stored at —-20 °C by the local partners until
shipment to the central laboratory. To reduce the workload and complexity for the local
partners, all eDNA samples collected within WP2 and WP3 were shipped to the EVINBO
laboratory where they were stored at —20 °C pending further analysis.

eDNAL samples for microbiome analysis

eDNA1 MO01 samples from both WP2 and WP3 were shipped in frozen batches from EVINBO
to ETHZ for microbiome analysis. The only exception was WSL, which, due to its proximity to
ETHZ, delivered the frozen samples directly to ETHZ.

Throughout the project duration, eDNAL1 OFH samples will remain stored at EVINBO. Given
that microbial analysis of these organic horizon samples is more technically demanding and
was not foreseen in the project proposal, these samples will only be analysed if time and
budget constraints allow. Accordingly, samples that were not analysed are not included in the
overview tables of this Milestone.

eDNAZ2 sample for soil fauna analysis

The eDNA2 OFH and MO01 samples collected within WP2 were processed at the EVINBO
laboratory. The analysis of WP3 samples for soil fauna diversity was not foreseen in the project
proposal and will only be carried out if time and budget constraints allow. Accordingly, samples
that were not analysed are not included in the overview tables of this Milestone 12.

2.2 Arrival at central laboratories

2.2.1 Amount of delivered samples

Within WP2, 394 frozen samples were received at EVINBO for eDNA analyses of soil fauna.
In addition, 194 organic samples and 692 mineral samples were prepared for laboratory
analyses, and the bulk density was determined for 650 mineral samples. Additionally, 200
samples of the top mineral soil layer were shipped from EVINBO to ETHZ for microbiome
analysis (Table 2.2). Additionally, 650 originally undisturbed samples were supplied to
EVINBO laboratory for determination of bulk density and coarse fragment content.

In WP3, 663 samples of mineral soil and organic OFH were delivered to the central laboratory
of VUK for physicochemical analysis. A total of 147 soil samples from the top mineral soil layer
were subsequently sent to the EVINBO laboratory and then to ETHZ for microbiome analysis.
It total 543 undisturbed samples were delivered to central VUK laboratory for determination of
bulk density and coarse fragment content.

In both WP2 and WP3, the reported numbers (Table 2.2) are lower than the theoretical
maximum based on the sampling design and number of sites described in the soil sampling
protocol. This discrepancy is primarily due to site-specific constraints, including the absence
of target soil horizons at certain locations (e.g. organic layers in early successional stages or
sites with Mull humus forms) and physical limitations such as shallow bedrock or high stone
content, which prevented the collection of deeper mineral soil layers.


https://wildcard-project.eu/wp-content/uploads/2024/03/WILDCARD_WP2_WP3_Soil_sampling_protocol_v4.3_FINAL_noQR.pdf
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2.2.2 Quality control and receipt confirmation

After samples delivery to the central laboratories, VUK (Czech Republic) and EVINBO
(Belgium), all packages were checked for completeness and sample quality. Using the
accompanying dispatch lists and the digital field records of the Survey123 app hosted on the
VUK ArcGIS account, the arrival of all samples was confirmed, including their condition (i.e.,
their humidity level). An additional identity check was performed by comparing the masses
reported by partners with those measured upon arrival at the central lab. In cases of ambiguity
or missing material, partners were contacted immediately. Samples were safely stored in the
laboratories, and analysis started. Overall, the local teams delivered all samples in good
condition to the central laboratories. Minor logistical issue occurred during cross-border
transport across Europe. For example, samples from Switzerland (WSL) to Belgium (EVINBO)
were returned to sender and samples from LWF had to be recollected as they got lost during
transport. All problems were addressed in a timely fashion.

Table 2.1. Overview of QA/QC checks applied at the VUK and EVINBO central laboratories across all analytical
phases of physicochemical analysis.

Sample receipt | Upon arrival to central laboratory, every delivery is All samples:
followed by reconciled against the ArcGIS Survey123 dispatch list 100 % of '
completeness and the shipping manifest. Sample ID labels, container shipped items
check integrity and residual humidity are inspected.
Gravimetric
moisture
Sample weight: | Samples are weighed before (field-moist) and after content
pre/post-drying | drying at 40 °C. The moisture-corrected dry weight is recorded for
consistency recorded and used for all subsequent calculations. every sample;
no threshold
rejection
Coarse
After crushing (mineral soil) or cutting (forest floor), fragment
o each sample is sieved at 2 mm. Coarse fragment fraction
Sieving and : :
homogeneity mass is recorde_d. Two sub—sgmples are taken for C/N | recorded; s_ub—
analysis (ball-milled fine fraction) and for pH/texture sample split
(coarser fraction). documented
per sample ID
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Table 2.2: Quantity of soil samples received and processed within WP2. BD = bulk density (undisturbed); OFH =
organic forest floor horizon, MO1 = mineral soil from a depth of 0 to 10 cm, M13 = mineral soil from a depth of 10
to 30 cm, M36 = mineral soil from a depth of 30 to 60 cm, M61 = mineral soil from a depth of 60 to 100 cm, TOC =
Total organic carbon content, TIC = Total inorganic carbon content, TN = Total nitrogen content. For each of the
eDNA and physicochemical sample types, one sample per plot (with 203 plots for WP2 and 147 plots for WP3) is
expected. However, deviations from this theoretical number are caused by the actual presence of the layer and/or
the feasibility to collect the samples.

eDNA samples

EVINBO /VUK OFH Annelids and Arthropoda 194 113**
ETH MO1 Microbiome 200 147
EVINBO MO1 Annelids and Arthropoda 200 147**

Physicochemical samples

Local lab oL Fuel mass for flammability 203 137
EVINBO/VUK OFH TOC, TN, pH, fuel mass for flammability 193 113
EVINBO/VUK MO1 TOC, TN, TIC, pH, texture 200 147
EVINBO/NVUK BD-MOL Eglrli]rcisnsity, vol% coarse fragments (< 190 147
EVINBO/VUK M13 TOC, TN, TIC, pH, texture 195 147
EVINBO/NVUK BD-M13 Eglrlzgne;nsity, vol% coarse fragments (< 179 147
EVINBO/VUK M36 TOC, TN, TIC, pH, texture 160 140
EVINBO/NVUK BD-M36 gglrli"oTl]e)nsity, vol% coarse fragments (< 155 138
EVINBO/VUK M61 TOC, TN, TIC, pH, texture 137 115
EVINBO/NVUK BD-M61. gglrli"c:]e)nsity, vol% coarse fragments (< 126 111
Total

eDNA 594 407
Physicochemical (disturbed) 1088 799
Physicochemical (undisturbed) 650 543

*WP2 samples were collected at 200 sites, however at Bialowieza National Park 4 sampling plots were
established to account for the heterogeneity of this site, leading to a total of 203 sampling plots.

** In WP3, OFH and M0O1 samples were collected for soil microbiome analysis. The samples were used
for soil microbiome analysis, but not for related topics such as mesofauna, etc. The samples are now
frozen and awaiting funding for their additional analysis, which is not part of the WILDCARD project.
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3. Laboratory Quality Assurance & Quality Control (QA/QC)
3.1 Overview of the harmonized SOP framework

Prior to the start of the analytical campaign, a joint Standard Operating Procedures (SOP)
document (Deroo & Tahsin, 2025, v1.0) was developed and approved by the central
laboratories (VUK and EVINBO). Additionally, a common protocol for eDNA analysis was
established by ETHZ and EVINBO. The SOP for physicochemical analysis describes ISO-
certified procedures for pre-treatment, bulk density measurement, total and inorganic carbon
guantification, nitrogen determination, pH measurement, and texture analysis, as well as the
ring test procedure implemented to ensure comparability between analytical results of WP2
and WP3. The molecular analysis pipeline follows the WILDCARD eDNA Protocols (v2), which
specifies extraction methods, PCR primer sets, sequencing platforms, and bioinformatic
workflows for both the bacterial/fungal (ETHZ) and mesofauna (EVINBO) pipelines.

