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1. Introduction

The HoliSoils project tackles gaps in knowledge on forest soil processes and aims to
harmonise available soil monitoring information to support decision making towards climate
and sustainability goals. HoliSoils identifies and tests novel climate-smart forest
management practices, with a focus on forest soils, aiming to mitigate climate change and
sustain provision of various ecosystem services essential for human livelihoods and
wellbeing.

Climate-Smart Forestry (CSF) has been introduced as a holistic approach to guide forest
management in Europe (Bowditch et al., 2020; Jandl et al., 2018; Nabuurs et al., 2017;
Verkerk et al., 2020; Yousefpour et al., 2018), with the aim of connecting mitigation with
adaptation measures, enhancing the resilience of forest resources and ecosystem services,
and meeting the needs of a growing population. Climate-Smart Forestry builds on the
concepts of sustainable forest management, with a strong focus on climate and ecosystem
services. It builds on three mutually reinforcing components (Verkerk et al., 2020):

. Increasing carbon storage in forests and wood products, in conjunction with the
provisioning of other ecosystem services

. Enhancing forest health and resilience through climate change adaptive forest
management, and

. Using wood resources sustainably to substitute non-renewable, carbon-intensive
materials.

Climate-Smart Forestry aims at a mix of these by developing spatially diverse forest
management strategies that acknowledge all carbon pools, emissions and removals
simultaneously to provide longer-term and larger mitigation benefits, while supporting
biodiversity and other ecosystem services.

Within this context, the overall aim of Holisoils WP6 is to develop mathematical models to
quantify impacts, trade-offs, and synergies of sustainable, Climate-Smart Forestry
management scenarios for forest soils on Europe’s greenhouse gases balance, soil quality,
and water budget under future climate conditions and disturbance regimes. More
specifically, this deliverable describes the updated open-source versions of ORCHIDEE,
EFISCEN-Space and ECOSSE, including the novel functionality that has been added to
simulate at least five Climate-Smart Forestry management strategies.

www.holisoils.eu 4
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2. Model overview and availability

The complementary models selected in HoliSoils, i.e., EFISCEN-Space, ORCHIDEE, ECOSSE
will be ran in sequence, rather than as an ensemble (Fig 1). The sequence of using
ORCHIDEE for long-term (80+ years) coarse-resolution (50 x 50 km) simulations that account
for major anticipated biological and climatic changes, followed by EFISCEN-Space
simulations, to better account for local conditions (tree species, stand age, stand structure),
but for a shorter timeframe, and ECOSSE simulations, to better account for organic soils, has
been labelled as a “nested approach”.

For long term ecophysiologically detailed but spatially
relatively coarse projections with a too ecological discretization
for land managers

EFISCEN
j ,:% Builds on the ORCHIDEE projections but
— A R . . . .
g‘? -~ = enables short-term high-resolution projections

with a suitable discretization for land managers

Builds on the ORCHIDEE projections but enables
ecophysiologically detailed but spatially relatively
coarse projections for peatland forestry

Fig. 2.1. Relationships between ORCHIDEE, EFISCEN-Space and ECOSSE within the nested-
approach of the HoliSoils project.

This nested approach has additional requirements for model initialisation and model
evaluation. The initial conditions of all three models must be similar. Model initialisation will,
therefore, be harmonised across models by assimilating observational data in the
description of the initial state of soils and forests (see D6.2). Although the selected models
have already been extensively evaluated against data and have participated in numerous
model intercomparisons the model response to the newly implemented CSF management
will be (re)evaluated in D6.2. Within Holisoils D6.1, EFISCEN-Space, ORCHIDEE and ECOSSE
have been extended to include a number of options that can be used for assessing climate-
smart forestry practices. The different management options are shown in Table 1 and
detailed in section 6.

Within the nested-approach, the EFISCEN-Space and ORCHIDEE models simulate forest
ecosystem development and consider soil dynamics via linked soil carbon models (based on
CENTURY and Yasso15, resp.), focusing on mineral soils. Section 3 of this report describes
EFISCEN-Space and section 4 describes ORCHIDEE.

To cover all forest soils, including organic soils, the ECOSSE model is applied. The ECOSSE
model simulates soil carbon and nitrogen dynamics in both mineral and organic soils using

www.holisoils.eu 5
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meteorological, land use, land management and soil data. ECOSSE is a soil model which
does not simulate aboveground biomass growth. However, because forest management
affects the quantity and quality of the litter, ECOSSE can simulate the impact of forest
management on soil processes through the litter inputs. ECOSSE thus depends on the litter
quantity and quality simulated by another model, i.e., EFISCEN-Space or ORCHIDEE in the
context of HoliSoils. The ECOSSE team developed the functionality to import litter quality and
quantity as simulated by external models. A more detailed description of ECOSSE is given in
section 5.
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Table 2.1. Major decisions involved in forest management (modified from Duncker et al. 2012) and implementation in ORCHIDEE,

EFISCEN-Space & ECOSSE.

