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1. Introduction

The HoliSoils H2020 project aims to advance modelling tools for monitoring soil properties
and greenhouse gases (GHG) fluxes. One of the objectives of WP2 is to use several state-of-
the-art models to simulate forest soil responses to management practices, natural
disturbances and overall impacts of climate change. Within WP2, a multi-model ensemble has
been developed and presented in D2.1 and D2.2. The objectives of this multi-model tool are to
simulate the evolution in time of the soil organic carbon (SOC) stocks and GHG fluxes, and to
take into account the uncertainty of the simulations linked to the different model structures
and calibration data sets. This multi-model approach has been embedded into an interactive
online interface (http://me4soc.geologie.ens.fr/v1/). The goal of the interactive online
interface is to allow end-users, i.e., land use, land use change and forestry (LULUCF) experts
and scientists, to simulate SOC stock and GHG flux changes following scenarios of climate,
land-use change and forestry practices.

The evaluation of the multi-model tools was done in deliverable D2.11 and D2.12 and those
reports show that the multi-model can fairly reproduce the observations gathered during the
Holisoils project, in particular the soil heterotrophic respiration (SHR). Nevertheless, the multi-
model tool does not perfectly reproduce the observations, which raises questions about the
relevance of its use in an applied context with stakeholders who are not modelling specialists.
In order to better understand and comprehend the predictive capabilities of this tool and to
identify any potential biases, in this deliverable we will focus on the distribution of residuals
and the drivers that control the structure of these residuals. Here, we will consider the residuals
to be the difference between the site observations and the outputs of the multi-model tool. For
simplicity's sake, we will focus solely on the median predicted by the multi-model tool.

2. Material and methods

2.1 The multi-model interface

The ME4SOC online interface, developed as part of the HoliSoils project, simulates the
effects of climate, land use and forestry practices on SOC stocks and greenhouse gas
emissions (CO,, CH4, N20). Built with R Shiny, the interface consists of two main files: ui.R
(user interface) and server.R (processing and calculations). The user inputs a study site, soil
properties, climatic conditions and management practices. In the absence of data, the entries
are automatically filled from open databases: the Inter-Sectoral Impact Model
Intercomparison Project ((Frieler et al., 2017)) (“ISIMIP - The Inter-Sectoral Impact Model
Intercomparison Project,” n.d.), TRY (Kattge et al., 2020), LUCAS (Ballabio et al., 2019), and
GML (“Lan et al., 2022.).

The simulations of five of the six models included in ME4SOC are based on
compartmental models considered as mechanistic, which represent the soil as a set of
conceptual reservoirs of organic matter between which carbon circulates through fluxes
related to decomposition, humification and carbon inputs. The sixth model is an empirical
model that simulates CO,, CH4 and N2O fluxes based on their relationships with soil variables
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(Shoji Hashimoto et al., 2011). The five compartmental models integrated into the interface
are: Century (Parton et al., 1988), Roth-C (Coleman and Jenkinson, 1996), ICBM (Andren and
Katterer, 1997), Yasso07 (Tuomi et al., 2009) and Yasso20 (Viskari et al., 2022), the interface
also includes a multi-model average (Bruni et al., 2022). These models differ in their structure,
number of compartments, and sensitivity to environmental conditions. But, despite their
differences, all models are based on a similar mathematical structure, founded on linear
kinetics: the rate of carbon decomposition in each compartment depends on the quantity of
organic carbon present in that compartment and is modulated by climatic conditions. Their
formulation is based on a general decomposition equation. All the details are presented in
D2.1 and D2.2. It is important to note that before each simulation, an initialisation phase (spin-
up) is automatically launched for each model based on the data entered. The model is forced
over a period until it reaches a steady state. The latter is defined as an annual variation in
carbon stocks of less than 0.1% for ten consecutive years. We considered that the SOC stocks
were at equilibrium before the beginning of the experiments. The total simulated SOC stocks
are then rescaled to match the total observed SOC stocks, while maintaining the relative
proportions among compartments as defined at steady state (Hashimoto et al., 2011).

When not available from field sites, the climate and vegetation variables used to feed
the models were directly extracted by the web application from products obtained from the
ISIMIP database, protocol 2b (“ISIMIP - The Inter-Sectoral Impact Model Intercomparison
Project,” n.d.). In particular, daily precipitation and temperature were derived from simulations
of two climate models (i.e., ipsl-cm5a-Ir, miroc5), which were then averaged to obtain the multi-
model mean daily precipitation and temperature. Monthly reference evapotranspiration and
daily soil moisture at 10 cm depth were derived from simulations of two climate models (i.e.,
ipsl-cm5a-Ir, miroc5) coupled with the land-surface model ORCHIDEE (Krinner et al., 2005), and
similarly averaged to obtain the multi-model mean. Net primary production and vegetation
biomass, used to estimate litter inputs, were derived from simulations of two climate models
(i.e., ipsl-cm5a-Ir, miroc5) coupled with simulations of two land-surface models (i.e., dlem, Ipj-
guess). Hence, the climate and vegetation forcing variables extracted by the web application
are multi-model averages of global model simulations.

