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What is climate change? 
 

“Climate change refers to a change in the state of the  

climate that can be identified by changes in the mean and/or the variability of its properties and that 

persists for an extended period, typically decades or longer.” 
(IPCC – SR15, 2018) 

Causes? 

CO 

CO2 

CH4 

N2O 

HFC 

PFC 

(not only from industries!) 
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Is climate change really an evidence?  

1980 2000 
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There is evidence of climate change  



Allometric equations and 

biometric estimates 

Remote sensing 

Modelling 

Methodologies for studying Carbon, Water and Nitrogen Cycles and Forest Dynamics 

No predictive 

No predictive at varying site 

conditions 

Predictive but highly uncertain 

Eddy covariance No predictive 
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How (and why) study climate change and the mitigation/adaptation role of forests? 

Can models deal with both?? 
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But what is a “model”? 
(some definitions) 

 
“A model is an informative representation of an object, person or system “ 

 (Wikipedia 2021)  
 
 

“A model can be considered as a synthesis of the knowledge elements of a system” 
(Jørgensen 1997)  

 
 

“Models are simplified representations of the real world” 
 (Wainwright and Mulligan 2004) 

 

 
 
 



In its extreme essence a model is a tool: 

 

(1) to describe a system (dynamic or not),  

(2) to make useful predictions and  

(3) to test hypotheses 

(we will see same examples later) 
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The Lotka-Volterra model (1925)  (aka “the Predator-Prey model”) 

The first and potentially the most known model… 

System of derivates 



… a example of ecological model: 
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“The competitive exclusion principle” (aka Gause’s low):  

“two species competing for the same limited resource cannot coexist at constant population values” 

When one species has even the slightest advantage over another, the one with the advantage 

will dominate in the long term. This leads either to the extinction of the weaker competitor or to 

an evolutionary or behavioral shift toward a different ecological niche. 

Cellular automaton 

model of 

interspecific 

competition for a 

single limited 

resource 
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but there are, of course, also models in forestry: 

DBH vs. Tree Height vs. Stand Density  
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What’s inside a model? 

Basically, a model is an equation or a chain of equations 

to describe something: 
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System at initial state System at final state 

Forcing 

…and in practice  
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Modelling means breaking down and representing the system in its main processes  

happening at different temporal and spatial scale 

(e.g. photosynthesis and stomatal transpiration) 
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The scales 

Spatial  Temporal 
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The spatial scale 

Canopy/Tree level 

Big tree level  

Stand level 

Cellular/Leaf level 



The spatial scale 
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From single cell to 70 km x 70 km 

Cell level 
70 km x 70 km 



The temporal scale 

Semi-hourly 
(e.g. photosynthesis) 

Multi-decadal 
(e.g. forest succession) 

Different temporal representations for different processes 

(e.g. radiative fluxes, water fluxes, carbon allocation) 
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How to simulate forest dynamic temporally 

Model start up and 

the  1st of each 

January 

Daily/Monthly 

 time-step 

(Each day/month) 

Annual 

 time-step 

 (End of year) 

Definition of forest 

structure 

Growing season: 

Carbon cycle 

Partitioning-allocation 

Water balance 

Phenology 

Dominance 

Dendrometry 

Dormant season 

(if deciduous): 

Water balance 

Annual Carbon Balance: 

Mortality 

Regeneration 

if 

else 



The main processes represented in vegetation models 
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The main processes represented in vegetation models – Biophysical processes 
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• SURFACE ALBEDOS 

• Canopy radiative transfer 

• Ground albedos 

• Solar zenith angle 

• RADIATIVE TRANSFER 

• Solar fluxes 

• Longwave fluxes 

• SENSIBLE HEAT AND LATENT HEAT FLUXES 

• Sensible and latent heat fluxes for vegetated and not 

• Saturation vapor pressure 

• SOIL AND SNOW TEMPERATURE 



The main processes represented in vegetation models – Biogeochemical processes 
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• CANOPY PHOTOSYNTHESIS 

• AUTOTROPHIC RESPIRATION 

• Heterotrophic respiration 

• C-N ALLOCATION 

• PHENOLOGY 

• Fire and mortality 

• Vegetation structure 

• Litterfall 

• “CARBON CYCLE” 

• “NITROGEN CYCLES” 

  

 



PLANT 

Leaves, Wood, Roots 

ORGANIC MATTER 

Litter: Leafy, Woody 

Soil: Active  (microbial) 

 Slow    (humic) 

 Passive (inert) 

Respiration 

ATMOSPHERE 

 

