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Abstract

Managed forests occupy a large area of land, with almost 30% of the world’s forests designated
primarily for production. Management can alter a forest’s carbon storage to a considerable
extent, via tree species selection, planting and thinning density, selective logging, and wood
harvesting. Forest management can also impact biophysical variables like canopy roughness,
evapotranspiration, and surface albedo, which can produce strong effects on local warming
or cooling. In addition, forest management is increasingly seen as a key component of many
countries’ climate mitigation planning and a component of Net Zero targets. However, Earth
System Models (ESMs) used to produce climate projections have historically contained limited
functionality to represent processes relevant to forest management, meaning that the coupled-
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system consequences of these interventions remain underexplored. In recent years significant
advances have been made to simulate forest management in dynamic global vegetation models
(DGVMs) and land surface models (LSMs), the offline land surface components of ESMs. These include
adding features to represent wood harvest; options to allow users additional control over forest
plantation; plant functional types (PFTs) tuned specifically to represent common tree species used in
forestry; and more detailed representation of forest demography (allowing for age- or size-specific
growth, harvesting and mortality). In this paper, we summarize these developments and make the
case for their usage in operational ESM configurations, so that the impacts of forest management
on the climate, and the importance of forest management for climate mitigation, are properly
represented in next generation climate projections.
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Abstract

Managed forests  occupy a  large area  of  land,  with almost  30% of  the  world’s  forests  designated

primarily for production. Management can alter a forest’s carbon storage to a considerable extent, via

tree species selection, planting and thinning density, selective logging, and wood harvesting. Forest

management can also impact  biophysical  variables like canopy roughness,  evapotranspiration,  and

surface albedo, which can produce strong effects on local warming or cooling. In addition, forest

management is increasingly seen as a key component of many countries’ climate mitigation planning

and a component of Net Zero targets. However, Earth System Models (ESMs) used to produce climate

projections have historically contained limited functionality to represent processes relevant to forest

management,  meaning  that  the  coupled-system  consequences  of  these  interventions  remain

underexplored.

In recent years significant advances have been made to simulate forest management in dynamic global

vegetation models (DGVMs) and land surface models (LSMs), the offline land surface components of

ESMs. These include adding features to represent wood harvest;  options to allow users additional

control over forest plantation; plant functional types (PFTs) tuned specifically to represent common

tree species used in forestry; and more detailed representation of forest demography (allowing for age-

or size-specific growth, harvesting and mortality). 
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In this paper, we summarize these developments and make the case for their usage in operational ESM

configurations, so that the impacts of forest management on the climate, and the importance of forest

management for climate mitigation, are properly represented in next generation climate projections.

Keywords

forest management, forest management practices, land surface models, Earth system models, dynamic

global vegetation models, forestry, climate change

Introduction

Forests cover 32% of the global land area (4.14 Gha) (FAO 2025a) of which 43% is under some form

of management (1.18 Gha in “production” and 0.61 Gha in “multiple use”, FAO 2025a). Globally,

approximately 4 billion m3 of wood is harvested each year, of which about half is used for fuel (FAO

2024). More than 1.6 billion people depend on forests for subsistence, livelihood, employment and

income  (IUCN  2021).  In  response  to  environmental  changes,  the  terrestrial  biosphere,  primarily

through forest biomass and soils, has absorbed around 21% of the carbon dioxide (CO2) that humans

have added to the atmosphere in the past decade (Friedlingstein et al. 2025); Pan et al. (2024) put this

estimate at 1.89 ± 0.24 Pg C year-1 for 2010-2019 (in established forests, excluding regrowth resulting

from deforestation).

Afforestation and reforestation (creating new forests or restoring forests to recently deforested lands)

is  an  important  consideration  in  pathways  towards  greenhouse  gas  neutrality  because  carbon

sequestration in forests and via long-lived harvested wood products can form a key component of a

balanced portfolio of options to remove CO2 from the atmosphere and provide sustainable carbon-

neutral  energy (Smith et  al.  2016,  Lomax et  al.  2025).  Currently,  afforestation,  reforestation,  and

carbon sequestration in long-lived wood products provide an annual sink of 2.2 billion tons of CO2

(Pongratz et al.  2024). The potential is much greater if  carbon capture and storage (CCS) can be

achieved at scale or if a massive global afforestation effort can take place, such as the “Green Wall”
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Forest management in ESMs

initiative  in  China  (Jin  et  al.  2020).  At  least  55%  of  countries  plan  to  use  afforestation  and

reforestation for carbon dioxide removal to meet their National Determined Contributions as part of

the Paris agreement, in total implicating ~1 billion ha (~10% of all habitable land) for additional CO2

uptake (Dooley et al.  2024) from the atmosphere, with forest management practices being used to

maximise carbon sequestration and other ecological objectives. Furthermore, afforestation efforts must

carefully balance the competing demands of food production and forest expansion (Doelman et al.,

2020), and proper planning is required to ensure that habitats and biodiversity are enhanced rather than

harmed by forest creation (Bond, 2016).

