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1. Introduction

The I+ software (http://iplus.efi.int/software-store.html) is designed to support virtual tree
selection exercises in demonstration sites, also known as marteloscopes’, established across
Europe. However, its modular design allowed for future expansion into other topics. Within the
HoliSoils project, I+ has been extended with new a soil carbon (C) module.

The I+ software package consists of four main components:

e The I+ Manager, which is installed on a desktop and used for administering
marteloscope sites. It allows users to:

1. Manage and update any information on individual marteloscope sites.
2. Upload new marteloscopes into the I+ Repository.

3. Design training exercises.

4. View and export exercise results following training events.

e The Central I+ Repository, a database that stores all marteloscope-related information,
including inventory data, exercise designs, user accounts and exercise results.

e The I+ Trainer, a mobile application used to conduct marteloscope exercises in the
field. It provides users with information on the spatial disposition of the trees within
the marteloscope site, as well as other important site characteristics (see Figure 1 as
an example).

e The I+ API, a server-based application to support communication between the I+
Trainer and the I+ Repository.

The I+ Trainer application can be downloaded onto mobile devices such as tablets and
smartphones. It is used in the field to conduct marteloscope exercises and provides detailed
descriptions of individual tree microhabitats, along with their relevance to various biomes and
species. During or after performing training exercises, users receive direct feedback on all
silvicultural decisions they have implemented on site, presented through both qualitative
assessments and quantitative metrics. Specifically, the I+ Trainer application can provide
information over a wide range of variables, including tree stand structure, diameter at breast
height (DBH) and volume distribution, stand value, and C accumulation in trees (wood,
branches, foliage, roots, etc.) and in harvested wood products.

T Marteloscopes are one-hectare forest plots where all trees are mapped and recorded. Originally
developed for tree selection training, the concept has since expanded, and nowadays around 300 sites
exist across 27 European countries, supporting education and professional development in forestry.
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Figure 1. I+ Trainer Graphical User Interface (GUI) showing the tree locations within a German marteloscope site.

This deliverable explains how we designed and integrated the soil C module into the I+
software package, further enhancing its educational and analytical capabilities. Chapter 2
describes the approach taken to develop the module, while Chapter 3 explains how users can
use the new module. Chapter 4 outlines the data requirements and procedures for entering
information into the I+ Repository, and Chapter 5 explains how the I+ app can be accessed.

2. Approach

2.1 General requirements

To enable its integration into I+, we developed the soil module to operate without network
connectivity and to avoid heavy computational processes on a mobile device. This was a key
design consideration, as I+ is often used directly in the field with sometimes limited or even
absent mobile coverage.

2.2 Multi-model ensemble tool

The ensemble approach provides more balanced estimates by averaging the outputs of six
distinct models, reducing dependence on single model’s assumptions.

The new soil C module in I+ is based on the multi-model ensemble tool
(http://me4dsoc.geologie.ens.fr/v1/) developed by Bruni et al. (2023). This web-based tool is
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designed to run six different soil models simultaneously across European forest sites. The soil
models included in the ensemble tool are:

e Century (Parton et al.,, 1988)

e ICBM (Andrén and Katterer, 1997)

e Roth-C (Coleman and Jenkinson, 1996)
e Yasso07 (Tuomi et al., 2009)

e Yasso20 (Viskari et al., 2022)

e SG (Hashimoto et al., 2011)

The multi-model ensemble tool allows prediction of the effects of climate, land-use, and forest
management changes on soil organic carbon (SOC) stocks and greenhouse gas (GHG)
emissions across all included models. Except for the SG model, which is an empirical GHG
model simulating carbon dioxide (CO,), methane (CHa), and nitrous oxide (N.0) fluxes, the
other models simulate SOC dynamics based on the assumption that the decomposition of soil
organic carbon follows first-order kinetics reactions. These SOC models differ among each
other in the number of compartments, turnover rates, and environmental modifiers. By
integrating them into a common framework, the ensemble tool is able to account for a broad
range of processes driving C dynamics in forest soils according to different modelling
assumptions. These processes include the quantity and quality of C inputs from litter and
roots, the effects of soil texture, bulk density, and C:N ratios, as well as the influence of climate
variables such as temperature, precipitation, evapotranspiration, and soil moisture. The
ensemble computes a multi-model mean for SOC and CO,, i.e., the arithmetic average of the
participating models’ outputs at each timestep or scenario, providing a robust, aggregated
prediction.

