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PREFACE 

The concept of Anthropocene, although still under scrutiny by the global scientific community, has been 

widely accepted as representing a unique, time interval in Earth's history that reflects an abrupt and largely 

irreversible departure of the Earth System away from the relatively stable environmental conditions of about 

the last 10,000 years, the Holocene, into a new and still-evolving state where the whole biosphere is, in some 

way, under the influence of mankind. Human society must therefore assume responsibility for the 

stewardship of the Earth system, guided by the principles and concepts of the science of sustainability, since 

scientific evidence shows that even the most remote and natural places of our planet are influenced, even 

dominated, directly or indirectly, by the impact of our various economic activities. If there are no ecosystems 

that can be said to be outside of our influences, we must ask ourselves the question of what their impacts 

are and what actions must be undertaken to mitigate their effects and encourage, to varying degrees, their 

adaptation and resilience.  

Forest ecosystems are among the most important green infrastructures at the European and global scale; 

they are key elements to preserve biodiversity and to achieve carbon removal and climate mitigation targets 

at continental and global scale, to attain carbon neutrality by 2050. However, it is crucial to combine forest-

based mitigation with adaptation as climate change is already heavily impacting through forest disturbances 

on carbon sequestration in forests and their products.  

The book ‘Monitoring and Predicting Forest Growth and Dynamics’ on the theoretical background underlying 

the ‘Three Dimensional — Coupled Model Carbon Cycle — Forest Ecosystem Module’ (3D-CMCC-FEM), by 

Alessio Collalti and his colleagues, is a highly needed instrument to provide forest ecologists, silviculturalists 

and forest planners with innovative and state-of-the-art technologies and tools to assess and understand 

how climate change may affect forest ecosystems, forestry activities, and forest production. In fact, informed 

actions on strategic forest policy and planning need to be based on robust data reflecting an urgent need for 

a more transparent, harmonised, and robust monitoring framework. 

The work by Collalti et al. adds to the vast production of modelling tools developed even since the years 70’s 

and 80’s by forest ecologists and silviculturalists from all over the world, but is characterized for a complete 

and detailed analysis, at a range of spatial scales, of tree and forest growth, incorporating important drivers 

and processes as radiation interception, carbon dynamics, nutrient uptake and cycling and water relations. 

Other significant components of this multifaceted numerical tool deal with such important, but still poorly 

simulated aspects of forest dynamics, as natural regeneration and mortality, structural diversity, and 

disturbances, including man-made silvicultural regimes and operations. 

The increasing trend in the frequency of environmental disturbances (fires, wind, parasites) and mega-

disturbances (combined heat waves and drought) are making the stability of forest ecosystems, especially 

temperate and boreal forests, increasingly critical. Apart from the growing need for wood as a renewable 



 

  
 

and low-carbon biomaterial, for the world bio-economy, a strong motivation in favour of active forest 

management derives precisely from the opportunities provided by silviculture to promote the adaptation 

and resilience of forest ecosystems in comparisons of environmental changes at a global level. 

Modelling tools, as the ‘Three Dimensional — Coupled Model Carbon Cycle — Forest Ecosystem Module’ (3D-

CMCC-FEM), together with silvicultural experiments, flux measurements and remote sensing, are 

fundamental to understand the role of forest management options (i.e. even-aged vs uneven-aged forest 

structures, thinning, non-uniform cuts and spatial heterogeneity), combining the function of mitigation and 

allocation of carbon in the ecosystem with the recognition of other fundamental processes, such as structural 

and genetic diversification, to ensure long-term ecosystem adaptation in the context of environmental 

change. Furthermore, the study of the effects of silvicultural management is even more important in the 

Mediterranean environment, considered particularly vulnerable to the impact of climate change. 

Forest management is currently the subject of a heated scientific and political debate in relation to the 

objectives of carbon accumulation and resilience to climate change. Trees absorb carbon dioxide from the 

atmosphere, but at the same time, wood can replace fossil fuels and other carbon-intensive materials such 

as concrete and steel, with great benefits for climate mitigation and in accordance with various international 

Conventions on environmental issues. However, while much has been learned about the carbon cycle in 

forests, there are still too many gaps in our knowledge. The 3D-CMCC-FEM by Alessio Collalti and his team is 

a remarkable contribution to help scientists and forest managers, in the years to come, to better understand 

and to identify scenarios and options on the functioning and management of forest ecosystems oriented 

towards climate-adaptive forestry, the storage of C in longer-lived wood products, and the conservation of 

forests with greater ecological value, to eventually increase the contribution of the forestry sector to the 

mitigation of total carbon emissions in Europe, and worldwide. 
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The book ‘Monitoring and Predicting Forest Growth and Dynamics’ describes the theoretical background 

underlying the ‘Three Dimensional — Coupled Model Carbon Cycle — Forest Ecosystem Module’ (3D-CMCC-

FEM), developed by Alessio Collalti and his team at the Forest Modelling Laboratory of the National Research 

Council of Italy. The model is, in our view, a remarkable piece of work. It incorporates virtually all current, 

and relevant historical knowledge, about tree physiology and the interactions between physiological 

processes and environmental conditions. Their book describes the history, development, and refinement of 

3D-CMCC-FEM which, it could be said, is representative of the general evolution of ecosystem models. These 

have developed from those that deal with forest canopies as single leaves (‘big leaf’ models) to those with 

multiple foliage layers, with climatic inputs ranging from monthly data to daily time-steps, and spatial 

resolutions reduced from a square kilometre down to 100 square meters. 3D-CMCC-FEM produces detailed 

predictions of almost every aspect of tree and forest growth, incorporating detailed calculations of radiation 

interception at various levels with sub-routines for (among other processes) carbon dynamics, nutrient 

uptake and cycling and water relations. It uses daily weather data as inputs and can provide multi-variable 

outputs for daily or monthly time steps. 

As such things must, 3D-CMCC-FEM builds on the base provided by earlier work of this kind: in this respect, 

our much simpler 3-PG model, written 25 years ago, which remains a widely used operational and research 

tool, was an important part of the foundation, but there were of course, many others. They are reviewed 

and acknowledged in the section on ‘Model History’, which provides a good and comprehensive introduction 

to the ideas behind the model, and review of the works that influenced it. It is interesting to note that the 

evolution of 3D-CMCC-FEM from 3-PG, which uses about 100 lines of code, has involved writing 30,000 lines 

of code, which might give pause for thought with regard to bugs and errors. The code for 3D-CMCC-FEM is 

free (it can be downloaded from GitHub, a repository for codes), anyone can download, use, and implement 

it, provided that they cite the authors and provided it is not used for commercial purposes. Making the code 

freeware, albeit under some understandable constraints, is important: without that 3D-CMCC-FEM would 

not become widely used, however good it is. The authors have made the code available to thousands of 

collaborators and the model has been, and is being, widely and thoroughly tested. This approach provides 

some insurance in relation to the matter of errors and de-bugging: with hundreds possibly thousands of 

scientists using and testing the model, most problems will be identified and solved. 

An obvious drawback to this kind of model may be the high demand for initialisation data, and the detailed 

data needed to test and parameterize the various sub-models and sub-routines. However, the widespread 

collaborative testing that is being done will ensure that many of the data required will be obtained. 

Furthermore, the global network of eddy-flux towers, where carbon and water vapor exchange are 

monitored continuously, provides detailed data that can be used as inputs to 3D-CMCC-FEM and to test its 

outputs. 

In recent years the frequency of global coverage by satellites has increased from a few days per month to 

almost daily, while spatial resolution has improved from square kilometres down to 100 square meters, or 



 

  
 

less. Furthermore, the spectro-resolution of satellite-borne sensors has increased to the extent that changes 

in biodiversity can often be discerned. It has therefore become increasingly feasible to examine the 

consequences of planned and unplanned disturbances at a range of spatial resolutions. Combining satellite 

coverage with airborne LiDAR measurements allows identification, analysis and validation of detailed 

structural changes in forests at spatial scales across large regions where, in the past, only major disturbances 

could be recognised. 3D-CMCC-FEM therefore provides very powerful tools for assessing the consequences 

of planned and unplanned forest disturbances, and the impacts of adverse conditions, at a range of spatial 

resolutions. The assessments can include impacts on wood production as well as evaluations of the roles of 

forests as ecosystems in the global carbon balance and in hydrology. It follows that, in this era of climate 

change, 3D-CMCC-FEM provides an excellent tool for assessing the effects of predicted changes in climate, 

whether they be in temperature regimes, atmospheric CO2 concentrations or water regimes. Used in 

association with powerful modern remote sensing and LiDAR measurements, the prospects are good for 

accurate, tested analytical predictions of climatic impacts as well as evaluations of the effects of management 

of forests for wood production and assessments of their roles in global carbon balance, hydrology and as 

ecosystems. 

3D-CMCC-FEM is now freely available to download. This means that the model can be widely tested and 

further improved by scientists and practitioners around the world. All will have the opportunity to test the 

model in many ways, including the extent that monthly time-steps, with much-reduced data requirements, 

provide suitable information for foresters and environmentalists to make many practical decisions. We 

congratulate the authors on this contribution and look forward to their model’s widespread usage. 

 

Prof. Emeritus Richard (Dick) H. Waring 

Marcus Wallenberg Prize 2020 in Forestry Winner 

2911 NW 13th Place, Corvallis, Oregon, U.S.A. 

 

Prof. Emeritus Joseph J. (Joe) Landsberg 

Marcus Wallenberg Prize 2020 in Forestry Winner 

Dudley Street, Ivanhoe, Victoria, Australia 

 

 

 

 

 



 

  
 

Models should be useful. Developing a useful model of nature requires vision, choices, perseverance, and 

communication. Vision should answer the questions ‘Useful to whom? And for what?’. A clear vision guides 

the hard choices around what facets of the real world to include and exclude, what to allow to evolve 

dynamically and what to fix in place, what to connect and what to isolate.  

Clear vision and strategic choices and compromise are rarely achieved in a straight-line path. Building a model 

that can serve as a trusted and robust scientific instrument requires an iterative approach and a willingness 

to revisit and revise, to evaluate and adapt, and to persevere in the face of inevitable false starts and dead 

ends. Communicating vision and choices is the difficult ‘last mile’ that can bring a potentially useful model to 

life as a tool that actually gets used to help us understand nature, to anticipate the dynamics of the real 

world, and to explore our own influence on possible futures.  

Collalti and co-authors rise to all these challenges in their current work on ‘Monitoring and Predicting Forest 

Growth and Dynamics’. 

Numerical models of forest processes have a decades-long history of development and application, and here 

the authors give us both a clear view of that history and a compelling vision for how their own model is 

positioned in the current landscape to serve important and previously unmet needs. They build up a rational 

picture of the current model structure and function based on decisions made through 13 years of iterative 

model development and evaluation. Just as importantly, they show us what the current model lacks, what 

new capabilities are currently in development, and where its fitness for its intended purpose can be extended 

and improved in future versions.  

Collalti et al. tell us that their model of forest growth and dynamics (3D-CMCC-FEM) is intended to represent 

the connected system of trees, litter, and soil and the accumulated quantities and fluxes of energy, water, 

carbon, and nutrients within and through that system. The model is primarily a research tool and is updated 

over time to include the latest process understanding. Diameter at Breast Height (DBH) is a central organizing 

concept, making it clear that the model is designed to be informed by and evaluated against the fundamental 

observable quantity of a forest at the stand scale. Consistent with a stand-level conceptualization of forest 

ecosystem processes, individual trees are not represented explicitly. Instead, they are aggregated into classes 

based on similarity, with the model tracking characteristics of the average individual tree and the number of 

such individuals in each class. These choices make it clear that the model is intended to bring state-of-the-

art science to the service of a working forester or land manager, informing real-world decisions at the scales 

where assessment is carried out and actions are implemented.  

The unique flexibility and utility of 3D-CMCC-FEM starts with its grounding in diameter a breast height and 

grows out from there through a nested hierarchical organization that captures observable variance in species, 

stem diameter, tree height, and age. By clustering stand-level variance represented by many individuals into 

discrete categories for height, stem diameter, and age for different species, this model structure allows 

prediction of stand dynamics as influenced by competition for light, space (crown area), and water.  



 

  
 

This is done with a minimal computational cost compared to models simulating stand structure and function 

at the scale of individual trees. Species-level details of plant physiology studied at the scale of leaves and 

individual trees are applied within this structure to bring sensitivity to driving factors such as temperature, 

moisture availability, and atmospheric CO2 concentration to predictions of evolving growth rates and stand 

structure, augmenting the stand-level measurements accessible to most forest managers. This hierarchical 

system makes it possible to simulate a wide range of management practices such as thinning, variable 

rotation lengths, mixed species stands, and fertilization, all under multiple potential future climate scenarios.  

Every aspect of the model structure and function described here is supported by empirical study, usually with 

multiple published results from the 3D-CMCC-FEM team and their collaborators to underpin each major 

model component or process. The team is as capable in the field as they are at the keyboard, which brings 

increased value to both the empirical studies and to the modelling results.  

The development also borrows strategically from approaches used successfully in other models, for example 

in the areas of crown area dynamics, temperature acclimation, and litter decomposition. Model uncertainty 

is presented in a realistic light. Key figures show the expected range of variability in simulated forest structure 

and function compared to observations across a broad range of sites and species. Given the fundamental 

basis of the model in stem diameter measurements, the figures in Chapter 6 (Forest Dendrometric and 

Structural Attributes) are especially helpful.  

The model is relatively unbiased and it captures a majority of the observed variance in many stand attributes, 

but the real world has significant sources of variance the model fails to capture. By seeing these metrics the 

practitioner can make informed decisions about how to use the simulation results. The authors clearly 

address the areas where further development is underway, or planned, or needed. For example, while 

nitrogen pools and fluxes are included in the tree, litter, and soil components there is not yet a representation 

of limitations to microbial processes or plant growth in relation to mineral nutrient supply.  

Similarly, the dynamics of cohort merging under long sequences of disturbance and regeneration is identified 

as a topic for future development. Requirements for stand initialization are an important limitation of the 

current model structure, and this is also explicitly addressed at multiple points in the description of model 

processes and in the exploration of model uncertainty. Initial conditions for stand structure including species, 

density, diameter at breast height, height, and age are specified by the user. 

 Species-specific parameters defining plant physiological relationships and allometry are also prescribed. 

Even with an accurate description of stand conditions and environmental factors and forcing, any parametric 

or structural biases or misrepresentations within the model will cause anomalies in the modelled fluxes and 

state variables in the early stages of each simulation. The authors see and document this behaviour in several 

places. Other work has shown that model spin-up procedures are required to avoid these anomalies, and 

Collalti and co-authors are clear in stating that such procedures are not yet in place for 3D-CMCC-FEM. This 



 

  
 

is likely to be an important area for future development and could help to make an already very capable and 

impressive model even more useful for its intended applications. 

Dr. Peter E. Thornton 

Corporate Fellow, Environmental Sciences Division 

Director, Climate Change Science Institute 

Oak Ridge National Laboratory 

Oak Ridge, Tennessee, USA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
 

TABLE OF SYMBOLS 

The following is a list of major symbols used in this book. Each symbol is defined with a short description and 

its unit. When a variable has, and/or is computed by, more than one temporal scale (e.g. GPP) we use a 

generic definition of ‘time’ considering that it can be expressed (and computed by) more than one temporal 

scale (e.g. day—1, month—1, and year—1). This table is conceived to enable readers to interpret equations, 

formulas, and theoretical frameworks. For a complete list of symbols or variables, see Collalti et al. (2023). 

 

Symbol Description  Units 

APAR Absorbed photosynthetic active radiation  molPAR—2 day—1 

Ar Temperature correction factor for Rm acclimation — 

ASW Available soil water  mm m—2 

ASWFC Available soil water at field capacity mm m—2 

aS Sub-optimal carbon allocation fraction to stem — 

aL Sub-optimal carbon allocation fraction to leaves — 

aR Sub-optimal carbon allocation fraction to roots — 

BA Basal area  m2 ha—1 

bb Exponent for decomposition — 

BPE Biomass production efficiency — 

CAI Current annual increment  m3 ha—1 year—1 

CC Canopy cover projection m2 cell size—1 

Cconds x Species-specific parameter  defining the closure degree of 
stomata with VPD 

mbar 

Cp Specific heat of the air W m—2 

CRAx Species-specific parameter for the Chapman-Richards equation — 

CRBx Species-specific parameter for the Chapman-Richards equation — 

CRCx Species-specific parameter for the Chapman-Richards equation — 

CUE Carbon use efficiency — 

DBH Diameter at breast height cm 

ET Evapotranspiration  mm time—1 

fx Multipliers or scaling factors (generic) — 

gC Canopy conductance m sec—1 

GDD Species-specific parameter for growing degree day for 
vegetation start 

°C 

GDDseed x Species-specific parameter for growing degree day for 
germination 

°C 

glbl x Species-specific parameter for boundary layer conductance m sec—1 

glC x Species-specific parameter for cuticular conductance m sec—1 

GPP Gross primary production gC m—2 time—1 

gs Stomatal conductance m sec—1 

gs max x Species-specific parameter for maximum stomatal conductance m sec—1 

gsWUE Stomatal water use efficiency gC KgH2O—1 

Hfus Latent heat of fusion kJ kg−1 



 

  
 

Hsub Latent heat of sublimation kJ kg−1 

Io Incoming shortwave radiation  W m—2 or 

MJ m−2 day−1 

iWUE Intrinsic water use efficiency gC KgH2O—1 

Jcmax Maximum rate of electron transport at current temperature µmol m—2 s—1 

Jcmax25 Maximum rate of electron transport at 25 °C µmol m—2 s—1 

𝑘𝑙𝑠
 Decomposition rate for litter (soil) year−1 

k Species-specific light extinction coefficient — 

Km
CO2  Michaelis-Menten Rubisco affinity coefficients for CO2 μmol mol—1 CO2 

KO Michaelis-Menten inhibition coefficient for O2 μmol mol —1 O2 

LAI Leaf area index m2 m—2 

Mage Age mortality factor — 

MAI Mean annual increment KgC m—2 or 
MgC cell size—1 

Mb Background mortality factor — 

Nagex Species-specific parameter controlling the power of relative age 
in fage in age modifier 

— 

NEE Net ecosystem exchange gC m—2 time—1 

NEP Net ecosystem production gC m—2 time—1 

NPP Net primary production gC m—2 time—1 

NPPwoody NPP for woody pools gC m—2 time—1 

P Air pressure Pa 

PAR0 Incoming photosynthetic active radiation molPAR—2 day—1 

PARrefl Reflected photosynthetic active radiation molPAR—2 day—1 

Ra Autotrophic respiration  gC m—2 time—1 

Ragex Species-specific parameter controlling the Relative age to give 
fage = 0.5 in age modifier 

— 

rbl Boundary layer resistance  m sec—1 

Reco Ecosystem respiration gC m—2 time—1 

Rg Growth (or synthesis) respiration gC m—2 time—1 

Rgas Gas law constant m3 Pa molK—1 

Rh Heterotrophic respiration gC m—2 time—1 

rh  Resistance to sensible heat flux m sec—1 

rhr Combined resistance to convective and radiative heat transfer m sec—1 

Rm Maintenance respiration gC m—2 time—1 

Rn Net radiant energy flux W m—2 

rv Resistance to water vapour flux m sec—1 

SAPA x Species-specific parameter reflecting constant in sapwood area 
vs. DBH relationship  

— 

SAPB x Species-specific parameter reflecting power in sapwood area vs. 
DBH relationship  

— 

SLAx Species-specific leaf area m2 KgC—1 



 

  
 

Stemconst Species-specific parameter reflecting constant in stem mass vs. 
DBH relationship  

— 

Stempower Species-specific parameter reflecting power in stem mass vs. 
DBH relationship  

— 

T10days 10-day running weighted average temperature °C 

T10days daytime 10-day running weighted average daytime temperature °C 

T10days nighttime 10-day running weighted average night-time temperature °C 

T10days avg 10-day running weighted average mean temperature °C 

T10days soil 10-day running weighted average soil temperature °C 

Tavgseed x Species-specific parameter for maximum temperature for 
seedlings survival and development 

°C 

Tbase Base temperature  °C 

Tb Base temperature for decomposition °C 

tcoeff Snowmelt coefficient Kg m—2 °C—1 day—1 

tCWS Total C-woody stocks MgC ha—1 

Tday, Tnight, Tavg Daytime, night-time and mean daily temperature °C 

Tmax,Tmin Maximum and minimum air temperature  °C 

Tmax x ,Tmin x Species-specific parameter for daily maximum and minimum air 
temperature for temperature modifier 

°C 

Topt x Species-specific parameter for optimum air temperature for 
temperature modifier 

°C 

Tsoil Daily soil temperature °C 

Tstart x Species-specific parameter for thermic-sum at which vegetative 
period starts  

°C 

Vcmax Maximum Rubisco carboxylation rate at current temperature µmol m—2 s—1 

Vcmax25 Maximum Rubisco carboxylation rate at 25 °C µmol m—2 s—1 

VPD Vapour pressure deficit hPa 

VWC Volumetric water content % 

VWCFC Volumetric water content at field capacity % 

VWCsat Volumetric water content at saturation % 

WUE Water use efficiency gC KgH2O—1 

Y Respiration to photosynthesis fixed fraction — 

αDBHDC x Species-specific crown competition allometric parameter — 

αl Fraction of decomposed carbon flux entering the litter — 

αS Fraction of decomposed carbon flux entering the soil  

αmax x Species-specific parameter for potential maximum quantum 
canopy efficiency 

molC molPAR—1 

αseed NPP fixed fraction for C-fruit allocation % 

βDBHDC x Species-specific crown competition allometric exponent 

parameter 

— 

βseed x Species-specific parameter controlling the percentage of empty 
seeds 

— 

ɣseed x Species-specific parameter controlling germination capacity  — 

γ Psychrometric constant kPa °C—1 



 

  
 

𝛥e Slope of the saturation vapour pressure-temperature 
relationship 

Pa °C—1 

εL x Species-specific parameter controlling maximum allocation to 
leaf in optimal conditions 

— 

εR x Species-specific parameter controlling maximum allocation to 
root in optimal conditions 

— 

εS x Species-specific parameter controlling maximum allocation to 
stem in optimal conditions 

— 

εsnow Absorptivity of snow — 

εmax x Species-specific parameter for potential maximum quantum 
canopy efficiency 

gC molPAR—1 

ρair Mean air density at constant pressure kg m—3 

ρx Species-specific parameter for albedo — 

ρsnow Snow albedo — 

ρsoil Soil albedo — 

τCO2O2 CO2:O2 specificity ratio — 

τleaf_fineroot Leaf and fine root turnover rate year—1 

τsapwood Sapwood turnover rate year—1 

τsapwood_juvenile Juvenile sapwood turnover rate year—1 

τsapwood_mature Mature sapwood turnover rate year—1 

τlivewood Livewood turnover rate year—1 

τlivewood_juvenile Juvenile livewood turnover rate year—1 

τlivewood_mature Mature livewood turnover rate year—1 

φx Species-specific parameter for stem form factor — 

ψ Soil water matric potential MPa 

ψopen x Species-specific parameter controlling leaf matric potential of 
stomatal start closure 

MPa 

ψsat Soil water matric potential at saturation MPa 

ψclose x Species-specific parameter controlling leaf matric potential of 
stomatal total closure 

MPa 

ωx Species-specific parameter controlling the sensitivity of 
allocation to changes in soil water availability and light 

— 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  
 

CODE AVAILABILITY 

The ‘Three Dimensional — Coupled Model Carbon Cycle’ (3D-CMCC) with its ‘Forest Ecosystem Module’ 

(FEM), hereafter ‘3D-CMCC-FEM’, serves as a numerical tool primarily intended for research purposes. 

Maintained by the Forest Modelling Laboratory of the Institute for Agricultural and Forestry Systems in the 

Mediterranean at the National Research Council of Italy, this model offers benchmark code versions for 

public access. These versions are regularly updated to integrate the latest findings from cutting-edge 

research. The code and accompanying executables provided herein represent the most current benchmark 

iteration. The 3D-CMCC-FEM code, in all its versions, is subject to copyright. While freely available as open-

source software, its usage is restricted to non-commercial applications. The model remains in its essence a 

research tool. Developed entirely from open-source components, its design encourages user contributions 

and ease of utilisation. However, its distribution comes with no warranties, including implied warranties of 

merchantability or fitness for specific purposes. The 3D-CMCC-FEM code is licensed under the GNU General 

Public License (GPL), accessible at https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM. For 

comprehensive details, please refer to the GNU General Public License. If a copy of the license was not 

provided with the program, it can be obtained at http://www.gnu.org/licenses/gpl.html. 

The development and maintenance of 3D-CMCC-FEM overseen by the Forest Modelling Laboratory at the 

National Research Council of Italy (https://www.forest-modelling-lab.com/), specifically the Institute for 

Agricultural and Forestry Systems in the Mediterranean (CNR-ISAFOM) located in Perugia. All source code 

and documents are protected under copyright by CNR-ISAFOM and the Forest Modelling Laboratory. 

If you have replicated and/or modified the 3D-CMCC-FEM code, whether in its entirety or portions thereof, 

refrain from publishing any data under the name 3D-CMCC-FEM or its variants without prior coordination 

with the listed developers. Alternatively, provide sufficient details about your modifications to enable 

replication. 

The 3D-CMCC-FEM has been primarily developed by Alessio Collalti and subsequently maintained and 

updated by Daniela Dalmonech, who are both part of the Forest Modelling Laboratory at the National 

Research Council of Italy (CNR), Institute for Agricultural and Forestry Systems in the Mediterranean 

(ISAFOM), Via della Madonna Alta, 128, 06128 — Perugia (PG), Italy. The Forest Modelling Laboratory, the 

Institute for Agricultural and Forestry Systems in the Mediterranean, and the CNR hold no liability for the 

use of the 3D-CMCC-FEM in its provided state or any modifications made by third parties thereafter. The 

Forest Modelling Laboratory, the Institute for Agricultural and Forestry Systems in the Mediterranean, and 

the CNR explicitly disclaim responsibility for any losses, damages, or costs incurred by individuals relying on 

this software. Users are considered to have accepted these terms of use by utilising this software. Removing 

this statement would contravene CNR's original intent in releasing the 3D-CMCC-FEM. 

https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM
http://www.gnu.org/licenses/gpl.html
https://www.forest-modelling-lab.com/


 

  
 

Version 5.6 (‘v.5.6’) of the 3D-CMCC-FEM code, encompassing Light Use Efficiency and the fully 

BioGeoChemical version, is open-source. The code can be freely accessed and downloaded from the GitHub 

Repository at https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM. 

This document serves as the foundation for version 5.6 (‘v.5.6’) of the Forest Ecosystem Module (FEM), an 

evolving research tool. Therefore, we cannot guarantee that the code and the assumptions behind the code 

will remain unchanged because the model is constantly updated to incorporate scientific advances and new 

emerging or old theories (e.g. the non-photosynthetic centric representation of growth, Körner 2013). 