Globally, deforestation remains a major concern, though its rate has slowed in recent decades. An

estimated 489 Mha of forest has been lost worldwide through permanent deforestation since 1990, but

the rate of loss has slowed (FAO 2025b). The rate of global deforestation was estimated at 10.9 Mha

per year in 2015–2025, down from 13.6 Mha per year in 2000–2015 and 17.6 Mha per year in 1990–

2000 (FAO 2025b). This has released around 500 billion tonnes of CO2 to the atmosphere since 1900

(Friedlingstein et al.  2025), destroyed many unique habitats (Brooks et al.  2002), and reduced the

capacity of the Earth system to absorb additional atmospheric CO2 in the long term. Forest degradation

is  also  devastating  ecosystems:  in  the  Amazon,  long-term  degradation  has  been  surpassing

deforestation (Matricardi et al.,  2020) and 38% of all  remaining forest in the Amazon is degraded

(Lapola et al., 2023). Forests are also severely threatened by climate change, through increased risks of

wildfires, intense droughts, and widespread pest outbreaks. Rising temperatures and changing rainfall

patterns stress trees, reducing their productivity and ability to recover (Gessler et al.  2026). These

combined stressors are rapidly shifting habitats faster than trees can adapt (Jia et al. 2019; Anderegg et

al. 2022; Grünig et al. 2026). Finally, deforestation is increasingly understood to drive reductions in

regional rainfall (Cattelan et al. 2026; Cui et al. 2026; Portmann et al. (2022)).

Increasing demand for timber and biomass, coupled with the impacts of climate change and rising

conservation needs, make forest management more complex than ever. Forest management practices

will need to adapt and evolve in the coming decades in order to protect forests’ health, protect the
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carbon stored in forests, provide more fuel and food and timber for a growing global population, and

mitigate biodiversity loss. 

All these concerns motivate the further development of models of the global environment, in order to

assess  where and how to improve forests’  health  and their  capacity  to  counteract  climate  change

(Migliavacca et al., 2025). In particular, process-based models such as LSMs and ESMs are necessary

to project plant growth and climate evolution under future conditions for which there are no observed

historical precedents. At the same time, such models will need to improve the fidelity with which they

simulate managed systems in order to achieve the predictive capabilities of empirically based forest

dynamics models that  presently dominate operational  forest  carbon uptake forecasting (Pilli  et  al.

2018; Lerink et al. 2023; Cattaneo et al. 2025). Process-based land surface models (LSMs), the land

components of climate and Earth System Models, and Dynamic Global Vegetation Models (DGVMs),

which simulate growth and distribution of vegetation in time and space, were principally developed to

represent  the  future  evolution  of  the  terrestrial  biosphere.  Their  simplified  assumptions  around

ecosystem  dynamics  have  meant  that  representation  of  forest  management  has  historically  been

challenging. Thus, the majority of operational LSMs do not yet have a comprehensive or realistic

implementation of forest management practices. However, substantial advances have been achieved in

this class of models in recent  years,  including models that  represent  forest  age and size structure

(demographic models). This new capability improves these models’ usefulness for understanding the

full set of linkages between human processes, carbon and water cycling, and climate system evolution.