3.2 Physicochemical analyses

Table 3.1 summarizes all analytical steps, their corresponding reference standard, the
responsible laboratories, and the resulting output variables. The table demonstrates that each
measurement was conducted in accordance with an approved ISO-certified or internationally
recognized method and confirms formal compliance with the harmonized WILDCARD SOP
framework.

Table 3.1: Overview of the physicochemical analytical procedures applied to WILDCARD soil samples, together

with the governing reference standards, responsible laboratories, and resulting output variables. VUK = Landscape
Research Institute (Czech Republic); EVINBO = Research Institute for Nature and Forest (Belgium).

Bulk density | Mineral soil | ISO 11272 / VUK bulk_density;
(undisturbed) | ISO 11277 EVINBO coarse_fragment_vol

Sample All disturbed | ISO 11464 VUK Uniform 40 °C pre-drying

drying samples EVINBO

Sieve Mineral soil | ISO 11464 VUK Fine earth <2 mm
(disturbed) EVINBO

Cutting mill / | Forest floor | ISO 11464 VUK Homogenized < 2 mm organic

sieve (OFH) EVINBO material

Ball mill /| Subsamples | ISO 11464 VUK Fine powder for dry combustion

knife mill for C/N EVINBO

Total Mineral soil + | ISO 10694; VUK C_organic_total; n_total

organic C & | OFH ISO 13878 EVINBO

N

Total Mineral soil | ISO 10693; VUK c_inorganic_total

inorganic C | (pH = 5.5) EN 15936 EVINBO

pH in CaCl, | Mineral soil + | ISO 10390 VUK pH_CacCl, (1:5 or 1:10 v/v)
OFH EVINBO

pH in KCI Mineral soil | ISO 10390 VUK pH_KCI (1:5 m/v, 0.2 M KCI)
(WP3 only)

Texture Mineral soil ISO 11277 / VUK part_size_clay; _silt; sand

ISO 13320 EVINBO

10
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3.2.1 Sample pre-treatment

Uniform pre-processing is fundamental to ensuring cross-regional comparability. Upon receipt,
all samples underwent a secondary drying step at the central laboratories to standardize
residual moisture across all sample batches. Further pre-treatment procedures were
performed in line with ISO 11464 (disturbed mineral and OFH samples) and 1SO 11272 and
ISO 11277 (undisturbed mineral samples).

Disturbed mineral samples for physicochemical analysis

Mineral soil samples were homogenized by crushing with a jaw crusher and sieved at 2 mm
to obtain the fine earth fraction. The processed material was subsequently divided into two
subsamples: an aliquot was ball-milled to produce a fine homogeneous powder required for
dry-combustion C and N analysis; the remaining fraction was retained for pH, texture and
inorganic C determinations.

Organic (OFH) samples for physicochemical analysis

For organic horizon (OFH) samples, non-target materials, including coarse rock fragments
and living plant tissues, were manually removed prior to analysis. Subsequently, the material
was refined using a cutting mill and used for further chemical analyses.

Litter (OL) samples for physical analysis

Organic litter (OL layer) samples were separated into leaf, medium (6-25 mm) and small twig
(< 6 mm) fractions, dried at 40 °C and weighed at local partner workplaces. These samples
were not shipped to the central laboratories; instead, only the corresponding digital mass
records were reported, in accordance with the procedure defined in the Soil Sampling
Protocol.

Undisturbed mineral samples for physical analysis

Dry bulk density of the fine earth fraction was determined from the undisturbed ring samples
following ISO 11272. Samples were air-dried when necessary, sieved at 2 mm to separate the
fine earth fraction from coarse fragment (> 2 mm) and living root. The resulting fractions were
oven-dried at 105 °C and weighted. Bulk density was then calculated from the oven-dry mass
of the fine-earth fraction and the known volume of the sampling ring. To quantify the skeleton
content, the material was further separated into fractions above and below 2 mm.

As dry sieving was not feasible for most WP2 samples, a wet sieving procedure was applied
in WP2. In that case, samples were first oven-dried at 105 °C and the total dry mass of the
sample recorded.; Each sample was then sieved (wet sieving) at 2 mm, after which coarse
fragments were dried again, and their mass and volume (through water displacement)
recorded.

Bulk density was calculated as the ratio of oven-dry fine earth mass to the ring volume
corrected for stones and roots. The coarse fragment volume fraction was estimated either
from the mass fraction using the measured bulk density and a standard particle density of
2650 kg m™ or directly from the measured coarse fragment volume (in the field, one
representative coarse fragment was taken from each plot, and its bulk density was determined
by the local team). To minimize errors associated with moisture reabsorption, all masses were
recorded within four hours of removal from the drying oven.

11
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3.2.2 Laboratory analyses

Total organic carbon (TOC) and total nitrogen (TN)

Total carbon (TC) and total nitrogen (TN) contents were determined simultaneously by dry
combustion at 2 900 °C in an oxygen flow using a combined C/N analyzer (e.g., Thermo Fisher
Scientific, FlashSmart), following ISO 10694 and ISO 13878, respectively. TC was detected
by a non-dispersive infrared detector after oxidation to CO,; TN was detected by thermal
conductivity after conversion to N,. 0 express results on a dry-mass basis, an additional
subsample was oven-dried at 105 °C for 24 h to determine residual moisture content.

For WP2, total organic carbon (TOC) was calculated indirectly as the difference between TC
and total inorganic carbon (TIC; see below).

For WP3, TOC was determined directly in addition to TC. Therefore, samples were
decarbonated by HCI fumigation following Harris et al. (2001) prior to TOC analysis. Briefly,
soil samples were weighed, moistened, exposed to concentrated HCI vapor, dried, and then
analyzed by dry combustion.

The limits of quantification were: 0.5 g C kg™ at EVINBO and 0.1 g C kg™ at VUK for TC; 0.1
g N kg™ for TN at both laboratories. For samples with TC or TN concentrations below the
respective limit, values were substituted with 50% of the corresponding limit of quantification.

Relative measurement uncertainties were estimated at 9% for TC and 6% for TN at EVINBO
(WP2), and 9% for TC and 9% for TN at VUK (WP3).

Total inorganic carbon (TIC)

Total inorganic carbon (TIC) was determined only in mineral soil samples with pH-CaCl, 2 5.5
following ISO 10694:1995.

In WP2, TIC was directly determined by acidification with phosphoric acid and quantification
of the resulting CO: released from the reaction with inorganic carbonates.

In WP3, TIC was calculated indirectly as difference between TC and TOC, as described in the
previous section.

A limit of quantification of 0.1 g C kg™ dry soil was applied at both central laboratories. For
samples with pH-CaCl, = 5.5, i.e., for which TIC was determined, For samples with pH-CacCl,
> 5.5, TIC values below the limit were replaced with 50% of the respective limit of
guantification. Relative lab measurement uncertainties for TIC were 10.6% at EVINBO (WP2)
and 9.7% at VUK (WP3).

Soil pH

Soil acidity was measured potentiometrically following 1ISO 10390. For mineral samples, pH in
CacCl, (0.01 M) was determined at a 1:5 volume/volume ratio using an automated pH robot or
titrator. For WP3 samples only, an additional pH measurement in 0.2 M KCI was performed at
a 1:5 mass/volume ratio to derive exchangeable acidity values required within the WP3
analytical framework.

Soil texture
Particle size distribution (clay, silt and sand fractions) in the mineral soil was determined using
laser diffraction (ISO 13320), depending on laboratory equipment. Prior to analysis, organic

matter and carbonates were removed using hydrogen peroxide and hydrochloric acid,
respectively, and a dispersing agent was added to ensure full particle dispersion.

12



Funded by
the European Union

WILDCARD — Milestone 12

The laser diffraction method produces a continuous cumulative particle size distribution curve
based on the Fraunhofer diffraction model. Equivalent size boundaries adjusted for the volume
basis (clay: 0—6 um; silt: 6—63 um; sand: 63—2000 um) were validated by EVINBO. Full particle
size distribution curves are archived at both laboratories to enable future in the event of
methodological updates or revised standards.