Management
decision
Naturalness of tree
species composition

Silvicultural operations

Selection of tree species

Examples of silvicultural operations

Species composition in relation to the potential
natural vegetation, share of site-adapted tree
species, and share of introduced tree species

Section

ORCHIDEE

EFISCEN-
Space

ECOSSE

operations

Type of regeneration | Stand establishment Natural regeneration, planting, seeding and coppice 6.2,6.7 X X X
Forest reproductive Selection of populations and tree | Selection of site adapted forest genetic material, use 6.3 X
materials genotypes of improved breeding material
Machine operation Fertilizing, liming, soil Use of forest machinery for soil preparation, thinning -
preparation, thinning, final harvest | and final harvest
Soil preparation Soil preparation, drainage, Physical site preparation (mechanical and use of 6.4 X X
prescribed burning prescribed burning) and drainage
Fertilization / Liming Fertilization, Liming Fertilization to increase yield (amelioration), 6.5 X X
compensation for nutrient extraction, and re-
establishment of natural biogeochemical cycles
Application of Pest control Application of pesticides and herbicides and their -
chemical agents effect on soil biological activity
Integration of nature Tree retention, special habitats Retention of biotope/habitat trees, tolerance of 6.6 X X
protection deadwood, and biotope protection within stands
Harvesting regimes Harvesting regime of final harvest | Continuous cover, shelterwood, clearcutting, 6.7, 6.8, X X X
coppice, coppice with standards 6.9
Rotation length Timing of final harvest or interval | Felling age in relation to the potential life span of a 6.7,6.10 X X X
of selection harvesting in given tree species
continuous cover forestry
Wood removal Thinning, final felling Tree components (stem, stem tops, branches and 6.6, 6.7, X X X
stumps) extracted in thinning and harvesting 6.8

*ORCHIDEE considers changes in Plant Function Types, not species.
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Deliverable D6.1 describes the updated open-source versions of ORCHIDEE, EFISCEN-space
& ECOSSE, with a focus on the novel functionality that has been included in these models,
which can be used to simulate selected Climate-smart management strategies. The updated
model codes are shared in repositories and distributed under different licenses (Table 2).

Table 2.2. Code repositories and licenses for the models used in WP6. The criteria listed
were inspired on the FAIR principles for software (https://fair-software.eu/).

Url to source code

ECOSSE
ECOSSE

EFISCEN-Space
EFISCEN-Space

ORCHIDEE
ORCHIDEE tag 4.1

tested and evaluated to
simulate short-rotation
forestry in Britain
(Dondini et al., 2015).
The application of the
model to simulate the
climate smart forest
management strategies
still need to be
evaluated.

implementation tests
and sensitivity tests
have been performed.
An evaluation of the
model performance can
be found in Chapter 6
of Schelhaas et al.
(2022). The newly
developed routines in
EFISCEN-Space 1.1 still
need to be tested and
evaluated.

Publicly available Yes No Yes

License Affero General Public To be decided Cecill
License

Quality checks The model has been A number of code test, | Release 4.1

successfully passed
internal coding
guidelines, technical
trusting, benchmarking
against ORCHIDEE 2.2
and ORCHIDEE 3.0, and
benchmarking against
global data. The newly
developed climate
smart forest
management strategies
in Tag 4.1 still need to
be evaluated.

Cite as

While preparing a
manuscript dedicated
to the evaluation of the
forest management
strategies, cite as:
Smith et al. (2010a) and
Dondini et al. (2015).

For the moment, cite as
Schelhaas et al. (2022).

While preparing a
manuscript dedicated
to the evaluation of the
forest management
strategies in Tag 4.1
cite as: Naudts et al.
(2015) and Vuichard et
al. (2019).