Disturbance 

Leaching Fluvial, 

aeolian 

transport 

Fertiliser 

inputs 

N fixation, 

N deposition, 

N volatilisation 

N,P Cycles 

C Cycle 
Rain 

Transpiration 

Runoff 

Water 

Cycle 

Soil 

evap 

SOIL 

Soil water 

Mineral N, P 

Energy 

C flow 
N flow 

P flow 

Water flow Grouped and summarizing in a conceptual framework 

Energy flow 
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Photosynthesis 
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A simple model in vegetation science. How to simulate a process (e.g. photosynthesis) 

GPP = αX * “environment” * PAR * (1 – e-K + LAI) 

Parameter 

Variable 

GPP = photosynthesis 

α X = maximum canopy quantum efficiency (optimum photosynthesis per absorbed PAR) 

PAR = Photosynthetically Active Radiation 

LAI = Leaf Area Index 

K = coefficient of extinction 

Environment = environmental modifiers (0–1) that limit optimum photosynthesis 

The process: photosynthesis.  

Observations (roughly) say:  photosynthesis increases linearly at increasing absorbed light and is 

limited by environment 

Constant 

Driver/forcing 

Waring et al. (2016), Tamm Review 
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A simple model in vegetation science. How to simulate a process (e.g. productivity) 

NPP = GPP * Y 

Variable 

NPP= Net Primary Production 

Y = coefficient of extinction 

The process: productivity.  

Observations (roughly) say: the existence of pervasive acclimation mechanisms that tend to 

stabilize the NPP:GPP ratio  

Constant 

Collalti et al. (2020), Nature Comm. 

Y = 0.46x ± 0.12 
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A complex model in vegetation science. How to simulate all process 
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…and models and codes can become very complex…. 

Margaret Hamilton , computer scientist,  

director of the Software Engineering Division 

of the MIT Instrumentation Laboratory, which 

developed on-board flight software for 

NASA's Apollo program 
 



…but more practically the GPP (a code) 
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…but more practically (some model inputs) 
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Stand data  

for model initialization 

Climate forcing data 



but more practically (some model inputs)… 
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Species–specific parameters 

(species ecophys. traits) 



…to produce model daily output 
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…but more practically (an understandable annual model output) 
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…but more practically (an understandable annual model output) 
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Climate forcing:  MIROC-ESM-CHEM rcp8.5 

[CO2] on; No Management  

[CO2] off; No Management  

[CO2] on; Management  

[CO2] off; Management  
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Different models for different purposes (and some examples with strengths and limitations) 

No explation of the  

behaviour observed 

Dynamic Global Vegetation Models 

LPJ 

 
•from regional to global (0,5° * 0,5°) 

•PFT's 

•Process-Based Model 

•Low spatial and temporal resolution 

 

 

 
 

BIOMOD 

 
•No biological explanation 

•Statistical model 

•Wide applicability 

•Black box 

ForClim 

 
•stand level (1/12ha ca. 833m2) 

•Few numbers of input data 

•Low process resolution representation 

•Low computational demand 

 
Limited applicability to species level  

and  

low processes’ resolution representation 

 

 

  

Limited applicability  

to regional and potentially impossible  

to global level  

Species Distribution Models 
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Gap Models 

Màrecheux et al. 2021 



What about the Forest Modelling Lab. (the 3D–CMCC–FEM) 

• Simulate stand growth and development under current and future environmental conditions 

• Bio-chemical, Bio-physical, Process-Based Model 

• Couple the Process-Based models’ robustness of the layer and cohort models 

• Variable temporal scale(daily to annual) 

• Variable spatial scale (1ha to x Km2) 

• Management (thinning, harvest, replanting) 

 

 

 

 

 



3D-CMCC-FEM  Biophysical processes: 

 SURFACE ALBEDOS 

 RADIATIVE TRANSFER 

 SENSIBLE HEAT (under development) AND LATENT HEAT FLUXES  

 SOIL AND SNOW TEMPERATURE 

 CANOPY TRANSPIRATION 

 CANOPY INTERCEPTION 

 SOIL EVAPORATION 

 SNOW 

 SURFACE RUNOFF AND INFILTRATION 

 SOIL WATER CONTENT 

 

 



 CANOPY PHOTOSYNTHESIS 

 AUTOTROPHIC RESPIRATION 

 HETEROTROPHIC RESPIRATION 

 CARBON ALLOCATION 

 NSC-Dynamic 

 WOOD PRODUCTION 

 PHENOLOGY 

 Changes in Forest STRUCTURE 

 LITTERFALL production 

 … 

 

 

3D-CMCC-FEM  Biochemical processes: 



3D-CMCC-FEM  Model Flowchart: 



3D-CMCC-FEM  Model core logic-structure 

m->cells[cell].heights[height] .dbhs[dbh].ages[age].species[species].value[variable] 

matrix 

cell 

Heights   

Ages  

species-PFTs  

value 

(x, y) 

(layers = z) 

(cohorts) 

Phenotype 

deciduous-(D) evergreen-(E) 

soils 

Forest model classes 

Management 

timber-(T) coppice-(C)  
under work 

m->cells[cell].soils[soil].value[variable] 

NPP 

GPP 

LAI 

W, ΔW 

ET 

etc. 