3.2.3. Quality control

Each central laboratory (VUK and EVINBO) applied an intra-laboratory QC protocol
throughout the analytical campaign. Approximately 10% of samples within each analytical
batch were analyzed in duplicate. with the acceptance criterion requiring that the second
measurement fall within 95-105% of the initial result; values outside this range triggered re-
analysis. Additional QC procedures included the use of control charts to monitor analytical
drift, the regular inclusion of certified reference materials in each batch, and internal validation
of results against known standards.

Quiality control forms an integral part of each analytical step; Table 3.2 gives some examples
that were applied within WP3. The instrument for TC and TN determination was the Thermo
Scientific FlashSmart Elemental Analyzer, which is a flash combustion instrument with thermal
conductivity detection (TCD) according to ISO 10694 and ISO 13878. TIC was measured with
a dedicated inorganic carbon module based on acid evolution (ISO 10693) and calibrated with
NIST Standard Reference Material 915c (Calcium Carbonate, 12.00 + 0.03 % C). Soil pH was
measured potentiometrically according to ISO 10390 with a calibrated combination electrode
and bulk density was measured gravimetrically from undisturbed ring samples according to
ISO 11272. All instruments were operated, calibrated and maintained by trained VUK
laboratory staff according to the harmonized WILDCARD SOP (v1.0, Deroo & Karimi Nezhad,
2025).
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Table 3.2: Overview of QA/QC procedures implemented at the VUK central laboratory across all analytical phases
of WP3 physicochemical analysis. TC = total carbon; TIC = total inorganic carbon; SRM = standard reference

material.

Elemental
analyzer
calibration, TC
and TN

The Thermo Scientific FlashSmart Elemental Analyzer
is calibrated at the start of each analytical batch using
aspartic acid (C 36.09 %, N 10.54 %) as the primary
calibration standard, in accordance with ISO 10694
and ISO 13878. A minimum of five calibration points
spanning the expected concentration range are used.

Calibration R?
> (0.9995;
residuals < 0.5
%

calibration: TIC

Relative
Duplicate Approximately 10 % of samples in each batch are difference
plice analyzed in duplicate (independent sub-sampling and | between
analysis TC e : ,
and TN weighing). Duplicates are selected to cover the full duplicates = 5
concentration range of the batch. % for TC; < 8
% for TN
Certiied Value witin
reference At least one certified reference material from the ring "
. o . i . the certified
material, TC test is included in every analytical batch as a blind
. tolerance
and TN (within- | control. interval (ring-
batch check) /al (Mng
test limits)
TIC analyses are performed with a dedicated inorganic | Calibration R2
carbon module (acid evolution, ISO 10693). The = 0.9990;
Elemental instrument is calibrated using NIST Standard NIST SRM
analvzer Reference Material 915c¢ (Calcium Carbonate, certified | 915c
y C=12.00 £ 0.03 %, purity =2 99.95 %) as the primary measured

calibration standard. All WP3 project-sample TIC
measurements were conducted after a full
recalibration in February 2026.

value within +
2 % of
certified value

3.2.3 Inter-Laboratory Cross-Comparison (Ring Trials)

To verify the comparability and interchangeability of data generated by VUK and EVINBO, an
inter-laboratory comparison exercise was conducted using certified reference materials from
established ring-test programs (ICP Forests and WEPAL).

Ring trial samples

Four certified reference soil materials were selected from established international ring-test
programmes to represent a broad range of soil types, organic and inorganic carbon contents,
locations across Europe, and analytical challenges relevant to the WILDCARD sampling
campaign. Collectively, they cover the full matrix spectrum encountered in the WILDCARD
soils: low-carbon mineral sandy loam (RT_A), medium-carbon loam mineral soil (RT_B), high-
carbon organic litter material (RT_C), and a calcareous clay with known inorganic carbon
content (RT_D).

The materials were distributed to each laboratory as blind samples (no advance knowledge of
the expected values) and were analyzed in duplicate using the same methods described
before. Results were evaluated against certified reference values and the associated
tolerance intervals from the ring-test programmes. Measurements falling within the tolerance
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interval were classified as “OK”, whereas those outside the interval were classified as “NOK”
(not within range).

Results

Figure 3.1 provides a graphical overview of VUK and EVINBO results in relation to certified
reference values and tolerance intervals for all three analytes. Filled squares indicate results
outside the tolerance interval (NOK); filled circles indicate results within range (OK). Detailed
numeric results and status evaluations are provided in Table 3.3.

Total Inorganic Carbon (TIC) Total Carbon (TC)

RT D | *
° RT C | L)
RT_D - L l1 T
: 3
RT B - *

RT_A *

190 195 200 205 210 215 220 - y ' . -
% dry soil 10 20 30 40 50

% dry soil

Figure 3.1: Ring trial results for VUK (squares) and EVINBO (circles) against certified ring-test reference values
(vertical blue lines) and tolerance intervals (blue bars). Green = within tolerance range (OK); red = outside range
(NOK). TC = total carbon; TIC = total inorganic carbon.

Table 3.3: Full numerical ring trial evaluation with tolerance intervals from ring tests. VUK/EVINBO ratio indicates
agreement between laboratories (1.00 = perfect agreement).

Sample INBO r\égrlt refe?t.ernce Tolerance VUK / EVINBO VUK
. :
result (%) %) %) interval EVINBO status  status

Total Carbon (TC, % dry soil)

RT_A 0.628 0.620 0.65 0.573-0.727 0.99 OK OK
RT_B 4.278 4.110 4.30 3.65-4.94 0.96 OK OK
RT_C 45.73 43.98 46.60 39.57-53.54 0.96 OK OK
RT_D 3.598 3.540 3.57 3.44-3.70 0.98 OK OK
RT_D 1.970 2.190 2.004 1.889-2.119 1.11 OK NOK
RT_A — 0.00 — <0.010 — — OK
RT_B — 0.565 — <0.010 — — NOK
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Total carbon: full compliance between VUK and EVINBO

The results for the total carbon (TC) reference materials were within the certified tolerance
interval for both VUK and EVINBO. The VUK/EVINBO ratio was between 0.96 and 0.99, which
means that there was good agreement between the different laboratories over the entire
concentration range, from low-carbon mineral soils (0.62-0.65 % TC in RT_A) to high-carbon
organic material (approximately 44-46 % TC in RT_C). The highest absolute difference
between laboratories was found for RT_C, which is expected given the inherent heterogeneity
of organic litter matrices. Overall, these results show that the TC values produced by VUK and
EVINBO are completely interchangeable.

Total inorganic carbon: calibrated re-analysis and validated results

Results for the EVINBO laboratory were within the tolerance intervals for all ring test samples.
In contrast, VUK results for two ring test samples were outside the tolerance intervals and the
analytical procedure was subsequently re-calibrated as described below, even though TOC
was analysed directly following acid fumigation and therefore independent of the TIC
determination pathway.

The first analytical campaign was carried out during the first TIC ring trial measurements at
VUK. Following a scheduled re-calibration procedure in February 2026 (i.e., carried out using
NIST Standard Reference Material 915¢ (Calcium Carbonate, certified carbon content 12.00
1 0.03 % C, purity =2 99.95 %; National Institute of Standards and Technology, USA)) as the
primary calibration standard. This SRM is widely used as an international primary reference
standard for calibration of TIC determination in combustion-based elemental analyzers (ISO
10693) and provides full traceability to NIST metrological standards. This re-calibration
confirmed linear instrument response across the full carbonate concentration range relevant
for WP3 samples. The results obtained from VUK for the calcareous reference material RT_D
(2.19% TIC, certified 2.004%, tolerance interval 1.889—2.119%) were in good agreement with
the instrument's typical measurement uncertainty for this concentration level and with the
EVINBO result of 1.97%. For the carbonate-free material RT_A, the method blank returned
0.00% TIC, indicating no detectable carbonates signal.