www.holisoils.eu

This project has recelved funding from
the European Union's H2020 ressarch

w o
- *
agresment No 101000220 [N

and innovation programme under grant



https://fair-software.eu/
https://abdn.pure.elsevier.com/en/datasets/
https://git.wur.nl/efiscenspace/efiscenspace
https://forge.ipsl.jussieu.fr/orchidee/browser/tags/ORCHIDEE_4_1
https://www.gnu.org/licenses/
https://www.gnu.org/licenses/
http://www.cecill.info/licences/Licence_CeCILL_V2.1-en.html

of the models used in WP6 of HoliSoils

=
: M D6.1 Updated open source versions
f@" HoliSolls

Working together for forest soils

3. EFISCEN-Space
3.1 Model Description

EFISCEN-Space is an empirical forest scenario simulator. It keeps track of the evolution of
the diameter distribution of 20 tree species (groups) for individual plot locations (Nabuurs et
al. 2006). The diameter distribution changes over time due to the growth of trees (simulated
by the movement of trees to a larger diameter class), the removal of trees due to natural
(background) mortality or harvest, and the occurrence of new trees (ingrowth) in lowest
diameter classes. For HoliSoils we currently obtained initialisation data for ~200,000 plots
from the national forest inventory data from 16 European countries (Fig. 3.1) (Nabuurs et al.
2010). These data are used to initialize forest structure and are the basis for the model’s
detailed and dynamic (i.e. sensitive to forest structure) simulation of growth (Fig. 3.2)
(Schelhaas et al. 2018b). Growth is entirely related to the current forest structure (plus the
abiotic predictors), there is no specific thinning effect included. At the start of the work in
HoliSoils, natural mortality and harvesting are included as fixed regimes (l.e. insensitive to
forest structure) based on repeated forest inventories, depending on the region (Schelhaas et
al. 2018a). Within HoliSoils, a dynamic natural mortality module is developed, a dynamic
ingrowth module, as well as a more flexible way to simulate harvesting.

The model estimates volume and above- and belowground biomass, while growth in terms of
timber volume as well as net ecosystem productivity can be derived. For a full carbon
balance, the soil model YASSO15 (Jarvenpaa et al., 2015; Repo et al., 2016) has been linked.
Parameterization and evaluation for the application of YASSO15 within EFISCEN-Space is
ongoing.

Legend
* HOLISOILS plots

Eirs HEAE Carmr. | 5 Cpi-Siweiies coviiouion , s B 015 L1 @ commarty

Figure 3.1. Location of plots with initialization data for EFISCEN-Space that are currently
(11/2022) included in the model’s database

www.holisoils.eu 2
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Figure 3.2. Increment of a median tree (mm/yr) in each plot where Pinus sylvestris occurs
(Schelhaas et al. 2018b).

3.2 Forest management in EFISCEN-Space

Forest management consists of a coherent set of activities carried out in the forest to
achieve certain objectives (Duncker et al. 2012). Such activities can include harvesting,
planting, soil preparation, fertilization, fencing, etc. Various studies attempted to classify
forest management systems at the European scale. Duncker et al. (2012) introduced a
methodology to classify forest management at a specific location or case study into five

www.holisoils.eu 3
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forest management alternatives of different intensity (passive-unmanaged forest nature
reserve, low-Close-to-nature, medium-combined objective forestry, high-intensive even-aged
and intensive-short rotation), based on a suite of main forest management decisions (see
also Table 2.1), ranging from passive management (nature reserves) via multi-purpose
forestry to short rotation coppice. Similarly, Nabuurs et al. (2019) distinguished six intensity
classes (strict nature reserve, close-to-nature, low-intensity, multifunctional, intensive and
very intensive management). Both approaches have the difficulty that they cannot be
mapped reliably at European scale due to missing information on both the intention of the
forest owner and the data needed by Duncker et al. (2012), such as application of fertilizer.
Furthermore, for practical application in modelling, each of these approaches need to be
translated into actual management actions in the forest. Given the broad description of
some of the classes, still many options remain. Moreover, over time new concepts were put
forward such as nature-oriented forest management (Nabuurs et al. 2001), continuous cover
forestry (Mason et al. 2021), closer to nature forest management (Larsen et al. 2022) and
climate smart forestry (Nabuurs et al. 2017, 2018; Verkerk et al. 2020) which may or may not
fit easily to one of the classes defined by Duncker et al. (2012) and Nabuurs et al (2019).
Many of these new concepts put greater emphasis at maintaining forest microclimate and
protecting soil, consider multiple forest functions, aim at a greater diversity of species, a
more natural species composition and/or the inclusion of natural processes. All of these
concepts will likely result in a greater diversity of species and stand structures.