Some figures in the text come from published scientific articles that refer to model versions no longer 

maintained but that, in any case, represent part of the history of the model. Presented here are the general 

theoretical principles and equations, currently used in versions 5.5 and 5.6, primarily utilised as a 

compendium to interpret, and sometimes to decipher, the 3D-CMCC-FEM model’s responses, at least in 

the autotrophic sphere, and represent the state-of-the-science as of 2024. Similarly, this guide helped us 

to recap and summarise where we arrived with the model development, its limitations and future aims for 

its further improvements. While this guide does not include all equations within the model, it contains the 

essential equations, logic, and assumptions underpinning the 3D-CMCC-FEM model. Some equations 

described here are, indeed, approximations of those more complex ones present in the model code. 

However, in this guide, all processes are described and discussed as implemented into the model, and the 

name of the source code file where the processes are implemented into the model is also provided (but 

this may change over time). Other equations (or the more complex forms) not discussed herein can be 

found solely in the model's source code or related literature. In instances where well-known approaches, 

such as the Farquhar – von Caemmerer – Berry model for photosynthesis (Farquhar et al. 1980) or the 

Penman-Monteith model for transpiration, are employed in the 3D-CMCC-FEM, readers are redirected to 

the initial model descriptions, with modifications to the original formulation, if any, outlined. For an in-

depth description of the physiological processes governing forest growth and development, we direct the 

reader to excellent textbooks (for example Landsberg and Sands 2011; Bonan 2019; Mӓkelӓ and Valentine 

2020) and scientific literature. Additional information, as well as technical descriptions for model runs, can 

be found in the 3D-CMCC-FEM User’s Guide (Collalti et al. 2023). This guide is not intended to give guidance 

on troubleshooting problems. Please read the User’s Guide first (Collalti et al. 2023) and then contact us 

(forest.modelling.lab@isafom.cnr.it) in case of persisting problems or to report potential emerging code 

bugs.  

mailto:forest.modelling.lab@isafom.cnr.it
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1. MODEL DESCRIPTION 

The 3D-CMCC-FEM is a dynamic eco-physiological, biogeochemical, biophysical process-based model that 

simulates the carbon (C), nitrogen (N), energy, and water (H2O) fluxes and the C- and N-stocks, and the 

growth dynamics occurring both in homogeneous as in the heterogeneous forests. The model considers 

different plant species (or Plant Functional Types, PFTs), for different ages, tree diameters, and height 

classes. Indeed, the 3D-CMCC-FEM model is specifically designed to represent forest stands, from simple 

ones to those with complex structures, involving several cohorts competing for light and other resources in 

a prognostic way (i.e. it is not constrained by diagnostic observations over time but rather builds from a 

series of ‘first principles’ given the initial conditions of a system). The 3D-CMCC-FEM is conceptually similar 

to other forest models (e.g. 3-PG, Landsberg and Waring 1997; 4C, Lasch-Born et al. 2020; HETEROFOR; de 

Wergifosse et al. 2022), biogeochemical models (e.g. BIOME-BGC; Thornton 2002), DGVMs (Dynamic Global 

Vegetation Models; e.g. LPJ, Sitch et al. 2003) and also to the cohort-based ecosystem demography models 

(e.g. ED, Moorcroft et al. 2001; CLM-ED; Fisher et al. 2015). The 3D-CMCC-FEM model is structured around 

three defined sub-modules (or main routines) which sort the main processes acting at the tree level 

(tree_model.c routine), litter level (litter_model.c routine), and soil level (soil_model.c routine) in several 

different subroutines; the last sub-model can run potentially alone simulating the condition of bare soil. All 

sub-models exchange each other information with the below one on the same day (e.g. the radiation 

available for the soil after accounting for the leaf absorption) or the day after (e.g. the available water 

content for leaf transpiration). The 3D-CMCC-FEM is structured to simulate key physiological processes (e.g. 

photosynthesis and trees’ respiration) and hydrological mechanisms (e.g. leaf transpiration, rainfall, and 

snow interception) on a daily scale and at different hierarchical organisation (e.g. from stomata to stand 

scale level). It also addresses processes such as mortality and self-pruning at daily and annual scales, 

tailored to the species-specific level (Collalti et al. 2019). The 3D-CMCC-FEM simulates autotrophic C-fluxes, 

accounting for gross and net primary productivity (GPP and NPP, respectively), C-partitioning and allocation 

across several main plant compartments (stem, branch, leaf, fruit, fine and coarse root, Non-Structural 

Carbon) and other sub-compartments (sapwood/heartwood biomass, live/dead biomass). Besides the 

carbon pools for any of these compartments and sub-compartments, the 3D-CMCC-FEM records, in the 

most current versions, also daily changes in the amount of nitrogen content both in the autotrophic and 

heterotrophic component and, thus, the heterotrophic C-fluxes in the litter and soil (e.g. Heterotrophic 

Respiration) as at the ecosystem level (e.g. Net Ecosystem Exchange and Ecosystem Respiration) 

Additionally, the 3D-CMCC-FEM can assess water fluxes in terms of leaf and canopy transpiration, leaf, 

canopy, and soil evaporation, and the overall forest water balance including snow dynamic. The 3D-CMCC-
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FEM model also considers management practices (or other non-anthropogenic disturbances), such as 

thinning and harvesting, as well as irrigation and pruning, to predict their effects, among other things, on 

forest growth and carbon sequestration capacity and carbon stocks (Figure 1). 

 

 

Figure 1 Flowchart of 3D-CMCC-FEM (redrawn from Collalti et al. 2014, then modified based on Collalti et al. 2016, 
2018). 

 

1.1 MODEL HISTORY 

The 3D-CMCC-FEM has been primarily implemented by Alessio Collalti, formerly at the Tuscia University 

(UNITUS), Department for Innovation in Biological, Agro-food and Forest systems (UNITUS-DIBAF) as Ph.D. 

https://en.everybodywiki.com/index.php?title=Tuscia_University&action=edit&redlink=1
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Thesis in 2011 (Collalti 2011); and subsequently at both the Foundation Euro-Mediterranean Centre on 

Climate Change (CMCC) Impacts on Agriculture, Forests and Ecosystem Services Division (IAFENT-CMCC) 

and at the Forest Modelling Laboratory at the National Research Council (CNR), Institute for Agricultural 

and Forestry Systems in the Mediterranean (CNR-ISAFOM). The last remains the only developer and owner 

of all model versions since 2018. The first lines of 3D-CMCC-FEM model code were written in 2008 at the 

University of Tuscia of Viterbo, for the Ph.D. Thesis of Alessio Collalti, which was originally called '3D-VT'. 

That module was designed as a single light interception and carbon allocation module (Collalti et al. 2010), 

built to be coupled with other models (such as 3-PG, ‘Physiological Principles Predicting Growth’ model by 

Landsberg and Waring 1997) to simulate mixed forests and not just plantations. However, the 3-PG model 

code architecture showed from the very beginning to be not suitable for incorporating the ‘3D-VT’ 

algorithms developed as object-oriented modules to be resolved iteratively among different layers, cohorts, 

and species to simulate mixed forests. Together with Alessio Ribeca, Alessio Collalti, using concepts and 

algorithms from also the 3-PG model, designed and wrote a brand new code to handle the challenge. Thus 

was born the ‘Three Dimensional — Coupled Model Carbon Cycle — Forest Ecosystem Model’ (3D-CMCC-

FEM) at the University of Tuscia and subsequently at the ‘Euro-Mediterranean Centre for Climate Change’. 

At that institution, the 3D-CMCC-FEM was further developed between 2011 and 2018. During those years, 

several improved versions of the model were developed to provide the scientific pillars of today's model 

formulation. In the early versions of 2011 and 2014 (Collalti 2011; Collalti et al. 2012, 2014; Vacchiano et 

al. 2012), only carbon and water cycles were simulated, at monthly time steps, representing fluxes of carbon 

and water, carbon allocation was simulated between three main compartments (stem, leaf and root) 

subsequently increased to six (and four sub-compartments), while plant respiration was considered a fixed 

fraction of GPP (Waring et al. 1998; Collalti and Prentice 2019; Landsberg et al. 2020). This first model 

version was tested and validated in 2010 for some environmental variables and stand attributes in a Turkey 

Oak (Quercus cerris L.) forest at ‘La Torre di Feudozzo’ (Italy), in collaboration with the National Research 

Council of Italy (CNR). The results were published in 2014 (Collalti et al. 2014). Parallel to a prognostic 

version of the model, a ‘satellite-derived’ version was developed to provide direct estimates of the Leaf 

Area Index (LAI) via the Normalised Difference Vegetation Index (NDVI) (Natali et al. 2012; Collalti et al. 

2013). Due to the model's inherently prognostic nature for studies under climate change scenarios, this 

version is no longer maintained. The ‘v.5.1’ version of 2016 (Collalti et al. 2016) was updated several times 

to include N-dynamics, Non-Structural Carbon (NSC; Merganičová et al. 2019; D'Andrea et al. 2020, 2021) 

and the ability to run simulations at a daily time scale. The idea to move from simulations at monthly scales 

to daily scales was related to the increasing (as it currently is) climate extreme events because of climate 

change, events that would have been ‘averaged’ through the month with monthly model runs. More 

https://www.forest-modelling-lab.com/_files/ugd/8a7700_6778817d819845529350c877ad2fecb1.pdf
https://en.everybodywiki.com/index.php?title=Foundation_Euro-Mediterranean_Centre_on_Climate_Change&action=edit&redlink=1
https://en.everybodywiki.com/index.php?title=Foundation_Euro-Mediterranean_Centre_on_Climate_Change&action=edit&redlink=1
https://en.everybodywiki.com/index.php?title=Foundation_Euro-Mediterranean_Centre_on_Climate_Change&action=edit&redlink=1
https://en.everybodywiki.com/index.php?title=Foundation_Euro-Mediterranean_Centre_on_Climate_Change&action=edit&redlink=1
https://en.everybodywiki.com/index.php?title=National_Research_Council_(Italy)&action=edit&redlink=1
https://www.forest-modelling-lab.com/_files/ugd/8a7700_0d848dfde32e42a8b17de30907db3d37.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_4a3fa0f27a5b43019a769dd8014da876.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_64e688b08d624a49876f0972564fec4f.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_125d4bc5ad9043f3a16ec03134d61cdf.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_ffe35c9a12bf490f96211075bcd7ef69.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_8ec5ce2c238f458991cbbd3130aef6f7.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_309a757c813e4d53815d9f1b97bebd5c.pdf
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importantly, this version included a significant refinement: autotrophic respiration was calculated 

mechanistically by components similar to that in BIOME-BGC (Thornton 1998; Thornton et al. 2002). With 

the increasing global warming rate we believed that considering two, although interlinked, processes such 

as photosynthesis and plants’ respiration, as reacting in a similar manner (i.e. maintaining stoichiometrically 

fixed at the same rate of change) as anachronistic and we drifted for a more realistic, yet complex, 

representation of autotrophic respiration. These refinements to the code represent the most advanced 

version of the model. The ‘v.5.1’ was validated against Eddy Covariance measurements at ten Fluxnet-forest 

sites across Europe spanning from Mediterranean to temperate (oceanic and continental) and boreal 

climate. In 2017, Carlo Trotta (a former collaborator) developed a specific version of the model called ’v.3D-

CMCC-Olive’, a module of the model specifically parameterized through Bayesian calibration for European 

Olive trees (Olea europaea L., and the different subsp. and cultivars) which also included the possibility for 

pruning and irrigation. These are retained in the subsequent versions (Trotta et al. 2018, 2019). In 2017, 

Sergio Marconi implemented on the ‘v.5.1’ (called 3D-CMCC-PSM, ‘3D-CMCC-Phenology and Soil Model’) 

with some new formulations for phenology and NSC utilisation during the bud-break period for deciduous 

and leaf turnover for the evergreen species, and soil C-dynamic by partially coupling the 3D-CMCC-FEM 

with the DNDC model (Marconi et al. 2013, 2014, 2017). This new version was validated against eddy 

covariance measurements (Pastorello et al. 2020) across six different forest sites of the Fluxnet network in 

Europe. In the ‘v.5.3.3-ISIMIP’ of 2018 (Collalti et al. 2018), the effect of rising atmospheric CO2 

concentration and the effect acclimation to increasing temperature on maintenance respiration, following 

Smith and Dukes (2012), by including the chance to simulate forest management, opened the possibility to 

use the 3D-CMCC-FEM model over long-simulation runs both under climate change scenarios as under 

different silvicultural schemes. In the ‘v.5.4-BGC’ (Collalti et al. 2019), the Farquhar von Caemmerer and 

Berry biogeochemical model version (FvCB, Farquhar et al. 1980) was implemented and it parallels the Light 

Use Efficiency empirical model (LUE, Monteith 1977). Indeed, in the ‘v.5.4-BGC’ (Collalti et al. 2019, 2020a; 

Engel et al. 2021) and subsequently, to simulate plant photosynthesis, the Light Use Efficiency (LUE) module 

can be switched with the FvCB module depending on the user’s needs. The ‘v.5.4-BGC’, which remains very 

close to the more recent versions of the model, has been tested for its sensitivity with over 55 species-

specific parameters and under climate change scenarios over 100 years run testing model sensitivity for 

parameters to the different phases of forest development. With the ‘v.5.4-BGC’ version Collalti et al. 

(2020a) tackled two well-known ecological theories for plant respiration: one which links respiration to 

photosynthesis (the Waring et al.’s hypothesis of respiration as a fixed fraction of photosynthesis); and the 

‘metabolic scaling’ hypothesis that links respiration to the (overall) biomass (Reich et al. 2006). Recently, 

the most to-date advanced (and minor bugs fixed) model versions (‘v.5.5-ISIMIP’ and ‘v.5.6’) have been 

https://www.isimip.org/impactmodels/details/1/
https://www.forest-modelling-lab.com/_files/ugd/8a7700_bb12ce7a7b364bd697c7d01fb71bb475.pdf
https://en.everybodywiki.com/index.php?title=Carbon_dioxide&action=edit&redlink=1
https://en.everybodywiki.com/index.php?title=Carbon_dioxide&action=edit&redlink=1
https://www.forest-modelling-lab.com/_files/ugd/8a7700_cdd58b3f5ac343d0be4ea4c9c290ff80.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_5dbe0946c6f5400c9930f09adac0e63a.pdf
https://www.forest-modelling-lab.com/_files/ugd/8a7700_17ce54e375bc4257a3393f5f974059fd.pdf
https://en.everybodywiki.com/index.php?title=Light_Use_Efficiency&action=edit&redlink=1


Monitoring and predicting forest growth and dynamics 
 

5 

 

included in a broad model intercomparison project across Europe (i.e. ISIMIP, Inter-Sectoral Impact Model 

Intercomparison Project; Reyer et al. 2020; Mahnken et al. 2022a, 2022b, 2023). It exhibited extremely 

good performances, compared to other models, both in terms of accuracy, realism, and general 

applicability. Dalmonech et al. (2022) with the ‘v.5.5’ and Testolin et al. (2023) with the ‘v.5.6’ tested both 

versions under climate change scenarios and their uncombined and combined effects under a portfolio of 

diverse management schemes in Europe as well as in southern Italy. The new ‘v.5.6’ implements a new 

formulation (and relative parameterization) for sapwood and livewood dynamics and new forest 

management schemes. In 2024, Vangi et al. (2024a, 2024b) provided an in-depth analysis of the effects of 

stand age under climate change scenarios on forest sensitivity, stability, and resilience if the forest stands 

described in Dalmonech et al. (2022) would have been, conversely, led to the develop undisturbed with no 

management interventions. Morichetti et al. (2024) also analysed the effects of climate change on the 

sink/source capacity for the mean seasonal carbon cycle under the locally bias-corrected (ISIMIP 2bLBC 

experiments) climate scenarios. Recently, the 3D-CMCC-FEM has been applied on large scale using National 

Forest Inventory (NFI) at the regional level in Italy by Daniela Dalmonech (Dalmonech et al. 2024) and 

validated against a suite of Remote Sensing-based products at species level (Figure 2), and at overall national 

level by Elia Vangi (Vangi et al. in prep.) and against remotely sensed products and INFI data. In addition, a 

R-package for running the 3D-CMCC-FEM (“R3DFEM”) has been recently developed for simulations under 

R-Studio environment (https://github.com/Forest-Modelling-Lab/R3DFEM; Vangi et al. 2024c). The 3D-

CMCC-FEM model outputs are also part, together with simulations from other fifteen European forest 

models, of the first (and to date unique) harmonised database of European forest simulations under climate 

change (Grünig et al. 2024). Overall, in the ten years since its first publication, the 3D-CMCC-FEM model has 

been run for about 7000 different forest stands and was validated for many of these sites (see Figure 3). A 

fully updated list of references can be found in the README file at: https://github.com/Forest-Modelling-

Lab/3D-CMCC-FEM 

https://www.forest-modelling-lab.com/_files/ugd/8a7700_fabdad82fceb4451b511f0145e6f65dc.pdf
https://github.com/Forest-Modelling-Lab/R3DFEM
https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM
https://github.com/Forest-Modelling-Lab/3D-CMCC-FEM
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Figure 2 3D-CMCC-FEM simulation of Gross Primary Productivity (GPP, gC m—2 year—1) at a regional level at a 
resolution of 1 x 1 km (figure from Dalmonech et al. 2024).  

 

 

Figure 3 3D-CMCC-FEM has been widely applied to different species across Europe and Canada. 

1.2 HIERARCHICAL STRUCTURE 

The 3D-CMCC-FEM adopts a hierarchically structured approach centred on a primary homogeneous matrix 

partitioned into cells of varying dimensions, ranging from 10m x 10m to 1km x 1km, depending on the level 
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of resolution, such as species or plant functional type, with customizable settings for users. This design 

facilitates the modelling of intricate forest ecosystems, encompassing diverse types such as uneven-aged, 

multi-layered, and mixed-species forests (refer to Paragraph 1.4 Model Initialization: the Forest Structure 

and the Pools). The architecture of the code (more than 30,000 lines code) permits the categorization of 

trees into representative classes, each characterised by specific attributes such as carbon pools, leaf area 

index, and tree height, based on age, species, and forest structural traits (Collalti 2011; Collalti et al. 2014; 

Engel et al. 2021; Mahnken et al. 2022a). It is worth noting that all variables are normalised per square 

metre, hectare, or cell size, depending on the variable type. Simulations are conducted for each cell across 

various tree height classes, further subdivided based on diameter at breast height (DBH), age, and species. 

In essence, the code architecture allows for the aggregation of trees into representative classes 

distinguished by species-specific and structural characteristics, identified by model-assigned indexes, 

namely species (x index), tree diameter at breast height class (y index), height/layer class (z index), and age 

cohort (k index). Each nested class is characterised by its species-related parameterisation and variables, 

including biomass pools, crown area, light attenuation, and mortality. In addition to species-level 

classification, the model offers the flexibility to define tree phenology by selecting between two distinct 

phenotypes: evergreen or deciduous. A dedicated sub-module for forest management enables the 

simulation of forest development under various silvicultural practices (refer to paragraph 7). Critical 

variables such as Gross and Net Primary Production (GPP and NPP), Leaf Area Index (LAI), Available Soil 

Water (ASW), and Evapotranspiration (ET), among others, are computed on daily, monthly, and annual 

scales, considering soil characteristics and pools for each cell. Cumulative values are ultimately determined, 

summing up across x, y, k, and z classes, at both cell and matrix levels. 
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Figure 4 Flowchart of the 3D-CMCC-FEM C-programming logical structure  

1.3 INPUT AND OUTPUT DATA 

Specific input data are required to run the 3D-CMCC-FEM: 

● State variables. Initial stand conditions representing the stand at the beginning of the simulation: 

species name, age, tree height, average DBH, and number of trees based on size cell (see paragraph 

6). The model simulates actual vegetation (and not the potential one), thus, any spin-up run or 

initialization starting from bare soil conditions is not considered. Initial stand data must be provided 

by the user and need to be organised a bit before being used properly by the model. For more, even 

technical, details, see the paragraph 1.4 Model Initialization: the Forest Structure and the Pools‘ and 

Collalti et al. (2023). Note: these data are necessary only at the beginning of the simulation to 

represent initial stand conditions. 

● State variables. Soil (e.g. soil depth, sand, clay, and silt percentages) and topographic information 

(e.g. elevation). All these data are mandatory.  

● Parameters. Species-specific parameters are primarily rooted in their eco-physiological and 

allometric characteristics and traits. These species-specific parameters are typically derived from a 

https://www.cnr.it/sites/default/files/public/media/attivita/editoria/3D-CMCC-FEM_User_Guide_v.2_July_2023.pdf
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combination of forest inventories and literature search (see Collalti et al. 2019, for species-specific 

sensitivity analysis on model parameters and discussion around their constancy) and are considered 

to not vary over time. All these parameters are mandatory. 

● Drivers. Meteorological forcing data which are: daily maximum (Tmax, °C) and minimum air 

temperature (Tmin, °C), vapour pressure deficit (VPD in hPa; or relative humidity, RH, in %), 

downwelling shortwave radiation at the surface I0 (MJ m−2 day−1) and precipitation amount (mm 

day−1). All these data are mandatory. In addition, the model uses the daily mean temperature (Tavg, 

°C) and soil temperature (Tsoil, °C) when available or are self-computed by the model if missing in the 

meteorological data file. Additionally, the model incorporates other meteorological variables (such 

as air pressure, air density, Tday, Tnight), but these are internally computed as they are derived from 

the mandatory variables mentioned earlier (Collalti et al. 2016).  

● Drivers. Annual atmospheric CO2 concentration (μmol mol–1) is a required field, while nitrogen 

deposition is optional (Collalti et al. 2018). 

A fifth additional file (the setting file), which is not in the input file, controls 3D-CMCC-FEM simulations set 

up by allowing the user to customise different simulation runs, e.g. by using the ‘BioGeoChemical’ version, 

thus, adopting the Farquhar – von Caemmerer – Berry photosynthesis model, or by specifying the starting 

year for forest management. In the settings file, the user decides if and how to simulate management, which 

includes thinning and clear-felling, and to parameterize the replanting type after the harvesting. Replanting 

type includes the possibility to replant using a different tree species of varying age, by setting the DBH and 

other variables (see paragraph 7). 

Conversely, physical constants (e.g. Stefan-Boltzmann constant), are part of the model code (constants.h) 

and cannot be modified by the user (for model implementation, see the User’s Guide, Collalti et al. 2023). 

The primary output data of the 3D-CMCC-FEM (either at daily, monthly, or annual scales) are: Gross Primary 

Productivity (GPP), Net Primary Productivity (NPP), and other state variables such as Evapotranspiration (ET), 

Leaf Area Index (LAI) and rainfall interception and C- and N-stocks, e.g. stem biomass, fruit production, above- 

and below-ground biomass, volume, but there are many others representing the overall C- and N-cycle, 

Energy and H2O-cycle and forest stand attributes. A complete list of output variables is provided in Collalti et 

al. (2023).  

Results are obtained either at the class level (species, diameter, tree height, or age class level), at layer level 

(as the sum of all tree height classes in the same layer), and at grid level (i.e. cell or ecosystem level, as the 

sum of all classes). The 3D-CMCC-FEM model provides information to support decision-making in forest 

https://www.cnr.it/sites/default/files/public/media/attivita/editoria/3D-CMCC-FEM_User_Guide_v.2_July_2023.pdf
https://www.cnr.it/sites/default/files/public/media/attivita/editoria/3D-CMCC-FEM_User_Guide_v.2_July_2023.pdf
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management planning, such as mean annual volume increment (MAI), current volume increment (CAI), C-

Woody Stocks (CWS), Wood Production (WP), basal area (BA), and DBH (Figure 5).           

 

Figure 5 3D-CMCC-FEM input and output data 

 

1.4 MODEL INITIALIZATION: THE FOREST STRUCTURE AND THE POOLS 

(routines: structure.c , initialization.c) 

1.4.1. Forest Structure 

The user provides the initial stand characteristics as mandatory input data (i.e. Species, Ages, DBHs, Three 

Height, Tree Density) from which the 3D-CMCC-FEM will generate the stand structure. 3D-CMCC-FEM is not 

an ‘individual-based’ model and uses data aggregated (but it can be used to simulate individual trees), 

‘entities’, representing classes, such as tree height classes, DBH classes, cohorts, and species, as follows: (1) 

for any species in a cell the different tree height can be considered (or grouped) into a number of relative 

tree height classes, (2) for any tree height class in a cell the different DBH can be considered (or grouped) 

into a number of relative DBH classes, (3) for any DBH class in a cell the different ages can be considered (or 

grouped) into a number of relative ages classes (i.e. cohorts) (Collalti 2011; Collalti et al. 2014). Any of those 

nested species->tree height->dbh->age classes is represented by its ’average tree’ which records the 

variables considered (e.g. Fagus sylvatica->20 metre height->25 cm of DBH->40 years old ->Net Primary 

Production)(see Figure 6). The user may, in a pre-processing phase, choose the level of aggregation, as 
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previously described, into DBH classes of e.g. 10 cm. A similar, although less accurate approach, has also been 

adopted in the Ecosystem Demography (ED) model (Moorcroft et al. 2001) and, more recently, in the CLM-

ED and FATES model (Fisher et al. 2015). 

 

 

 

 

 

 

 

Figure 6 Model data management flowchart. For each cell of the matrix, the model can be initialized considering 
multiple species (x index). For each species, the model can consider multiple tree diameters at breast height (DBH) class 
(y index) that can be grouped into specific and multiple tree height classes (z index, but see how the model groups into 
specific layers), for each tree DBH class the model can consider multiple cohorts (k index). Each nested class has its state 
variables (figure redrawn from Collalti et al. 2014).  

 

As an example, a user might divide to simulate a stand composed of two species (i.e. A and B), with different 

DBH classes (i.e. 5 and 15 cm), with different Tree Height classes (i.e. 10 and 20 m), and different ages (i.e. 8 

and 16 years old) in the following way: 

1) A(x)->5(y)->10(z)->8(k) 9) B(x)->5(y)->10(z)->8(k) 

2) A(x)->5(y)->20(z)->8(k) 10) B(x)->5(y)->20(z)->8(k) 

3) A(x)->5(y)->10(z)->16(k) 11) B(x)->5(y)->10(z)->16(k) 

4) A(x)->5(y)->20(z)->16(k) 12) B(x)->5(y)->20(z)->16(k) 

5) A(x)->15(y)->10(z)->8(k) 13) B(x)->15(y)->10(z)->8(k) 

6) A(x)->15(y)->20(z)->8(k) 14) B(x)->15(y)->20(z)->8(k) 

7) A(x)->15(y)->10(z)->16(k) 15) B(x)->15(y)->10(z)->16(k) 

8) A(x)->15(y)->20(z)->16(k) 16) B(x)->15(y)->20(z)->16(k) 

This produces a combination of sixteen interacting, different classes, each with its own state variables to 

simulate in a model run. This complex configuration for input data is potentially doable for model runs, 

although this is largely time-consuming and is not recommended. Alternatively, the user, can simplify and 

speed up the model run by aggregating, e.g. for average DBH, tree height, and age in such a way: 

1) A(x)->10(y)->15(z)->12(k) 2) B(x)->10(y)->15(z)->12(k) 
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The level of aggregation depends on the aim of the user; for example, a simulation to assess the effect of 

light competition should not consider aggregating tree height classes to permit consideration of differences 

in tree heights.  