2.2 The dataset used to evaluate the multi-model tool

All data we used for the evaluation part originate from the HoliSoils project test sites,
or was extracted from the global datasets by the web application when not completely
available. Field experiments conducted in this project come from 8 different European
countries (plus Uruguay, but Uruguayan sites will not be considered here) and aim to represent
a variety of soils and forest managements (e.g. thinning, clear-cutting), but also natural
disturbances (e.g. fires, droughts). Simultaneously, monitoring of greenhouse gas (GHG)
emissions, and especially CO- is put into place to determine the impact of these disturbances
on the soil processes and their resilience in the context of climate change.

Each site is defined as a specific forest plot, itself divided into several subplots where
different treatments have been applied, possibly with several replicates. Plot size depends on
the characteristics of each site and on field constraints, but can be considered similar. A
typical site is divided into different plots representing different treatments: a control plot,
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where no particular forest management or constraint is applied, and one or more treatment
plots. These treatments can vary, involving either forest management practices such as
nitrogen fertilization (e.g. Karstula, Finland), thinning or clear-cutting (e.g. Brasov, Romania),
or natural disturbances such as fire or drought (e.g. Secanella, Spain). In the context of this
deliverable, we focused more specifically on forest management treatments, as they can be
explicitly represented by the selected models. Ideally, each site is also divided into subsites,
allowing for replication and a better estimation of uncertainties. Within the HoliSoils project,
25 sites were selected across Europe. The initial goal was to use data from all of them to
conduct a robust model evaluation. However, we first performed a site selection, retaining only
those with the most complete datasets and containing sufficient information for the
evaluation.

To run models as efficiently as possible, we would have needed all data completed as
described in the previous part. However, due to the diversity of sites and the high number of
variables, no site has been able to complete all these criteria. Thus, we chose to include sites
even if not all variables were available. However, and still to be able to perform a robust
evaluation, we decided to select only sites having sufficient information regarding some
parameters, such as:

+ Soil respiration. As the evaluation of the model performance is based on sail
heterotrophic respiration (SHR), this parameter was mandatory. Daily measurements were
expected, but some sites had a lower frequency of measurements. We also selected sites
measuring total soil respiration (SR) and not only heterotrophic respiration. In this case, total
soil respiration was converted to SHR using the equation from Bond-Lamberty et al., (2004):

SHR = 1.22 + 0.73In (SR)

Because SHR measurements were not regular (e.g., no measurements in Karstula, Finland
during winter time), we then interpolated observations of SHR to compute their daily values
using the equation from (Tupek et al., 2024),

T — 2

SHR = exp [—M exp[—ag, e tswc]
207

This interpolated SHR was used to compute the SHR annual mean and compared to modelled
SHR.

- Litter inputs and biomass. Litter inputs are required to estimate the amount of C input
to the soil. As models are particularly sensitive to this variable, we needed to be able to retrieve
this information. Biomass was also a crucial criterion as it also transfers important amounts
of C from the atmosphere to the rhizosphere, under the soil surface (Sokol and Bradford,
2019). On the field, litter inputs can be difficult to measure directly (and was in fact rarely
measured in selected sites), so we accepted sites where we were able to indirectly estimate
these inputs, from biomass measurements and forest inventories.

* Treatment details. As for litter inputs, treatments applied in selected forest plots can
substantially affect the amount of litter degrading and going into the soil. It was then
necessary to have precise values and a complete description of a treatment. A "thinning”
treatment can vary from one site to another, going from 20 to 80 % of cutting trees and
branches depending on the region.
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Given the gaps we observed in data, we decided that other missing variables could be
estimated or replaced. However, we will need to be careful in interpreting results as estimated
values can be different from real ones, and may in this way lead to biased results. Simulations
were performed with all information available from the field experiments, but with estimations
made when data was missing.

2.3 Multi-model residual analysis

We defined here the multi-model residuals as the difference between the multi-model
mean provided by the interface and the observation-obtained for each site. To evaluate the
ability of the multi-model tool to reproduce observations, we presented the multi-model
residuals results using box-plot per treatment and then we did the same analysis for each site
independently. Then to estimate if the multi-model tool was able to reproduce the relative
effect of a treatment compared to a control, we calculated the differences between control
and treatments for both observations and then for the model and we calculated the residuals
of the relative difference.