For RT_B (loam mineral soil) a TIC value of 0.565% was measured in the initial ring-trial
evaluation measurement. This measurement was performed prior to implementation of the
February 2026 recalibration and is reported only for completeness; all WP3 project data were
generated using the recalibrated analytical conditions.

In addition to the carbon ring trials, VUK developed empirical transfer functions to ensure
methodological consistency among the three pH measurement approaches applied within the
WILDCARD project (pH-H,O, pH-KCIl and pH-CaCl,). Pearson correlations and ordinary least-
squares regressions were calculated for each pairwise method comparison using 100 WP3
soil samples spanning the observed pH range (3.36—8.11). The results are summarized in
Table 3.4 and 3.5, while the relationship between pH-KCI and pH-CaCl, is shown in Figure
3.2. The relationships between all three pH methods were highly significant (P < 0.001) with
R2 exceeding 0.85, indicating trong agreement across methods within the WP3 pH range. The
observed systematic difference between pH-KCl and pH-CaCl, measurements is the result of
the known influence of the ionic strength and cation composition of the extracting solutions on
the measured proton activity. Where appropriate, the derived transfer functions will be used
to ensure consistency of the data when integrating data from partner laboratories using
different pH methods.
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Table 3.4: Linear transfer functions between pH measurement methods for VUK WP3 samples (n = 100). x =
predictor method; y = response method.

pH-KCl vs. pH-CaCl, | y=0.7926x + 1.0942 | 0.9163 0.957 <0.001
pH-H,O vs. pH-CaCl, | y=0.9049x + 0.3581 | 0.8544 0.924 < 0.001
pH-H,0 vs. pH-KCI y =1.1307x — 0.8654 | 0.9145 0.956 <0.001

Table 3.5: Descriptive statistics for the three pH measurement methods applied by VUK to WP3 samples (n = 100).
SD = standard deviation; Q1, Q3 = first and third quartiles.

pH-H,O | 100 | 5.74 5.57 113 |3.72 483 |6.61|8.11
pH-KCI | 100 | 5.62 5.55 1.34 | 3.37 | 443 | 6.74 | 7.96
pH-CaCl, | 100 | 5.55 5.50 1.11 | 3.36 | 4.51 | 6.60 | 7.28

8
7t y=0.7926x + 1.0942 .
R*=0.9163, P <0.001, r = 0.957236 . o’ ¥
6 L
® o© ‘. '. [}
| o .Q.. f )
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Figure 3.2: Transfer function between pH-KCI (x-axis) and pH-CaCl; (y-axis) for VUK WP3 samples (n = 100).

3.3 eDNA analyses
3.3.1. Sample pre-treatment

eDNAL1 samples for microbiome analysis

Upon the arrival of frozen eDNA samples at ETH Zurich, the samples were rapidly inspected
for homogeneity and then maintained at —20°C to preserve DNA integrity until pre-processing.
Because the initial assessment revealed high heterogeneity in soil moisture and texture (e.g.,
significant rock content), a standardized freeze-drying step was introduced to ensure
downstream consistency. This modification has been formally integrated into the project's
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eDNA protocol v2. For each sample, approximately 20-30 g of soil was freeze-dried for 48
hours prior to DNA extraction.

eDNA2 sample for soil fauna analysis

Upon the arrival of frozen eDNA2 samples at EVINBO, the samples were rapidly inspected
and then kept frozen until analysing. Instead of freeze-drying, samples were frozen at -20, and
temperature inside the freezer was monitored using a logger until the subsequent analysis.

3.3.2. Laboratory analyses

eDNAL samples for microbiome analysis

Environmental DNA (eDNA) was extracted from 250 mg of freeze-dried soil using the Qiagen
DNeasy PowerSoil Pro Kit. Initial sample lysis was achieved via combined chemical and
mechanical homogenization, with bead-beating performed on a FastPrep instrument. The
resulting crude lysates were then processed for clarification and DNA purification following the
manufacturer's protocol, automated via the QIAcube Connect robotic platform.

During initial quality control, two samples (249 and 353) yielded DNA concentrations below
the target concentration threshold of 10 ng/pl. To improve recovery from these samples, a
modified protocol for low-yield samples was applied. The adjustment involved supplementing
the lysis chemistry with Qiagen Tissue Lysis (ATL) buffer and introducing a 10-minute thermal
incubation step at 65°C prior to mechanical lysis, before proceeding with the standard
downstream automated purification. Following extraction, DNA quantity and purity for all
samples were quantified via UV/Vis spectrophotometry (NanoDrop), and extracts were
uniformly diluted to a final concentration of 10 ng/ul using molecular-grade PCR water

(Qiagen).

The diluted extracts were used for library preparation, which followed a two-step PCR
workflow. All specific thermocycling profiles and reaction conditions are detailed in the eDNA

protocol v2.

PCR 1 (Target Amplification): it involved amplification of the fungal (ITS3ngs/ITS4ngs) and
bacterial (341f/806r) marker regions. The bacterial 341f/806r pair targets the V3-V4
hypervariable regions of the 16S rRNA gene, while the ITS3ngs/ITS4ngs pair targets the
fungal ITS2 region. To monitor for potential contamination during this amplification stage,
negative controls (blank samples) were included on every processing plate by substituting the
template DNA with the same molecular-grade water used for sample dilutions.

PCR 2 (Indexing): it consisted of the attachment of lllumina index sequences and sequencing
adapters to enable sample multiplexing and platform compatibility.

Following library preparation, samples underwent standardized purification, quantification, and
equimolar normalization prior to pooling. Two independent sequencing libraries were
constructed — one targeting the 16S rRNA gene and the other targeting the Internal
Transcribed Spacer (ITS) region, each encompassing all 200 samples from WP2 and 147
samples from WP3. Sequencing was executed on the Illumina NextSeq 2000 platform (2 x
300 bp) at the Functional Genomics Center Zurich (FGCZ), utilizing a 30% PhiX spike-in.
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Laboratory Quality Assurance and Control

Technical variation and handling bias were minimized by processing uniform dry weights
obtained through standardized freeze-drying and utilizing automated extraction platforms. To
account for stochastic PCR bias, all target marker amplifications were performed in triplicate
and validated via gel electrophoresis prior to pooling. Potential cross-contamination was
monitored across sample processing plates using amplification blanks. Library pooling equity
and adapter ligation efficiency were empirically verified through a preliminary low-depth
sequencing trial, allowing for the re-normalization of individual library concentrations prior to
the main sequencing. Finally, a 30% PhiX spike-in was utilized during the high-throughput
sequencing run to optimize base-calling accuracy and sequence diversity.

eDNA2 sample for soil fauna analysis

Approximately 20 g of mineral soil or forest floor was taken from the frozen samples stored at
EVINBO, on which DNA extraction was performed with the DNeasy Powersoil Pro kit (Qiagen)
according to the manufacturer’s instructions, with a pre-treatment using phosphate buffer and
without the lysis step to focus on extracellular DNA, (Taberlet et al. 2012).

PCRs targeting the COI gene were performed using the soil fauna primer set
fwhF2/Terr_EPTDr2n (Perrelet et al. 2025). PCRs were performed in triplicate to increase
amplification success and reduce PCR bias. Each PCR run contained a mock community with
7 insect species in known concentrations, two negative PCR controls and one negative DNA
extraction to check overall run quality and benchmark processing variables, as well as two
PCR replicate samples. PCR success was further verified by gel electrophoresis. Successful
PCR triplicates were pooled per sample, followed by fluorometric quantification, AMPure XP
bead purification, and equimolar normalization. Sequencing was performed externally on the
lllumina NovaSeq X Plus platform in 2 x 150 bp configuration with 10% PhiX spike-in.
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4. Data Quality Assurance & Quality Control (QA/QC)

4.1. Physicochemical

4.1.1. EVINBO laboratory (WP2)

Inconsistency reports have been generated and shared with all internal and external sampling
partners within WP2. These tables summarize automated R-based data checks performed on
data retrieved from the Survey123 app as well as on forest floor sample masses following
fractionation (for OL samples) and drying at the local labs (Table 4.1). All partners were
requested to review the identified inconsistencies (e.g., by confirming extreme values or
providing corrected values). Any validated corrections were subsequently and transparently
implemented within the R-based data processing workflow.