The vertical structure 

During the initialization phase of the 3D-CMCC-FEM model, as well as at the beginning of each year, the 

vertical structure of the stand must be defined into one or in a number of different discrete layers, i.e. 

monolayer, bi-layer (dominant and dominated layer) or multi-layer, as shown in Figure 7. The vertical stacking 

of each tree height class and, thus, the number of layers that the model has to consider, can be set by the 

user by defining the maximum intervals (in metres) distinguishing between two different tree height classes. 

For example, if the value was in ‘Tree_layer_limit’ at 3 metres, and the difference between two tree height 

classes were less than 3 metres, these two tree height classes would not be distinguishable by the model. In 

this case, these two three height classes are considered within the same layer (hereafter noted as ‘z’) and no 

competition for light is accounted for. Otherwise, if the differences between the two tree height classes 

exceed 3 metres, these two classes would be treated as two different distinct layers, one dominant the other 

in competition for light, so long as but till (and if) the differences in tree height remain above the 3 metres. 

This means that only a wide advantage in terms of tree height translates into a significant advantage in terms 

of light competition and, thus, light availability, even at the seedling stage. The number of layers is, however, 

iteratively and dynamically accounted for, based on current forest conditions and not fixed to a prescribed 

number. Ultimately, any species, DBH class, and cohorts, based on its tree height class and their relationship 

with the other tree height classes are assigned a canopy layer. A similar scheme of vertical discrimination is 

also thought for the below-ground with a number of different soil layers that can be considered in the model. 

However, such an option is still under development. 

The horizontal structure 

Horizontally, trees of each class are homogeneously distributed within the grid cell, and the canopy cover 

percentage of the grid cell is computed for each layer according to tree density with some allometric 

constraints. Forest horizontal structure is represented two-dimensionally in a similar, yet not equal, spatial 

arrangement of crowns as in the ‘Perfect Plasticity Approximation’ (PPA; Purves et al. 2008), i.e. the plants 

tend to fill with their leaves all of the available canopy space, as in the GFDL Land model (Weng et al. 2015) 

and, with similar logic, in CLM(ED)(Fisher et al. 2015). The 3D-CMCC-FEM is a ‘spatially implicit model’ and 

does not require the spatial position of each single tree within the grid cell. The fraction of the cell covered 

by the canopy (CC) for each layer is also computed by considering the crown area projection of each single 
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tree and then scaled up to the cell level considering all trees in that layer. Crown areas are assumed, during 

the initialization phase, at their maximum attainable values at the ‘DBHDCmax’ value (i.e. current DBHDC = 

‘DBHDCmax
’), a species-specific parameter controlling the maximum DBH:Crown Diameter ratio. In the 

initialization phase, if by considering DBHDC at its maximum value and by summing all crown areas of each 

single tree within a layer the overall Canopy Cover (CC) should exceed the maximum CC based on a species-

specific ‘Light_tol’ parameter, the model arranges and reduces iteratively its actual DBHDC up to a certain 

value (and not below the ‘DBHDCmin’, i.e. the minimum DBH to DC, Crown Diameter, ratio). The 'Light_tol' 

parameter, and then the CC, is based on the species shade (or light) tolerance, which varies between different 

species. The 3D-CMCC-FEM model, indeed, considers different potential and maximum rates of cell 

maximum coverage. Therefore, shade-intolerant species are parameterized to cover up to 90% of the area 

available (i.e. cell size), and very shade-tolerant species up to 110%, i.e. with a 10% overcrowding allowed. In 

the subsequent years, during the forest structure updates, any value that exceeds the maximum CC for that 

species in that layer leads the model to reduce the crown area up with the self-pruning function but only to 

a certain level (i.e. 'DBHDCmin'). If the current DBHDC is already at the minimum level the model activates the 

self-thinning mortality (see ‘Mortality’ paragraph for an in-depth description) routine and reduces the tree 

number up to satisfy this condition. The ‘DBHDC’ is a dynamic variable controlling the actual crown area and, 

at the same time, a measure of tree-tree competition in the 3D-CMCC-FEM model (Collalti 2011; Collalti et 

al. 2014). The higher the competition for space horizontally, the smaller the crown area becomes. In 3D-

CMCC-FEM, crowns are overall represented as cylinders. Despite its remarkably simple assumptions the PPA 

has been shown to be able to adequately reproduce even in large-scale applications of forest structure and 

the related processes (Purves et al. 2008; Bohlman and Pacala 2012; Fischer et al. 2016). 

 

 

Figure 7 Model forest structure definition and the Perfect Plasticity Approximation. At the beginning of each year 
simulation, the model redefines the vertical (i.e. number of layers and class position into the vertical structure, z value) 
and horizontal (i.e. class canopy coverage) forest structure depending on initial cell data (first year of simulation) or 
changes in state variables (next years) (figure from Collalti et al. 2014). 

 



Monitoring and predicting forest growth and dynamics 
 

14 

 

1.4.2. Biomass Pools 

As described above, 3D-CMCC-FEM requires specific stand-level inputs to run, some are mandatory, and 

others are optional. The optional data refers to some C-pools (i.e. stem, leaf, fine root, and coarse root dry 

mass). If these optional data are not provided by the user the 3D-CMCC-FEM model, starting with DBH, Tree 

Height, Species, and Tree Density, will initialise these missing C-pools and calculate the other state variables 

(both as C- and N-pools). This C- and N-pools data initialization is computed at the beginning of the simulation 

and updated at the beginning of each simulation year according to species-specific parameters describing 

the allometric relationships. For example, starting with DBH, the model computes the stem biomass through 

an allometric equation (see paragraph 6). With the same equation, by inverting the variables (i.e. the DBH 

becomes the unknown variable) (West et al. 1991) DBH is predicted at the end of the year from the stem 

biomass. Leaves, branches (and bark), coarse and fine roots, as well as reserves (Non-Structural Carbon, NSC) 

are all computed from the initial stem biomass through allometric species-specific relationships. Similarly, 

sapwood, heartwood, live, and deadwood biomass are also computed. The leaf carbon pool is computed for 

evergreen only at the beginning of the simulation (which, in the northern hemisphere, is commonly in January 

month). Leaf Area Index (LAI, i.e. m2 of projected leaf per m2 of ground area). Leaf Area Index for each class 

dominated by the species x, with diameter y and age k and x, y, and k belonging to the layer z (for simplicity 

in the text, this will be indicated as ‘x’, ‘y’, ‘k’, and ‘z’ where z will be assumed to indicate the layer), is 

calculated as: 

 

𝐿𝐴𝐼𝑥,𝑦,𝑘 ∈ 𝑧 =  
𝐿𝑒𝑎𝑓𝐶𝑥,𝑦,𝑘 ∈ 𝑧 ⋅ 𝑆𝐿𝐴𝑥 

𝐶𝐶𝑥,𝑦,𝑘 ∈ 𝑧 ⋅ 𝐶𝑒𝑙𝑙𝑆𝑖𝑧𝑒
                                                  Eq.1        

   

where LeafC (KgC cell size—1) is the carbon in the leaf compartment, SLA is the Specific Leaf Area (m2 KgC—1, a 

species-specific parameter varying with tree age and for both for sun and shaded leaves), which is a measure of 

the thickness of a leaf and its units are area per unit mass, CC is the canopy cover projection (m2 cell size—1), 

i.e. the sum of all crowns in a specific layer, and Cell Size is the area in m2 of the simulation grid cell. The 3D-CMCC-

FEM calculates CC as follows: 

 

𝐶𝐶𝑥,𝑦,𝑘 ∈ 𝑧 =  𝐶𝑟𝑜𝑤𝑛 𝑎𝑟𝑒𝑎𝑥,𝑦,𝑘 ∈ 𝑧 ⋅ 𝑁𝑡𝑟𝑒𝑒𝑥,,𝑦,𝑘 ∈ 𝑧 
                       Eq.2 
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where Ntree is the number of trees of a determined species, with a tree height, age, DBH, and species class within 

a layer. The Canopy Cover of a specific layer is obtained by integrating all CC with the same layer as: 

 

𝐶𝐶𝑧 =  ∑𝑁
𝑥,𝑦,,𝑥,𝑧 𝐶𝐶                                                            Eq.3 

 

cell size is a two-dimension (in square metres) that can be set by the user in the setting file representing the side 

of the square representing the grid-cell. By using species-specific parameters the model also distinguishes 

between the leaf carbon for sun and shaded leaves, and consequently also the LAI for sunlit and shaded 

leaves. Photosynthetic, respiration, and transpiration processes are calculated separately for sun and shade 

leaf components. This separation into a ‘two big-leaves’ model provides more accuracy than simple one big-

leaf models and that is applied in a multi-layer modelling framework as in the 3D-CMCC-FEM model. 

Nitrogen pools (and including the Rubisco amount), which are the same number as in for the C-pools (except 

for NSC), are computed by Carbon:Nitrogen stoichiometrically fixed ratios starting from C-pools.  

The model also considers some carbon and nitrogen sub-pools, which include for example, the sapwood and 

heartwood mass and the live and dead wood, and some aggregated carbon pools, which include for example, 

the above-ground biomass (as leaf, branch, and bark, stem, and fruit summed up), or below-ground biomass 

(as fine and coarse root summed up) or stand attributes as Tree and Stand Volume. The live respiring wood 

biomass is initialised at the beginning of the simulation as a fixed fraction of sapwood mass (for stem, coarse 

root and branch biomass) (Pietsch et al. 2005; Hӧlttӓ and Kolari 2009; Pallardy 2010). 

At the beginning of each simulation year run, the 3D-CMCC-FEM model keeps track and updates the carbon 

and nitrogen pools and iteratively re-computes the forest structure and stand attributes for the next year(s) 

as described above. 

1.4.3. Numerical (Temporal and Spatial) solution of processes 

The 3D-CMCC-FEM, after resolving structural discretization (vertically and horizontally) and initialising 

biomass pools, starts by simulating daily eco-physiological processes. This process begins from the 

uppermost layer, prioritising the highest tree height class, the largest DBH, and the oldest age within each 

layer. It then iteratively descends through the subsequent lower layer, moving to the litter layer and, at the 

end, to the soil layer. Each canopy layer has its own C- and N-balance as well as H20- and Radiative-balance, 

meaning that any incoming upward entity (e.g. radiation, precipitation) is accounted for and resolved for the 

upper layer first (Figure 8). Therefore, the net amount of radiation received by the lower layer(s) is 
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determined by subtracting the e.g. light, intercepted, absorbed, reflected, and then transmitted from the 

highest one(s). 

 

Figure 8 Proof-of-concept adopted in the 3D-CMCC-FEM for multi-layered forests in simulating the carbon cycle (figure 
from Collalti 2011). 

  

1.4.4. Composite Forest Matrix (CFM) 

A high proportion of the European forested area is composed of a mix of differing-aged stands and since 

forest C cycle processes may respond differently to climate factors at different ages (e.g. Collalti and Prentice 

2019; Collalti et al. 2020b; Huber et al. 2018, 2019; Migliavacca et al. 2021), we developed a Composite Forest 

Matrix (CFM) approach consisting of a mixture of stands of different age, structure and associated biomass. 

Starting from the real stands, a prescribed number of virtual stands can be generated in order to obtain 

representative model outputs of a larger set of different age classes (with their associated forest attributes) 

that can cover an entire rotation period (≈140 years, depending on the species), similar to the approach 

developed by Bohn and Huth (2017). Because the 3D-CMCC-FEM model, following experimental evidence, is 

sensitive to the stand structure (see Collalti et al. 2019, 2020a), this procedure allows a robust assessment of 

the effects of management practices across the full range of applicable stand ages. A CFM framework can be 

created by running at each site the model from a specific year where the user can initialize the model to a 

specified year (e.g. to cover the entire rotation length for each species) under a contemporary climate 

scenario (no climate change), consisting of detrended and repeated cycles of e.g. 1996-2006 historical 

weather, with fixed atmospheric CO2 concentration of 368.8 μmol mol—1 (or ppmv) and BAU management 

practices. From each of these simulations data needed to reinitialize the model at every rotation length/nvs 
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can be extracted (Figure 9)(where ‘nvs’ represents the number of virtual stands to obtain for such analysis). 

Thus, in total, a number nvs potential virtual stands rep­resenting different age classes (and in turn different 

forest structures and their relative biomass) of the composite matrix can be selected and included in the CFM 

as described in Dalmonech et al. (2022) and Vangi et al. (2024a, 2024b). Such an approach somewhat draws 

the 3D-CMCC-FEM model results near to the Gap models (Bugmann 2001) in simulating, as a mosaic of 

different patches, landscape heterogeneity.  

Note, this is just a pre- and post-processing and not an automated procedure within the 3D-CMCC-FEM. 

 

Figure 9 Conceptual scheme of the creation of the virtual stand: in Phase 1 the model is initialized with data from the 
actual forest stands, and then simulations are carried out for 202 years of contemporary (1996-2006) weather and 
atmospheric CO2 concentration. In Phase 2, multiple stands are drawn from the simulations in Phase 1 and used to build 
the Composite Forest Matrix (CFM) composed of representative forest stands. The climate change (RCPs) and 
management scenarios (BAU, Alternative Managements, No-Management) simulations are then applied to the CFM 
(figure from Dalmonech et al. 2022). 
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2. RADIATION BUDGET 

(routines: canopy_radiation_sw_band.c, canopy_radiation_lw_band.c) 

Solar radiation serves as the primary driver for both the photosynthetic process and the carbon and water 

cycle in vegetation. The vertically resolved radiation budget and the radiative transfer module comprise light 

interception, and absorption (e.g. absorbed photosynthetically active radiation, APAR), which is computed 

through Lambert-Beer’s law for sun and shaded leaves in homogeneous canopies (Thornton and Zimmerman, 

2007), reflectance (i.e. the light reflected because of the species-specific albedo parameter), and 

transmission. The vertically structured light competition module in 3D-CMCC FEM is essentially a modified 

version of the Lambert-Beer law (Monteith and Unsworth 1990) approximated by the Monsi-Saeki (1953) 

formulation of exponential attenuation and coupled with the ‘two big-leaves’ approach developed for a 

multi-layered model (Sellers et al. 1992; Sands 1995; Medlyn et al. 2003; see Figure 10). The modified version 

permits calculating the daily amount of light available for a variable number of layers. In this way, taller trees 

in higher layers shade smaller trees in lower layers and have a growth advantage through the acquisition of 

light. Given that the 3D-CMCC-FEM model runs on a daily basis the sun position is not accounted for as it is 

not explicitly accounted for in the meteorological input data.  

Competition for light and water represents one of the most relevant factors influencing biomass allocation. 

To simulate light competition, the 3D-CMCC-FEM model considers a modified version of the Lambert-Beer 

Law of light attenuation (Monteith and Unsworth 1990; Collalti 2011; Collalti et al. 2014), as approximated 

by Monsi-Saeki formulation of exponential attenuation, and coupled with the 'two-big-leaf' approach for a 

multi-layered model (Figure 11). This approach allows to scale of the physiological processes from leaf to 

canopy level, considering the exchanges between upper and lower layers, and between sunlit and shaded 

leaves, that, ultimately, account for one discrete single layer each within a single canopy. Each canopy layer 

(both as the overall canopy and within a single canopy) intercepts, reflects, transmits, and absorbs a fraction 

of the receiving light. The remaining fraction reaches the understoreys, determining different light conditions 

and growth rates (see also Photosynthesis and NPP paragraph). 

The incoming shortwave radiation I0 (MJ m—2 day—1), is first converted to Photosynthetic Active Radiation 

(PAR0, ≈400 to 700 nm) and then the absorbed PAR (APAR) is computed as follows: 

 

𝐴𝑃𝐴𝑅𝑥,𝑦,𝑘 𝜖 𝑧 = 𝑃𝐴𝑅0 ⋅ (1 −  𝑒−𝑘𝑥⋅ 𝐿𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧 )  ⋅ 𝜌𝑥  ⋅  𝐶𝐶𝑧                          Eq.4 

 

https://www.forest-modelling-lab.com/photosynthesis-and-npp
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where k is the species-specific light extinction coefficient (≈0.5), a somewhat parameter describing leaf 

inclination and absorptivity/transmissivity capacity relative also to leaf thickness, and ρ is the species-specific 

canopy albedo (≈0.10 for evergreen and ≈0.16 for deciduous). At the layer level, this becomes the sum of all 

absorbed PAR by canopies at layer z (APARz). 

The available PAR for a lower layer (i.e. the transmitted PAR) z—1 is then: 

 

𝑃𝐴𝑅𝑧 =  (𝑃𝐴𝑅0 − ∑ 𝐴𝑃𝐴𝑅𝑧)  = 𝑃𝐴𝑅0 ⋅ (𝑒−𝑘𝑥⋅ 𝐿𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧 )  ⋅ 𝜌𝑥 ⋅  (1 − 𝐶𝐶𝑧)             Eq.5 

 

and the APAR for the layer z—1 becomes: 

 

𝐴𝑃𝐴𝑅𝑧−1 =  𝑃𝐴𝑅𝑧−1 − (1 −  𝑒−𝑘𝑥⋅ 𝐿𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧−1 )  ⋅ 𝜌𝑥 ⋅  𝐶𝐶𝑧−1                                      Eq.6 

 

The available PAR for a lower layer (i.e. the transmitted PAR) z—2 is then: 

 

𝑃𝐴𝑅𝑧−1 =  (𝑃𝐴𝑅1 − ∑ 𝐴𝑃𝐴𝑅𝑧−1)  = 𝑃𝐴𝑅𝑧 ⋅ (𝑒−𝑘𝑥⋅ 𝐿𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧 )  ⋅ 𝜌𝑥  ⋅  (1 − 𝐶𝐶𝑧−1)             Eq.7 

 

and the APAR for the layer z—2 becomes: 

 

𝐴𝑃𝐴𝑅𝑧−2 =  𝑃𝐴𝑅𝑧−2 − (1 −  𝑒−𝑘𝑥⋅ 𝐿𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧−1 )  ⋅ 𝜌𝑥 ⋅  𝐶𝐶𝑧−2                          Eq.8 

 

these equations for PAR, APAR, and PARrefl (the reflected PAR) are iteratively solved for all the n number of 

layers which the forest structure should be composed of and scaling the absorbed and available light for the 

fraction of the layer that is covered (or not) by the canopies. The PAR reaching the soil (PARsoil), for seedlings 

and saplings development, is the net balance between the incoming PAR0 , the PAR not absorbed by the 

canopies of n the layer(s), and the PAR reflected because of soil albedo (ρsoil). For simplicity, we avoid 

distinguishing here between sunlit and shaded APAR, however, the 3D-CMCC-FEM distinguishes between the 
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APARsun and APARshade for each class. Note, that initial model versions did not account for radiation reflection 

because of albedo which started to be accounted for only in the daily versions of the model code (Collalti et 

al. 2016). 

 

Figure 10 Conceptual representation of light availability in the 3D-CMCC-FEM through different canopy layers (figure 
from Collalti 2011). 

 

 

Figure 11 Monthly mean PAR (continuous line) and mean APAR (dotted line) (molPAR m—2 month—1) distribution (2001–
2008) through the two storeys (square point is referred to overstorey, triangle point to understorey, cross point to soil) 
from to the top of the canopies to the soil level in the double-layered Turkey oak (Q. cerris L.) forest at the Torre di 
Feudozzo (Italy) (figure from Collalti et al. 2014). 

 

A similar, yet more complex, scheme is also adopted for the Net Radiation (i.e. Short- and Long-Wave net 

balance) (Collalti 2011). 
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3. CARBON AND NITROGEN BUDGET 

3.1 CARBON AND NITROGEN CYCLES 

The overall carbon budget in the 3D-CMCC-FEM is the result of processes representing incoming fluxes (i.e. 

photosynthesis), two main outgoing fluxes, i.e. autotrophic, Ra; and heterotrophic respiration, Rh; their sum 

is the ecosystem respiration, Reco, and the change in C-stocks due to turnover and/or mortality and, when 

applied, to disturbances, e.g. thinning. The net balance at the autotrophic level is represented by the Net 

Primary Production (NPP; Gross Primary Production, GPP minus Ra). The net balance at the ecosystem level 

is the Net Ecosystem Exchange (NEE; GPP minus Reco)(Chapin et al. 2006). 3D-CMCC-FEM does not simulate 

to date any outgoing C-fluxes due to non-anthropogenic disturbances, e.g. fire. Therefore, NEE can be 

considered pragmatically as equal to Net Ecosystem Production (NEP = GPP — Ra — Rh — disturbances). As 

similarly as for fluxes (e.g. GPP, Ra, NPP, and so on) also C-stocks have their own carbon budget which is 

represented by ‘incoming’ new structural (or non-structural) biomass and the ‘outgoing’ dead biomass, the 

net balance represents the remaining biomass after these two opposite in sign fluxes. By abstraction, there 

are several levels of ‘budget’ depending on the level of representation which in 3D-CMCC-FEM are at tree- 

and cell-level which also include litter- and soil-level. Note, given that carbon and nitrogen are in 3D-CMCC-

FEM stoichiometrically linked the same C-budget for C-stocks is specularly represented for N-stocks and it is 

not described here. Any budget for C, N, Energy, and H20 is checked daily, monthly, and annually at any 

hierarchical level of representation for the conservation of mass and energy (see paragraph PRINCIPLE OF 

THE CONSERVATION OF ENERGY AND MASS8). 

3.2 PHOTOSYNTHESIS 

The carbon flux into the vegetation via the photosynthetic process, the Gross Primary Production (GPP), is 

computed in the 3D-CMCC-FEM model by two different, mutually independent methods: the Light Use 

Efficiency (LUE) empirical approach (Monteith, 1977) and the biochemical model of Farquhar, von 

Caemmerer and Berry (FvCB, 1980) model as adapted by de Pury and Farquhar (1997) for sunlit and shaded 

leaves. The use of one approach or the other depends on model user settings (‘PSN_mod’, with 0 for the 

FvCB photosynthesis model and 1 for the LUE photosynthesis model).  
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3.2.1. Light Use Efficiency Model 
(subroutine: photosynthesis.c) 

In the empirical version (LUE version), the Gross Primary Production (GPP) for each class in the layer z, and 

dominated by a species x (see for example Figure 12 and Figure 13), is computed as: 

 

𝐺𝑃𝑃𝑥,𝑦,𝑘 ∈ 𝑧= (𝜀𝑚𝑎𝑥𝑥
 𝑜𝑟 𝛼𝑚𝑎𝑥𝑥

) ⋅  𝐴𝑃𝐴𝑅𝑥,𝑦,𝑘 ∈ 𝑧 ⋅  𝑓𝑇𝑥
⋅ 𝑓𝑁 ⋅ 𝑓𝐶𝑂2 ⋅ 𝑓𝑝ℎ𝑦𝑠𝑥,𝑦,𝑘 ∈ 𝑧

                   Eq.9 

 

the parameters εmax and αmax are the species-specific prognostic potential Light Use Efficiency (in grams of 

carbon or moles of carbon per moles of PAR, respectively) and depend on the species x. APAR is the Absorbed 

Photosynthetic Active Radiation (molPAR—2 day—1), i.e. the amount of the PAR entering the layer z which is 

absorbed by the canopy. The limiting factors (denoted as ‘fvariable’) are dimensionless values ranging from 0 to 

1 (see section ‘Modifiers’). These factors serve as trigger modifiers related to several environmental factors, 

such as VPD, fVPD air temperature, fT, soil water content, fψ and site nutrient status, fN including effects of 

stand age and atmospheric CO2 concentration. Whether in the modifiers (as also for other variables) the ‘x’ 

is not included as a subscript into the equation the species are not modelled to respond differently.   

As in the 3-PG model, there’s an additional ‘physiological modifiers’ fphys that is defined as min (fvpd, (fψ ∙ fage) 

(i.e. the minimum value between fVPD and f𝜓 ∙ fage). By means of the f𝜓 modifier, the LUE photosynthetic 

process is linked to the hydrological cycle (see paragraph 4). Note, as also in the FvCB model (see below) the 

LUE version distinguishes for sunlit and shaded leaves no in terms of use efficiency (which does not vary 

between the sunlit shaded leaves in the model) but between their different LAI and, thus, light absorption. 

At the cell level, the 3D-CMCC-FEM sums up all the GPP coming from the different classes, i.e. x, y, k belonging 

to the layer z and the number of layers (N) as: 

 

𝐺𝑃𝑃 =  ∑𝑁
𝑍=1 𝐺𝑃𝑃𝑥,𝑦,𝑘,𝑧                                                       Eq.10 

 

and across daily, monthly, and annual values. 
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Figure 12 Daily model results for GPP (gC m—2 day—1) with two different model configurations at Brasschaat site 
(Belgium, BE-Bra) and Renon site (Italy, IT-Ren). Model comparison at the Brasschaat modelled GPP by considering three 
canopy layers for Oaks (Quercus robur L.) and 1 layer for Pines (Pinus sylvestris L.) (blu line), by only simulating 1 layer 
of Pines (green line) and by only simulating 1 layer of Oaks (violet dots) versus measured GPP (red line)(left figure). 
Model comparison at the Renon site modelled GPP by considering two canopy layers (blu line), one single layer (violet 
dots) for Norway spruce (Picea abies (L.) H.Karst.) versus measured GPP (red line) (right figure) (Marconi et al. 2013). 

 

 

 

Figure 13 Comparison of MODIS monthly GPP (Modis 17A) and 3D-CMCC-FEM (v.1.0) monthly GPP (gC m—2 month—1) 
in the double-layered Turkey oak (Q. cerris L.) forest at the Torre di Feudozzo (Italy) (figure from Collalti et al. 2014). 