The multi-model ensemble tool incorporates forest management changes that are central to
the I+ training exercises, such as disturbance events expressed as mortality and harvest rates.
Within the ensemble tool, these interventions are combined with climate change pathways
(RCP2.6 as default, and RCP6.0) and socio-economic trajectories (SSP2), to generate a range
of possible futures for SOC and associated GHG emissions. Site-specific data can be used as
input, but when such data are not available, the model draws on harmonized European and
global databases, including ISIMIP for climate and biomass, LUCAS for soil properties, TRY for
litter traits, and the NOAA GML records for atmospheric CHs. This approach ensures
simulations can be performed for any site, even in the absence of local measurements, while
still allowing for the integration of site-level soil inventories when available (see section 4).
Sources and references are listed in the tool's webpage, with additional details provided in the
supplementary documentation in Bruni et al. 2025 (please visit
http://me4soc.geologie.ens.fr/). The original script of the ensemble tool is available at
https://github.com/elisabruni/Holisoils-multimodel/tree/main/R.

2.3 Development of soil carbon response functions for integration into the I+
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Trainer

We used the ensemble tool as a basis for developing response functions, which were then
integrated into the I+ application. This approach eliminates the need for a mobile connection
in the field. These response functions link harvest rates and biomass removal to SOC stocks.
Based on this, I+ can use harvest information, as calculated from the trees or groups of trees
that are virtually harvested by the user, as basis for calculating the corresponding changes in
SOC stocks. The I+ Trainer then displays both the initial state of the stand before the planned
operations and the projected SOC stock values twenty years after the intervention.

To derive the response functions, we used the ensemble tool to calculate SOC stocks across
all combinations of harvesting and biomass extraction rates. We then fitted statistical
functions to describe the relationship between these rates and SOC stocks changes. We
evaluated several statistical functions and analysed which of them best described the changes
in SOC stocks. The best fitting model was used finally as response function that we built into
I+.

To illustrate this approach, we use the Venne marteloscope site in Germany as an example for
deriving a response function (Table 1). The full list of the marteloscope sites, including site-
specific information, can be found at http://iplus.efi.int/marteloscopes-data.html.

Table 1. Marteloscope site information

Name Country \ Longitude Latitude Predominant species
Venne Germany 7.095 50.673 Beech

We applied the multi-model ensemble tool to the Venne site to generate the full set of results
using the matrix approach, which explores different combinations of harvesting and biomass
extraction parameters. The tool produced outputs over a 20-year simulation period, but for the
purpose of integration with the I+ software we focused only on the final year of the simulation.
This is because the I+ application displays the effects of management interventions at year
20, in line with how it reports other stand-level parameters.

In a next step, we tested different statistical models (e.g., linear, polynomial) to determine
which provided the best fit to the simulation results (see Table 2 ). The best-fitting model,
identified by the highest R-squared value, was then used as the response function for the
Venne site in |+.

The scripts used for this analysis are available at
https://qithub.com/EuropeanForestinstitute/holisoils-tools.

Table 2. Fitted models on simulation results for the martelsocpe site Venne in Germany.