Soil moisture 

Soil pool 
 [C, N] 

(layers = -z) 
Rh 

NEE 

DBH  



Input/output model data and simulation options 

Input data 

Meteo data  
Tmax  Tmin 
Radiation 

Precipiation RH 

Species-specific 
parameters 

e.g.max 
stomatal 

conductance 

Initial stand 
status 

Age, DBH, H, 
density´, 
species 

Site specific 
parameters 

 
e.g. Soil depth, 

texture 

Output data 
Dynamic 

 

Stocks 
e.g. Standing 

Biomass, HWP, 
growing stocks 

Others.. 
e.g. Fruits 

production 

Fluxes 
e.g. W,C,SH,LH.. 

Management options Undisturbed option 
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Process-Based Model (PBMs) – Make predictions on climate change 

Thermic stress 

Anticipated budburst 

Temperate Boreal 

Changes in phenology under different climate forcing scenarios from 2000 to 2100 

Collalti et al. (2018), James 

Soroe site (Denmark) 

Fagus sylvatica 

Hyytiala site (Finland) 

Pinus sylvestris 



Process-Based Model (PBMs) – Make predictions on forest management 

(Bellassen et al. 2010) 

Natural  

evolution 
Managing forests 
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What happens if we manage forests? 

Initial state (real case) Thinning Thinning Clearcut and replanting 

Initial state Final state 

GPP 

ET 

Ra 

GPP 

Ra GPP 
ET 

Ra 
NPP NPP 

NPP 

GPP 
ET 

Ra 
NPP 



(Collalti et al., 2018) 

UnManaged Managed 
OT = observed thinning, PT = prescribed thinning, PH = prescribed harvesting 

Testing Management Vs. No Management Under Climate Change 

 Net Primary Productivity 



44 

UnManaged Managed 

Testing Management Vs. No Management Under Climate Change 

 Carbon Woody Stocks   

(Collalti et al., 2018) 
OT = observed thinning, PT = prescribed thinning, PH = prescribed harvesting 
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(Marano et al. In prep.) 

Present-day climate Future climate 

?? 

?? 

?? 

Business as usual 

What about  future forest management? 
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Process-Based Model (PBMs) – Testing long-lasting ecological theories 

Question: Plant respiration is controlled by photosynthesis or biomass? 

(Waring et al. 1998, Tree Physiology) (Reich et al. 2006, Nature) 

H1: “Respiration is controlled by photosynthesis” H2: “Respiration is controlled by (total) biomass” 

Results: none of these two hypotheses are actually correct! 

 

(but how we found out that?) 
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Process-Based Model (PBMs) – Testing long-lasting ecological theories 

Collalti et al. (2020), GCB 

If respiration would be controlled only by 

biomass at increasing forest age respiration 

would became too high, consuming too 

much carbon, and trees would completely 

die when mature 

H2: Respiration controlled by (total) biomass 

If respiration would be controlled only by 

photosynthesis in winter, when 

photosynthesis is stopped, all live cells 

would die. However, there have been found 

many live cells older than year 

H1: Respiration controlled by photosynthesis 

 

Carbon use efficiency  

Photosynthesis 

Autotrophic respiration 
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Process-Based Model (PBMs) – Testing long-lasting ecological theories 

Collalti et al. (2020), GCB 

Conclusion: Respiration is controlled by both photosynthesis and biomass  

at a variable extent, which we do not currently know,  

but somewhere in between the two hypotheses (both excluded) 

? 



Conclusions: Strengths and present limitations of forest models (some) 

Some present strengths: 

• Possibility to simulate effects of climate change (CO2 fertilization effects, Temperature  

acclimation, ...) 

• Simulate eco-physiological processes of  heterogeneous forests with complex structure 

• Consider forest structure evolution (i.e. vertical and horizontal heterogeneity) 

• Simulate and quantify light and water competition 

• Possibility to be spatially upgraded from local scale to regional scale reducing the 

amount of the needed initialization data 

 

Some present limitations: 

• Relatively high request of input data and parameters 

• High computationally demanding 

• Still, to some extent, uncertain 

 

 

 

 



 

 

Thanks! 
 

(alessio.collalti@cnr.it) 
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