 

3.2.2. Biogeochemical Model 
(subroutine: photosinthesis2.c) 

In the fully biogeochemical version (BGC version), the 3D-CMCC-FEM computes the photosynthetic process at the 

leaf level, adopting the Farquhar et al. (1980, but see also Collatz et al. 1991) approach as modified for sun and 

shaded leaves by de Pury and Farquhar (1997). Hence, the effect of atmospheric CO2 concentration is directly 

embedded in the photosynthesis routine. However, in the 3D-CMCC-FEM model, there is the possibility to fix 

atmospheric CO2 concentration to a specific value so as to not consider the so-called ‘CO2 fertilisation ‘effect’. For 

the temperature dependence of the Michaelis-Menten coefficient for Rubisco and the CO2 compensation point 
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without mitochondrial respiration, the model adopts the parameterization described in Bernacchi et al. (2001, 

2003). Temperature acclimation of leaf photosynthesis to increasing temperature is accounted for (when 

‘Photo_accl’ is set to ‘on’) following Kattge and Knorr (2007). Following the definition of Smith and Dukes (2012), 

acclimation is the physiological, structural, or biochemical adjustment by an individual plant in response to an 

environmental stimulus that is manifested as alterations in the short-term response function of a physiological 

process. In the de Pury and Farquhar (1997) two-leaf model (or ‘sun-shade’ model), the rate of photosynthesis 

depends on nitrogen content, which is controlled by the C:N ratio for leaves, in the sunlit and shaded leaves and 

Rubisco, the temperature leading enzyme kinetics, the Maintenance Respiration (Rm), and the difference between 

internal and external partial pressure of CO2. The rate of photosynthesis is sensitive to the N content of leaves, 

the portion of N in Rubisco, and the temperature as this controls the enzyme kinetics. The amount of Rubisco 

depends on the user-defined fraction of leaf N in Rubisco and the user-defined C:N ratio of leaves (a species-

specific parameter). Photosynthesis also depends on the amount of absorbed PAR, the calculated Rm in leaves, 

and the difference between the internal and external partial pressure of CO2. As always, all steps are done 

separately for sun and shade leaves. The 3D-CMCC-FEM considers both the Leaf-scale maximum carboxylation 

rate (Vcmax25 at 25 °C) and the maximum rate of electron transport (Jmax25 at 25 °C) and then corrected for actual 

leaf temperature (Medlyn et al. 1999) and soil water content (Bonan et al. 2011). Both the actual (Vcmax) and the 

maximum carboxylation rate, as well as the actual (Jmax) and the maximum rate of RuBP regeneration are 

computed separately for sun and shaded leaves, as nitrogen and Rubisco vary between sun and shaded leaves, 

similarly as in the CLM model (Bonan et al. 2011). The net carbon uptake A (both for sun and shaded leaves) is first 

computed per unit of projected leaf area and then upscaled from leaf to canopy via the LAI. The final carbon flux 

GPP is computed by adding the maintenance respiration of the leaf pool (both as maintenance respiration for sun 

and shaded leaves, (see paragraph 3.8 Phenology, Partitioning and Allocation and Turnover‘) and accounting for 

cold acclimation (ft; see below) in the coming model version:  

 

𝐺𝑃𝑃𝑥,𝑦,𝑘 ∈ 𝑧 =  𝐴𝑥,𝑦,𝑘 ∈ 𝑧 + 𝐿𝑒𝑎𝑓 𝑅𝑚𝑥,𝑦,𝑘 ∈ 𝑧
⋅ 𝑓𝑡                                                     Eq.11 

 

The total GPP at stand level is the sum of GPP across species, DBH classes, cohorts, and layers. At the cell level, 

the 3D-CMCC-FEM sums up all the GPP coming from the different classes and number of layers (N) as: 

 

𝐺𝑃𝑃 =  ∑𝑁
𝑍=1 𝐺𝑃𝑃𝑥,𝑦,𝑘,𝑧                                                       Eq.12 

and across daily, monthly, and annual values.  
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The 3D-CMCC-FEM capacity for simulating GPP (both in its LUE and FvCB version) has been largely tested in 

several sites around Europe and North Canada over the years (Collalti 2011, Collalti et al. 2014, 2016, 2018, 

2020a; Marconi et al. 2017; Dalmonech et al. 2022, 2024; Mahnken et al. 2022a, Testolin et al. 2023; Vangi 

et al. 2024a, 2024b; Saponaro et al. 2025; Puchi et al. in prep.; and see Figure 14,  Figure 15 and Figure 16) 

 

 

Figure 14 Evaluation of the average simulated daily GPP (gC m—2 day—1), as the man season cycle, against the values 

obtained by the eddy covariance tower at the Bonis watershed in the years 2005–2008 (a, b). The solid line represents 

the mean simulated value. The points represent the mean values derived by eddy covariance measurements in different 
years. Shaded areas (a) and error bars (b) are the intervals between the minimum and maximum values for a given day 
(figure from Testolin et al. 2023). 

 

 

Figure 15 Comparison of daily Gross Primary Productivity (gC m—2 day—1) between GPP from eddy covariance tower 
(AmeriFlux CA-OJP) and the GPP modelled using 3D-CMCC-FEM at site Prince Albert (Canada), Pinus banksiana Lamb. 
for the period 1999-2021 (Puchi et al. in prep.). 
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Figure 16 Daily seasonal cycle (average 2012-2020) of the gross primary productivity (GPP) in the sites of A) Torgnon, 
Valle d’Aosta, Italy, estimated from the measured carbon flux with the eddy-covariance methodology (EC) and modelled 
by the 3D-CMCC-FEM. Modelled GPP fluxes as reported as total and according to species :SP1: Larix deciduas Mill., SP2: 
Picea abies (L.) H.Karst, and SP3: shrubs in the understory. B) Renon, South Tirol, Italy, estimated (EC) and modelled GPP 
values as sum of the GPP simulated for each cohort, i.e. 5 in total. 

 

The ‘cold acclimation’ 

In recent forest modelling studies, it has been observed delay in the resumption of GPP during springtime in 

northern forests (Luo et al. 2023). Specifically, the modelled GPP from 3D-CMCC-FEM, compared to GPP 

obtained via eddy covariance, started, systematically in northern/boreal sites approximately three weeks 

earlier. Surprisingly, such a mismatch has been shown to hit not just the 3D-CMCC-FEM GPP results but also 

other models (Figure 17). This disparity has been elucidated by the phenomenon of ‘cold acclimation’ 

prevalent in cold environments. 

Boreal ecosystems, characterized by their sensitivity to cold winters, necessitate an acclimation period for 

tree tissues to resume photosynthesis effectively. This acclimation process, notably observed in evergreen 

needle forests (Chang et al. 2021; Luo et al. 2023), is imperative for coping with the rigors of winter freezing, 

known as cold hardiness. The principal photoprotective mechanism employed by evergreen trees involves 

an increase of protective pigments to counteract ice crystal formation. 

As a consequence, during the early spring season, evergreen trees require a period for metabolizing photo-

pigments and for re-starting photosynthetic activity. This precautionary pause is necessary because trees 

cannot ensure immunity from potential cold spells that might freeze their hydraulic system. Consequently, 

with the onset of spring, these trees undergo a necessary phase to eliminate these pigments and initiate 

growth with care. This cautious approach is essential as there remains the risk of cold days that could inflict 

damage upon their hydraulic systems.  

A B 
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Figure 17 Comparison of the daily mean seasonal cycle of observed GPP_EC (black line), modelled GPP (gC m—2 day—1) 
with cold acclimation (green line) with no cold acclimation (orange line) for the Fluxnet-site of Hyytiälä in southern 
Finland, an evergreen needled leaf forest, for the period 1996-2014. 

 

In response to this delay, Mäkelä et al. (2008) suggested implementing an acclimation function to reduce this 

discrepancy and rectify the ‘overestimation’ of GPP during the early spring. The modifier (ft) accounts for the 

temperature acclimation and we implemented it directly to the GPP in the model (see in the ‘Multipliers’ 

paragraph). Note that the ‘cold acclimation’ function does not make part of the v.5.6 and it represents a 

future implementation in the coming new version of the model. 

3.3 AUTOTROPHIC RESPIRATION 

(subroutine: autotrophic_respiration.c) 

Forest autotrophic respiration (Ra) plays an important role in the carbon balance of forest ecosystems. Only 

30-50% of photosynthesis (GPP) is used for making leaves, wood, and root tissues, while the remaining 

portion returns back to the atmosphere in the form of Ra (DeLucia et al. 2007). The 3D-CMCC-FEM computes 

the Ra mechanistically by considering plants’ respiration as the sum of maintenance respiration (Rm) of all 

living tissues and daily growth or synthesis respiration (Rg) — the so-called 'growth-and-maintenance-

respiration paradigm’ (‘GMRP’; Amthor 2000) — on a daily scale. In the 3D-CMCC-FEM, there is also the 

chance, coming from previous model versions, to consider (or to approximate) Ra depending only on annual 

photosynthesis by increasing the turnover rate parameter (i.e. the inverse of residence time or ‘longevity’) 

of live respiring biomass to 1 (see Collalti et al. 2020a, Figure 18) with no accumulation of live (respiring) 
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biomass over the years (apart from leaves and fine root in evergreen species). A different way to consider 

respiration as a fixed fraction of photosynthesis is by setting the parameter ‘Progn_Aut_Resp’ with ‘off’ and 

the 3D-CMCC-FEM will use the Waring et al. (1998) ‘fixed fraction’ controlled by the ‘Y’ parameter. 

 

 

Figure 18 Model results for autotrophic respiration (R, gC m—2 year—1) performed with varying τ (coloured lines). The 
beginning of simulations corresponds to 1950 (i.e. when the stand was 30 years old); the end corresponds to 2100 (the 
stand reached an age of 180 years). The dark‐pointed red line can be considered as a mechanistic representation of 
Waring et al.'s (1998; ‘W98’) fixed NPP: GPP ratio (τ = 1 year—1, i.e. all live biomass dies the year after, no live biomass 
accumulates over the years), while the dark-pointed pink line approximates Reich et al.'s (2006, ‘R06’) scaling 
relationship between R and biomass (τ = 0.1 year—1; i.e. few of the previous live biomass dies the year after, most of the 
live biomass accumulates). Orange dotted lines represent Amthor's (2000)(A00) ‘allowable’ range for the NPP: GPP ratio 

(0.65–0.2). The red dots give the average measured values (Wu et al. 2013) at the site for R. Vertical bars represent the 

standard deviation with horizontal bars representing the period 2006–2010 (stand age ≈85–90 years). The shaded area 
represents the overall uncertainty of model results (figure from Collalti et al. 2020a). In this case, R stands for Ra. 

 

Maintenance respiration is the basal rate of metabolism and includes the energy expended on ion uptake and 

transfer within plants and the repair of injured tissue (Waring and Running 2007). Rm is computed daily (but 

partitioned into daytime and night-time respiration for leaves) in the 3D-CMCC-FEM as a function of both 

Mass and Temperature. Leaf maintenance respiration is computed using daytime temperature and night-

time air temperature. Root (both for fine and coarse) maintenance respiration is computed daily using the 

soil temperature. Other pools (i.e. stem and branch) use average air temperature, instead. The temperature 

effect is simulated through the standard Arrhenius relationship but, in the most recent versions of the model, 

modified to consider short- and long-term acclimation responses (i.e. ‘Type I’ and ‘Type II’ acclimation). The 

original formulation in ‘v.5.1’ adopted the classical temperature-dependent Q10 function with Q10 ≈2, i.e. the 

rate of biochemical reactions doubles for every 10 °C increase in temperature. However, there is a compelling 
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body of evidence that respiratory Q10 is not likely to be constant but rather depends on both the shape of 

the temperature-response curve and the range of temperatures used in its empirical determination and that 

plants can adjust respiration rate in response to a change in temperature. Conversely, the formulations, in 

the most recent version of the 3D-CMCC-FEM, consider an acclimation, both on short- and long-term, on 

maintenance respiration and comprises the Q10 modification that more closely (and realistically) matches 

both the instantaneous and the longer-time responses of maintenance respiration (Tjoelker et al. 2001; Atkin 

and Tjoelker 2003; Atkin et al. 2005, 2008; Smith and Dukes 2012). This modification, called ‘Type-I’ 

acclimation (or ‘short-term acclimation’), is expressed as: 

 

𝑄10  = 3.22 −  0.046 ⋅ 𝑇𝑝𝑜𝑜𝑙                                                       Eq.13 

 

where Tpool is the temperature acting to a specific pool (e.g. Tsoil for roots), and it varies between different 

pools (for comparison with the classical Q10 = 2 see Figure 19a). The instantaneous respiration rate at a given 

temperature (RT) then becomes:  

 

𝑅𝑇𝑝𝑜𝑜𝑙
=  𝑅𝑅𝑒𝑓 ⋅  𝑄10

(
𝑇𝑝𝑜𝑜𝑙−𝑇𝑅𝑒𝑓

10
)
                                                       Eq.14 

 

where Rref is the basal respiration rate (0.218 gC gN—1 day—1; Ryan 1991; Thornton et al. 2007), N is the 

nitrogen content in the live structural tissues (leaves, fine roots, and livewood, in gN m—2; Cox 2001), TRef is 

the reference temperature (20 °C; Thornton et al. 2007; Reich et al. 2016) and Tpool the temperature for each 

pool. For every single pool, the 3D-CMCC-FEM compute, as in Cox (2001), based on Temperature effects and 

Mass (i.e. the tissue nitrogen content for each live pool, N in gN m—2) the maintenance respiration as: 

 

𝑅𝑚𝑥,𝑦,𝑘 𝜖 𝑧
= 𝑅𝑇𝑝𝑜𝑜𝑙

⋅ 𝑁𝑥,𝑦,𝑘 𝜖 𝑧                                                      Eq.15 

 

such a formulation leads to a decrease in respiration to an increase in Tpool at a peak temperature of ≈ 35 °C 

reflecting a rather instantaneous response or respiration to temperature reflecting a biochemical adjustment 

to this temperature increase (Atkin and Tjoelker 2003; Figure 19). 
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The ‘Type II’ acclimation (or long-term acclimation’) represents the likely result of biogeochemical plant 

adjustments and/or biogeochemical feedbacks in the long-term response of respiration rates to temperature 

(Rm accl, gC m—2 day—1; Atkin and Tjoelker 2003; Atkin et al. 2005, 2008) that leads to a decrease in the 

temperature-mediated basal rate response curve with increasing temperature as described by Smith and 

Dukes (2012), through: 

 

𝑅𝑚 𝑎𝑐𝑐𝑙 =  10𝐴𝑟⋅(𝑡10𝑑𝑎𝑦𝑠−𝑝𝑜𝑜𝑙 − 𝑇𝑟𝑒𝑓)                                           Eq.16 

 

where Ar represents a constant temperature correction factor for acclimation (0.00794; Atkin et al. 2008; 

Smith and Dukes 2012) and T10days is the 10-day running weighted average of the previous days (daytime, 

nighttime, average, or soil temperature, depending on the pool considered) temperature (Figure 19b). Thus, 

Rm, as modified with Type-I and Type-II acclimation control and accounting for mass, becomes: 

 

𝑅𝑚𝑥,𝑦,𝑘 𝜖 𝑧
 =  𝑅𝑇𝑝𝑜𝑜𝑙

⋅ 𝑁𝑥,𝑦,𝑘 𝜖 𝑧 ⋅  𝑅𝑚 𝑎𝑐𝑐𝑙                                                               Eq.17 

 

  

Figure 19 (Left panel) Type-I or short-term acclimation. Comparison of Q10 respiration rate function at varying 
temperature with no modification ‘No Type I’ (fixed Q10, with Q10 = 2.0; red line) versus modified ‘Type I’ (variable Q10 
with Q10 = 3.22–0.046Tpool, blue line) with RRef = 0.218 gC gN—1 day—1 (Ryan 1991, Thornton et al. 2007) with Tref = 20 °C. 
(Right panel) Type-II or long-term acclimation. Comparison of daily leaf temperature respiration responses including 
only ‘Type I’ (red line) and ‘Type-I’ + ‘Type-II’ (blue line) at varying temperatures with Leaf nitrogen = 4.407 gN m—2. 
Temperature is the Tday 10-day average temperature (redrawn from Collalti et al. 2018). 
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Acclimation of maintenance respiration (and its effects on the overall C-budget) can be switched off in 3D-

CMCC-FEM by setting ‘on’ or ‘off’ in the setting file. Maintenance respiration is computed in 3D-CMCC-FEM 

for leaves (both as sunlit and shaded leaves) for both day and night (using Tday and Tnight) because of the 

respiration in the FvCB photosynthesis model. Conversely, the model considers the stem and branch pool 

Tavg, and for coarse and fine root it considers Tsoil. Therefore, the overall final maintenance respiration is the 

sum of each single maintenance respiration in each respiring biomass pool. Given that trees accumulate a 

large amount of conducting and storage tissues in biomass as they age (i.e. growth), even including the 

turnover of these pools, the initial increase and the subsequent observed decrease in relative NPP is often 

associated (but this is a much-debated topic) with age has often been assumed to reflect increasing 

maintenance costs, because with ageing the biomass tends to accumulate (e.g. Ryan et al. 1997; Mäkelä and 

Valentine 2001; Collalti et al. 2020a, 2020b). In 3D-CMCC-FEM for both stem, branch, and coarse root only 

the live component is considered and not all the woody biomass while for leaves and fine root, all biomass is 

considered (Collalti et al. 2016). 

Growth (or synthesis) respiration (Rg), that is the cost for constructing and synthesise new tissues, is 

considered in the 3D-CMCC-FEM to vary with tree age from 0.30 to 0.25 (30% to 25%) of the new daily carbon 

allocated to each pool (excluding Non-Structural Carbohydrates) (Larcher 2003). This percentage does not 

depend on abiotic factors, as there is little evidence that the specific costs of tissue biosynthesis are e.g. 

temperature dependent or CO2 dependent (Hamilton et al. 2001).  

The total Ra (as the sum of Rm + Rg) at stand/grid-cell level is the sum of Ra across species, DBH classes, cohorts, 

and layers as follows: 

 

𝑅𝑎  = ∑𝑁
𝑧=1 𝑅𝑎𝑥,𝑦,𝑘

= ∑𝑁
𝑧=1 𝑅𝑚𝑥,𝑦,𝑘

+ ∑𝑁
𝑧=1 𝑅𝑔𝑥,𝑦,𝑘

                                Eq.18 

and it is integrated across daily, monthly, and annual values. 

3.4 NET PRIMARY PRODUCTIVITY 

(subroutine: C-assimilation.c) 

The Net Primary Production (NPP) is calculated daily in 3D-CMCC-FEM in two steps. Firstly, the allocable NPP 

(NPPalloc) is computed by subtracting the Maintenance Respiration (Rm) from the Gross Primary Production (GPP) 

as follows: 
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𝑁𝑃𝑃𝑎𝑙𝑙𝑜𝑐𝑥,𝑦,𝑘 ∈ 𝑧 = 𝐺𝑃𝑃𝑥,𝑦,𝑘 ∈ 𝑧  - 𝑅𝑚𝑥,𝑦,𝑘 ∈ 𝑧 
                                      Eq.19 

 

This fraction of NPP is allocated to the different plant pools according to phenological phase and allocation 

rules as described in the paragraph 3.8 Phenology, Partitioning and Allocation and Turnover. When Rm 

exceeds GPP, NPP is negative and respiration is fuelled by NSCs (as it happens also during the dormant season 

for deciduous).  

After the partitioning of the allocable NPP, the effective plant NPP is computed by subtracting the Growth 

Respiration (Rg) as follows: 

 

𝑁𝑃𝑃𝑥,𝑦,𝑘 ∈ 𝑧 = 𝑁𝑃𝑃𝑎𝑙𝑙𝑜𝑐𝑥,𝑦,𝑘 ∈ 𝑧  - 𝑅𝑔𝑥,𝑦,𝑘 ∈ 𝑧 
                                   Eq.20 

 

This is computed for each plant C-pool, other than the NSC-pool, and each class. At the cell level, the 3D-

CMCC-FEM sums up all the NPP coming from the different classes and number of layers (N) as: 

 

𝑁𝑃𝑃 =  ∑𝑁
𝑧=1 𝑁𝑃𝑃𝑥,𝑦,𝑘                                                        Eq.21 

 

and across daily, monthly, and annual values. The 3D-CMCC-FEM capacity for simulating NPP (both 

accounting for Ra empirically or mechanistically) has been tested in several sites around Europe over the 

years (Collalti 2011; Collalti et al. 2014, 2018, 2020a; Engel et al. 2021; Dalmonech et al. 2022; Vangi et al. 

2024a, 2024b; and see Figure 20) 
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Figure 20 Comparison of the predicted annual NPPwoody (the annual NPP allocated to woody pools, gC m–2 day–1) with 
site observations at three modelling stands. The blue shaded area represents the maximum and minimum bounds 
NPPwoody values among the five Earth System Models (ESMs) forcing meteorological data; the red line represents the 
average NPPwoody values when the model is forced by observed climate. Black dots represent the measured NPPwoody 
values (i.e. NPPwoody Meas.), and the grey shaded area represents the relative uncertainty bounds. At the Hyytiälä site, 
NPPwoody observed data for the year 2002 was missing. OT = observed thinning at the site; ESM = model forced with 
Earth System Models climate (figure from Dalmonech et al. 2022). 

3.5 FOREST AND CARBON DYNAMICS 

The traditional view of forest dynamics in undisturbed ecosystems describes an initial stepwise increase in 

productivity, followed by stabilisation and a further slight decline (Kira and Shidei, 1967; Odum, 1969). 

Several studies have shown that 3D-CMCC-FEM follows this general behaviour with GPP, Ra, and NPP 

increasing at increasing age till GPP stabilises and levels off at canopy closure, with Ra and NPP that 

alternatively start to increase and decrease in a feed-forwarding behaviour, but with a general trend mirrored 

in a slight NPP and Ra decrease for middle-aged classes to the old ones. Likewise, C-stocks increase sharply 

during juvenile stages and then slightly stabilise (Collalti et al. 2018; Dalmonech et al. 2022; Testolin et al. 

2023; Vangi et al. 2024a, 2024b). Conversely, Tang et al. (2014; following Ryan et al. 1997 and Drake et al. 

2011 and the ‘hydraulic limitation’ hypothesis), argued, in contrast to this foundational principle of 

ecosystem ecology, that NPP declines with age (mostly above-ground NPP), not because of increases in Ra 

but rather because of GPP declines as forest ages and that the NPP:GPP should remain fairly constant within 

a biome and along with ageing. Therefore, to this view, GPP should decrease and this would lead also Ra to 

decrease to maintain overall the NPP:GPP ratio invariant. Somewhat into the 3D-CMCC-FEM, the GPP 

declines with forest development as the age effect is already inherently embedded through the use of fage a 

modifier that accounts for the age effect both in the LUE model (by directly reducing the maximum potential 

canopy quantum efficiency parameter αmax) as well as in the FvCB (by indirectly reducing in the Jarvis 

formulation the maximum stomatal conductance parameter gs max). However, many tests accounting for the 

effects of a reduction in the GPP, and a theoretical decrease in Ra, into the model showed the larger effect of 
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biomass accumulation and Ra increase than a GPP reduction in the NPP:GPP behaviour as forest age (see 

Figure 21). Understanding the correct role of each component in the NPP will be crucial as elevated 

atmospheric carbon dioxide (CO2) levels might enhance the carbon (C)-sink in forests by amplifying GPP, 

assuming it regulates the decline in NPP. However, rising temperatures could diminish this carbon sink if 

factors like Ra would show to play a dominant role in the decline of NPP (Drake et al. 2011). 

 

 

Figure 21 Boxplots GPP and NPP (Gross and Net Primary production, gC m—2 year—1) Ra (Autotrophic Respiration, gC m—

2 year—1) and tCWS (Total Carbon Woody Stocks, tC ha—1) by age classes at the Hyytiälä site in the four RCPs scenario 
compared to the CCS (Current Climate Scenario, i.e. no climate change scenario) one for the different 11 age classes. 
The thick line corresponds to the real stand, while the others come from the CFM approach. Lines are fitted throughout 
the median of the GPP, NPP, Ra, and tCWS values using a generalised additive model. ‘Age classes’ represent the stand 
age at the beginning of simulations (figure from Vangi et al. 2024b). 
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3.6 CARBON-USE AND BIOMASS-PRODUCTION EFFICIENCY 

(subroutine: cue.c) 

The Carbon Use Efficiency (CUE) is the ratio of NPP to GPP and reflects the capacity of the plants to use the 

photosynthates to build plant tissues and synthesise non-structural and secondary compounds (Collalti and 

Prentice 2019). Differently, Biomass Production Efficiency (BPE) reflects how efficiently plants use assimilated 

carbon to build (only) plant organs (biomass production, BP) (Vicca et al. 2012; Campioli et al. 2016; Collalti 

et al. 2020b see Figure 22). These two metrics are inherently close, but not identical. Ultimately, given that 

the current 3D-CMCC-FEM versions do not account for BVOCs (Biogenic Volatile Organic Compounds) or root 

exudates, the main differences BP and NPP rely on the consideration of NSCs, which are not accounted for 

in the BP definition.  

 

Figure 22 Scatter plot of net primary production (NPP, gC m—2 year—1) or biomass production (BP, gC m—2 year—1) versus 
gross primary production (GPP, gC m—2 year—1) (n = 228). Open circles: BP, filled circles: NPP. Stars represent data points 
from Waring et al. (1998). The line marked with ‘W98’ represents a CUE (i.e. NPP:GPP) of 0.47. Age classes are marked 
by colours (see top left of the figure); NA stands for ‘age not available’. The uncertainty (gC m—2 year—1) of the data 
points is indicated by bars (figure from Collalti et al. 2020b). 

 

Around the constancy or not to the NPP:GPP (or BP:GPP) ratio, there is a long-lasting debate with one school 

of thought emphasising its tight conservative nature close to 0.47 ± 0.04 (SD) (e.g. Waring et al. 1998; Gifford 

2003; Litton et al. 2007; Van Oijen et al. 2010; Tang et al. 2014; Landsberg et al. 2020), with many forest or 
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vegetation models using this less complex approach (reviewed in Collalti and Prentice 2019). A different 

school of thought argues that the observations show a broad variation in the NPP:GPP ratio (0.46 ± 0.12 SD 

and a total range of 0.22-0.79) that is too large to be disregarded or considered as 'conservative' (Collalti and 

Prentice 2019; Collalti et al. 2020b) and then suggests for a mechanistic, and more complex, representation 

of Ra (and thus of the NPP:GPP ratio). Indeed, a long line of observations has shown that CUE (and BPE) varies 

largely because of, among others, stand age, species, forest management, soil fertility, and climate (e.g. 

Mäkelä and Valentine 2001; DeLucia et al. 2007; Vicca et al. 2012; Campioli et al. 2015; Collalti et al. 2018, 

2020a, 2020b; Collalti and Prentice 2019; Luo et al. 2024). In addition, in a climate change context, assuming 

that Ra may vary in a constant and fixed proportion with GPP would imply assuming that these two processes 

acclimate at the same rate, although it has been shown they have different temperature responses (Drake 

et al. 2016; Reich et al. 2016). However, several studies (e.g. van Oijen et al. 2010; Collalti et al. 2020a, see 

Figure 23) have shown that there is a tight coupling between GPP and Ra because, ultimately, ‘plants cannot 

respire what they do not have synthesised before’ (Gifford 2003).  

All these factors (apart from soil fertility) are taken into account explicitly in the 3D-CMCC-FEM while 

computing GPP and Ra and, thus, NPP. The 3D-CMCC-FEM model commonly calculates both CUE and BPE, at 

various temporal scales, spanning daily, monthly, and annual scales using this last one (but read below), thus 

considering NPP as the result of GPP and Ra where Ra is mechanistically represented. With Ra computed, the 

3D-CMCC-FEM relies on the NPP:GPP equation, for the BPE the BP is computed first (BP is the daily NPP going 

to stem, branch and bark, fruits, fine and coarse roots and leaves C-pools) and then divided by the GPP.  

 

 

 

Figure 23 Model results for Pn:P ratio (dimensionless), performed with varying τ (live biomass turnover ratio, coloured 
lines). The beginning of simulations corresponds to 1950 (stand age 30 years), and the end of simulations corresponds 
to 2100 (stand age 180 years). The dark‐pointed red line can be considered as a mechanistic representation of Waring 
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et al.’s (1998; W98) fixed Pn:P ratio (τ = 1 year–1), while the dark pink line approximates Reich et al.’s (2006; R06) 
metabolic scaling relationship between R and biomass (τ = 0.1 year–1). Orange dotted lines represent Amthor's 
(2000)(A00) ‘allowable’ range for the Pn:P ratio (0.65–0.2). The red dots give the average measured values (Wu et al. 
2013) at the site for Pn:P ratio. The shaded area represents the overall uncertainty of model results (figure from Collalti 
et al. 2020a). In this case, P stands for GPP and Pn for NPP. 