Model ‘ Formula R2 Score
Linear SOC =65.0710 + -0.1124 x HarvestRatio + -0.0068 x Mortality 0.711
Linear + | SOC = 60.0152 + -0.000000 x HarvestRatio + 0.105522 x Mortality + 1.000
Interaction -0.002497 x (HarvestRatio x Mortality) ’

. Quadratic coefficients: 60.0040, 0.0000, 0.1064, -0.0000, -0.0025,
Polynomial ~0.0000 1.000
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3. I+ Trainer app — soil carbon module user instructions

To explain the functionality of the I+ Trainer, a user manual has been developed and is
available in multiple languages. The English version can be accessed at:
http://iplus.efi.int/uploads/20240104_I%2BTrainer_Tutorial_en.pdf. This Chapter
complements the manual by explaining the new soil C module and its features.

When a training exercise is launched, the I+ Trainer first displays the initial state of the stand.
In addition to tree and stand-level indicators such as stem number, basal area, volume, and
habitat value, the new module also shows the current stock of carbon in the soil. This soil C
estimate is derived either from available site-specific soil data or, if such data are absent, from
harmonized European databases. Figure 2 illustrates the output screen before intervention,
where soil C is displayed together with other C pools.

Analysis of results

Tree N/haBA/ha V/ha EconVHabValMHCarbonHWP C ™ DBH distribution of the stand

\ soil
species| [#] | [m?] | [m3]|[EUR]| [pts.] |[#]| [1] ‘ It [ N/ha

92 | 27.6 461.141833 769 |75 28145‘9.05

Total | 96 |28.4 | 473 43377 783 |78|287.1|9.0562.6
Dead

wood 55

45 50
DBH class (cm)

Lying

Before Removed After Future

Figure 2. The stand-level summary includes various information aggregated by tree species, such as the number of
trees per hectare (N/ha), basal area (BA/ha), volume per hectare (V/ha), economic value (EUR) and habitat values
(points) , number of microhabitat (MH), carbon content (t), the amount of wood potentially allocable to harvested

wood products (HWP/t), as well as DBH and volume distributions. Soil carbon (C) is displayed as a single value (t), as
soil information is available only at the plot level.

More detailed information is available in a separate results table, which reports the distribution
of C across different tree compartments (wood, branches, foliage, and roots) as well as in the
soil. This view enables the user to assess the relationship between soil C, living biomass, and
harvested wood products, providing a comprehensive overview of total C storage in the stand
(Figure 3).
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Carbon stored (tonnes)
Tree species Count Wood | Branches Foliage Roots \ Cinsoil | CinA CinB | CinIT ClnFW

- 184.452 70.526 1.357 25.164 1.342 | 18.888 58.669 0.496 105.062

lime

Tilia

pine

Pinus

1 0.8 0.068

96 188.242 71.621 . 5 | 62.65 1.342 | 19.589 0.496 106.92

Figure 3. Carbon stored in tree compartments and soil at the beginning of the exercise. A, B, C, IT, and FW
correspond to the volumes of tree allocated to the different wood quality classes, expressed in tonnes of carbon. IT
stands for Industrial Timber, while FW refers to FuelWood.

Since data are provided at the individual tree level, the user can perform virtual management
interventions within the stand, depending on the objectives of the exercise. These typically
involve simulating a virtual thinning operation, such as the removal of single trees or groups
of trees. After the user applies a management operation, I+ Trainer projects the site’s
development over a 20-year period, including the evolution of soil C stocks. The outputs are
presented in the same way as the “Before” state, allowing for direct comparison between the
current conditions and the predicted future state of the stand. Figure 4 shows an example of
such a projection, where the soil C value reflects the consequences of harvesting intensity and
biomass removal.

Analysis of results

DBH distribution (predicted)

60 65

45 50 55
DBH class (cm)

Before Removed After Future

Figure 4. Predicted stand structure and soil organic carbon 20 years after intervention.