Table 4.1. Overview of data checks included in the inconsistency reports within WP2.

Data expected to be
numeric should be numeric

All (expectedly numeric) entries
in raw data Surveyl123 app and
local lab

One case in which
“02.V” was entered
instead of “2.5”

Forest floor mass should be
plausible in comparison
with thickness and surface
area frame (based on
plausible range ICP Forests
Level I)

Per plot x layer (OL or OFH) x
sampling_point (Survey123

app): field-moist mass versus
thickness versus surface area

A few cases that could
be confirmed as extreme
or corrected

Reported masses should
be net

After noticing misinterpretations,
every partner was asked to
confirm this for forest floor
masses per sampling point
(Survey123 app), forest floor
mass of subsample for lab
(Survey123 app), and masses
after drying in local lab

Some mistakes for
values Surveyl123 app
for two partners, that
could be solved

Subsample(s) forest floor
for lab cannot weigh more
than the sum of all reported
forest floor masses across
sampling points

Per plot x layer (OL or OFH)
(Survey123 app): masses per
sampling point versus mass of
subsample(s) (flammability,
carbon, eDNAL, eDNA2) for lab

Some deviations due to
the collection of extra
material in case the total
sample across the
sampling points was too
small for lab analysis

Mass of subsample after
drying in local lab is higher
than mass of the field-moist
subsample (after mixing).

Per plot x layer (OL or OFH):
mass of subsample for lab
(Survey123) versus mass after
drying (data local lab)

A few cases that could
be explained and
corrected (a different
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“sample flow” that was
followed, typo’s)

Mass recorded after drying
in local lab must roughly
correspond with mass of
OFH sample received by
central lab

Per plot x layer (OFH): mass
after drying (data local lab)
versus mass upon arrival
(central lab)

A few cases for which
mass after drying (local
lab) were corrected.
Else, difference is
assumed to be caused
by unproblematic sample
leaks during transfer

Undisturbed mass should
be plausible in comparison
with number and volume of
rings (based on plausible
range ICP Forests Level I)

Per plot x layer (mineral)
(Survey123 app): field-moist
mass undisturbed samples
versus number of rings versus
volume of rings

Several cases that could
be confirmed as extreme
or corrected

Number of rings
(undisturbed samples) per
layer should be correct

After noticing some confusing
entries, every partner was asked
to confirm the final number

Most values were
confirmed as correct.
Some partners provided
corrected values, which
were implemented

Volumetric percentage of
coarse fragments > 50 mm
should not exceed that > 2
mm. The partner may have
only indicated coarse
fragments between 2-50
mm in the entry for “> 2

mm-.

After noticing misinterpretations,
every partner was asked to
confirm this (if not yet clear from
previous communication)

A few cases were
confirmed to be due to
swapping of the two
values and corrected.
Else, if the partner
incorrectly interpreted “>
2 mm” as 2-50 mm, this
was corrected per
sampling institute by
summing up the two
volumetric percentages
(2-50 mm and > 50 mm)

Sampling point P1 reports
100 vol% coarse fragments
> 2 mm for this layer, while
(disturbed) samples were
collected at other points in
the same layer, indicating
that fine earth was present.
This may reflect spatial
variation.

Per plot x layer (mineral)
(Survey123 app): volumetric
percentage of coarse fragments
> 2 mm at sampling point P1
versus sample collection status
at other sampling points

A few cases (due to
spatial variation) for
which the plot-
representative coarse
fragment content > 2
mm was capped at 80 %
or higher (depending on
any layer above), in
agreement with the
partner, so that this layer
contributes to the soll
organic carbon stock.

Bedrock depth is missing
(NA) in some sampling

Per plot (Survey123 app):
comparison of the sampling

A few cases, for which
the partners were asked
to confirm whether the
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points (P1-5), while others | depths reported for the five main | missing values were
report shallow bedrock. sampling points correctly marked as NA
(i.e., bedrock not
encountered at the given
sampling point), which
was usually confirmed

as correct.
Identical bedrock depth Per plot (Survey123 app): Several cases for one
values are reported across | comparison of the sampling partner confirmed that
sampling points (P2-9). depths reported for sampling the values were copied
This suggests the values points P2-P9 from P1.

may have been copied from
P1 rather than
independently observed.

Slope of the terrain should | After noticing misinterpretations, | A few plots of one

be reported in degrees every partner was asked to partner for which the
confirm this (if not yet clear from | slope was reported in
previous communication) percentage, which was
corrected.

4.1.2. VUK laboratory (WP3)

Digital data were collected by internal and external WILDCARD teams using the ArcGIS
Survey 123 application. An initial validation was performed directly in the field during data
entry. All items were required to be filled in, and in a specific format. The fields were also
logically linked; All fields were mandatory and required predefined formats; moreover, fields
were logically linked, such that completion of one field triggered mandatory completion of
related fields. Submission of incomplete or incorrectly formatted forms was not possible,
thereby substantially reducing missing or erroneous entries.

After submission to the ArcGIS database, the VUK team performed a secondary validation
focusing on site ID consistency and completeness of the uploaded records. The digital data
was then shared on WILDCARD Teams, ensuring full accessibility for all internal partners and
central laboratories for further verification.

Upon arrival of physical soil samples at the central laboratory, digital records were linked to
the corresponding sample identifiers, including sampling IDs, masses, and associated
metadata, thereby ensuring full traceability between field collection and laboratory processing.

The VUK central laboratory performed physicochemical analysis of all WP3 OFH and mineral
soil samples, including total carbon and nitrogen, total inorganic carbon, soil pH and bulk
density. Quality assurance at VUK was structured in three subsequent parts: (i) instrument-
level controls within each analytical batch; (ii) material-level controls with certified reference
materials traceable to international standards; and (iii) chain-of-custody controls that ensure
that each sample can be uniquely identified from the field to the final data export.

Table 4.2 gives a systematic overview of all the QA/QC checks applied at VUK, sorted by
analytical phase. For each control, the acceptance criteria and corresponding corrective
actions are specified. All checks are recorded in the VUK laboratory information system (LIS)
and are fully auditable.
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Table 4.2: Overview of QA/QC checks applied at the VUK central laboratory across all analytical phases of WP3
physicochemical analysis. pH, bulk density, ring trial tests and data entry; LIS = laboratory information system.

range check

pH electrode The pH electrode is calibrated before each Slope 95-105
calibration measurement session using at least two NIST- % of
traceable buffer solutions bracketing the expected theoretical
sample pH range (pH 4.00 and pH 7.00 for acidic soils; | (-59.16
pH 7.00 and pH 10.00 for calcareous soails), in mV/pH at 25
accordance with ISO 10390. °C); intercept
within + 0.05
pH units
pH transfer For the subset of WP3 samples measured in all three Residual from
function cross- | pH methods (H,O, KCI, CaCl,), the measured values transfer
check are compared against the established transfer function < 0.3
functions (R2 > 0.85; see section 4.5). Outliers are pH units
flagged for re-measurement.
Bulk density: Undisturbed ring samples are oven-dried at 105 °C for | Constant
oven-dry weight | 24 h and weighed. Masses are recorded to 0.01 g mass criterion:
verification precision, in accordance with ISO 11272. repeat
weighing after
additional 2 h
drying shows
<0.01g
change
Bulk density The resulting bulk density value was cross-checked Values within

against the field-recorded depth interval and site
description to verify internal consistency.

the expected
plausibility
range for each
horizon type

Digital data All sample weights, analytical results and instrument 100 % of
entry logs are entered into the VUK laboratory information records
system (LIS) and cross-referenced against the ArcGIS | matched to a
Survey123 field records and the shipping manifest. unigue sample
ID in the
ArcGIS field
database
4.2. eDNA

eDNAL1 data for microbiome analysis (WP2 & WP3)

To validate the sequencing success and assess the technical quality of the raw data, the high-
throughput sequencing output from the two libraries was independently processed through a
standardized in silico pipeline adapted from Longepierre et al. (2021). Initial quality control
involved the removal of PhiX control reads, adapter trimming, and paired-end merging.
Merged sequences were then subjected to stringent quality filtering to eliminate artifacts and
chimeras, resolving the remaining high-fidelity reads into Amplicon Sequence Variants
(ASVs). ASV is the highest-resolution unit used to identify and count microbial organisms. It
represents a specific biological sequence, distinguished by differences as small as a single
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nucleotide, after sequencing and PCR errors have been computationally removed (through
denaoising).