 

Note, much of the 3D-CMCC-FEM model instability (which reflects in the mortality of the stand during 

simulations) in model runs often relies on the activation of the ‘growth efficiency’ mortality which is turned 

on any time NSC is fully depleted, and current assimilates are not able to replenish and the maintenance 

respiration to be fuelled. This is generally due to too low GPP values and/or too high level of Ra values (and 

detectable by very low CUE values in the model outputs) in most of the cases caused by, for non-practitioner 

users, an erroneous calibration of biomass during initialization phase (see paragraph 1.4 Model Initialization: 

the Forest Structure and the Pools). 

3.7 WATER-USE EFFICIENCY 

(subroutine: wue.c) 

The Water Use Efficiency (WUE) is the ratio of carbon gain during plant photosynthesis to water loss during 

evapotranspiration. Understanding WUE is essential for studying the interaction of water and carbon cycles 

in forest ecosystems (Puchi et al. 2024). 

The 3D-CMCC-FEM model calculates different WUEs at various temporal scales, spanning from daily, 

monthly, and annual scales. Its computation can be performed at both the tree and ecosystem levels. At the 

tree level, the 3D-CMCC-FEM estimated three distinct types of WUE. The 3D-CMCC-FEM model incorporates 

various factors such as tree height, DBH, age, and species (deciduous or evergreen). Additionally, the model 

discriminates if the leaves are intolerant or shade-tolerant for accurate WUE estimations. Several WUE are 

considered the 3D-CMCC-FEM which are: 

- Water Use Efficiency (WUE) at the tree level, which is calculated as the ratio of Net Primary 

Productivity (NPP) to canopy transpiration (gC; i.e. NPP:gC).  

- Intrinsic Water Use Efficiency (iWUE) at the ecosystem level which is calculated as the ratio of Gross 

Primary Production (GPP) to canopy transpiration (gC; i.e. GPP:gC). Distinguishes between sunlit and 

shaded conditions, offering a better understanding of tree-level Water Use Efficiency. 

- Stomatal Water Use Efficiency (gsWUE) is derived from tree-level calculations and is calculated as the 

ratio of Gross Primary Production (GPP) to stomatal conductance (gs; i.e. GPP:gs).  
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3.8 PHENOLOGY, PARTITIONING AND ALLOCATION AND TURNOVER 

3.8.1. Phenology 
(subroutines: phenology.c) 

The 3D-CMCC-FEM considers, for deciduous tree species, the length of the vegetative period by the variables 

Tstart and ‘MinDayLength’, i.e. the length of the day at which the senescence starts, for the beginning and the 

end of it. At the end of each day, the amount of new biomass is partitioned and allocated among the main 

tree carbon compartments: leaf, fine and coarse root, stem, branch, and fruit. The woody compartments are 

further subdivided into sapwood, heartwood, and live and dead wood. Another pool is represented by Non-

Structural-Carbon (starch, and sugars) that is stored in the whole tree. NSC is used as a carbon reserve pool 

during periods of negative carbon balance (for example, during the dormant season, periods of stress or 

natural or artificially induced defoliation episodes, to combat pathogens, and fire scars, and injuries, which 

are, however, not accounted for by the 3D-CMCC-FEM). In these stress periods NSC is remobilized and 

transported from the sites of phloem loading (parenchyma rays in conifers; von Arx et al. 2015, 2017), while 

during periods of positive carbon balance plants preferentially allocate recently assimilated carbon to 

replenish NSC (Merganičová et al. 2019; Collalti et al. 2020a, 2021; D'Andrea et al. 2020, 2021). The minimum 

NSC is a set fraction of dry matter total sapwood mass (which is generically equal to 0.11 and 0.05 for 

deciduous and coniferous, respectively) as in Forest v.5.1 model (Schwalm and Ek 2004; but see also 

Barbaroux et al. 2003; Hoch et al. 2003) and as in Hybrid (v.3.0) model (Friend et al. 1997). The 3D-CMCC-

FEM assumes that potentially all NSC can be actively remobilized and used under carbon-deficit periods to 

buffer C-demand as during leaves formation for deciduous in spring (Arora and Boer 2005) or under stress 

periods (Carbone et al. 2013). As a general principle, at any period of the year, if NSC concentration falls 

below this critical value, all photosynthates (if present, and once respiration costs are satisfied) are firstly 

allocated in the storage pool to reach the minimum NSC concentration value.  

Allocation of assimilates to the other C pools is done at a daily scale and is strongly regulated by the 3D-

CMCC-FEM phenological scheme, which is temperature- and photoperiod-dependent (Collalti et al. 2016, 

2018; Marconi et al. 2017). 

The 3D-CMCC-FEM, for deciduous species, considers four phenological transitions, i.e. that drive the seasonal 

progression of vegetation through phases of dormancy/quiescence, bud-burst and leaf growth, active 

growth, and senescence as in the following: 

1. Budburst phase. During this green-up phase, the primary organs receiving remobilization of NSC are leaves 

and fine roots. The leaf (and fine root) onset is controlled and triggered by two species-specific parameters, 

which are a threshold thermic sum (the sum of the Tday exceeding the threshold Tbase value of 5 °C; Bonan 
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2019) and a threshold day-length and, as generally assumed by many other models. Therefore, leaf and fine 

root onset start from quiescence when the thermic sum exceeds a species- and site-specific temperature 

threshold value. During the budburst phase and leaf and fine root development, which is controlled by a 

parameter regulating the number of days for this phase, newly synthesised carbon from photosynthesis and 

the remobilization of previously synthesised carbon (i.e. the NSC) are allocated to the foliage and fine root 

pools as long as the balance between GPP and maintenance autotrophic respiration is positive. Otherwise, 

the 3D-CMCC-FEM model first fuels the respiration, and then the remaining photosynthates, are used for leaf 

and fine root development. The target of the plant in this phase is to reach the maximum LAI (which is 

computed through the ‘pipe model theory’; Shinozaki et al. 1964a, 1964b). 

2. Normal growth or steady growth phase. During the succeeding growth phase and lasting up to the 

beginning of leaf senescence, some carbon is allocated to fruits (i.e. the 10% of daily allocable NPP, Sitch et 

al. 2003; Krinner et al. 2005; Bonan 2019) — provided that NSC is above a certain safety value — and the 

trees have overcome the sexual maturity age limit. It follows the allocation into the NSC pool, (to refill the 

reserves for the coming years), stem, branches, and coarse root, as long as the balance between GPP and 

maintenance respiration is positive. Otherwise, no growth occurs, and NSC is used. If the NSC level is below 

a minimum threshold, to avoid losses of starch and sugars (undistinguished in the model), defoliation occurs.  

3. Leaf fall phase. When day length (in hours) is shorter than a species-specific threshold parameter value, 

the leaf fall and fine root senescence phase begins. The leaf fall and fine root senescence follow a sigmoid 

function which leads to the removal of all leaves and fine roots in a defined number of days. Fallen leaves 

enter the litter and subsequently, parallel to dead fine roots, into the soil pool. During the leaf fall phase, the 

total positive carbon balance (i.e. newly photosynthates less maintenance respiration costs) is allocated to 

the NSC pool and some (i.e. 10%) of the NSC in these two pools is also re-mobilised and transferred to the 

overall NSC pool (Campioli et al. 2013; Collalti et al. 2016). 

4. Dormancy phase. Finally, during the dormant season, trees consume NSC for fueling maintenance 

respiration outside the growing season (Merganičová et al. 2019). 

For evergreen species, the 3D-CMCC-FEM follows a similar but much more simplified approach simulating 

two phases: 

1. First growth phase. When the 3D-CMCC-FEM allocates NPP to leaf up to reach the expected peak LAI. The 

amount of carbon allocated to the fine root pool is proportional to the amount allocated to the leaf pool. If 

the maximum attainable LAI is achieved in this first phenological phase, the excess of allocatable C is 

partitioned to the stem, coarse roots, and the branch and bark pools. If the NSC is below a minimum value, 

priority in allocation is given to this pool.  



Monitoring and predicting forest growth and dynamics 
 

40 

 

2. Second growth or steady growth phase. In the second growing phase, the 3D-CMCC-FEM allocates the NPP 

to all pools, i.e. leaf, fine and coarse root, branches and stem, and fruit pool (as 10% of allocable daily NPP; 

Bossell 1996), if trees have reached sexual maturity. If the NSC is below a minimum value, priority in 

allocation is given to this pool.  

3.8.2. Carbon (and Nitrogen) Partitioning/Allocation 
(subroutines: C-evergreen-partitioning.c, C-deciduous-partitioning.c) 

Carbon partitioning and allocation (i.e. the amount of GPP allocated to a specific pool; Litton et al. 2007) in 

3D-CMCC-FEM follows the ‘Functional Balance’ principles of allocation of biomass (Merganičová et al. 2019) 

which postulates that the resources for growth are supplied in amounts that ensure that the needs for growth 

and proper functioning of plant tissues are met. Carbon partitioning between pools is based on species-

specific parameters that are dynamically regulated by abiotic factors (i.e. light and water availability) as: 

 

𝑎𝑆𝑥,𝑦,𝑘 𝜖 𝑧
=  

𝜀𝑆𝑥  + 𝜔𝑥(1 − 𝐿𝑥,𝑦,𝑘 𝜖 𝑧) 

1 + 𝜔𝑥(2 −𝐿𝑥,𝑦,𝑘 𝜖 𝑧 − 𝑓𝜓𝑥,𝑦,𝑘 𝜖 𝑧
) 

                                                  Eq.22 

and 

 𝑎𝑅𝑥,𝑦,𝑘 𝜖 𝑧
=  

𝜀𝑅𝑥  + 𝜔𝑥(1 − 𝑓𝜓𝑥,𝑦,𝑘 𝜖 𝑧
) 

1 + 𝜔𝑥(2 −𝐿𝑥,𝑦,𝑘 𝜖 𝑧 − 𝑓𝜓𝑥,𝑦,𝑘 𝜖 𝑧
) 

                                               Eq.23 

and 

𝑎𝐿𝑥,𝑦,𝑘 𝜖 𝑧
=  

𝜀𝐿𝑥  

1 + 𝜔𝑥(2 −𝐿𝑥,𝑦,𝑘 𝜖 𝑧 − 𝑓𝜓𝑥,𝑦,𝑘 𝜖 𝑧
) 

=  1 − 𝑎𝑆𝑥,𝑦,𝑘 𝜖 𝑧
 − 𝑎𝑅𝑥,𝑦,𝑘 𝜖 𝑧

                        Eq.24 

 

Where aS, aR, aL account for actual allocation under suboptimal current conditions of ‘allocable NPP’, i.e. the 

NPP after that the maintenance respiration costs of the current live biomass are accounted for (but that not 

still account for the growth respiration costs which are related to the newly produced tissues), into the stem 

(S), and coarse root (R) and leaf (L) (or NSC) pools. Otherwise, εS, εR, εL are species-specific parameters and 

define the allocation fractions in non-limiting conditions, while ω controls the ‘sensitivity’ of allocation to 

changes in light and soil water availability of a species, by mean of the factors L and the scalar fψ, respectively, 

as in the CASA, CTEM models (Friedlingstein et al. 1999; Arora and Boer 2005). L is the unabsorbed light 

(varying between 0 and 1) by the species x for the diameter class y, age class k, and canopy layer z (Collalti 

2011; Collalti et al. 2014, 2016; see Figure 24). 
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𝐿𝑥,𝑦,𝑘 ∈ 𝑧 =  𝑒 −𝑘𝑥 ⋅𝐿𝐴𝐼𝑥,𝑦,𝑘 ∈ 𝑧                                                           Eq.25 

 

For the limiting case of ω = 0 constant optimal allocation fractions are obtained. For deciduous trees, the 3D-

CMCC-FEM follows a similar scheme, but during phase 2, the fraction of carbon not allocated to stem, coarse 

root, and fruit pools is allocated to replenish the NSC pool. 

  

 

Figure 24 Allocation ratios for Stem (aS), Coarse Root (aR), and Leaf (aL) at: varying light availability (L) with fᴪ = 1.0 (left 
above panel; ‘wet soil’) and fᴪ = 0.5 (right above panel; ‘’dry soil’); varying Soil water (fᴪ) with L = 1.0 (left below panel; 
‘high light’) and L = 0.5 (right below panel; ‘low light’) both with εS = 0.1, εL = 0.35 and εr = 0.55 and ω = 0.8. 

 

The daily LAI is based on the amount of carbon allocated to the leaves, the specific leaf area (as the branch 

and bark fractions vary based on age), and the single tree canopy coverage (see paragraph 1.4.2 and Eq.1).  
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The maximum annual attainable LAI is computed at the beginning of each simulation year based on the 

current sapwood area and is controlled by the ‘pipe-model’ theory, to optimise photosynthesis (Shinozaki et 

al. 1964a, 1964b). The functional interdependence between sapwood and leaves states that the increment 

in the bole cross-sectional area at a given tree height is (or should be) proportional to the leaf area above 

this point to optimise stem hydraulic conductance (Landsberg and Sands 2011). 

The carbon (and the nitrogen) allocated to the branch and bark pool is instead considered as a fraction 

varying with age (as in 3-PG model, Landsberg and Waring 1997) of the carbon allocated to the stem pool. 

The carbon that is allocated daily into woody tissues (i.e. branch, stem, and coarse root) is considered 

sapwood. Heartwood is considered as the difference between total woody and sapwood biomass as in Forest 

v.5.1 model (Schwalm et al. 2004). The livewood pool is conceptually different from sapwood since it includes 

only live cells, not all of the sapwood biomass — e.g. it excludes lignin and cellulose. The livewood pool is 

used to compute autotrophic respiration, whereas the sapwood area is used to compute the leaf area index. 

Although the 3D-CMCC-FEM treats sapwood biomass and NSC pools separately, they are interrelated via the 

minimum NSC content, which is specified as a fraction of sapwood dry mass (Hoch et al. 2003; Genet et al. 

2010; Wiley et al. 2017; Collalti et al. 2021). 

3.8.3. Turnover 
(subroutines: turnover.c) 

While sapwood biomass (and area) and livewood biomass re computed during the initialization phase 

following an empirical relationship that links sapwood and DBH (the remaining biomass is considered as 

heartwood) and sapwood and livewood biomass, during the simulation run the sapwood and heartwood and 

the livewood and deadwood dynamics are computed more mechanistically. In the most recent version of the 

model (i.e. ‘v.5.6’), any carbon allocated to the stem, coarse root, and branch is considered as new sapwood 

(for the stem, coarse and branch pools considered separately). Some of the previous years' sapwood (and 

not just the previous year's one as in the former model versions; see Collalti et al. 2020a) is converted to 

heartwood because of turnover (τsapwood). Similarly, some of the current livewood (which are a fraction of the 

overall new sapwood) is added to the previous years livewood pool (for the stem, coarse and branch pools 

considered separately) while some of the previous years livewood die and are are added to deadwood 

because of turnover (τlivewood). Turnover, both for sapwood and for livewood, is computed daily. Heartwood 

and deadwood, are the remaining carbon pools that are no longer involved in any metabolic processes up to 

the tree is considered alive, otherwise, it becomes carbon woody debris and are considered into the litter/soil 

decomposition process. 
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The age-dependence of sapwood (and presumably also for livewood) turnover has been observed in several 

species (Pretzsch 2009). Indeed, both Norway spruce (Picea abies (L.) H.Karst), Scots pine (Pinus sylvestris L.), 

Sessile oak (Quercus petraea (Matt.) Liebl.), and European beech (Fagus sylvatica L.) show a species-specific 

decrease in the proportion of sapwood (Fsapwood in %) from 100% (all stem biomass is sapwood) in the juvenile 

phase to 25-50% (or even less) in the mature phase. The 3D computer tomography model of the proportion 

of sapwood:heartwood yields heartwood volume percentages (Fsapwood in brackets) of 0% in the juvenile 

phase of the tree (Fsapwood = 100%), 1-35% at DBH = 10-15 cm (Fsapwood = 99-65%) and 3-56% at DBH = 30–50cm 

(Fsapwood = 97-44%) (Pretzsch 2005). To account for the age in sapwood turnover in the 3D-CMCC-FEM an age-

dependent sapwood turnover rate is computed as follows: 

𝜏𝑠𝑎𝑝𝑤𝑜𝑜𝑑𝑥,𝑦,𝑘 ∈ 𝑧
=  𝜏𝑠𝑎𝑝𝑤𝑜𝑜𝑑−𝑚𝑎𝑡𝑢𝑟𝑒𝑥

+  (𝜏𝑠𝑎𝑝𝑤𝑜𝑜𝑑−𝑗𝑢𝑣𝑒𝑛𝑖𝑙𝑒𝑥
− 𝜏𝑠𝑎𝑝𝑤𝑜𝑜𝑑−𝑚𝑎𝑡𝑢𝑟𝑒𝑥

)  ⋅

𝑒−𝑙𝑛2⋅(𝑎𝑔𝑒𝑥,𝑦,𝑘 ∈ 𝑧/𝜏𝑎𝑔𝑒𝑥)2
                                                                 Eq.26 

 

where τsapwood-juvenile and τsapwood-mature represent the turnover rate for mature trees (e.g. 0.02 year—1 depending 

on species) and juvenile trees (i.e. 0.01 year—1 corresponding to 50% of the mature), τage the age at which the 

turnover has a median value between the two juvenile and mature turnover rates (Figure 25). The value of 

≈0.02 year—1 (mean residence time ≈50 years) for mature trees is close to the value adopted in LPJ by Poulter 

et al. (2010) and to the values of 0.05 year—1 (mean residence time ≈20 years) for Douglas-fir and 0.01 year—

1 (mean residence time ≈100 years) for European beech reported by Bartelink (1998). 

 

 

Figure 25 Variation in the sapwood (and livewood turnover) rate at varying ages with ⲧsapwood_mature = 0.02 (years—1), 

ⲧsapwood_juvenile = 0.01 (years—1) and ⲧage 30 (years). 
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Most vegetation models operate under the assumption of maintaining certain parameters constant, one of 

which is the rate of sapwood turnover. However, the lack of precise information regarding this parameter 

has proven to be a significant source of uncertainty in estimating the carbon balance within vegetation stands 

(Goulden et al. 2011; Malhi 2012; Collalti et al. 2019). Additional sources of uncertainty stem from various 

factors. One such factor is the omission of a size- or age-related decline in the ratio of living to dead cells, 

which implies a potential decline in the sapwood turnover rate over time (Ceschia et al. 2002; Damesin et al. 

2002). Furthermore, changes in climate could transiently increase τ, reducing maintenance costs to favour 

growth (Doughty et al. 2015). Shifts in tissue nitrogen and NSC concentrations also contribute to uncertainty 

(Machado and Reich 2006; Thurner et al. 2017). Additionally, there is likely a genetically controlled down-

regulation of basal respiration rates with cell ageing (Carey et al. 2001; Wiley et al. 2017). It is probable that 

both τ and basal respiration rates (Rg and Rm) vary among different tree biomass pools (Reich et al. 2008). 

Respiratory carbon losses per unit plant mass might adjust to sustain growth in response to increasing plant 

size or changing climate (Smith and Stitt 2007). While these hypotheses are all theoretically grounded, 

empirical support for them is, to date, limited (Collalti et al. 2020a). 

Note, a new formulation and a new parameterization in the ‘v5.6’ — that more closely matches with the 

reality — now consider the possibility that both sapwood and, especially, livewood cells can have a much 

longer lifespan than in the previous model formulations and parameterizations. This means that the turnover 

rate both for sapwood (τsapwood) and for live cells (τlivewood) has been lengthened much if compared to Collalti 

et al. (2020a). The current model version departures from the previous model’s formulations and 

parameterizations for τsapwood and τlivewood built upon the idea that both sapwood and mostly livewood cells 

had a much shorter lifespan, i.e. few years, with the turnover applied only to the last sapwood rings (i.e. the 

cambium or phloem) as in BIOME-BGC, CLM4.5, ORCHIDEE models. Spicer and Holdbrook (2007) have, 

however, shown in conifers that even 64-year-old sapwood respires and that 5-year-old parenchyma cells 

respired at the same rate as in the 25-year-old cells showing no inherent or intrinsic decline in respiration as 

a result of cellular ageing. Angiosperms have shown similar behaviours but with a bit more pronounced age 

effect with reduced respiration in older tissues. Such a change in the model formulation and parameterization 

is, ultimately, perfectly in line with the assumption (see paragraph 1.4 Model Initialization: the Forest 

Structure and the Pools), as currently embedded into the model, that all NCS can be used for metabolic 

functioning including the maintenance respiration from decade-old livewood cells in the inner parts of the 

wood (see also Diaz-Espejo and Hernandez-Santana 2017). 
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In 3D-CMCC-FEM, the livewood pool is conceptually different from the sapwood pool since it includes only 

live cells, not all of the sapwood biomass – it excludes lignin and cellulose. Ultimately, livewood biomass is 

used to compute respiration, and sapwood area is used to compute LAI. However, the same formulation for 

turnover, i.e. varying with age, is adopted for the livewood turnover by substituting the sapwood biomass 

with the livewood biomass.  

In evergreen species, fine roots and leaf turnover (τleaf_fineroot), which is based on needle lifetime, occur daily 

all year long with τleaf_fineroot varying between species (e.g. τleaf_fineroot = 0.25 year—1 for Pinus sylvestris L.; Mäkelä 

1997). In deciduous species τleaf_fineroot equals to 1 year—1. 

Before senescence, and in the case of defoliation, a fraction (i.e. 10%) of the NSC in leaves and fine roots is 

re-mobilized and translocated into the overall NSC pool (see Figure 26 for the overall allocation scheme at 

different sites). 
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Figure 26 Examples of 3D-CMCC-FEM daily carbon fluxes, NPP, and NSC dynamic (gC m—2 day—1) and LAI (m2 m—2) in the 
93 years-old Fagus sylvatica L. stand of Mongiana site in Italy in 2015 (above); in the 20 years-old Quercus pubescens 
Wild. stand of Laives site in Italy (middle); in 91 years old the Pinus banksiana Lamb. stand of Old Jack Pine boreal stand 
(OJP) in Canada in 2016 (middle); and in the 56 years-old Pinus nigra J.F. Arnold stand of Monte Amiata in the 2016 site 
in Italy (below). The figure displays the net allocation of carbon within different carbon pools over the year. Each pool 
represents a distinct component of the trees carbon storage system, including leaves (DELTA_LEAF_C), fine roots 
(DELTA_FROOT_C), coarse roots (DELTA_CROOT_C), stem (DELTA_STEM_C), branches (DELTA_BRANCH_C), fruits 
(DELTA_FRUIT_C) and Non-Structural Carbon (NSC). The daily net primary productivity (NPP) reflects the daily carbon 
gain by the trees through photosynthesis; the Leaf Area Index (LAI_proj) represents leaf development and phenology. 
Positive values denote periods of growth, while negative values indicate pool senescence, e.g. shedding, or turnover; 
‘DELTA_x’, represents the daily net flux in specific carbon pools, such as leaves, coarse roots, fine roots, stem, branches, 
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fruit, and NSC (serves as reserves of tree growth and metabolism). Positive values indicate the partitioning of GPP and 
carbon accumulation, while negative values indicate carbon loss because of turnover or retranslocation. The allocation 
of carbon to different pools varies throughout the year, reflecting seasonal changes: during spring and early summer 
high photosynthetic activity reflects carbon allocation to the leaf and fine root pool, and the relative changes in LAI 
(LAI_proj tends to increase as leaves expand and develop). Conversely, in late summer and autumn, carbon allocation 
to the leaf pool may decrease due to leaf and fine root pool may decrease due to leaf and fine root senescence (in 
evergreen species). 

The N-pools in biomass are updated daily in parallel with the C-pools according to a fixed C:N stoichiometric 

ratio for each pool, i.e. based on the relative amount of carbon allocated within each single pool.  

3.9 NON-STRUCTURAL CARBON 

Since the most recent daily versions of 3D-CMCC-FEM, the NSC-pool has been added to avoid carbon 

imbalances and losses of mass (see ‘Principle of the Conservation of Energy and Mass’ section) during the 

bud break period or during periods where respiration may exceed photosynthesis. The NSC pool or reserve 

pool, which includes starch and sugars undistinguished, has not an identified and precise location within the 

tree but is shared between compartments depending on their relative biomass (Collalti et al. 2016). The 

inclusion of this new pool was necessary to represent NSC mobilisation and consequently leaf phenology (e.g. 

leaf production during spring for deciduous trees) and carbon imbalances. Non-structural carbohydrates are 

a surprisingly poorly known component of the whole‐tree carbon balance and are commonly disregarded in 

vegetation models (Merganičová et al. 2019; Schiestl‐Aalto et al. 2019) that is the reason why, although other 

pools are only described generically here, we pay attention to this pool.  

Overall, the ability of trees to prioritise storage over growth depends on the role of NSC in allowing temporal 

asynchrony between carbon demand and carbon supply (Fatichi et al. 2014). Such imbalances are assumed 

to be buffered by drawing down NSC reserves in the 3D-CMCC-FEM. Indeed, recent studies support this 

assumption, showing that during periods of negative carbon balance (for example, during the dormant 

season, periods of stress, or natural or artificially induced defoliation episodes where NPP can become 

negative), NSC is remobilized and transported from the sites of phloem loading, while during periods of 

positive carbon balance plants preferentially allocate recently assimilated carbon to replenish NSC. Only 

afterwards is ‘new’ carbon used to sustain growth (Weber et al. 2018; Huang et al. 2019). Because ultimately 

plant survival depends more on metabolic carbon demands than on growth, some have argued that all 

positive carbon flows should be used to replenish NSC at the expense of growth until a minimum NSC pool 

size (30%–60% of the seasonal maximum, Martínez‐Vilalta et al. 2016) is reached (‘active’ storage: Sala et al. 

2012), thus maintaining a safety margin against the risk of carbon starvation (Huang et al. 2019; Wiley and 

Helliker 2012) (see ‘DELTA_RESERVE_C’ for NSC dynamic in Figure 26). Note that this assumption departs from 

the notion that NSC is a mere reservoir for excess supply of carbon relative to growth demand (‘passive’ 
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storage: Kozlowski 1992). It is assumed in the 3D-CMCC-FEM that a minimum NSC threshold level 

concentration (11% of sapwood dry mass for deciduous and 5% for evergreen species: Genet et al. 2010) has 

necessarily to be maintained for multiple functions including osmoregulation, cell turgor, vascular integrity, 

organ‐specific phenology (leaf and fine‐root formation), and — more importantly — tree survival (reviewed 

in Hartmann and Trumbore 2016). The greater the sapwood mass, the greater the minimum NSC threshold 

(in absolute terms) must be (Dietze et al. 2014). Such patterns of whole‐tree seasonal NSC dynamics have 

been all recently confirmed by Furze et al. (2019) and Fierravanti et al. (2019), and a similar phenological and 

carbon partitioning/allocation scheme has been adopted by other models (e.g. CTEM model, Arora and Boer 

2005; ORCHIDEE model, Krinner et al. 2005). Although it has been suggested that a considerable fraction of 

NSC (mostly starch) in the inner part of wood may become compartmentalised and sequestered away from 

sites of phloem loading — i.e. not more available for metabolic functions (Sala et al. 2012) — others have 

found that more than a decade-old NSC can be remobilised and used (Muhr et al. 2019). In 3D-CMCC-FEM all 

NSC accumulated over the years can be used when necessary. 