To enable a wider appreciation of the capabilities of this new generation of models, we here provide an

overview of the current state of forest management modelling in Dynamic Global Vegetation Models

(DGVMs), Land Surface Models (LSMs) and Earth System Models (ESMs), and discuss how forest

management  practices  should be represented in  ESMs in order  to  more realistically  represent  the

interactions between forestry and the climate system.
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Forest management in ESMs

Climatic effects of forest management

Forests exert a strong influence on the climate system, not only through carbon storage and, more

broadly,  biogeochemical  processes,  but  also  through  biophysical  forcings  and  feedbacks  which

combine  to  influence  surface  temperature  (Luyssaert  et  al.  2014):  water,  surface  albedo,  surface

roughness, latent and sensible heat fluxes (Figure 1). Many of these processes scale with leaf area

index (LAI),  tree  size,  or  forest  biomass  density,  all  of  which  are  affected  by  changes  to  forest

management regime (Otto et al. 2014). Forest management practices also affect the vulnerability of

forests to risks such as fire, drought, pests and diseases, and the resulting impact on forest mortality

will itself exert an influence on climate (Yan et al., 2026). This motivates the case for including at

least some representation of forest management within ESMs: even if the level of detail useful to a

land manager is not possible, valuable insights into the interactions between forest management and

the climate system may be produced.

Needleleaf and broadleaf trees differ significantly in surface albedo and rates of evapotranspiration,

which affects surface temperatures through changes to  sensible  and latent  heat  fluxes (Otto et  al.

2014). Naudts et al. (2016) compared European forests in 2010 to a pre-industrial baseline of 1750

(using ORCHIDEE-CAN) and found that changes to European forests contributed 0.12 °C of warming

to  summer  air  temperatures  due  to  replacement  of  broadleaf  trees  with  needleleaf  and  increased

management  intensity.  Yao  et  al.  (2025)  showed  that  replacing  current  needleleaf  forests  in

Continental Europe with broadleaf forests could reduce summer daily maximum temperatures by 0.6

°C due to changes to albedo and latent heat flux. The difference in albedo between broadleaf and

needleleaf forests, during winter where there is snow on the ground, can be even more significant

(Betts 2000; Li et al. 2015).

Selective removal of biomass (including clear-cutting, thinning or regular low-intensity harvesting)

from an existing forest stand can alter its canopy structure, causing an immediate reduction in leaf area

index (LAI). In turn this can reduce evapotranspiration from the canopy (Miller et al. 2011), though

evaporation from the soil  may increase. Changes to LAI will also affect albedo, depending on the
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albedo of the surface below the canopy. This may cause local warming, but the effects are mixed (Otto

et al.  2014). Ahlswede and Thomas (2017) found that decreasing the maximum LAI of broadleaf

deciduous trees in CESM, over eastern North America, from 4 to 2 caused summer warming in the

south and summer cooling in the northeast, in the range of 0.5-1 °C change in surface air temperature;

winter effects of decreased LAI were smaller and more variable. Changes to canopy structure can also

alter surface roughness,  which in turn affects properties like surface wind speeds and evaporation

rates. The effects are complex and the direction of change does not show a clear pattern (Shu et al.

2025). 

Management of forests also changes their carbon storage and carbon cycle dynamics. Planting density,

thinning and wood harvest can all affect the quantity of standing biomass, litter, deadwood and soil

carbon. In general, this will result in forests that are lower in carbon (Collalti et al. 2018) and higher in

annual carbon turnover (O’Sullivan et al. 2026). 

Forest management can also contribute to carbon storage outside the forest, depending on the end use

of the harvested biomass. Fuelwood remains an essential source of energy for heating and cooking to

2.3 billion people (FAO 2024). As an energy source, fuelwood can be carbon neutral (or close to it),

or, combined with negative emissions technologies such as biochar or geological CO 2 storage, have

the potential to produce a net drawdown of CO2 from the atmosphere (Smith et al., 2016; Smith et al.,

2024) – a crucial component of future scenarios in which global warming is halted or reversed (Fuss et

al. 2014).  Forests can also be harvested for materials (e.g. paper products, furniture, structural timber),

in which case, the timeline over which this carbon is returned to the atmosphere ranges from a few

months to a few centuries (Zhao et al., 2022). Species selection for plantation forestry is influenced by

end use, though end uses for both coniferous and non-coniferous wood products span the range from

shorter- to longer-lifetime products (FAO 2025c).