To translate these sequence data into biological and functional profiles, ASVs were
taxonomically assigned using the SILVA (bacteria) and UNITE (fungi) reference databases.
Ecological and metabolic functions were subsequently inferred using FUNGuild for fungi and
FAPROTAX for bacteria. As a targeted adjustment from the original protocol, FAPROTAX
dataset replaced PICRUSt2 for bacterial functional inference to align the annotations directly
with the expertise of the research team involved in the analyses.

eDNA2 sample for soil fauna analysis

To validate sequencing success and assess the quality of the soil fauna metabarcoding data,
raw reads were processed through a standardized bioinformatics pipeline. Initial quality control
included assessment of raw read quality, demultiplexing of dual-indexed libraries, paired-end
read merging, primer removal, and stringent filtering based on read quality and length. High-
quality reads were dereplicated and clustered into SWARM clusters, an approach selected for
the COIl amplicon because it avoids fixed similarity thresholds. Potential chimeric and
artefactual clusters were removed, and highly similar co-occurring clusters were further
refined. Representative sequences were then taxonomically annotated using curated
MIDORI2 and BOLD COI reference databases, including amplicon-specific CRABS-curated
versions.

Comparing identifications based on multiple reference databases gives us a better
understanding of the uncertainty linked to taxonomic identification. Furthermore, it is possible
to use this uncertainty to select the most suitable taxonomic level for our analysis. Also, in the
next steps per sample SWARMS with an insufficient number of reads or taxonomic resolution
will be filtered out of the dataset to reduce the change of false positive observations and
potential technical artefacts.
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So far, we have described how sample handling at the central laboratories, the analytical
procedures applied, the approaches used to ensure interlaboratory comparability, and the
measures implemented to guarantee high data quality. In this final section, we outline how the
resulting data will be used in the subsequent phases of the project and how it will be stored
and managed.

5.1 Overview of datasets

Table 5.1 provides an overview of all datasets including their archival locations, internal
structure, and accessibility status.

Table 5.1: Data management plan of WILDCARD soil laboratory analytical results

WP2 | Plot Per \General\WPs OFFICIAL WILDCARD
metadata plot_code_simple DOCUMENTS\WP2\Task consortium
(e.g., humus 2.2\wp2_layer_data.csv
form)

WP2 | Layer- Per \General\WPs OFFICIAL WILDCARD
specific data | plot_code_simple x | DOCUMENTS\WP2\Task consortium
(e.g., bulk code_layer 2.2\wp2_plot_data.csv
density)

WP2 | Mesofauna Number of reads per | \Genera\WPs OFFICIAL WILDCARD
SWARM SWARM for each DOCUMENTS\WP2\Task consortium
table sample 2.2\WP2_mesofauna_ SWARM.csv

WP2 | Soil fauna Taxonomic \General\WPs OFFICIAL WILDCARD
taxonomy identification per DOCUMENTS\WP2\Task 2.2\ consortium
table SWARM WP2_mesofauna_taxonomy.csv

WP2 | Sample Linkage of samples | \Genera\WPs OFFICIAL WILDCARD
identification | to WP2 sites DOCUMENTS\WP2\Task 2.2\ consortium

WP2_mesofauna_link.csv

WP2 | Microbiome 16S ASV count per | \Genera\WPs OFFICIAL WILDCARD
ASV table sample_id DOCUMENTS\WP2\Task consortium

2.2\16S_ASV_WP2.csv

WP2 | Microbiome 16S Taxonomic \General\WPs OFFICIAL WILDCARD
taxonomy identification per DOCUMENTS\WP2\Task consortium
table each ASV 2.2\16S_TAX_WP2.csv
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WP2 | Microbiome 16S Functional \Genera\WPs OFFICIAL WILDCARD
functional identification per DOCUMENTS\WP2\Task consortium
table each ASV 2.2\16S_FUN_WP2.csv

WP2 | Microbiome ITS ASV count per | \Genera\WPs OFFICIAL WILDCARD
ASV table sample_id DOCUMENTS\WP2\Task consortium

2.2\ITS_ASV_WP2.csv

WP2 | Microbiome ITS Taxonomic \General\WPs OFFICIAL WILDCARD
taxonomy identification per DOCUMENTS\WP2\Task consortium
table each ASV 2.2UTS_TAX_WP2.csv

WP2 | Microbiome 16S Functional \General\WPs OFFICIAL WILDCARD
functional identification per DOCUMENTS\WP2\Task consortium
table each ASV 2.2\ITS_FUN_WP2.csv

WP3 | WP3 Per plot and per \General\WPs OFFICIAL WILDCARD
attributes depth layer DOCUMENTS\WP3\Task consortium
catalogue 3.2\wp3_plot_data.xlsx

WP3 | Site and plot | Per Site_ID and \General\WPs OFFICIAL WILDCARD
metadata Chronosequence_ID | DOCUMENTS\WP3\Task consortium
(location, 3.2\wp3_plot_data.xlsx
geology,
land-use
history, WRB
soil group,
forest type,
abandonment
history)

WP3 | Layer- Per sample_id x \General\WPs OFFICIAL WILDCARD
specific Soil_depth DOCUMENTS\WP3\Task consortium
physico- 3.2\wp3_layer_data.xlsx
chemical
data (SOC
%, TN %, pH,
bulk density,
texture, depth
interval)

WP3 | Microbiome 16S ASV count per | \Genera\WPs OFFICIAL WILDCARD
ASV table sample_id DOCUMENTS\WP2\Task consortium

3.2\16S_ASV_WP3.csv
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WP3 | Microbiome 16S Taxonomic \Genera\WPs OFFICIAL WILDCARD
taxonomy identification per DOCUMENTS\WP2\Task consortium
table each ASV 3.2\16S_TAX WP3.csv

WP3 | Microbiome 16S Functional \General\WPs OFFICIAL WILDCARD
functional identification per DOCUMENTS\WP2\Task consortium
table each ASV 3.2\16S_FUN_WP3.csv

WP3 | Microbiome ITS ASV count per | \Genera\WPs OFFICIAL WILDCARD
ASV table sample_id DOCUMENTS\WP2\Task consortium

3.2ITS_ASV_WP3.csv

WP3 | Microbiome ITS Taxonomic \General\WPs OFFICIAL WILDCARD
taxonomy identification per DOCUMENTS\WP2\Task consortium
table each ASV 3.2\TS_TAX_WP3.csv

WP3 | Microbiome ITS Functional \General\WPs OFFICIAL WILDCARD
functional identification per DOCUMENTS\WP2\Task consortium
table each ASV 3.2\ITS_FUN_WP3.csv

5.2 Overview of data fields (metadata)

Table 5.2 and Table 5.3 present the site- and plot-level metadata fields stored in the
wp2_plot_data.xlsx and wp3_plot_data.xIsx files, respectively. These variables provide the
ecological, geographical and land-use context required for carbon concentrations (%)
trajectory analyses, chronosequence information and cross-ecoregion comparisons. All
geographic coordinates are in WGS84 decimal degrees; soil classification follows WRB 2022.