3.10 MORTALITY  

(subroutine: mortality.c) 

In the 3D-CMCC-FEM, mortality is simulated within different routines acting at different temporal scales. An 

age-dependent mortality which considers the probability for a tree to die off which increases based on 

species-specific maximum lifespan MAXage in a logistic regression form, as similar to the LPJ-GUESS model 

(Smith et al. 2001), according to the equation (see also Figure 27):  

 

𝑀𝑎𝑔𝑒𝑥,𝑦,𝑘 ∈ 𝑧
= (

−(3⋅𝑙𝑛(0.001))

𝑀𝐴𝑋𝑎𝑔𝑒𝑥  
) ⋅ (

𝑎𝑔𝑒𝑥,𝑦,𝑘 ∈ 𝑧

𝑀𝐴𝑋𝑎𝑔𝑒𝑥

)
2

                                          Eq. 27 
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Figure 27 Variation of the mortality probability at ageing with MAXage = 400. 

 

A ‘background’ mortality, which stochastically accounts for the probability for a random tree to die because 

of e.g. fire occurrence or pests, is also included as a fixed yearly mortality rate as: 

 

𝑀𝑏𝑥,𝑦,𝑘 ∈ 𝑧
=  0.01                                                                          Eq. 28 

 

The 0.01, i.e. 1% of trees die each year, is close to the value of 0.014 (1.4%) assumed in the FATES model 

(Fisher et al. 2015). 

A third mortality function takes into account the tree (over) crowding competition, and it is a mortality 

function based on the light tolerance of a species-specific parameter describing the shade (or light) tolerance 

of a species, and, thus, it represents the ‘physiological-structural’ mortality in the 3D-CMCC-FEM. Indeed, to 

avoid the sum of crown areas exceeding the ‘Light_tol’ parameter in a specific layer (i.e. overcrowding), the 

3D-CMCC-FEM activates first the self-pruning function and by reducing the crown diameter, if DBHDC is 

already at the DBHDCmin value (see paragraph 1.4.1) the self-thinning mortality activates. Therefore, starting 

from the less shade-tolerant species, the model iteratively reduces the number of single trees till the sum of 

all crown areas falls below the ‘Light_tol' threshold value. To some extent, such an approach is not far from 

Yoda et al.’s (1963) —3/2 power self-thinning rule but is applied to forest structure rather than to plant 

biomass in a more mechanistic way. 
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A fourth mortality links the balance between the depletion of Non-Structural Carbohydrates through 

substrate-dependent maintenance respiration and its accrual through NPP (the balance between carbon 

assimilation and plant maintenance respiration) and it is commonly called ‘growth efficiency’ mortality. At 

any time of the simulation, when the NSC pool is fully depleted (thus mimicking the ‘carbon starvation’ 

hypothesis; McDowell 2011; Rowland et al. 2015; Adams et al. 2017), the 3D-CMCC-FEM removes those trees 

(or cohorts). Frequent meteorological extreme events such as drought or heat waves act indirectly on the 

mortality occurrence, affecting stomatal conductance and thus causing an imbalance between carbon 

assimilation, and maintenance respiration. This type of mortality operates on long temporal scales because 

of extremes-induced carry-over effects which do not account immediately and change much of the forest 

structure during long-simulation run.  

The first three mortality types are computed annually and are applied additively, while the latter mortality is 

iteratively solved and computed on daily time scales and represents the ‘physiological-environmental’ 

mechanistic mortality.  

The model also simulates self-pruning as well, at the daily time scale, which accounts for when overcrowding 

occurs over a certain threshold value (see above the 'Light_Tol' parameter). Therefore the 3D-CMCC-FEM 

starts reducing crown diameter (and proportionally branch, leaf, and fine root biomass which go to the litter 

and soil pools) up to the DBHDCmin value. In the case that the current DBHDC is already at the minimum value 

the model activates the self-thinning mortality described above. 

3.11 REGENERATION (UNDER DEVELOPMENT) 

(subroutine: new_forest_class.c, C-fruit_partitioning.c, regeneration.c, recruitment.c) 

 

When the tree age within the stand reaches sexual maturity (a species-specific parameter), a fraction of the 

annual Net Primary Productivity (NPP) is converted to fruit C-pool according to the equation: 

 

 

𝐶𝑓𝑟𝑢𝑖𝑡𝑥,𝑦,𝑘 𝜖 𝑧
= { 0,                                                   𝑒𝑙𝑠𝑒

𝑁𝑃𝑃𝑥,𝑦,𝑘 𝜖 𝑧⋅ 𝛼𝑥 𝑤𝑖𝑡ℎ 𝑎𝑔𝑒𝑥,𝑦,𝑘 𝜖 𝑧≥ 𝑆𝑒𝑥𝑎𝑔𝑒𝑥 
}                                  Eq. 29 

 

 

where αseed is the fixed fraction of the species-specific NPP value (5% according to Fernández-Martínez et al. 

2016) produced and directly allocated for fruits during the normal growth phase (Bossel 1996). Recent studies 
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have, indeed, shown no evidence of carbon storage usage for seed production but that it rather depends on 

recently synthesised sugars (Igarashi et al. 2024).  

Note that when the 3D-CMCC-FEM runs in a spatial context over a landscape, cells do not interact with each 

other, and there is no exchange of seeds (or fruits) between grid-cells, i.e. each cell is a distinct model run 

and does not interact in any way with other cells and, thus — if not prescribed by the user — the model does 

not consider itself the expected changes in future species composition (Noce et al. 2016). 

To convert C-fruit biomass into a number of seeds, the 3D-CMCC-FEM computes as follows: 

 

𝑛𝑓𝑟𝑢𝑖𝑡𝑥
=  

𝐶𝑓𝑟𝑢𝑖𝑡𝑥 ⋅106

𝑊𝑓𝑟𝑢𝑖𝑡𝑥

                                                                   Eq. 30 

 

where 106 is the correction factor (from Mg of dry matter to grams of dry matter), and Wfruit is the weight of 

a single fruit (grams dry matter), a species-specific parameter, assuming here that for each fruit only one 

seed is available. 

In cases where fruits contain more than one seed, the species-specific parameter can be set to take into 

account the average number of seeds (FRUIT_seed) contained in a fruit (e.g. Fagus sylvatica L., FRUIT_seed = 2) 

to obtain the correct estimation of seed production.  

Currently, the 3D-CMCC-FEM does not have a seed bank, a pool where the model accumulates seed 

production of the previous years over time, thus, seeds can germinate only in the year next of production 

and not over.  

To represent the germination of the seeds, the 3D-CMCC-FEM calculates the thermic sum in spring (STs, from 

March to May). When the STs exceeds a species-specific value for seed germination (GDDseed, e.g. 60°C for 

Fagus sylvatica L.), seed germination is stimulated. The actual number of seeds that can germinate depends 

on an intrinsic species-specific parameter controlling the percentage of empty seeds (βseed) as described by 

Wang (2003), and by a species-specific germination capacity (ɣseed) as in Nielsen (1977). Thus, the actual 

number of seeds is computed as follows (see also Figure 28): 

 

 

𝑛𝑔𝑒𝑟𝑚−𝑠𝑒𝑒𝑑𝑥
= { 0,                                                                   𝑒𝑙𝑠𝑒   

(𝑛𝑠𝑒𝑒𝑑𝑥⋅ 1 − 𝛽𝑠𝑒𝑒𝑑𝑥) ⋅ ɣ𝑠𝑒𝑒𝑑  𝑤𝑖𝑡ℎ 𝑆𝑇𝑠 ≥ 𝐺𝐷𝐷𝑠𝑒𝑒𝑑𝑥 }                     Eq. 31 
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The germinated seeds will form a new layer of seedlings that can grow in the understory and over the years 

become saplings. During this phase, the seedlings are vulnerable to environmental factors such as light and 

temperature, which drive their survival (Vacchiano et al. 2018).  

 

 

Figure 28 Comparison between observed versus 3D-CMCC-FEM modelled data for the number of seeds at the Cansiglio 
site (Veneto region, IT) (Saponaro et al. in prep.). 

 

Specific thresholds for each species (Muffler et al. 2021) establish the survival rate of the seedlings, guided 

by these abiotic factors as follows: 

 

𝑛𝑠𝑒𝑒𝑑𝑙𝑖𝑛𝑔𝑠𝑥
= {

𝑛𝑠𝑒𝑒𝑑𝑥
⋅ 0.2    𝑃𝐴𝑅𝑠𝑜𝑖𝑙≼𝑃𝐴𝑅𝑠𝑜𝑖𝑙𝑠𝑒𝑒𝑑

𝑎𝑛𝑑  𝑇𝑎𝑣𝑔≻ 𝑇𝑎𝑣𝑔𝑠𝑒𝑒𝑑

𝑛𝑠𝑒𝑒𝑑𝑥
⋅ 0.3    𝑃𝐴𝑅𝑠𝑜𝑖𝑙≼𝑃𝐴𝑅𝑠𝑜𝑖𝑙𝑠𝑒𝑒𝑑

𝑎𝑛𝑑  𝑇𝑎𝑣𝑔≼ 𝑇𝑎𝑣𝑔𝑠𝑒𝑒𝑑

𝑛𝑠𝑒𝑒𝑑𝑥
⋅ 0.5    𝑃𝐴𝑅𝑠𝑜𝑖𝑙≥𝑃𝐴𝑅𝑠𝑜𝑖𝑙𝑠𝑒𝑒𝑑

𝑎𝑛𝑑  𝑇𝑎𝑣𝑔≻ 𝑇𝑎𝑣𝑔𝑠𝑒𝑒𝑑

𝑛𝑠𝑒𝑒𝑑𝑥
⋅ 0.7    𝑃𝐴𝑅𝑠𝑜𝑖𝑙≥𝑃𝐴𝑅𝑠𝑜𝑖𝑙𝑠𝑒𝑒𝑑

𝑎𝑛𝑑  𝑇𝑎𝑣𝑔≤ 𝑇𝑎𝑣𝑔𝑠𝑒𝑒𝑑
       

}                   Eq.32 

 

where PARsoil is the daily PAR reaching the soil after passing through the canopies and PARsoilseed a species-

specific parameter controlling the minimum PAR needed for seedlings survival and development to saplings, 

Tavg is the average temperature and Tavgseed is the maximum temperature for seedlings survival and 
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development to saplings (Muffler et al. 2021). The number of seedlings that survived at the end of the year 

will be recruited into the stand as 1.3 m high and 1 cm DBH saplings and will follow the same growth and 

mortality dynamics of adult trees (see Figure 29).  

 

 

Figure 29 Simulated tree regeneration process for Fagus sylvatica L. species at the Cansiglio site (Veneto region, IT) in a 
2010-2099 simulation run (here, the forest structural conditions for the year 2043). 

 

We are aware that this is an over-simplistic yet unavoidable assumption in the model as the DBH is a 

mandatory variable for characterising the DBH class. Seeds are assumed to be distributed evenly across the 

grid cell, so the total input to the seed pool is, therefore, the sum of all of the reproductive output of all the 

classes within the grid cell. 

Theoretically, in this way, every year provided that there are favourable conditions for seedling and sapling 

establishment, the 3D-CMCC-FEM model can produce a new generation of trees which necessarily generate, 

over long simulations, a massive number of classes. As in the FATES model (Fisher et al. 2015) we plan to fuse 

equivalent classes and cohorts every x number of years into single model entities (by a weighted mean 

procedure) to save memory and computational time. This feature relies on the establishment of criteria 

defining functional equivalence, which inherently involves a degree of subjectivity. These criteria serve, 

however, as a method for simplifying reality into a more manageable mathematical framework. 
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3.12 LITTER ORGANIC MATTER DECOMPOSITION  
(subroutines: litter_carbon_balance.c, litter_nitrogen_balance.c, littering.c) 

Litter (and soil) carbon pools are split into conceptual 4 pools defined by different mean residence times (the 

inverse of the decomposition rate), mirroring the degree of decomposability of the organic matter in a 

conceptually similar manner as in BIOME-BGC (Figure 30). The litter pool includes fresh litter, i.e. fallen leaves 

and dead fine roots, and a deadwood carbon pool, i.e. coarse woody debris. The fresh litter pool is 

additionally split into a labile, cellulose, and lignin pool according to their species-specific C:N ratio. A fraction 

of cellulose is shielded by lignin. The deadwood pool (Coarse Woody Debris, CWD), instead, is firstly subjected 

to physical fragmentation and enters the cellulose and lignin pool but it is considered only into the soil pool.  

 

 

Figure 30 Conceptual model of litter and soil organic matter decomposition. D represents the decomposition rate fluxes 
from each carbon pool, while RH represents the respired fraction of the decomposition fluxes, i.e. heterotrophic 
respiration Rh). Fresh litter is split in the labile, cellulose and lignin pool according to the C:N ratio decomposition. 

 

The general daily mass balance of the litter organic C-pools is written as: 

 

𝐶𝑙 = 𝐶𝑙𝑡−1
+ 𝐼 − 𝐷𝑙𝑖

                                                          Eq. 33 
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Where Cl is the carbon in the specific pool of interest, e.g. labile, cellulose pool etc, at day t and t—1. The 

variable I is the input flux into the pool and Dl is the decomposition flux.  

The carbon organic matter decomposition carried by the microorganism community, follows the scheme and 

the kinetic as presented in Thornton and Rosenbloom (2005) for BIOME-BGC, which embeds a simplified 

version of the CENTURY model (Parton et al. 1987, 1993, 1994, 1996).  

The decomposition dynamic follows a linear kinetic, where the flux scales linearly with the organic carbon 

mass according to the following general equation: 

 

𝐷𝑙 = 𝑓𝑠𝑇 ⋅ 𝑓𝑠𝜃 ⋅ 𝑘𝑙 ⋅ 𝐶𝑙                                                           Eq. 34 

where kl is the decomposition rate constant, characteristics of each litter carbon pool, fsT is a scalar describing 

the abiotic effect of soil temperature Tsoil and soil moisture 𝜃 on the decomposition dynamic (see paragraph 

3.13 Soil Organic Matter Decomposition). The microbial pool is not explicitly represented, and it is assumed 

that within each carbon pool the decomposition rate is homogeneous.  

In the litter pool, the input is constituted by each fresh litter constituent and coarse woody debris fraction. 

The flux of shielded cellulose to the cellulose pool is driven by the lignin decomposition rate. 

The decomposed carbon which is transferred among litter pools is defined as: 

 

𝐼𝑙 = 𝛼𝑙 ⋅ 𝐷𝑙                                                                      Eq. 35 

where the fraction αl depends on the specific decomposability degree of each litter carbon pool. It follows 

that the fraction of decomposed organic carbon respired to the atmosphere, i.e. the heterotrophic 

respiration Rhl by litter microorganisms is defined as: 

 

𝑅ℎ𝑙
= (1 − 𝛼𝑙 ) ⋅ 𝐷𝑙                                                               Eq. 36 

The total heterotrophic respiration carbon flux from litter is the sum of all carbon resealed during the 

decomposition of each litter organic pool. 
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3.13 SOIL ORGANIC MATTER DECOMPOSITION  
(subroutines: decomposition.c; het_respiration.c, soil_respiration.c, soil_carbon_balance.c, 

soil_nitrogen_balance.c) 

Similarly to the litter pool, the soil pool is constituted by 4 different conceptual pools characterised by 

different decomposability degrees: a fast, a medium, a slow and a recalcitrant carbon pool. The general daily 

mass balance of the soil organic C-pools is written as: 

 

𝐶𝑠 = 𝐶𝑠𝑡−1
+ 𝐼𝑠  − 𝐷𝑠                                                                Eq. 37 

where Cs is the carbon in the specific soil pool of interest, e.g. fast, slow pool, etc, at day t and t—1. The 

variable Is is the input flux into the soil pool, and Ds is the decomposition flux.  

Following the same dynamics shown for litter, the soil decomposition flux is written as:  

 

𝐷𝑠 = 𝑓𝑠𝐶 ⋅ 𝑓𝑠𝑇 ⋅ 𝑓𝑠𝜃 ⋅ 𝑘𝑠 ⋅ 𝐶𝑠                                                      Eq. 38 

where ks is the decomposition rate constant, characteristics of each soil carbon pool, and fsC is a scalar which 

depends on the soil texture (i.e. %sand, %clay, %silt) and describes the physical effect of protection to soil 

decomposition due to the mineral matrix. The fully interactive soil nitrogen cycle with its down-regulating 

effect on carbon decomposition is under development.  

Each soil carbon pool receives as input the decomposed carbon flux from litter and/or from the less 

recalcitrant carbon pool, e.g. from fast to slow pool, at the net of the respiratory cost (Figure 31) 

 The decomposed soil carbon which is transferred among soil pools is defined as: 

 

𝐼𝑠 = 𝛼𝑠 ⋅ 𝐷𝑠                                                                   Eq. 39 

where the fraction αs depends on the specific decomposability degree of each carbon pool. It follows that 

the fraction of decomposed organic carbon respired to the atmosphere, i.e. the heterotrophic soil respiration 

Rhs by soil microorganisms, is defined as: 

 

𝑅ℎ𝑙
= (1 − 𝛼𝑠 ) ⋅ 𝐷𝑠                                                            Eq. 40 
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The total heterotrophic respiration carbon flux is the sum of all carbon resealed during the decomposition of 

each litter and soil organic pool, Rhl and Rhs, respectively. When Rh is summed up to the autotrophic 

respiration it is considered as ecosystem respiration (Reco) and NEE is computed by the models (as GPP — 

Reco). 

 



Monitoring and predicting forest growth and dynamics 
 

59 

 

Figure 31 Patterns in monthly Reco and NEE (gC m—2 month—1) computed for four forest stands on a site level. Black dots 
represent measured Reco and NEE from eddy covariance (FLUXNET dataset) and the grey shaded area represents the 
interval between the 5th and 95th percentile value (Pastorello et al. 2020). The green line represents the modelled Reco 

and NEE (figure from Morichetti et al. 2024). 

4. WATER BUDGET 

4.1 WATER CYCLE 

(subroutine: water_balance.c) 

The vertically resolved water budget considered, as similarly as in the radiation budget, all different vertical 

layers that can compose a specific forest structure to simulate. The overall water budget in the 3D-CMCC-

FEM is the result of incoming water (i.e. precipitation; both in the form of rain if the temperature exceeds 0 

°C or in the form of snow when the temperature is below 0 °C) and the outgoing water, the remaining water 

is the one remaining in the soil (or temporarily to the canopy if there are not the conditions for the complete 

evaporation). The incoming precipitation is routed to several potential compartments, some is directly 

intercepted by the canopies, and some goes directly to the soil (also because of snowmelt) and becomes 

available to the roots (Figure 32). The outgoing fluxes are represented by canopy evaporation, canopy 

transpiration, and soil evaporation, which collectively represent evapotranspiration at the cell level. The 

difference between incoming and outgoing water is stored in the soil (or in the canopy). Any excess to the 

soil water holding capacity is considered lost for runoff. As for the carbon the water cycle has by abstraction 

its budget with several levels of ‘budget’ depending on the level of representation, which in 3D-CMCC-FEM 

are at tree- and cell-level which also include litter- and soil-level. 
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Figure 32 Water balance in a forest ecosystem, illustrating processes like precipitation, evapotranspiration, interception, 
soil evaporation, and plant-available water. It visually represents how water flows interact within the ecosystem, 
highlighting pathways such as canopy evaporation and runoff. 

4.2 RAIN AND SNOW CANOPY INTERCEPTION 

(subroutine: canopy_interception.c) 

Firstly, some (if not all) incoming precipitation, both as rain or snow, is intercepted by the canopy. In the 3D-

CMCC-FEM, when Tavg is above 0°C, all incoming precipitation is considered as rainwater, otherwise, for Tavg 

below 0°C is considered as snow. The amount of intercepted rainwater follows Jiao et al. (2016) by a nonlinear 

regression relationship which accounts for the maximum interceptable rain and follows the general first 

principles previously described for light interception and absorption, as follows: 

 

𝐼𝑛𝑡𝑀𝑎𝑥𝑅𝑎𝑖𝑛𝑥,,𝑦,𝑘 ∈ 𝑧  =  0.284 +  0.092 ⋅  𝐿𝐴𝐼 𝑥,𝑦,𝑘 ∈ 𝑧  ⋅  (1 −  𝑒 −0.231⋅𝑟𝑎𝑖𝑛)  ⋅  𝐶𝐶𝑥,𝑦,𝑘 ∈ 𝑧         Eq. 41 

 

where rain is the incoming rain (and not that interceptable by the species x, the DBH y and the tree height k 

(Figure 33).  

 

 

Figure 33 Variation of maximum interceptable rainwater from the canopy at varying LAI with CC = 1. 

 

The actual amount of intercepted rain by the canopy is computed by: 
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𝐼𝑛𝑡𝑅𝑎𝑖𝑛𝑥,𝑦,𝑘 ∈ 𝑧  =  𝑚𝑖𝑛 (𝐼𝑛𝑡𝑀𝑎𝑥𝑅𝑎𝑖𝑛𝑥,𝑦,𝑘 ∈ 𝑧, 𝑅𝑎𝑖𝑛𝑥,𝑦,𝑘 ∈ 𝑧)                                     Eq. 42 

 

where Rain is the actual rain incoming from above (the net from those arriving from the sky and that 

potentially intercepted by the above canopies, if any). If there is more than enough water to fill the canopy 

interception pool (‘IntRain’), the excess water is considered to have fallen and entered the soil water pool. 

The intercepted water can evaporate directly from the canopy. At the cell level, the 3D-CMCC-FEM sums up 

all the intercepted rain by all canopies of different classes and N layers as: 

 

𝐼𝑛𝑡𝑅𝑎𝑖𝑛 =  ∑𝑁
𝑧=1 𝐼𝑛𝑡𝑅𝑎𝑖𝑛𝑥,𝑦,𝑘                                                   Eq. 43 

 

Snow interception is also simulated following Pomeroy et al. (1998) and Hedstrom and Pomeroy (1998) by 

first computing the maximum interceptable snow through (see also Figure 34): 

 

𝐼𝑛𝑡𝑀𝑎𝑥𝑆𝑛𝑜𝑤𝑥,𝑦,𝑘 ∈ 𝑧  =  4.4 ⋅  𝐿𝐴𝐼 𝑥,𝑦,𝑘 ∈ 𝑧                                          Eq. 44 

 

 

Figure 34 Variation of maximum interceptable snow from the canopy at varying LAI and at varying Snow amount (mm 
day—1). 
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and the actual amount of snow intercepted is modelled as: 

 

𝐼𝑛𝑡𝑆𝑛𝑜𝑤𝑥,𝑦,𝑘 ∈ 𝑧  = 𝑆𝑛𝑜𝑤𝑥,𝑦,𝑘 ∈ 𝑧  +  0.7 ⋅  ((𝐼𝑛𝑡𝑀𝑎𝑥𝑆𝑛𝑜𝑤 𝑥,𝑦,𝑘 ∈ 𝑧 − 𝑆𝑛𝑜𝑤𝑥,𝑦,𝑘 ∈ 𝑧)  ⋅  (1 −  𝑒 
−

𝑆𝑛𝑜𝑤

𝐼𝑛𝑡𝑀𝑎𝑥𝑆𝑛𝑜𝑤𝑥,𝑦,𝑘 ∈ 𝑧))  ⋅  𝐶𝐶𝑥,𝑦,𝑘 ∈ 𝑧                                                                                                                  

Eq. 45 

 

Likewise rainwater, at the cell level the 3D-CMCC-FEM sums up all the intercepted snow by all canopies of 

different classes and N layers as (Figure 35): 

 

𝐼𝑛𝑡𝑆𝑛𝑜𝑤 =  ∑𝑁
𝑧=1 𝐼𝑛𝑡𝑆𝑛𝑜𝑤𝑥,𝑦,𝑘                                                     Eq. 46 

 

 

Figure 35 Conceptual scheme adopted in 3D-CMCC-FEM for Evapotranspiration, Canopy Interception and Soil 
Evaporation (figure from Collalti 2011). 

 

When the intercepted rain or snow does not evaporate or sublimate in the day the remaining part is 

considered as stored water above the canopy until meteorological conditions do not favour their complete 

evaporation in the coming days. 

4.3 SNOW DYNAMICS 

(subroutine: snow.c) 

In the case of snow presence, i.e. when snow is diverse from 0 and if Tavg is higher than 0 °C, considering the 

melting point as in Running and Coughlan (1988) and Marks et al. (1992), the rate of daily snowmelt is 

estimated by: 
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𝑆𝑛𝑜𝑤𝑚𝑒𝑙𝑡 =  (𝑡𝑐𝑜𝑒𝑓𝑓 ⋅  𝑇𝑎𝑣𝑔)  +  (𝑅𝑎𝑑𝑠𝑜𝑖𝑙 ⋅
ɛ𝑠𝑛𝑜𝑤

𝐻𝑓𝑢𝑠
)                                      Eq. 47 

 

where tcoeff is the snowmelt coefficient (0.65 Kg m−2 °C−1 day−1), εsnow is the absorptivity of snow (0.6), Hfus is 

the latent heat of fusion (335 kJ kg−1) and Radsoil is the incident net radiation at the soil surface (kJ m−2 day−1) 

accounted for the amount reflected by the snow albedo (ρsnow). Otherwise, if Tavg is lower than 0 °C, snow 

sublimation is computed by: 

 

𝑆𝑛𝑜𝑤𝑠𝑢𝑏𝑙 =  (𝑅𝑎𝑑𝑠𝑜𝑖𝑙 ⋅
ɛ𝑠𝑛𝑜𝑤

𝐻𝑠𝑢𝑏
)                                                     Eq. 48 

 

where Hsub is the latent heat of sublimation (2845 kJ kg−1). The model does not consider ice. 

4.4 LEAF AND CANOPY EVAPOTRANSPIRATION 

(subroutine: canopy_evapotranspiration.c) 

All evaporative processes (canopy evaporation of intercepted water and transpiration and soil evaporation) 

are calculated at daily time scales using the Penman-Monteith Equation — PME as modified by Waring and 

Running (2007) and Monteith and Unsworth (2008). The PME uses characteristics of a particular surface (e.g. 

surface resistances) and current meteorological data (e.g. incoming radiation, vapour pressure deficit, air 

temperature, air pressure) to calculate an instantaneous heat balance, in terms of heat loss or gain, of an 

object. This equation calculates the latent heat fluxes of evaporation and transpiration (W m—2) as a function 

of incoming radiation, vapour pressure deficit (VPD), and the conductances associated with the evaporation 

surface as follows:  

 

𝜆𝐸
𝑥,𝑦,𝑘 𝜖 𝑧 =

𝛥𝑒⋅𝑅𝑛𝑥,𝑦,𝑘,∈ 𝑧 +
𝜌𝑎𝑖𝑟⋅𝐶𝑃⋅𝑉𝑃𝐷

𝑟ℎ𝑟

𝛥𝑒+𝛾
𝑟𝑣

𝑟ℎ𝑟

                                                  Eq. 49 

 

where Rn is the net radiation (W m—2), VPD is the vapour pressure deficit of the air (kPa), ρair is the mean air 

density as a function of temperature (kg m—3), cp is the specific heat of the air (W m—2), Δe represents the 
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slope of the saturation vapour pressure-temperature relationship (Pa °C—1), 𝛾 is the psychrometric constant 

(kPa °C—1), and rhr and rv (sec meter—1) are the combined, i.e. in parallel, resistance to convective and 

radiative heat transfer and the resistance to water vapour flux respectively (Campbell and Norman 1998). 