Another approach is to focus less on the intention of the forest owner but to classify the
silvicultural system in use. This approach was for example adopted in the FORMIT modelling
system (Harkonen et al. 2019). A wide range of silvicultural systems exists (Matthews 1991),
including the conventional rotation based forestry with clearcuttings, shelterwood systems,
individual-tree selection systems (selection harvesting of continuous cover forestry),
coppice, and many intermediate forms with smaller or larger canopy openings, leading to
stand structures of varying (ir)regularity. In practice, it is impossible to make a solid
classification system of silvicultural systems and to clearly define, distinguish and label the
different systems in the field. As a consequence, the FORMIT system was lacking a map of
what silvicultural systems is currently applied where, and had to rely on broad-scale averages
or expert interpretations. Another problem for usage of any of these concepts in EFISCEN-
Space is the fact that most of them are based on the broad distinction between even-aged
and non-even-aged systems, while age does not exist in EFISCEN-Space. Moreover, some of
the silvicultural systems have a strong spatial aspect (distribution of trees and harvesting
within the stand) that cannot be covered by EFISCEN-Space.

We therefore developed a new approach where we classify both the state of the forest as
well as the goal of the management in terms of its diameter distribution and its species
composition. In this approach, the diameter distribution can be characterized as being either
narrow or wide. A narrow distribution is likely to correlate with systems managed in an even-

www.holisoils.eu 4
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aged way, while a wide distribution would correlate with a range of systems such as
shelterwood, selective felling, group-felling and uneven-aged (plenterwald) systems. The
species composition can be characterized as a single-species system or a multiple-species
system. For the development of model scenarios, any scenario input element (for example
FMAs or intensity classes) should be translated into an objective for that element in terms of
a wide or narrow diameter distribution, and single or multiple species, in a spatial explicit
way. These objectives can then be confronted with the actual state of a model stand, and a
set of management actions that can be defined to progress towards the required objective.
Such actions may for example include planting of additional species if a multiple-species
stand is required, or selective thinning in certain diameter classes to make the diameter
distribution narrower.

In EFISCEN-Space V1.1 a harvesting action is defined by its overall intensity (in terms of
share of number of trees, basal area or volume removed), and by the distribution of the
harvest over the diameter range. A harvesting event may preferably target the smaller trees
or the larger trees, simulating respectively a thinning from below or above, or be uniformly
distributed over the diameter classes.

4. ORCHIDEE

4.1 Model Description

ORCHIDEE is the land surface model of the IPSL (Institut Pierre Simon Laplace) Earth System
Model. Hence, by conception, the ORCHIDEE model can be run coupled to a global circulation
model (Fig. 4.1). In a coupled set-up, the atmospheric conditions affect the land surface and
the land surface, in turn, affects the atmospheric conditions. Coupled land-atmosphere
models thus offer the possibility to quantify both the climate effects of changes in the land
surface and the effects of climate change on the land surface. However, when a study
focuses on changes in the land surface rather than on the interaction with climate,
ORCHIDEE can be run offline as a stand-alone land surface model (Fig. 4.1b). The stand-
alone configuration receives the atmospheric conditions such as temperature, humidity and
wind, to mention a few, from the so-called “forcing files”. Unlike the coupled set-up, which
needs to run at the global scale (but with the possibility of a regional zoom), the stand-alone
configuration can cover any area ranging from the global domain to a single grid point. The
stand-alone configuration is used for HoliSoils.

www.holisoils.eu 5
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Figure 4.1. Overview of the configurations of the ORCHIDEE model. (A) Shows the coupled
configuration in which the two-way interaction between the land and the atmosphere is
accounted for. The land surface conditions affect the climate simulations which in turn
affect the land surface conditions. (B) the offline configuration in which the climate forcing
affects the land surface but the simulated land surface conditions does not affect the
climate forcing.

In the stand-alone mode, the user provides files describing the boundary conditions, namely
the (initial) vegetation distribution, a soil map, the atmospheric CO, concentration, and a river
network map as well as the climate forcing. ORCHIDEE then uses these inputs to calculate
its prognostic variables focussing on the terrestrial water cycle (Fig. 4.2a), the surface
energy balance (Fig. 4.2b), biogeochemical processes (Fig.4.2c), and anthropogenic
activities (Fig. 4.2d). The simulated biogeochemical processes, which are the focus of
HoliSoils, include the carbon and nitrogen cycle (Vuichard et al 2019) providing detailed
insights in photosynthesis, within plant carbon allocation, litter decomposition, soil carbon
decomposition, maintenance and growth respiration, vegetation dynamics, and mortality.
Mortality is caused by individual or gap-forming “background mortality” and stand replacing
disturbances, i.e., drought, wind, bark beetles, land cover changes, and forest management.

www.holisoils.eu 6
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Grasslands Management
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T ]

Figure 4.2. Processes represented in the ORCHIDEE model. (A) Main hydraulic processes
simulated in ORCHIDEE. (B) Main energy fluxes and pools simulated in ORCHIDEE. (C) Main
biogeochemical processes simulated in ORCHIDEE. (D) Main anthropogenic processes
simulated in ORCHIDEE.