Table 5.2: Field descriptions for site and plot metadata in WP2 (wp2_plot_data.xIsx).

institute_sampling

Institute responsible for the soil survey

composed_site_id

Unique identifier per WP2 high-intensity site. Usually
comprises one soil survey plot per site, except for the
site Bialowieza, which comprises four soil survey plots.

plot_code_simple

Unique identifier per soil survey plot (site). Usually
identical to 'composed_site_id, except in the site
Bialowieza, where it also includes 'plot_id'".

reserve_name

Local name of forest reserve

sub_id

Unique identifier per site within the forest reserve

plot_id

Unique identifier per soil survey plot within the site.
Corresponds with tree database.
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site_type - Site type, defining the applied sampling approach.
Either 'standard site' (i.e., standard soil sampling
protocol was followed) or 'stony site' (i.e., simplified soil
sampling protocol with simplified requirements below 30
cm).

latitude_dec decimal Decimal degrees latitude (WGS84)
degrees

©)

longitude_dec decimal Decimal degrees longitude (WGS84)
degrees

©)

hor_accuracy m Horizontal accuracy of coordinate measurements

survey date YYYY- Date on which soil survey took place
MM-DD

macrorelief - Macrorelief of the survey plot within the surrounding
terrain. Either 'flat', 'depression’, 'plateau’, 'slope’ or 'top'.

slope_type - Position of sampling plot within slope (only when
'macrorelief' is 'slope’). Either 'linear’, 'concave' (i.e.,
close to the lower boundary of the slope) or 'convex’
(i.e., close to the top of the slope).

slope_deg ° Slope of the plot surface

depth_bedrock cm Depth of the soil profile down to lithic contact or
continuous rock (i.e., consolidated material with < 20
vol% of cracks), representing the lower integration limit
for stock calculations within the upper 100 /
cosine(slope) cm. This is the depth above which soil is
considered to be available for exploration by plant roots,
with a maximum of 100 / cosine(slope) cm. Depths are
plumb-vertical.

vol_perc_fine_earth | vol% Fraction of the 0 - 100 cm soil profile occupied by fine
earth (i.e., excluding volume of coarse fragments and
bedrock)

humus_form - Humus form (highest tier of Zanella et al., 2018 & 2022)

wrb_ref_soil_group | - WRB (World Reference Base) reference soil group
(WRB 2022)

wrb_qualifier_1 - WRB (World Reference Base) first qualifier (WRB 2022)
(optional)

parent_material - Parent material
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eftc European Forest Type Category (European
Environmental Agency) of forest stand

eft European Forest Type (European Environmental
Agency) of forest stand

tsa_derived Number of years between the year of abandonment and
the year 2024

tsa_class Time since abandonment class. Either '0', '0 - 30", '30 -

60', '60 - 100', "> 100' or 'primary"'.

Table 5.3: Field descriptions for site and plot metadata in WP3 (wp3_plot_data.xIsx).

Sample & site identification
sample_id Unique alphanumeric identifier assigned | Text VUK /
to each physical sample ArcGIS
Surveyl123
Join_ID Internal key used to join analytical Integer VUK
results to field records
sample_code Field-assigned sample code (as Text Field team
recorded on sample container)
Site_ID Unique identifier for each sampling site Text Field team
within a chronosequence
Plot_ID Unique identifier for each sampling plot | Text Field team
within a site
Chronosequence_ID | Identifier for the chronosequence to Text Field team
which the site belongs
Geographic location
Ecoregion (EEA) EEA ecoregion classification of the site Category | GIS/EEA
Country Country of sampling Text Field team
Latitude (WGS) Geographic latitude in decimal degrees | Decimal® GPS/
(WGS84) Survey123
Longitude (WGS) Geographic longitude in decimal Decimal® GPS/
degrees (WGS84) Surveyl123
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Elevation (m a.s.l.) Elevation above sea level m GPS /DEM
Slope (%) Terrain slope at the sampling point % Field / GIS
Aspect Slope aspect in degrees from north Degrees Field / GIS
Geology & soil classification
Geology (general) General geological category of parent Category | GIS/ Field
material
Geology (detail) Detailed lithological description of parent | Text GIS / Field
material
Unified Geology Harmonised geological class across Category | GIS post-
consortium ecoregions processing
Reference soil WRB 2022 reference soil group Category | Field/
group (WRB 2022) assigned to the profile expert
Unified Reference Harmonised WRB class across Category | Post-
soil group (WRB consortium ecoregions processing
2022)
Vegetation & land use
Forest type (EEA) EEA forest type classification of the site | Category | GIS/EEA
Forest type Local/partner-assigned forest type Text Field team
description
control Flag indicating whether the site is a Binary Field team
control (1) or treatment (0)
Year of Calendar year in which agricultural land | Year Field /
abandonment abandoned records
Time since Years elapsed between abandonment Integer Calculated
abandonment (yr) and time of sampling (year)
Management type Dominant land management prior to Category | Field/
before abandonment (e.g. arable, pasture) records
abandonment
Water impact Classification of hydrological influence at | Category | Field team

the site
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5.3 Overview of data fields (physicochemical data)

Table 5.4 and Table 5.5 show all physicochemical properties stored in the
wp2_layer_data.xlsx and wp3_layer_data.xIsx files, respectively. Fields are organized by
thematic group: depth geometry, carbon and nitrogen concentrations, bulk density, soil pH,
and soil texture.

Table 5.4: Field descriptions for physicochemical data variables in WP2 (wp2_layer_data.xIsx).

institute_sampling - Institute responsible for the soil survey

plot_code_simple - Unique identifier per soil survey plot (site). Usually
identical to 'composed_site _id', except in the site
Bialowieza, where it also includes 'plot_id'".

layer_number - Sequential index assigned to each soil layer within
a profile. The upper layer (often forest floor) is
designated as layer number 1, and each successive
layer below it is assigned an incrementally higher
number.

code_layer - Code of the depth layer. Either 'OL' (organic litter
horizons), 'OFH' (organic fragmentation and
humification horizons), ‘M01' (O - 10 cm), 'M13' (10
- 30 cm), 'M36' (30 - 60 cm) or 'M61' (60 - 100 cm).

depth_top cm Upper layer limit. Depths are plumb-vertical.
depth_bottom cm Lower layer limit. Depths are plumb-vertical.
depth_bottom_bedrock | cm Effective lower layer limit above continuous

bedrock, i.e., the shallower of 'depth_bottom' and
‘depth_bedrock'. Set to NA if the layer falls entirely
below 'depth_bedrock’ (i.e., within continuous rock).
Depths are plumb-vertical.

thickness cm Layer thickness, calculated as the absolute
difference between 'depth_bottom' and 'depth_top'

coarse_fragment_vol vol% Fraction of coarse fragments (> 2 mm)

bulk_density kg m-3 Bulk density (i.e., oven-dry mass of fine earth per
unit volume of the stone-free soil for mineral layers,
or oven-dry mass of the organic material per unit
volume of organic material for organic layers)
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areal_mass kg m-2 Areal dry mass of an organic layer. Surface areas
are horizontally projected.

perc_dry leaves mass% Percentage of leaves and needles in 'OL' (organic
litter)

perc_dry_twigs_medium | mass% Percentage of twigs and other woody debris with a
diameter between 6 - 25 mm in 'OL" (organic litter)

perc_dry twigs small mass% Percentage of twigs and other woody debris with a
diameter < 6 mm in 'OL' (organic litter)

c_organic_total g Ckg-1 | Total organic carbon content (determined with a
limit of quantification of 0.5 g C kg-1)

n_total g N kg-1 | Total nitrogen content (determined with a limit of
quantification of 0.1 g N kg-1)

c_inorganic_total g C kg-1 | Total inorganic carbon content (determined for pH-
CaCl2 >= 5.5 with a limit of quantification of 0.1 g C
kg-1)

ph_cacl2 - pH measured in CaCl2

clay vol% Clay fraction (vol% O - 6 um, roughly equivalent with

mass% 0 - 2 um)

silt vol% Silt fraction (vol% 6 - 63 um, roughly equivalent with
mass% 2 - 50 pum)

sand vol% Sand fraction (vol% 63 - 2000 pm, roughly
equivalent with mass% 50 - 2000 um)

Table 5.5: Field descriptions for physicochemical data variables in WP3 (wp3_layer_data.xIsx).