The slope of the saturation pressure is approximated numerically as the slope in the neighbourhood of Tair. 

The flux is then converted from W m—2 to mm m—2 day—1 dividing by the latent heat of the vaporisation of 

water. At the cell level, the 3D-CMCC-FEM sums up all the evaporations by all canopies of different classes 

and n layers as: 

 

𝜆𝐸 =  ∑𝑁
𝑧=1 𝜆𝐸𝑥,𝑦,𝑘                                                                    Eq. 50 

 

4.4.1. Stomatal Conductance 

The stomatal conductance gs is parametrized via the empirically based multiplicative Jarvis model (Jarvis 

1976; Frank et al. 2015; Hidy et al. 2016) which expresses the species-specific gs max as its theoretical 

maximum value which is reduced by a product of factors fi varying from 0 (totally limiting) to 1 (not limiting) 

(see paragraph 5). These factors are functions of environmental variables such as light, atmospheric CO2 

concentration, air temperature, soil water content, VPD, and age, respectively. The stomatal conductance is 

in addition corrected for the direct effect of temperature and atmospheric CO2 on conductance, via fcCO2 and 

fcT as follows: 

 

𝑔𝑠𝑥,𝑦,𝑘 ∈ 𝑧
 =  𝑔𝑠 𝑚𝑎𝑥𝑥 ⋅ 𝑓𝐿𝑥,𝑦,𝑘 ∈ 𝑧

⋅  𝑓𝑐𝐶𝑂2𝑥
⋅ 𝑓𝑐𝑇𝑥

 ⋅  𝑓 𝜓𝑥,𝑦,𝑘 ∈ 𝑧 ⋅  𝑓𝑇𝑥  ⋅ 𝑓 𝑉𝑃𝐷𝑥
 ⋅ 𝑓𝑎𝑔𝑒𝑥,𝑦,𝑘 ∈ 𝑧

               Eq. 51 

 

Leaf conductance per unit projected LAI, both for sun and shaded leaves, is finally derived from stomatal and 

cuticular conductance (glC) in parallel with each other, and both in series with leaf boundary layer 

conductance (glbl) as follows: 

 

𝑔𝐿𝑥,𝑦,𝑘 ∈ 𝑧
 =

𝑔𝑙𝑏𝑙𝑥⋅(𝑔𝑠 𝑚𝑎𝑥𝑥 +𝑔𝑙𝐶𝑥)

𝑔𝑙𝑏𝑙𝑥+ 𝑔𝑠 𝑚𝑎𝑥𝑥 +𝑔𝑙𝐶𝑥

                                                         Eq. 52 
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The 3D-CMCC-FEM considers water competition as an asymmetric competition, although to a different 

degree. The degree to which each species ‘competes’ for water is indirectly defined by how species-specific 

parameters define the modifiers applied to the stomatal conductance. The way each species responds to the 

soil moisture conditions and regulates directly the competition for water under limiting conditions, i.e. 

drought, is embedded in the modifier fψ (see paragraph 5). 

4.5 SOIL EVAPORATION 

(subroutine: soil_evaporation.c) 

Soil water evaporation is determined by adjusting the potential evaporation, computed through the Penman-

Monteith Equation, with a factor that accounts for the duration since the last rainfall event. This adjustment 

acknowledges the soil's increased retention of water as moisture becomes scarce, consequently reducing the 

potential for evaporation (Taiz and Zeiger, 2006). Unlike leaves, which possess distinct resistances to 

convective and water vapour flux regulated by stomatal activity, soil exhibits a unified resistance to vapour 

flux equal to its resistance to sensible heat flux (i.e. rh and rv) equal to boundary layer resistance (rbl), with 

rbl = 107 ⋅ rcorr. The initial step involves deriving this resistance by calculating a correction factor for sensible 

heat conductance based on temperature and pressure conditions with standard conditions assumed to be 

20 °C, 101300 Pa (Jones 1992): 

 

𝑟𝑐𝑜𝑟𝑟𝑠𝑜𝑖𝑙
=

1

 (
𝑇𝑑𝑎𝑦+273.15

293.15
)

1.75

⋅ (
101300

𝑃
)

                                                         Eq. 53 

 

after that, PME the potential evaporation of soil can be computed. As in the BIOME-BGC model when 

precipitation (both in terms of rainwater or melted snow) equals or exceeds soil potential evaporation, actual 

evaporation is assumed to be 60% of the potential evaporation. Alternatively, if precipitation falls short, the 

counter for days since the last rain event (Days Since Rain) is incremented. The actual proportion of 

evaporation is subsequently determined as follows: 

 

𝑆𝑜𝑖𝑙𝐸𝑣𝑎𝑝𝑜 =  
0.3

 𝐷𝑎𝑦𝑠 𝑆𝑖𝑛𝑐𝑒 𝑅𝑎𝑖𝑛2 ⋅ 𝑆𝑜𝑖𝑙𝑃𝑜𝑡𝐸𝑣𝑎𝑝𝑜                                Eq. 54 
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4.6 EVAPOTRANSPIRATION 

(subroutine: evapotranspiration.c) 

At cell level the total evapotranspiration rate (ET) is the sum of all intercepted (and evaporated) water (both 

as rainwater or melted snow), all the water transpired by the canopies of all classes (i.e. tree height, dbh, 

ages classes) and species simulated in the stand and the soil evaporation. The 3D-CMCC-FEM capacity for 

simulating ET has been in the past as also recently tested in several sites around Europe (Collalti et al. 2014; 

Mahnken et al. 2022a). 

 

 

Figure 36 Comparison of Modis monthly evapotranspiration (MODIS16 ET) and 3D-CMCC-FEM total monthly 
evapotranspiration (mm month—1), from dominant and dominated layer in the double-layered Turkey oak (Q. cerris L.) 
forest at the Torre di Feudozzo (Italy) (figure from Collalti et al. 2014). 

4.7 SOIL WATER BALANCE 

(subroutine: soil_water_balance.c) 

Snow accumulates in a snow water pool during sub-freezing temperatures and melts when the temperature 

is above-freezing, seeping into the soil. Snow can also undergo to sublimation when exposed to sub-freezing 

temperatures depending on the amount of incoming solar radiation it receives.  

The 3D-CMCC-FEM considers the soil as one bucket layer (i.e. one single layer) in which the water balance is 

computed on a daily time step considering inputs and outputs. Incoming water flux is constituted by daily 

precipitation at the net of the canopy-intercepted water, irrigation, whereas water leaves the soil through 

total evapotranspiration represented by canopy transpiration, canopy evaporation, and soil evaporation 

(collectively called ‘evapotranspiration’, ET), and through free drainage as surface runoff of the soil when soil 

water availability is higher than the field capacity. Note that when the 3D-CMCC-FEM runs in a spatial context 
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over a landscape, cells do not interact with each other, i.e. each cell is a distinct model run and does not 

interact in any way with neighbouring cells, and the hydrology dynamic is one-dimensional.  

The Available Soil Water (ASW, in mm) and the water budget is, thus, overall determined as: 

 

𝐴𝑆𝑊 =  𝐴𝑆𝑊𝑡−1  +  𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 +  𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 − 𝐸𝑇                            Eq. 55 

 

where Precipitation is the amount of daily rainwater or, if any, daily melted snow (snow is considered as long 

as it remains as snow not available for plants and has its own balance) reaching the soil, where t indicates 

the generic day of simulation and t—1 the day before. Irrigation is the amount of water in the form of 

irrigation (when and if set by the user), ET is the Evapotranspiration (in mm). When incoming water fluxes 

increase the ASW over the field capacity, water is lost from the soil as lateral surface (or subsurface) runoff 

or for infiltration to deep soil layers (groundwater); these processes are, however, not simulated explicitly 

within the model. 

Canopy transpiration flux, defined as the sum of the canopy transpiration from all the canopy layers, is 

modulated by the soil moisture availability, through the soil matric potential.  

The current soil water matric potential ψ (MPa) is a function of the water in the soil in relation to texture and 

the soil’s saturated water holding capacity according to Clapp and Hornberger (1978) and Cosby et al. (1984), 

as follows:  

 

𝜓 =  𝜓𝑠𝑎𝑡 ⋅ (
𝑉𝑊𝐶

𝑉𝑊𝐶𝑆𝐴𝑇
)

𝑏
                                                    Eq. 56  

 

where ψsat is the soil water matric potential at saturation, expressed as a function of the soil texture, 

computed as: 

 

𝜓𝑠𝑎𝑡 =  −(𝑒𝑥𝑝((1.54 −  0.0095 ⋅ %𝑠𝑎𝑛𝑑 +  0.0063 ⋅ %𝑠𝑖𝑙𝑡) ⋅ 𝑙𝑜𝑔(10)) ⋅ 9.81𝑒 − 5)             Eq. 57 

 

where b is a parameter, function of soil texture: 
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𝑏 =  −(3.10 +  0.157 ⋅ %𝑐𝑙𝑎𝑦 −  0.003 ⋅ %𝑠𝑎𝑛𝑑)                                           Eq. 58 

 

Saturated soil water and field capacity soil water holding, expressed as Volumetric Water Content VWC (%), 

is defined based on the soil texture and depth (as specified in the site initialization file – percentage sand, 

silt, clay, and depth) as: 

 

𝑉𝑊𝐶𝑠𝑎𝑡 = (50.5 − 0.142 ⋅ %𝑠𝑎𝑛𝑑 −  0.037 ⋅ %𝑐𝑙𝑎𝑦)/100                       Eq. 59 

with 

𝑉𝑊𝐶 =  
𝐴𝑆𝑊

(
𝑆𝐷

100
)⋅1000

                                                              Eq. 60 

 

where SD is the soil depth (in cm) and 1000 is a conversion factor. Likewise, the available soil water at field 

capacity is defined as: 

 

𝐴𝑆𝑊𝐹𝐶 = (
𝑆𝐷

100
) ⋅ 𝑉𝑊𝐶𝐹𝐶 ⋅ 1000                                                Eq. 61 

and  

𝑉𝑊𝐶𝐹𝐶  =  𝑉𝑊𝐶𝑠𝑎𝑡 ⋅ (
−0.015

𝜓𝑆𝐴𝑇
)

1/𝑏
                                              Eq. 62 

 

when incoming precipitation (or irrigation, or both) exceeds its water holding capacity this water is 

considered lost for lateral surface (or subsurface) runoff or infiltration into the deep soil (groundwater) and 

not more available for tree roots. 
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5. MULTIPLIERS  

(subroutine: modifiers.c) 

Several multipliers (or modifiers, ‘fvariable’) are used by the 3D-CMCC-FEM both in the Light Use Efficiency 

approach for GPP calculation as even in the Jarvis model (and then also for the BGC version) for stomatal 

conductance. 

The modifier of the stomatal conductance accounting for the atmospheric CO2 effect follows Frank et al. 

(2013), and it is expressed as:  

 

𝑓𝑐𝐶𝑂2
= (

39.43

0.9116
) ⋅ 𝐶𝑎−0.64                                                             Eq. 63 

 

and Ca is the atmospheric CO2 concentration (μmol mol—1) (Figure 37).  

 

Figure 37 Changes in the stomatal conductance CO2 modifier fCCO2 at varying atmospheric CO2 concentration (μmol 
mol—1). 

The correction factor of the stomatal conductance for temperature and pressure follows the rationale of the 

BIOME-BGC model, and it is defined as: 

 

𝑓𝑐𝑇 = (
𝑇𝑑𝑎𝑦 + 273.13

293.15
)

1.75
⋅

101300

𝑃
                                                    Eq. 64 
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where Tday is the daytime average temperature, and P is the air pressure at the surface corrected for elevation 

(Figure 38). 

 

Figure 38 Variations in the stomatal conductance for temperature and pressure modifier fCt at varying Tday (°C) with P = 
89733 Pa (at 1000 a.s.l.). 

  

In 3D-CMCC-FEM Tday, that is daylight daily air temperature, is computed as in Running and Coughlan (1988) 

and Collalti et al. (2016) as: 

 

𝑇𝑑𝑎𝑦 = 0.45 ⋅ (𝑇𝑚𝑎𝑥−𝑇𝑎𝑣𝑔) + 𝑇𝑎𝑣𝑔                                            Eq. 65 

 

while Tnight, the night-time daily air temperature (for leaf maintenance respiration), is computed as: 

 

𝑇𝑛𝑖𝑔ℎ𝑡 =
𝑇𝑑𝑎𝑦+𝑇𝑚𝑖𝑛

2
                                                             Eq. 66 

 

and Tavg is defined as in Running (1997) and Collalti et al. (2016):  

 

𝑇𝑎𝑣𝑔  =  0.606 ⋅  𝑇𝑚𝑎𝑥  +  0.394 ⋅  𝑇𝑚𝑖𝑛                                        Eq. 67 
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The soil temperature (Tsoil), if not provided as input meteorological forcing data, is computed as the 10-day 

running weighted average of the daily average temperature Tavg. 

In the LUE model version, a CO2-dependent modifier is applied directly to the light use efficiency parameter, 

and it is defined, independently of species, following Veroustraete (1994) and Veroustraete et al. (2002) and 

Collalti et al. (2018) and is computed as: 

 

𝑓𝐶𝑂2
=

[𝐶𝑂2 𝑐𝑢𝑟𝑟]−
[𝑂2]

2𝜏𝐶𝑂2𝑂2

[𝐶𝑂2 𝑟𝑒𝑓]−
[𝑂2]

2𝜏𝐶𝑂2𝑂2

⋅
𝐾𝑚

𝐶𝑂2⋅(1+
[𝑂2]

𝐾0
)+[𝐶𝑂2 𝑟𝑒𝑓]

𝐾𝑚
𝐶𝑂2⋅(1+

[𝑂2]

𝐾0
)+[𝐶𝑂2 𝑐𝑢𝑟𝑟]

                                       Eq. 68 

 

where where [O2] is the atmospheric oxygen concentration (%), Km
CO2 (μmol mol—1 CO2) and KO (%O2) are the 

Michaelis-Menten Rubisco affinity coefficients for CO2 and the Michaelis-Menten inhibition coefficient for O2 

(μmol mol—1 O2), respectively, and τCO2O2 is the CO2:O2 specificity ratio (dimensionless). As shown by Badger 

and Collatz (1977), Veroustraete (1994, 2002), KmCO2 and Ko are controlled by daily average temperature 

[K], according to an Arrhenius relationship: 

 

𝐾𝑚
𝐶𝑂2 = 𝐴 ⋅ 𝑒

− 
𝐸𝑎

𝑅𝑔𝑎𝑠⋅𝑇𝑑𝑎𝑦𝐾                                                           Eq. 69 

 

Veroustraete (1994) showed that CO2 fertilisation has two phases and hence two sets of parameters that are 

used in the model, based on daily average air temperature. The two phases originate from a conformational 

change of Rubisco in the membranes and are incorporated as functions of daily mean temperature Tavg: 

1. for Tday ≥ 15 °C Ea = 59.4 (KJ mol—1) and A = 2.419 × 1013 

2. for Tday < 15 °C Ea = 109.6 (KJ mol—1) and A = 1.976 × 1022 

The inhibition constant KO for the oxygen concentration O2 is computed as: 

 

𝐾0 = 𝐴0 ⋅ 𝑒
− 

𝐸𝑎0
𝑅𝑔𝑔𝑔⋅𝑇𝑑𝑎𝑦𝐾                                                      Eq. 70 
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with A0 = 8240 and Ea0 = 13913.5 (KJ mol—1). For both the equations of KmCO2 and Ko, Rgas is the gas constant 

(8.314 J·mol-1·K-1) and Tday_K is the daily average air temperature in Kelvin. The temperature dependence of τ 

is computed as: 

𝜏 =  𝐴𝜏 ⋅ 𝑒
−

𝐸𝑎𝜏
𝑅𝑔𝑎𝑠⋅𝑇𝑑𝑎𝑦𝐾                                                       Eq. 71 

 

wherein Aτ = 7.87 × 105 and Eaτ = 42896.9 (KJ mol—1) (Figure 39). 

 

Figure 39 Trends for the fCO2 modifier for assimilation as a function of different atmospheric CO2 concentration scenarios 
associated (CMIP5 Representative Concentration Pathways: RCPs 2.6, 4.5, 6.0, 8.5) with reference atmospheric CO2 

concentration = 370 μmol mol—1 and Tday = 20 °C. 

 

Soil water modifiers depend on the current soil matric potential (Ѱ). It is assumed that at daily time scale, 

canopy experiences a matric potential equal to the soil matric potential. The soil water modifiers is computed 

daily as similarly as in the BIOME-BGC model as follow: 

 

𝑓𝜓𝑔
 = 𝑚𝑎𝑥 (

𝜓𝑙𝑐𝑙𝑜𝑠𝑒𝑔 − 𝜓

𝜓𝑙𝑐𝑙𝑜𝑠𝑒𝑔 − 𝜓𝑙𝑜𝑝𝑒𝑛𝑔

, 0.3)                                               Eq. 72 

 

where ψlclose is the leaf matric potential of stomatal total closure and ψlclose is the leaf matric potential, both 

species-specific, at which stomatal starts closing. The value 0.3 is the minimum allowed stress factor in order 

to avoid e.g. zero transpiration (and zero photosynthesis). Similarly, the JULES model (Clark et al. 2011) 
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adopts the value of 0.2. However, transpiration is forced to be 0, in the extreme case where no soil water is 

available for plants.  

The modifier fψ is linear in ψ, however, ψ varies highly non-linearly with soil water content, depending on 

the soil texture. How these modifiers behave in relationship to the species-specific parameters ψlclose and 

ψlopen, define the degree of anysohydricity/isohydricity of the species. 

 

𝑓𝑉𝑃𝐷𝑥
 =  𝑒 −𝐶𝑐𝑜𝑛𝑑𝑥 ⋅ 𝑉𝑃𝐷                                                           Eq. 73 

 

where Ccond is a species-specific parameter defining the closure degree of stomata with daily vapour 

pressure deficit VPD in hPa (Landsberg and Waring 1997) (Figure 40). The latter two factors concur in defining 

the isohydric/anisohydric spectrum to characterise plant drought responses and recovery process. 

 

 

Figure 40 Variations in the VPD modifier fVPD at varying VPD (hPa) with Ccond = 0.08. 

 

The modifier fL represents the photosynthetic photon flux density conductance control (Körner et al. 1995) 

and it is expressed in its general formula as: 

 

𝑓𝐿𝑥,𝑦,𝑘 ∈ 𝑧
=  

𝐴𝑃𝐴𝑅𝑥,𝑦,𝑘 ∈ 𝑧

𝑃𝐴𝑅𝐷50 + 𝐴𝑃𝐴𝑅𝑥,𝑦,𝑘 ∈ 𝑧
                                                         Eq. 74 
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where PARD50 is the PAR value at which the 50% of the stomatal closure occurs and is set at 6.48 molPARm—

2 day—1 (Figure 41). The light modifier fL is computed separately for sunlit and shaded leaves because the 

amount of absorbed PAR is different.  

 

 

Figure 41 Variations in the Photosynthetic Photon Flux Density modifier fL at varying APAR (molPAR m—2 day—1). 

 

Introduced in the 3-PG model by Landsberg and Waring (1997), the modifier function of age, assumes that 

with age (and indirectly by assuming an increase in tree height), the hydraulic resistance increases and the 

stomatal conductance decreases, reflecting a decrease in forest productivity (the so-called ‘age-related’ 

decline). In 3D-CMCC-FEM the age modifier is expressed as in the 3-PG model through: 

 

𝑓𝑎𝑔𝑒𝑥,𝑦,𝑘 ∈ 𝑧
=  

1

1+(
𝑅𝑒𝑙𝑎𝑔𝑒𝑥,𝑦,∈ 𝑧

𝑅𝑎𝑔𝑒𝑥
)

𝑁𝑎𝑔𝑒𝑥
                                                   Eq. 75 

 

where:  

𝑅𝑒𝑙𝑎𝑔𝑒 =  
𝑎𝑔𝑒𝑥,𝑦,∈ 𝑧

𝑀𝐴𝑋𝑎𝑔𝑒𝑥

                                                              Eq. 76 
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with MAXage the expected lifespan of the species considered (Figure 42). Rage and Nage are species-specific 

parameters, following Landsberg and Waring (1997). This modifier is used in the Jarvis model of stomatal 

conductance and, thus, in the FvCB photosynthesis model, and directly in the LUE one. 

 

 

Figure 42 Variations in the Age modifier fAGE at varying age with Rage = 0.95 and Nage = 10. 

 

The temperature-dependent modifier fT is defined as:  

 

𝑓𝑇𝑥 =  (
𝑇𝑑𝑎𝑦 − 𝑇𝑚𝑖𝑛𝑥

𝑇𝑜𝑝𝑡𝑥− 𝑇𝑚𝑖𝑛𝑥

) ⋅  (
𝑇𝑚𝑎𝑥𝑥  − 𝑇𝑑𝑎𝑦

𝑇𝑚𝑎𝑥𝑥− 𝑇𝑜𝑝𝑡𝑥

)
(𝑇𝑚𝑎𝑥𝑋

− 𝑇𝑜𝑝𝑡𝑥)/(𝑇𝑜𝑝𝑡𝑥− 𝑇𝑚𝑖𝑛𝑥)

                     Eq. 77 

 

with fT = 0 when Tday >= Tmax or Tday <= Tmin where, in this case, Tmin x, Tmax x, and Topt x are species-specific 

parameters defining the temperature dependence of photosynthetic plant activity (Waring and McDowell, 

2002) at stomatal level (Figure 43).  
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Figure 43 Variations in the Temperature modifier fT at varying Tday (°C) with Topt = 20°C, Tmin = 0°C, Tmax = 40°C. 

 

The modifier fsT describes the effect of soil temperature on the decomposition of litter and soil organic 

carbon pools (Parton et al. 1987) as follows: 

 

𝑓𝑠𝑇 = (
𝐶45 − 𝑇𝑠𝑜𝑖𝑙

𝑇𝑏
)

2
⋅ 𝑒

0.076⋅(1−(
45−

𝑇𝑏
)

𝑏𝑏

)

                                          Eq. 78 

 

where Tsoil is the soil temperature (Figure 44). The constant Tb is set to 20 and 10 (both in °C) for litter and soil 

respectively; bb is set to 4.9 and 2.63 for litter and soil respectively. 
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Figure 44 Variations in the Litter and Soil temperature decomposition modifier fSt at varying Tsoil (°C) with Litter Tb = 20 
and Litter bb = 4.9; Soil Tb = 10 and bb = 2.63. 

 

Similarly, the modifier fsθ describes the effect of soil water availability on the organic matter decomposition 

and is defined as (see also Figure 45): 

 

𝑓𝑠𝜃 =
1

1+30⋅𝑒
−8.5⋅(

𝐴𝑆𝑊
𝐴𝑆𝑊𝐹𝐶

)
                                                       Eq. 79 

 

 

Figure 45 Variations in soil water availability on the organic matter decomposition modifier fS𝜃 at varying ASWday (mm) 
with ASWfc = 500 mm. 
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The soil organic matter decomposition modifier fsc, which depends on the soil matrix, is defined as (see also 

Figure 46): 

 

𝑓𝑠𝑐 =  (1 − 0.75 ⋅ (
%𝑐𝑙𝑎𝑦

100
+

%𝑠𝑖𝑙𝑡

100
) )                                                        Eq. 80 

 

 

Figure 46 Variations in soil organic matter decomposition modifier fsc at varying clay% (and silt%) 

 

The ‘cold acclimation’ modifier ft is defined as in Luo et al. (2003), and it is the result of a differential equation 

of the delayed daily temperature X at day t, here solved explicitly for each year as: 

 

𝑓𝑡 = 𝑚𝑖𝑛 (
𝑆𝑡

𝑆𝑚𝑎𝑥
, 1)                                                             Eq. 81 

 

Where S is the acclimation state and Smax is a species-specific parameter which sets the minimum 

temperature threshold at which the photosynthetic process is no more inhibited by low temperatures.  

S is described as: 

 

𝑆 = 𝑚𝑎𝑥(𝑋 − 𝑋0, 0)                                                       Eq. 82 
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X0 is a species-specific parameter that is the minimum temperature threshold above which the modifier is 

higher than 0. The value of X is solved dynamically during the year as: 

 

𝑋 = 𝑋𝑡−1 +
1

𝜏
(𝑇𝑚𝑖𝑛 − 𝑋𝑡−1)                                                      Eq. 83 

 

with the initial condition 

𝑋𝑡=1 = 𝑇𝑚𝑖𝑛,𝑡=1                                                                     Eq. 84 

 

Following Luo et al. (2023), Tmin is the daily minimum temperature of the day t, and τ[day] is a parameter that 

defines the time scale needed for the leaf to acclimate to the new temperature (Figure 47).  

 

 

Figure 47 Example of the yearly variations of the cold acclimation multiplier for the canadian OJP Pinus banksiana site 
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6. FOREST DENDROMETRIC AND STRUCTURAL ATTRIBUTES 

(subroutine: allometries.c, dendrometry.c, canopy_cover.c) 

Model updates the tree and forest structural attributes such as tree DBH, tree height, and crown area or 

canopy cover (i.e. the sum of all tree crown areas within the grid-cell) some at daily, some at monthly and 

others at the annual scale. Such changes in forest structural attributes are computed by the model through 

species-specific and possibly generic (i.e. non stand-based) power-law allometric equations. Recent studies 

(e.g. Collalti et al. 2019) showed that 3D-CMCC-FEM is particularly sensitive to parameters used in the 

allometric equations described below as these equations control both in the initialization as during the model 

runs the amount of biomass and its accumulation over the years and then the amount of autotrophic 

respiration and the use of reserve (see also paragraph 3.9 Non-Structural Carbon). Caution should be then 

paid in the analysis of these values adopted during the parameterization. 

6.1 STEM BIOMASS - DBH RELATIONSHIP 

The relationship between DBH and stem biomass (kg dry matter) is expressed via a power function (see e.g. 

Cannell 1984 and Forrester et al. 2017) as follows: 

 

𝑆𝑇𝐸𝑀𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑥,𝑦,𝑘 ∈ 𝑧
 =  𝑆𝑇𝐸𝑀𝑐𝑜𝑛𝑠𝑡𝑥

 ⋅  𝐷𝐵𝐻𝑥,𝑦,𝑘 ∈ 𝑧
𝑆𝑇𝐸𝑀𝑝𝑜𝑤𝑒𝑟𝑥                       Eq. 85 

 

where STEMconst and STEMpower are fitting parameters (Figure 48). The formula considering stem biomass as 

the variable to predict is used during the initialization procedure given that DBH is one of the mandatory 

input data requested by the 3D-CMCC-FEM.  
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Figure 48 Variation of Stem Biomass (kg dry matter) with respect to diameter at breast height (DBH, cm) with Stemconst 
= 0.2837 and Stempower = 2.314. 