4.2 Forest management in ORCHIDEE

Although forest management has developed a wide range of locally appropriate and species-
specific strategies, the nature of large-scale land-surface models such as ORCHIDEE
requires a limited number of contrasting strategies that are expected to be relevant on the
spatial scale (e.g., 50 x 50 km) of global and regional modelling studies. ORCHIDEE allocates
part of the carbon from photosynthesis to a user-defined number of diameter classes (the
default is 3). When an even-aged stand is simulated all three diameter classes belong to the
same cohort. If recruitment occurs, the diameter classes will evolve in cohorts. The use of
diameter classes introduces a stand structure into ORCHIDEE.

Stand structure is the basis of the forest management strategies implemented in ORCHIDEE.
When the trees are growing, the stand approaches overstocking (prescribed through self-
thinning relationships). The degree of over- or understocking is calculated as the relative
density index. When the target for relative density is used, the stand will be thinned. If
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thinning would result in a too low stand density or too large diameters of the remaining trees,
the stand is harvested. If the stand is not managed, overstocking results in self-thinning.
Different management strategies have different targets for relative density and cut different
diameter classes. This approach allows simulating a wide variety of management strategies
resulting in different stand structures. Subsequently, stand structure is used in the
calculation of the carbon and nitrogen budgets, the water and energy budget as well as in the
vulnerability to natural disturbances. As such the biogeochemical and biogeophysical effects
of forest management are simulated by the ORCHIDEE model.

ORCHIDEE simulates typical forestry variables such as basal area, stand density, quadratic
mean diameter, quadratic mean height and diameter distribution. Wood harvest from
coppicing, thinning and clear-cutting is also simulated by ORCHIDEE. Wood products affect
the carbon balance of the forest sector through three different pathways which are
accounted for: (i) the forest carbon and nitrogen sinks account for changes in in-situ carbon
pools in forest biomass, forest litter, and forest soil. The model simulates the net ecosystem
carbon balance referring to a change in carbon pools in the forest ecosystems; (ii) the
carbon stored in the short, medium and long-lived wood products act as ex-situ carbon sinks,
and (iii) when wood is used it may substitute for products or energy that require or emit more
fossil fuels than the wood-based alternatives. Carbon storage in the forest and wood
products is simulated by ORCHIDEE whereas product and energy substitution should be
accounted for through postprocessing.

5. ECOSSE

5.1 Model Description

The ECOSSE model was developed to simulate highly organic soils from concepts originally
derived for mineral soils in the RothC (Jenkinson and Rayner, 1977; Jenkinson et al. 1987,
Coleman and Jenkinson, 1996) and SUNDIAL (Bradbury et al. 1993; Smith et al. 1996)
models. Following these established models, ECOSSE uses a pool-type approach, describing
soil organic matter (SOM) as pools of inert organic matter, humus, biomass, resistant plant
material and decomposable plant material (Fig. 5.1). All processes of both carbon and
nitrogen dynamics are considered (Smith et al., 2010a,b). ECOSSE can run in different modes
and time steps. The two main modes are site-specific and limited data. In the latter version,
basis assumptions/estimates for parameters can be provided by the model itself instead of
relying on user input. This increases the uncertainty but makes ECOSSE a universal tool that
can be applied for large scale simulations even if the data availability is limited. To increase
the accuracy in the site-specific version of the model, detailed information about soil
properties, plant input, nutrient application and management can be added as available.
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Figure 5.1. Structure of the carbon components of ECOSSE

The different processes are summarized in the ECOSSE user manual (Smith et al., 2011).
During the decomposition process, material is exchanged between the SOM pools according
to first order rate equations, characterised by a specific rate constant for each pool, and
modified according to rate modifiers dependent on the temperature, moisture, crop cover
and pH of the soil. Under aerobic conditions, the decomposition process results in gaseous
losses of carbon dioxide (CO2); under anaerobic conditions losses as methane (CH.)
dominate. The N content of the soil follows the decomposition of the SOM (Figure 2), with a
stable C:N ratio defined for each pool at a given pH, and N being either mineralised or
immobilised to maintain that ratio. Nitrogen released from decomposing SOM as ammonium
(NH4*) or added to the soil may be nitrified to nitrate (NOs"). Carbon and nitrogen may be lost
from the soil by the processes of leaching (NOs, dissolved organic C (DOC), and dissolved
organic N (DON)), denitrification, volatilisation or crop uptake; C and N may be returned to
the soil by plant inputs, inorganic fertilizers, atmospheric deposition or organic amendments.
The soil is divided into 5 cm layers, so as to facilitate the accurate simulation of these
processes down the soil profile.