3. Result and discussion

Figure 1 shows the model residuals gathered for all sites. When the values are close to
zero, this corresponds to situations where the multi-model median is close to the
observations. When the values are negative, the multi-model median overestimates the
observations, and when the values are positive, this means that the multi-model median
underestimates the observations. Here, we can see that the range of residuals for the controls
is quite large, with some sites where the multi-model median overestimates the observations
and others where it underestimates them.
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Figure 1: Model residual calculated as the differences between the observation and the multi-
model median output for heterotrophic respiration.

Some treatments, such as clearcutting with slash added, seem to be well represented,
whereas others, such as nitrogen addition (75N and 76N), seem to have high positive residual
values, suggesting that the multi-model median largely underestimates the observations.
Since none of the models used represent nitrogen explicitly, it is not surprising that these
nitrogen addition treatments are not represented. Nevertheless, N additions were only carried
out in Karstula, and those were carried out since 1959 resulting that organic layer C stock was
doubled compared to that of control but respiration between control and treatments were not
so different (Richy et al., 2024). It is difficult to conclude whether this is due to the site or the
treatment. Similarly, when the treatment corresponds to high thinning, the multi-model median
largely overestimates the observations. Different types of thinning were applied at different
sites. High thinning is not well represented by the multi-model median, but thinning associated
with or without slashing seems to be better represented. This suggests that model spread may
be more related to local pedoclimatic functions than to management itself.

Figure 2 shows the same residuals, but at the site level. In this case, we observe that
the model's performance appears to be more closely linked to the study sites than to the
different treatments, which confirms the role of other pedoclimatic functions as explanatory
variables. The influence of these functions is discussed in D2.13.
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Figure 2: Model residual calculated as the differences between the observation and the multi-
model median output for heterotrophic respiration and presented independently for each
sites tested.

For example, we can see that the Gamiz or St. Christol sites are well represented,
regardless of the management. However, at Karstula, the multi-model median is always
underestimated, regardless of the management. This might be explained by the fact that the
models used do not consider other cycles than carbon and the effect of stoichiometry on soil
heterotrophic respiration can be quite important (Richy et al., 2024). For other sites, such as
Zwolse, the situation is more complex, with some treatments showing a close match between
the observation and the multi-model median, and others where the multi-model median
overestimates the data.

To explore the results in more detail, Fig. 3 shows a scatterplot representing the relative
treatment effect, which is calculated as the difference between the treatment and control
values divided by the control value. The first thing we can see from Fig. 3 is that the spread of
the relative effect is much greater in the model than in the data. This is particularly evident in
Brasov, where the relative effect of the treatment simulated by the multi-model tool exceeds
750%. This clearly shows that multi-model tool, such as the one developed in the Holisoils
project, should be used with caution, as it oversimplifies the responses of forests to
treatments, which can lead to significant errors.
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Figure 3: Scatter of the relative effect of each treatment on hetereotrohic respiration
compared to the control. Dotted black line is the 1:1 line, the blue line is the regression line
when all the data are considered and the red dotted line is the regression line with the Brasov
data excluded.

As can be seen in Fig. 3, the regression line when all sites are considered has a slope
close to one, but this should be considered carefully since the multi-model median explains
only 4% of the variance. Furthermore, this slope value is largely affected due to bias
compensation resulting from an extremely high value for Brasov. To evaluate this, we
recalculated the regression line without Brasov, in which case the slope was found to be 0.13
and the R2 value was found to be only 0.01.

4. Conclusion

The multi-model tool that we developed during the Holisoils project have many
advantages, as presented in D2.11 and D2.12. Nevertheless, it is important to bear in mind that
they are based on simple soil C models, which oversimplify the real world. For example, the
model does not explicitly consider the effects of other cycles, such as nitrogen and
phosphorus, even though these are known to be important drivers of the carbon cycle (Zaehle
and Dalmonech, 2011). Another key missing factor is the lack of control over the microbial
mechanisms involved in decomposition. During the project, it was shown that although
microbial diversity might not be a first-order driver, microbial biomass is a key factor to include
in soil models (Bruni et al., 2025, Richy 2024).

The fact that multi-model median performance depended so much on the site also
suggests that the representation of pedoclimatic controls on decomposition, such as soil
moisture, still needs improvement. To develop the multi-model tool, we included classical
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models such as Yasso and RothC. However, it was also demonstrated during the project that
modifying the representation of the effect of soil moisture in Yasso, for example, could
significantly enhance the model's performance at the Karstula site (Tupek et al., 2024). This
suggests that deep modifications to the models used in the multi-model tool might not be
necessary, but a better representation of site-specific features could be helpful (Bruni et al.,
2024; Hashimoto et al., 2025).

Finally, the effect of forest management on soil heterotrophic respiration is difficult to
represent because it is affected by several drivers of soil heterotrophic respiration, some of
which are not included in the model. For example, changes in forest management affect some
hydrological factors, which lead to modifications in soil moisture (Mayer et al., 2020). This is
not represented in the model and may partially explain the poor performance presented in this
deliverable.
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