Depth and layer properties

Soil depth Depth interval label (e.g. 0-10 Text Field team
cm, 10-20 cm)
soil thickness (cm) Thickness of the sampled layer in cm Field team

centimeters
Carbon and nitrogen concentrations

SOC (%) Soil organic carbon % dry VUK
concentration, dry-weight basis | weight

TN (%) Total nitrogen concentration, dry- | % dry VUK
weight basis weight

32



WILDCARD — Milestone 12

Funded by
the European Union

Bulk density
BD corrected (g cm™) Bulk density of the fine-earth gcm™3 VUK
fraction (< 2 mm), corrected for
coarse fragments; five Kopecky
rings combined per layer (ISO
11272)
Soil pH
pH-H,O pH measured in water - VUK
suspension (1:5 v/v, ISO 10390)
pH-KCI pH measured in 0.2 M KCI - VUK
solution (1:2.5 m/v, ISO 10390)
Soil texture
texture < 0.001 mm (%) Fine clay fraction % volume | VUK
texture < 0.002 mm (%) Total clay fraction (USDA <2 pm | % volume | VUK
equivalent)
texture < 0.01 mm (%) Clay + fine silt cumulative % volume | VUK
fraction
texture 0.01-0.05 mm (%) | Silt fraction % volume | VUK
texture 0.05-0.1 mm (%) Fine sand fraction % volume | VUK
texture 0.1-2.0 mm (%) Coarse sand fraction % volume | VUK
Soil texture class (USDA) | USDA texture triangle class Category | Calculated
derived from clay, silt and sand
fractions

5.4 Overview of data fields (eDNA data)

eDNA data generated by ETHZ (eDNA1) and EVINBO (eDNA2) through metabarcoding
sequencing were consolidated into the following primary working tables in .csv format:

1. Count Tables: Containing information on the abundance of Amplicon Sequence

Variants (ASVs, for ETHZ) or SWARM clusters (SWARMS, for EVINBO) across all
sites. Each table is structured with unique plot identifiers (plotid) as rows and unique
ASV/SWARM identifiers as columns, where each intersection indicates the count of a
given ASV/SWARM within that specific plot.

Taxonomy Tables: Linking each unique ASV or SWARM to its specific taxonomic
information based on reference databases. The tables are structured with
ASV/SWARM identifiers as rows and the hierarchical taxonomic ranks as columns
(Kingdom, Phylum, Class, Order, Family, Genus, and Species). These datasets
characterize the biological composition of the soil community.

Functional Tables (only microbiome): Linking individual ASVs to their predicted
ecological and metabolic roles to characterize the soil microbiome’s functional
potential.

o For bacteria, FAPROTAX groups all matching ASVs together by their biological
activity, creating a table structured with metabolic functions (e.g., carbon and
nitrogen cycling groups) as rows and plot_id as columns. Each intersection
shows the abundance of that functional group per plot.

e For fungi, FUNGuild matrices retain the original ASV table structure and
appends new descriptive metadata columns to each entry. It assigns each
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fungal ASV to distinct functional guilds based on three criteria: Trophic Mode,
Guild, and Confidence Ranking.
4. Consolidated Metadata: a comprehensive metadata table linking the
ASVS/SWARMS from each site (plot_id) with site-specific environmental
characteristics and soil physicochemical properties as reported in 5.2.

Microbiome

The sequencing of 200 WP2 samples and 147 WP3 eDNA1 samples yielded a total of
76,140,062 raw 16S reads and 81,649,503 raw ITS reads. On average, the workflow
generated 213,776 16S and 229,992 ITS reads per sample (Maximum: 486422 16S and
626745 ITS sequences; Minimum: 91 16S and 2 ITS sequences (from blank samples);
Median: 207,627 16S and 232,066 ITS sequences). Following the bioinformatic filtering and
denoising process, these reads were clustered into 59,811 16S, belonging to bacteria (97.6%)
and Archaea (2.2%) and 38,110 ITS unique Amplicon Sequence Variants (ASVSs).

The sequencing data produced by ETHZ on soil biodiversity were consolidated into four
working tables in .csv and xIsx formats:

1. ASV Count Tables: One count table per work package (WP2-Proforestation and WP3-

Afforestation) per organismal group (bacteria:16S and fungi: ITS), for a total of four
table. These tables contain information on the abundance of Amplicon Sequence
Variants (ASVs) in each plot (plot_id).
After removing ASVs that only occurred in one sample (sparse ASVs), 57,466 16S and
27,098 ITS ASVs were recovered, and plots yielded a median of 7,227 16S ASVs and
a median of 1,317 ITS ASVs in the WP2 dataset. For WP3, 57,282 16S and 26,069
ITS ASVs were recovered, and plots yielded a median of 8,417 16S and 1,394 ITS
ASVs.

2. Taxonomy Tables: One table per work package per organismal group (16S and ITS),
linking each unique ASV to its taxonomic information.

For WP2, of the total 16S ASVs recovered, 99.6% were resolved to the phylum level,
75.6 to family level, 33.5% to genus level, and 0.4% to species level. 94.0% ITS ASVs
were resolved to the phylum level, 54.5% to family level, 41.4% to genus level, and
16.0% to species level.

For WP3, of the total 16S ASVs recovered, 99.6% were resolved to the phylum level,
76.2 to family level, 34.3% to genus level, and 0.4% to species level. 94.1% ITS ASVs
were resolved to the phylum level, 55.4% to family level, 41.2% to genus level, and
15.9% to species level.

3. Functional Tables: One per work package, linking individual ASVs to their predicted
ecological and metabolic roles.

o For bacteria, FAPROTAX assigned a total of 64 functions to 17.4% and 17.8%
of the recovered bacterial ASVs for WP2 and WP3, respectively.

e For fungi, FUNGuild assigned 267 guilds and resolved 24.1% and 23.4% of
ASVs into functional guilds for WP2 and WP3, respectively.

4. Consolidated Metadata: a comprehensive metadata table linking the ASVs from each
site (plot_id) with site-specific environmental characteristics and soil physicochemical
properties as reported in 5.2.
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Mesofauna and macroinvertebrates

Only two samples yielded fewer than 10,000 reads and therefore failed the read-depth
threshold, the explanation lies in the fact that these samples were collected at a peat soil. After
excluding these failed samples, the WP2 mesofauna and macroinvertebrate eDNA dataset
contains 411 samples (including sample replicates) and a total of 2,626,998,188 reads after
bioinformatic processing. On average, the retained dataset contained 6,391,723 reads per
sample (median: 5,028,954). Following bioinformatic filtering and SWARM clustering, these
reads were represented by 42,027 unique SWARM clusters. Within individual retained
samples, observed richness ranged from 37 to 1,042 SWARM clusters per sample, with a
mean of 360 and a median of 332 SWARM clusters per sample.

Taxonomic annotation linked each unique SWARM cluster to its assigned taxonomic
information. Across the retained WP2 dataset, 34.1% of SWARM clusters were resolved to
species level, representing 55.9% of reads. 41.3% of SWARM clusters were resolved to genus
level, representing 62.2% of reads. 64.6% of SWARM clusters were resolved to family level,
representing 79% of reads. 80% of SWARM clusters were resolved to order level, representing
96.6% of reads.

It is possible to calculate site level biodiversity metrics based on these SWARM clusters,
however after taxonomic classification we can also see which genus or species are present at
a certain location. This offers a lot of opportunities for further statistical analyses.

Thus, we have 3 tables:

- A SWARM cluster table

- A metadata table with sample information

- A table with taxonomic information at 7 taxonomic levels for each SWARM
cluster

Data publication

During the active phase of the project, the ASV/SWARM tables, taxonomy files, functional
tables and metadata will be shared internally with WILDCARD members via the project's
SharePoint repository to facilitate collaborative analysis across WPs and institutions.
Following the first publication, these processed datasets will be formally published as a
Zenodo project with a citable, permanent Digital Object Identifier (DOI). Final ecoregion- and
gradient-specific dataset on biodiversity changes will be made publicly available to conform
deliverable 2.2 by month 36 of the project.
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