For spatial simulations the model is implemented in a spatial model platform. This allows to
aggregate the input parameters for the desired resolution. ECOSSE is a one-dimensional
model and the model platform provides the input data in a spatial distribution and
aggregates the model outputs for further analysis. While climate data are interpolated, soil
data are represented by the dominant soil type or by the proportional representation of the
different soil types in the spatial simulation unit (a grid cell in the context of the HoliSoils
project).
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Figure 2. Structure of the nitrogen components of ECOSSE

5.2  Forest management in ECOSSE

The ECOSSE model does not simulate vegetation dynamics; instead, management events are
set using standard values for the different land use types. As a model default, forests are
assumed to stay have no management. ECOSSE requires plant inputs (litter, debris and root
exudates) to the soil in order to determine the C returned to the soil from the growing plant.
Consequently, plant C input is used as a proxy to mimic the impact of different management
options, or species characteristics. In ECOSSE, yield estimates are obtained using NPP
estimates from the MIAMI model (Leith, 1972), and the plant input is estimated as a fix
fraction of the NPP. Alternatively, direct measurements or estimates from vegetation models
can be used as ECOSSE inputs to mimic the impacts of different management practices on
soil dynamics. The latter approach is used within this project, taking full advantages of the
ability of ORCHIDEE and EFISCEN-Space to simulate vegetation dynamics under different
CSF practices. The ECOSSE model uses a selection of the ORCHIDEE model outputs, such as
total litter outputs and debris, to drive soil dynamics under different management practices.
For practices not directly affecting plant residues, ECOSSE model parameters are adjusted
based on literature review and measurements taken within Holisoils (WP2 and WP3 data).

Carbon sequestration, heterotrophic respiration, nitrous oxide and methane emissions from
the forest soil is simulated by ECOSSE.
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6. Novel functionality for simulating climate-smart forest
management strategies

6.1 Selection of tree species

6.1.1 EFISCEN-Space

The modelled forest stands in EFISCEN-Space are initialized with the current species as
observed in the NFI plots. The species composition can actively be influenced by harvesting
(removing) specific species and by planting trees of a certain species, either in the existing
stand (underplanting) or after harvesting the current stand. Such actions are steered by the
overall goal as defined for that model stand in terms of aiming at a single- or multiple-
species stand. Guidance on the actual choice of tree species is influenced by further
specification of the goals, mainly if the aim is production or nature-oriented, and the location
of the stand (which species are eligible).

6.1.2 ORCHIDEE

ORCHIDEE prescribes the plant functional types which can be change to another prescribed
plant functional type following a stand replacing disturbance.

6.1.3 ECOSSE

The ECOSSE model uses litter inputs to determine the C returned to the soil from the growing
plant. Quality and quantity of this model input can be changed by the user to simulate the
species changes.

6.2 Stand establishment

6.2.1 EFISCEN-Space

EFISCEN-Space distinguishes natural ingrowth and planting. Natural ingrowth occurs when
the stand conditions are favourable for establishment, while planting is prescribed by the
user. (Partial) regeneration of a stand can thus be achieved by harvesting actions that
increase the probability of natural ingrowth, or by actively planting trees, possibly in
combination with full or partial removal of the existing stand. The choice of the actual
method to be used depends on the goal set for the model stand, in terms of aiming at a wide
or narrow diameter structure and in how far the management is aimed at using natural
processes.

6.2.2 ORCHIDEE

ORCHIDEE can (re)establish a forest stand either by replanting the stand or through natural
regeneration. In ORCHIDEE, natural regeneration is limited to regeneration in canopy gaps
whereas replanting is used in stand replacing disturbances.

6.2.3 ECOSSE
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The ECOSSE model uses litter inputs to determine the C returned to the soil from the growing
plant. Quantity of this model input can be changed by the user to simulate stand
establishment.

6.3 Provenance selection

6.3.1 EFISCEN-Space

A provenance can be regarded as a new tree species, with characteristics similar to the old
species, but with a different growth rate and/or biomass allocation compared to the original
species. The introduction of a new provenance can then be implemented in the same way as
the introduction of any other species, e.g. planting in an existing stand or a full regeneration
after clearfelling.

6.3.2 ORCHIDEE
In HoliSoils, ORCHIDEE simulations will use of plant functional types. Provenance will not be
accounted for.

6.3.3 ECOSSE

ECOSSE doesn’t account for provenance to simulate soil dynamics. Therefore, provenance
will not be considered.