In addition, the module calculates how soil C is affected by the fraction of harvest biomass
left on site. A response table (Figure 5) presents the soil C stock after 20 years under different
percentages of biomass removal, ranging from 10% to 100%. This feature highlights the
sensitivity of soil C storage to management decisions, enabling the user to explore the long-
term implications of alternative harvesting practices.

www.holisoils.eu 8



=
. s D4.8 Mobile app for forest managers
?’6@ HoliSolls

Working together for forest soils

Carbon in soil after 20 year (tonnes/ha)
when given percentage of biomass removal

10% | 20% | 30% 40% 50% |60% 70% | 80% | 90 % | 100 %
61.26 | 60.87 |60.49  60.1 59.72|59.33 | 58.95 58.56J58.18 57.79

Figure 5. Soil carbon after 20 years under different biomass removal scenarios.

With these additions, the I+ Trainer now provides users not only with an assessment of
aboveground forest outcomes but also with an explicit representation of soil C dynamics. It is
important to note that the soil C module relies on large-scale databases with aggregated
information. While these allow broad applicability of the tool, the data may not always be
precise for individual sites, requiring careful interpretation when results are adapted for sector-
specific studies. Another point to keep in mind is the responsiveness of the model. It attempts
to simulate the complexity of soil ecosystem, which is influenced by many factors such as
temperature, humidity, rainfall, and soil type. In summary, the soil C module is primarily
designed as a training tool for practitioners, offering a way to visualize and understand the
direct effects of forest management decisions on soil C, rather than delivering precise long-
term forecasts.

4. Guidelines for compiling soil data for I+ marteloscopes

Guidelines detailing the necessary information and the corresponding methodology for
establishing a new marteloscope site are available at:
http://iplus.efi.int/uploads/Marteloscope_Guidelines_Setup.pdf.

This chapter complements these guidelines by specifying the soil data requirements for
compiling information within I+ marteloscopes.

The soil C module is designed to function even in the absence of site-specific soil data, as
these may be challenging or expensive to collect. The soil C module is based on the multi-
model ensemble tool, and it works by extracting predefined parameters from open-source
databases and calibrating them based on the site's geographic location. A web-based version
of the multi-model ensemble tool can be accessed at: http://me4soc.geologie.ens.fr/.

The multi-model ensemble tool considers a range of soil variables, which are automatically
preloaded according to the site’s coordinates provided (Table 3). These variables can be
refined if more accurate data is available to the user.

Table 3. Soil data variables of multi-model ensemble tool. Variables marked with an asterisk (*) indicate the
minimum required dataset for the model to function.

Variable Name Unit
Geographical coordinate latitude of the site (*) Decimal degrees
Geographical coordinate longitude of the site (*) Decimal degrees
Aboveground biomass (*) (Mg C ha™)
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Belowground biomass (*) (Mg C ha™)
Clay (%)

Silt (%)

Initial soil organic carbon (SOC) stock (Mg C ha-1)
Soil layer thickness (cm)

C:N ratio Number

Bulk density (Mg m?)
Dominant tree species (*) Species name
Annual aboveground C input (Mg Cha'yr?
Annual belowground C input (Mg Cha'yr")
Acid hydrolysable compounds fraction Number
Water soluble compounds fraction Number
Ethanol soluble compounds fraction Number
Neither soluble nor hydrolysable compounds fraction Number
Lignin:nitrogen ratio Number
Lignin fraction Number
Woody litter diameter size (cm)

Once the site-specific variables have been entered into the portal, the simulations can be
carried out. At this stage, users can run simulations by varying the harvesting and biomass
removal rate in the dedicated tab. After downloading the results, the response functions can
be calculated using the approach described in Section 2.3. We developed scripts to streamline
the analysis and simplify the process (https://github.com/EuropeanForestinstitute/holisoils-
tools). Site-specific information can be collected following Table 2 and communicated to the
Central I+ Repository manager or to adminbonn@efi.int.

5. Access to the I+ App

The I+ software package, as well as manuals and guidance material, are publicly available at:
http://iplus.efi.int/software-store.html.
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