 

Conversely, during the model run, given that stem biomass increments are computed through the allocation 

of partitioned daily NPP to the stem biomass pool (and converted in dry matter) the same formula is 

transformed to compute the new daily DBH into the equivalent (see also Figure 49): 

 

𝐷𝐵𝐻𝑥,𝑦,𝑘 ∈ 𝑧  = (
𝑆𝑇𝐸𝑀𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑥,,𝑦,𝑘 ∈ 𝑧

𝑆𝑇𝐸𝑀𝑐𝑜𝑛𝑠𝑡𝑥

)
1/𝑆𝑇𝐸𝑀𝑝𝑜𝑤𝑒𝑟𝑥

                                        Eq. 86 

 

 

Figure 49 Variation of diameter at breast height (cm) for Stem Biomass (kg dry matter) with Stemconst = 0.2837 and 
Stempower = 2.314 
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The 3D-CMCC-FEM capacity on simulating DBH (or its annual increments as well as the Basal Area and its 

annual increments) has been tested in several sites around Europe over the years (Collalti 2011; Collalti et al. 

2014; Mahnken et al. 2022a; Testolin et al. 2023; Vangi et al. 2024a, 2024b; Puchi et al. in prep.; and see 

Figure 50 and Figure 51). 

 

 

Figure 50 Evaluation of (a) simulated mean stand DBH (cm) and (b) tree density (n trees ha—1) against the values 
reported by Callegari et al. (2003) and measured within the sampling plots (figure from Testolin et al. 2023). 

 

 

Figure 51 Comparison between modelled and observed DBH (cm) from NFI data at the species level (Vangi et al. in 
prep.). 
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6.2 TREE HEIGHT - DBH RELATIONSHIP 

The Chapman-Richard equation (Bertalanffey 1957) describes the relationship between the DBH and tree 

height in the form of : 

 

ℎ𝑥,𝑦,𝑘 ∈ 𝑧  = ℎ𝑟𝑒𝑓  +  𝐶𝑅𝐴𝑥 ⋅ (1 − 𝑒−𝐶𝑅𝐵𝑥⋅𝐷𝐵𝐻𝑥,𝑦,𝑘 ∈ 𝑧)𝐶𝑅𝐶𝑥                               Eq. 87 

 

where h is the tree height (m), DBH is the average tree diameter (cm), CRA, CRB and CRC are fitting species-

specific parameters of the equation with href = 1.3 m. This equation should be applied for trees which are at 

least 1.3 m height (Figure 52).  

 

Figure 52 Variation of tree height (m) with respect to diameter at breast height (DBH, cm) with CRA = 35 (m) , CRB = 
0.038, CRC = 1.104  

 

The 3D-CMCC-FEM capacity on simulating tree height (or its annual increments) has been recently tested in 

several sites around Europe over the years (Mahnken et al. 2022a; Vangi et al. in prep). 

6.3 SAPWOOD AREA - DBH RELATIONSHIP 

The relationship between DBH (cm) and sapwood area (cm2) is described by a power function as follows (see 

e.g. Thurner et al. 2019): 

 

𝑆𝐴𝑃𝑊𝑂𝑂𝐷𝑎𝑟𝑒𝑎𝑥,𝑦,𝑘 ∈ 𝑧
=  𝑆𝐴𝑃𝐴𝑥

 ⋅ 𝐷𝐵𝐻𝑥,𝑦,𝑘 ∈ 𝑧
𝑆𝐴𝑃𝐵𝑥                             Eq. 88  
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where SAPA and SAPB are species-specific parameters. This equation is only used in the initialization phase 

while during the entire simulation the sapwood increases (or decreases) controlled by the balance between 

the new stem biomass and the one that goes to heartwood because of turnover (τ) (Figure 53).  

 

 

Figure 53 Variation of Sapwood Area (cm2) with respect to diameter at breast height (DBH, cm) with SAPA = 0.778 and 
SAPB = 1.917.  

 

6.4 CROWN DEVELOPMENT CONSTRAINTS  

First the variable DBHDC (dimensionless) is defined as DBH to Crown Diameter (DC) ratio, where crown 

diameter is a new variable computed according to the maximum layer coverage a species can tolerate and 

the total stand density (Collalti 2011; Collalti et al. 2014; Figure 54). Different levels of stand density set 

constraints on both tree survival and crown development, as trees tend to occupy the available space.  

Competition for space among trees is avoided when: 

 

𝐷𝐵𝐻𝐷𝐶𝑚𝑖𝑛𝑥
>=  𝐷𝐵𝐻𝐷𝐶𝑥,𝑦,𝑘 ∈ 𝑧  <=  𝐷𝐵𝐻𝐷𝐶𝑚𝑎𝑥𝑥,𝑦,𝑘 ∈ 𝑧

                             Eq. 89            

 

under the condition DBHDC <= DBHDCmin, self-thinning occurs. Where DBHDCmin is a species-specific 

parameter. 
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In case of crown competition (overlapping between crowns), constraints on crown development and 

expansion when e.g. there are opening gaps in the canopy, are set according to the following condition and 

allometric equation and computed as follows: 

 

𝐷𝐵𝐻𝐷𝐶𝑥,𝑦,𝑘 ∈ 𝑧  =  𝑚𝑖𝑛(𝐷𝐵𝐻𝐷𝐶𝑚𝑎𝑥𝑥
, 𝐷𝐵𝐻𝐷𝐶𝑥,𝑦,𝑘 ∈ 𝑧)                           Eq. 90 

where DBHDCmax is computed as: 

 

𝐷𝐵𝐻𝐷𝐶𝑚𝑎𝑥𝑥,𝑦,𝑘 ∈ 𝑧
 = 𝛼𝐷𝐵𝐻𝐷𝐶𝑥

⋅  𝐷𝐵𝐻𝑥,𝑦,𝑘 ∈ 𝑧
−𝛽𝐷𝐵𝐻𝐷𝐶𝑥                                       Eq. 91 

 

where αDBHDC and ꞵDBHDC are parameters which are currently set for evergreen and deciduous species. This 

ability to open the canopy is limited with and controlled by increasing DBH.  

 

 

Figure 54 DBHDC density function (adapted from Collalti 2011) 

 

Similarly, as for DBH, stem biomass and tree height (see section 6) the 3D-CMCC-FEM model updates the 

tree-level and forest structural attributes such as Basal and Crown, Volume, Current and Mean Annual 

Increment (CAI and MAI, respectively) as well as Above- and Below-Ground Biomass (AGB and BGB, 

respectively) at the beginning of each simulation years at the species, DBH, tree height for any layer.  

 

6.5 CROWN DIAMETER AND CROWN AREA 

Once accounted for and established the DBHDC, then, crown diameter can be computed simply through: 
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𝐶𝑟𝑜𝑤𝑛 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑥,𝑦,𝑘 𝜖 𝑧 =  𝐷𝐵𝐻𝑥,𝑦,𝑘 𝜖 𝑧 ⋅ 𝐷𝐵𝐻𝐷𝐶𝑥,𝑦,𝑘 𝜖 𝑧                                Eq. 92 

 

and crown area as: 

𝐶𝑟𝑜𝑤𝑛 𝑎𝑟𝑒𝑎𝑥,𝑦,𝑘 𝜖 𝑧  = 𝜋 ⋅ (
𝐶𝑟𝑜𝑤𝑛𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑥,𝑦,𝑘 𝜖 𝑧

2
)

2

                                     Eq. 93 

 

6.6 BASAL AREA 

The basal area can be considered a productivity index of a forest stand and corresponds to the cross-sectional 

area of tree stem at 1.30 metres, on a given forest plot, which is commonly scaled up to 1 hectare. In the 3D-

CMCC-FEM the basal area (and its annual increments) is determined using the following equation: 

 

𝐵𝑎𝑠𝑎𝑙 𝑎𝑟𝑒𝑎𝑥,𝑦,𝑘 𝜖 𝑧 = 𝜋 ⋅ (
𝐷𝐵𝐻𝑥,𝑦,𝑘 𝜖 𝑧

2
)

2
⋅ 𝑁𝑡𝑟𝑒𝑒𝑥,𝑦,𝑘 𝜖 𝑧                                           Eq. 94 

 

 

where the model takes the diameter (DBH) and computes the stand-level basal area by factoring in the 

number of trees (Ntree) in m2 (see Figure 55). 
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Figure 55. Comparison between modelled and observed Basal Area (m2) from NFI data at the species level (Vangi et al. 
in prep.). 

 

6.7 VOLUME 

Stem volume is computed through the general formula as follows: 

 

𝑆𝑡𝑒𝑚 𝑣𝑜𝑙𝑢𝑚𝑒𝑥,𝑦,𝑘 𝜖 𝑧 = 𝜋 ⋅ (
𝐷𝐵𝐻𝑥,𝑦,𝑘 𝜖 𝑧

2
)

2
⋅ ℎ𝑥,𝑦,𝑘 𝜖 𝑧 ⋅ 𝜑𝑥                Eq. 95 

 

where h indicates the tree height (m), then the DBH (cm) and φ is the stem form factor which is a species-

specific parameter defining the shape of the tree stem bole. The Volume at every single class is then scaled 

to layer and cell level as: 

 

𝑉𝑜𝑙𝑢𝑚𝑒𝑥,𝑦,𝑘 𝜖 𝑧 = 𝑆𝑡𝑒𝑚𝑣𝑜𝑙𝑢𝑚𝑒𝑥,𝑦,𝑘 𝜖 𝑧
⋅ 𝑁𝑡𝑟𝑒𝑒𝑥,𝑦,𝑘 𝜖 𝑧

                                          Eq. 96 

 



Monitoring and predicting forest growth and dynamics 
 

88 

 

𝑉𝑜𝑙𝑢𝑚𝑒 =  ∑𝑁
𝑧 = 1 𝑉𝑜𝑙𝑢𝑚𝑒𝑥,𝑦,𝑘                                                    Eq. 97 

 

6.8 CURRENT AND MEAN ANNUAL INCREMENT 

The model computes annually the volume growth of the tree over the past year (CAI) and the average 

volume growth of the tree per year since its establishment (MAI) as:  

 

𝐶𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧  =  𝑉𝑥,𝑦,𝑘 𝜖 𝑧𝑡 −  𝑉𝑥,𝑦,𝑘 𝜖 𝑧𝑡−1
                                           Eq. 98 

 

And 

 

𝑀𝐴𝐼𝑥,𝑦,𝑘 𝜖 𝑧  =
𝑉𝑜𝑙𝑢𝑚𝑒𝑥,𝑦,𝑘 𝜖 𝑧

𝑎𝑔𝑒𝑥,𝑦,𝑘 𝜖 𝑧
                                                            Eq. 99 

 

where t represents the time and t—1 the year before (Vangi et al. 2024a) 

 

6.9 ABOVE-GROUND BIOMASS 

Above-Ground Biomass (both in tC and by conversion in tDM) is the sum of different above-ground pools 

and is computed as: 

 

𝐴𝐺𝐵𝑥,𝑦,𝑘 𝜖 𝑧  = 𝐿𝑒𝑎𝑓𝐶𝑥,𝑦,𝑘 𝜖 𝑧 + 𝑆𝑡𝑒𝑚𝐶𝑥,𝑦,𝑘 𝜖 𝑧 + 𝐵𝑟𝑎𝑛𝑐ℎ𝐶𝑥,𝑦,𝑘 𝜖 𝑧 + 𝐹𝑟𝑢𝑖𝑡𝐶𝑥,𝑦,𝑘 𝜖 𝑧                       Eq. 100 

 

while at cell level: 

𝐴𝐺𝐵 =  ∑𝑁
𝑧 = 1 𝐴𝐺𝐵𝑥,𝑦,𝑘                                                       Eq. 101 
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6.10 BELOW-GROUND BIOMASS 

Similarly, Below-Ground Biomass (both in tC and by conversion in tDM) is the sum of different below-

ground pools and is computed as: 

 

𝐵𝐺𝐵𝑥,𝑦,𝑘 𝜖 𝑧  = 𝐹𝑖𝑛𝑒𝑅𝑜𝑜𝑡𝐶𝑥,𝑦,𝑘 𝜖 𝑧 +  𝐶𝑜𝑎𝑟𝑠𝑒𝑅𝑜𝑜𝑡𝐶𝑥,𝑦,𝑘 𝜖 𝑧                             Eq. 102 

 

while at cell level: 

 

𝐵𝐺𝐵 =  ∑𝑁
𝑧 = 1 𝐵𝐺𝐵𝑥,𝑦,𝑘                                              Eq. 103 
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7. FOREST MANAGEMENT AND DISTURBANCES 

(subroutine: management.c) 

Forest management represents an anthropogenic perturbation to the natural dynamic of the ecosystem. The 

Intergovernmental Panel on Climate Change guidelines define managed land as the area where human 

interventions and practices have been applied to perform production, ecological, or social functions (IPCC, 

2006). Recent studies have shown and discussed the profound effects of forest management on both carbon, 

nitrogen, and water cycle (Nolè et al. 2015; del Río et al. 2017; Akujärvi et al. 2019; Gutsch et al. 2018; 

Dalmonech et al. 2022; Testolin et al. 2023) and the potential role of forest management in climate change 

adaptation strategies (Ayan et al. 2018; De Marco et al. 2022). The 3D-CMCC-FEM model simulates several 

potential management practices, from the ‘Business as Usual’ (BAU) to diverse other ones, on high stands as 

those included in the ISIMIP protocol (Collalti et al. 2018; Pellicone et al. 2018; Reyer et al. 2020; Dalmonech 

et al. 2022; Mahnken et al. 2022a, 2022b, 2023; Saponaro et al. 2025; https://www.isimip.org/protocol/). 

The 3D-CMCC-FEM implemented a simple BAU management routine that simulates an intensive, even-aged 

approach to forest management following Duncker et al. (2012)(see Figure 56).  

 

 

Figure 56 Graphical representation of forest management in the 3D-CMCC-FEM model 

 

These management guidelines are characterised and in the model simulated by: 

1. Thinning intensity (i.e. percentage of stand basal area to remove based on total stand basal area), 

2. Thinning interval (i.e. years between operations), and 

3. Rotation age (i.e. stand age at which the final harvest occurs and trees are replanted) 

https://www.isimip.org/protocol/
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Each management variable represents a species-specific parameter, then characterising and gives the 

possibility to the user to simulate diverse species-specific management schemes that can be represented by 

different combinations of management variables and, thus, hypothesising, through different models runs, 

different management options with different model results. Both thinning and harvesting occur at the end 

of the year, and to close both daily, monthly, and annual carbon budgets, these trees and their associated 

pools are accounted for before their removal. When the stand age for final harvest is reached in a site, all 

trees are completely removed. At the year after harvesting (first of January), the plot is replanted with new 

trees of the same or different species (e.g. 6000 trees ha—1, dbh = 1 cm, tree height = 1.3 m, and age = 5 

years), thus, providing the mandatory initial variables needed for model runs. Note, values for replanting can 

be set by the user as even the change and the type in tree species to replant but not a species-specific 

parameter but rather as setting run parameter. Overall, three different general forest management schemes 

can be set into the 3D-CMCC-FEM modelling setting file (‘management’ parameter). The ‘no management’ 

(management ‘off’), which actually means that the stand is left to develop undisturbed with no management 

interventions; the regular management (management ‘on’), which is controlled the three above variables 

(i.e. ‘thinning intensity’, ‘thinning interval’ and ‘rotation age’), which means that the thinning operations are 

iteratively simulated any ‘x’ years controlled by the species-specific parameter ‘thinning interval’ and starting 

at a defined year define by the ‘Year start management’ parameter. Lastly, irregular management 

(management ‘var’), which means that thinning and harvesting operations can be simulated not on a regular 

time regime, is an additional setting that can be used to simulate management, in this case, the background 

mortality is turned off and the number of trees to remove is provided by the user, something that can happen 

in the real world, but every user-defined years (this means that the user should provide in a specific file the 

years when applying thinning and harvesting). The last management scheme can also be used to mimic and 

simulate any other different type of disturbance (and not just forest management) provided that there are 

enough information about the intensity (number or % of trees to remove) and the interval (years of the 

events) of the disturbance. By acting on the intensity, the interval and the regime (and the relative 

combinations of these three variables) 3D-CMCC-FEM can simulate different management schemes (to that 

more 'close-to-nature’ implying a relative continuous canopy cover, i.e. the ‘continuous cover forestry’) to 

those more intensive (see Dalmonech et al. 2022 and Testolin et al. 2023; Figure 57) which include clear-cut 

and human replanting (or through natural regeneration processes). In principle a fourth variable could be 

accounted for by the 3D-CMCC-FEM when simulating management, which is the ‘thinning from above’ (or 

from below) that removes trees (controlled by the intensity and intervals setting parameters) from the 

dominant (above) or dominated (below) layer. However, such an hypothesis in modelling forest management 

has never been tested in the model.  
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Figure 57 Graphical abstract of the different forest management schemes usable within the 3D-CMCC-FEM  

(figure from Testolin et al. 2023) 

 

The comparison of model results between e.g. the Business-as-Usual (BaU) and the more or less intensive 

management schemes is a useful and valuable tool, especially under climate change scenarios, not only for 

foresters but also for the scientific community and the relative policies for the future forests. Recent studies 

applying the 3D-CMCC-FEM have indeed shown that under any climate change scenarios (RCP 2.6, 4.5, 6.0, 

8.5) both NPP, CUE and Carbon Woody Stock increase when applying BaU management scenarios when 

comparing to No Management scenarios (i.e. forests are left to develop undisturbed with no human 

interventions) simulations (Collalti et al. 2018; Table 1).  
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Table 1 Percentage of Changes for Mean GPP, Ra, NPP, CUE, NPPwoody, and Carbon Woody Stocks between thinned vs. 
unthinned simulations for Near Future (NF; 2020–2050) and Far Future (FF; 2070–2099) time windows (table rewritten 
from Collalti et al. 2018). 

https://www.forest-modelling-lab.com/_files/ugd/8a7700_087eb7d4154b4f96988828e9166e7203.pdf
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Even more recent studies applying the 3D-CMCC-FEM and questioned whether different forms of 

management scheme combinations, with respect to the BaU, could maximise NPP while at the same time 

maintaining and/or increasing potential Carbon Woody Stocks (CWS; i.e. when no decay of harvested wood 

products occurs) in response to a range of climate change scenarios (Dalmonech et al. 2022). 28 different 

management scenarios were applied to three different European sites including additional virtual stands, 

obtained by the CFM approach (see paragraph 1.4.4). Overall, the BaU and ‘No management’ schemes plus 

26 alternative management schemes were applied. These alternative forest management scenarios 

represented all the possible combinations of two thinning in­tensities, two thinning intervals, and two 

rotation lengths that differ from those in the BaU scenario adopted in Collalti et al. (2018). The schemes were 

grouped into a factorial combinations of: (1) ‘more intensive’ (‘AM+’), where at least one out of the three 

management variables reflect an intensified management case relative to BaU (e.g. higher thinning intensity 

and/or shortened interval and/or shortened rotation length than BaU: +10% ca. in intensity, —10 years ca. 

in interval, —20 years ca. in rotation length), and the other one or two (or no) variables are kept as in BaU; 

(2) ‘less intensive’ (‘AM–’), where at least one variable reflects lower thinning intensity (—10% ca.) and/or 

prolonged interval (+10 years ca.) and/or prolonged rotation length (+20 years ca.), compared to the BaU 

case; and (3) ’mixed schemes’ (‘MIX’), where at least one management variable was more intensive and at 

least one management variable was less intensive than the BAU scheme. Results shown that, for any 

combination reflecting a more intensive or less intensive scenarios both NPP as well as pCWS, BaU was the 

management scheme reaching the higher NPP and pCWS and that the differences between the different 

management schemes were much higher than those between climate scenarios, providing further evidences 

on the key role of forest management in shaping C-cycle in forests (Figure 58 and Figure 59). 
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Figure 58 NPP (Net Primary Productivity, gC m—2 year—1) simulations under different management scenarios (AM+, BAU, 
AM–) and the NO-MAN scenario for each of the four atmospheric CO2 concentration pathways (RCPs). NPP, solid line, 
is averaged across the representative forests, different Earth System Models (ESMs) forcing climate and aggregated 
according to the management regime. Shaded areas represent the maximum and minimum values (5th and 95th 
percentiles) across the representative forests, different ESMs and aggregated according to the management regime 
(figure from Dalmonech et al. 2022). 
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Figure 59 pCWS (potential Carbon Woody Stock = standing and potential harvested woody biomass; tC ha—1) simulations 
under different management scenarios (AM+, BAU, AM–) and the NO-MAN scenario divided by different emission 
scenario RCPs. pCWS, solid line, is averaged across the representative forests, and different ESMs and aggregated 
according to the management regime. Shaded areas represent the maximum and minimum values (5th and 95th 
percentiles) across the representative forests, with different Earth System Models (ESMs) forcing climate and 
aggregated according to the management regime. Carbon sequestration rates (as annual increase of CWS, tC ha—1 year—

1) in the potential total woody stocks (mean and standard deviation) are reported in the bar plots (figure from 
Dalmonech et al. 2022). 

 

Other studies applying the 3D-CMCC-FEM adopting different silvicultural practices and under climate change 

scenarios (RCP 4.5, 8.5) and in other forest stands than that from Dalmonech et al. (2022), have found similar 

results on the overall autotrophic C-budget (i.e. GPP, NPP, pCWS and BA)(Testolin et al. 2023). Likewise, even 

in this study forest management has shown large control on model outputs (more than climate change itself) 

and climate change and management have shown to be largely independent (i.e. no strong interaction 

effects)(Figure 60). Recently, Boukhris et al. (2024) used Testolin et al. (2023) model outputs into a 

comprehensive framework called ‘TimberTracer’ designed to explicitly simulating carbon stock in HWPs over 

temporal scales, substitution effects, and carbon emissions from wood decay and bioenergy. 
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Figure 60 Relative change of modelled outputs according to six different management options (no management, light 
thinning, heavy thinning, patch clearcut, shelterwood A, shelterwood B) and three climate scenarios (CUR, RCP4.5, 
RCP8.5) compared to the baseline ‘no management’ option under the CUR (CUR = current climate scenario) within the 

NF (Near Future, 2025–2055), FF (Far Future, 2065–2095), and ALL (2006-2095) time windows for Gross and Net Primary 

Production (GPP, NPP), pCWS (potential Carbon Woody Stocks) and Basal Area (BA). The error bars are the 95 % 
confidence intervals (figure from Testolin et al. 2023). 

Note that changes in the values of every variable during thinning and harvesting operations are uniquely the 

result of a change in space, light, and water availability caused by the tree removal operations and do not 

depend on specific modifications in model algorithms or parameters when thinning and/or harvesting are 

applied. 

Management for coppiced forests is still under development. However, for oaks, allometric relationships for 

forest managed as coppice and an ad-hoc parameterization to simulate sprout growth is provided in this 

version of the 3D-CMCC-FEM model. 

  



Monitoring and predicting forest growth and dynamics 
 

98 

 

8. PRINCIPLE OF THE CONSERVATION OF ENERGY AND MASS 

(routines: tree_model_check_balance.c, soil_model_check_balance.c, litter_model_check_balance.c, 

cell_model_check_balance.c) 

In 3D-CMCC-FEM at different time-steps (i.e. daily, monthly and annual) the conservation of mass 

fundamental principle is checked (both for fluxes as well as for stocks). This means that the incoming energy 

radiation, C, N, and H2O, must all be in balance with the amount outcoming and that stored (i.e. Balance = In 

– Out – Stores), at any given time. When (and if) the check balance function (‘tree_model_balance_check.c’) 

finds that the balance is not maintained the 3D-CMCC-FEM aborts and exits from the simulation with an error 

message (‘...FATAL ERROR in 'Tree_model_daily' Carbon flux balance (exit)’). The ‘check-balance’ functions 

for the conservation are done at each hierarchical level of tree representation (DBH, tree height, age, and 

species level) as well as at the cell level. 

 

9. SENSITIVITY ANALYSIS TO PARAMETERS, INPUT DATA AND 

MODEL STRUCTURE 

Sensitivity analysis and Factorial Analysis are methods to quantify the sensitivity in model outputs induced 

by changes to model inputs (Uusitalo et al. 2015) or model setting (Collalti et al. 2019; Boukhris et al. 2023). 

These methods are commonly the first diagnostics in assessing the uncertainty in model assumptions, 

process representations, and parameterizations (Collalti 2011). As diagnostic tools are considered essential 

to quantifying the reliability, robustness, and limitations of models suggesting directions for further 

improvements aiming to reduce uncertainty (Pappas et al. 2013; Pianosi et al. 2016). A recent study by Collalti 

et al. (2019), through the course of >100 years of simulations, found large responsiveness of the 3D-CMCC-

FEM to the allometric parameters used for initialise forest carbon and nitrogen pools early in forest 

simulation, i.e. for NPP up to ≈37%, 256 gC m—2 yr—1 and for SWB (standing woody biomass) up to ~90%, 65 

tC ha—1, when compared to standard simulation, with this sensitivity decreasing sharply during forest 

development at decreasing NPP. At medium to longer time scales, and under climate change scenarios, the 

model became increasingly more sensitive to additional and/or different parameters controlling biomass 

accumulation and autotrophic respiration, i.e. for NPP up to ≈30%, 167 gC m—2 year—1 and for SWB up to 

≈24%, 64 tC ha—1, when compared with simulations with standard parameterisation. Interestingly, 3D-CMCC-

FEM model outputs were shown to be more sensitive to parameters and processes controlling stand 

development rather than those linked with climate change (i.e. warming and changes in atmospheric CO2 
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concentration) itself although model sensitivities were generally higher under climate change scenarios 

(Collalti et al. 2019, Figure 61). Likewise, other sensitivity analyses for other models showed a similar degree 

of sensitivity to especially allometric parameters in allometric equations (Massoud et al. 2019), to be context 

dependent (Forrester et al. 2024), and that parameters should be free to vary with forest development 

(Oddou-Muratorio et al. 2020). Through a Factorial Analysis Collalti et al (2018) between climate data (both 

at ESM-level and RCP-level), atmospheric CO2 concentration, and forest management (and all the possible 

combinations between them) found that for GPP, NPP, NPPwoody, Ra, and CUE the forest management, and its 

effects on forest structure, is far to be the more impacting factor on 3D-CMCC-FEM results (data not shown 

here). Likewise, Dalmonech et al. (2022) found that, on average, across the simulation time, i.e. 2006-2100, 

stand characteristics, as results of the management scenarios, explain most of the variability of the C-related 

variables (Figure 62). 

 

Figure 61 Sensitivity in modelled annual NPP (net primary productivity, left panel) and SWB (standing woody biomass, 
right panel) expressed in percentage across forest development and climate change scenarios at each of three selected 
sites. Shaded areas represent the maximum and the minimum relative sensitivity (in absolute values) for the most 
influential parameters considering that the maximum among the maximum annual values of NPP and SWB changes and 
the minimum among the maximum annual values of NPP and SWB changes over the climate change and present-day 
climate scenarios (RCPs). An arbitrary threshold of 5% level was used as the reference level (figure from Collalti et al. 
2019). Parameter ‘STEM_B’ in the figure stands for the parameter ‘STEMpower’ in the text. 
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Figure 62 Factorial analysis of the factors driving the variability of GPP, NPP, RA, CUE, NPPwoody and pCWS, for the three 
study sites Bílý Křìž (square), Hyytiälä (triangle), Sorø (circle) and an average among sites (rhombus); ESMs = model 
forced with Earth System Models climate, RCP = emission scenarios, ‘Stand’ = virtual stands of the Composite Forest 
Matrix, i.e. simulations from each individual virtual stand, characterised by a specific age class and structure, are 
considered (figure from Supporting Information in Dalmonech et al. 2022). 
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