6.4 Post-harvest litter removal

6.4.1 EFISCEN-Space

Following a thinning or harvest, logging residues such as stem tops and branches can be
extracted. The fraction of stem tops and branches that is extracted from the site is
determined by a user-defined parameter. This parameter can be changed to simulate forest
management strategies that leave more or less logging residues on site

6.4.2 ORCHIDEE

Following a thinning or harvest, aboveground wood and part of the branches are left on site.
The fraction of branches that is left on site is determined by a user-defined parameter. This
parameter can be changed to simulate strategies that leave more or less litter on site.

6.4.3 ECOSSE

The ECOSSE model uses litter inputs to determine the C returned to the soil from the growing
plant. This model input can be changed by the user to simulate forestry strategies that leave
more or less litter on site.

6.5 Fertilization

6.5.1 EFISCEN-Space
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Fertilization is currently not implemented in EFISCEN-Space.

6.5.2 ORCHIDEE

ORCHIDEE simulates a fully dynamic nitrogen cycle. The model accounts for the following
sources nitrogen sources: (i) soil nitrogen from model spin-up, (ii) atmospheric deposition,
(i) organic fertilizers increasing both the soil nitrogen and soil carbon, and (iv) synthetic
fertilizers only increasing the soil nitrogen. As a climate smart forestry strategy, ORCHIDEE
can simulate the effects of forest fertilization with organic or synthetic fertilizers.

6.5.3 ECOSSE

All major processes of N turnover in the soil are included in the ECOSSE model. The N
content of the soil follows the decomposition of the soil organic matter, with a stable C:N
ratio defined for each pool at a given pH, and N being either mineralised or immobilised to
maintain that ratio. Nitrogen released from decomposing SOM as ammonium or added to
the soil may be nitrified to nitrate. Nitrogen may be lost from the soil by the processes of
leaching, denitrification, volatilisation, or it may be returned to the soil by plant inputs,
inorganic fertilizers, atmospheric deposition or organic amendments. Fertilization can be
prescribed by modifying model parameters (amount of fertiliser N applied, amount of organic
manure applied). As a model default, forest soils are assumed to have no fertiliser
applications.

6.6 Conservation management

6.6.1 EFISCEN-Space

When no management is applied, the stands will get very dense, which slows down growth
and increases natural mortality. Large trees will eventually die (with a probability depending
on the species and the density of the forest), causing the forest to be opener and giving
natural recruitment the opportunity to appear and grow. Natural disturbances are not
included in the model.

6.6.2 ORCHIDEE

When recruitment is accounted for, self-thinning will result in gaps which enable light to
reach the forest floor. This light will result in recruitment. Under constant environmental
conditions, an equilibrium biomass is reached within a few decades. In the absence of
recruitment, self-thinning drives stand dynamics and continues until too few trees are left on
site. Subsequently, an undefined stand replacing disturbance moves over the course of 10
years the remaining standing biomass into the appropriate litter pools and a new stand is
established. Following a stand replacing disturbance, the user can choose from the four
options to define the new stand: (i) a stand of a different species with the same silvicultural
system; (ii) the same species with a different silvicultural system; (iii) a different species with
a different silvicultural system; or replanted with (iv) the same species and tended with the
same silvicultural system as before.

6.6.3 ECOSSE
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The ECOSSE model is a soil process-based model, and it does not simulate the impacts of
managements on vegetation, but the effects on soil C and N dynamics of such management
can be estimated by using different inputs of organic carbon to the soil (litter, debris and
roots exudates) arising from specific management strategies. Conservation management of
current plant functional types can be therefore simulated by altering the organic material
returned to the soil. The balance and size of litter inputs are constrained by the simulations
carried out by the ORCHIDEE model.

6.7 Thin and fell
6.7.1 EFISCEN-Space

Thinnings can be initiated when a certain threshold is exceeded, which is typically defined in
terms of basal area. If the threshold is exceeded, a thinning with a user-defined intensity will
be executed. This should be a thinning from below to keep a narrow diameter structure. A
final felling is executed when the user-defined target diameter is exceeded. After felling, the
stand can be regenerated naturally or it can be planted. Natural regeneration can be
facilitated by removal of the canopy trees in several steps (for example via a shelterwood
system where seed trees are removed later). All thresholds can vary by species and region
within Europe and can be defined by the user.

6.7.2 ORCHIDEE

Thin and fell management is characterised by regular thinning and a final harvesting and
runs without recruitment. Thinning is decided on the basis of the deviation between the
actual and potential stand density for any given diameter. This approach relates to the so-
called relative density index (Fortin et al., 2012), the land use disturbance index (Luyssaert et
al.,, 2011) or hemeroby and naturalness approaches (Schall and Ammer, 2013). Exceeding a
threshold diameter results in a clear cut and the stand is replanted in the next year (mast
years or extensive mortality of seedlings is not yet accounted for). For both thinning and
harvest, leaves, roots and belowground wood are transferred to the appropriate litter pools,
whereas the aboveground woody biomass is removed from the site and stored in a product
pool. Trees with a diameter below a species-specific threshold are stored in a short-lived
product pool which accounts for wood uses for fuel, paper and cardboard. Trees with larger
dimensions are moved to medium- and long-lived product pools which account for, for
example, particle boards and timber usages, respectively. When the stand has reached
maturity and needs to be harvested the stand can be replaced by one out of four options - (i)
a stand of a different species with the same silvicultural system; (ii) the same species with a
different silvicultural system; (iii) a different species with a different silvicultural system; or
replanted with (iv) the same species and tended with the same silvicultural system as before.

6.7.3 ECOSSE

Thin and fell management involves cutting the standing trees; litterfall quantity and quality is
directly affected by such practices. Changes in litter alter forest floor accumulation an
contributes to changes in soil C stocks. The ECOSSE model uses litter inputs to determine
the C returned to the soil from the growing plant. This model input can be changed by the
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user to simulate thinning and/or harvest events that will decrease or increase the quantity of
carbon going into the soil from the vegetation.

6.8 Coppice
6.8.1 EFISCEN-Space

Coppice is not implemented as a specific management option in EFISCEN-Space but coppice
systems could be mimicked by defining when cuts are made, and with which intensity, as
well as the regeneration speed. However, the growth rate and biomass allocation of coppice
forests is different from high forests and specific data for coppice forests are currently
lacking. Coppice could therefore be modelled with EFISCEN-Space, but appropriate data for
implementing coppice management in the model are currently lacking.

6.8.2 ORCHIDEE

Coppicing of the aboveground biomass is decided on stem diameter. At harvest, the root
system is left intact, and, in between coppicing, no wood is harvested. Note that at present it
is not possible to simulate coppicing with-standards in ORCHIDEE. In ORCHIDEE, stands
under short rotation management are limited to poplar (Populus spp.) and willow (Salix spp.)
forests. Stands are harvested at a prescribed age. Following a set number of harvest cycles,
the root system is uprooted and the whole stand is replanted. When the stand is coppiced (or
uprooted for short rotation coppice the stand can be replaced by one out of four options — (i)
a stand of a different species with the same silvicultural system; (ii) the same species with a
different silvicultural system; (iii) a different species with a different silvicultural system; or
replanted with (iv) the same species and tended with the same silvicultural system as before.

6.8.3 ECOSSE

Short rotation management are limited to poplar (Populus spp.) and willow (Salix spp.)
forests. The re-established of the crop occurs after a 20-year period (the estimated
productive lifespan of the crop) and it does not involve further cultivation.

6.9 Continuous cover forestry

6.9.1 EFISCEN-Space

Continuous cover forestry can be simulated by EFISCEN-Space as a continuous series of
thinnings. The threshold to start thinnings should be lower than under thin and fell forestry,
to keep the stand more open to facilitate continuous recruitment. The thinnings are specified
to be from above, to mimic the process of selectively removing larger trees to facilitate
recruitment and keep a wide diameter distribution. In addition, a specified fraction of any
trees above the target diameter will be removed. All thresholds can vary by species and
region within Europe and can be defined by the user.

6.9.2 ORCHIDEE
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If the relative density index approach is combined with recruitment, continuous cover
forestry can be simulated. This approach is currently under development.

6.9.3 ECOSSE

Continuous cover forestry resembles thinning with respect to its effect on the soil C pool,
and therefore it can be simulated by ECOSSE by altering the amount of organic material on
the soil surface.

6.10 Change rotation length

6.10.1 EFISCEN-Space

A change in rotation length in EFISCEN-Space can be simulated by increasing the target
diameter when final felling will occur.

6.10.2 ORCHIDEE

The ORCHIDEE model does not prescribe the rotation length. The rotation length is an
emerging property of: (i) the relative density index, (ii) the maximum diameter, and (iii) tree
growth. The rotation length can easily be changed by decreasing or extended by increasing
the stand diameter at which the final cut will occur.

6.10.3 ECOSSE

The ECOSSE model does not prescribe the rotation length. Changing rotational length will
have an impact on tree growth and subsequently, on litter. Therefore, the ECOSSE model can
simulate the impact of changing rotation length on soil carbon and nitrogen dynamics by
altering the litter quality and quantity associated with the change in rotational length.
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