In all these cases, these impacts can be amplified by feedback loops between terrestrial ecosystems and

the climate  system (Cox et  al.,  2000;  Friedlingstein et  al.,  2006,  2014;  Arora  et  al.,  2020).  This

emphasises  the  value of  studying these processes  through consideration of  the  Earth system as  a

whole, as opposed to simulating individual components separately. 
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Current state of forestry processes in ESMs

ESMs  are  global  in  scope  and  focused  on  useful  representations  of  the  Earth’s  climate  and

biogeochemical cycles and their responses to external perturbations (e.g., anthropogenic emissions of

greenhouse gases).  As such,  their  representation of  forests  focuses  on large-scale  biophysical  and

biogeochemical effects like energy, water,  and carbon exchange with the atmosphere. The CMIP6

generation of ESMs (Arora et al. 2020) features simplified representations of anthropogenic land use-

related processes: vegetation is typically represented as averaged biogeophysical and biogeochemical

properties for each Plant Functional Type (PFT). Trees are represented not by species but by a small

number, fixed globally, of PFTs, grouped by broad eco-physiological characteristics and behaviour

such as leaf shape, biome, and deciduous habit, aggregating trees of all ages and sizes into one average

pool  and  preventing  the  representation  of  species-specific  management  practices  and geographies

(Fisher  et  al.,  2018;  Argles  et  al.,  2022).  ESMs also typically  are  not  run  at  fine  enough spatial

resolution to resolve forest management processes at the stand level and instead need to model large,

representative  grid  boxes  for  reasons  of  computational  efficiency,  availability  of  driving  data  at

appropriate resolution, and scale compatibility with other model components.

Land management can be simulated in ESMs, giving the user some degree of control over which PFTs

grow in a designated area. This is an essential precursor to simulating forest plantations. Agriculture is

generally simulated by features which exclude trees and other woody vegetation types from a specific

area. Where models use dynamic vegetation (in which the model determines the proportion of PFTs),

manipulation of the PFT fractions by the user is not straightforward and must be done indirectly such

as by prescribing land use e.g. natural or cropland. Where models do not use dynamic vegetation (with

user-prescribed PFT fractions), other problems can arise: PFT coverage can diverge from the natural

capacity of the environment to support that vegetation, resulting in unrealistically low productivity or

carbon fluxes. Given these restrictions, DGVMs can most easily represent “afforestation” as natural

regrowth, i.e. abandonment of agriculture allowing trees to grow, but no active plantation of new trees.

For  example,  the  Land Use  contribution  to  the  Coupled  Model  Intercomparison  Project  Phase  6
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(CMIP6)  (LUMIP)  featured  natural  regrowth  of  natural  forests  only  to  represent  afforestation

(Lawrence et al. 2016; Hong et al. 2022). 

Given  these  limitations,  and  the  critical  need  to  understand  responses  to  land  cover  change  to

understand the global carbon cycle in the past (Sitch et al. 2024) and future (Harper et al., 2018), the

LSM components of ESMs are being continually developed to include more useful representations of

anthropogenic land use and land use change (Pongratz et al., 2018; Fisher and Koven, 2020). Many

LSM components of ESMs now include some accounting of wood harvesting as part of their tracking

of carbon cycle impacts of land use and land cover change (Egerer et al., 2025), and some also now

include the ability to add forest plantations (Harper et al., in prep). However, no ESMs contain a

dedicated process for new forests to be directly planted, or ongoing anthropogenic management of

forest areas. All of the forest management modelling described in the next sections has taken place in

standalone (or “offline”) land models, and many of these features are still in development for inclusion

into main-version models. 

Application  of  model  results  to  forest

management decision making

A further motivation to include forest management practices in LSMs and ESMs is that output from

model simulations is frequently consulted by forest managers and planners, since it can quantify useful

indicators that can facilitate decision making, help improve forest health and mitigate risks. The work

of Linser et al. (2026) identifies 21 key forest indicators through a participatory stakeholder and expert

consultation process, categorising them into: forest area; primary production; carbon storage; forest

health; climate change adaptability; biodiversity; and regional climate regulation.

Some  of  these  indicators  are  already  well  represented  in  DGVMs  and  LSMs.  LSMs  have  been

extensively used in the past  to evaluate the overall  biogeochemical  processes that  are essential  to

understanding the overall contribution of (natural) forests to the carbon cycle and climate system: leaf
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area,  forest  area,  forest  carbon,  carbon storage in  various  major  pools,  water  cycling and surface

energy exchange. LSMs explicitly represent forest area, carbon stored in forest biomass, and carbon

stored in soils. Apportionment of carbon into specific pools varies between LSMs; for instance, in the

JULES land surface model, deadwood is only included implicitly as recalcitrant plant litter (a soil C

pool) (Clark et al. 2011). However, deadwood (often single objects lying on the forest floor) can have

considerably different properties and decay dynamics, such as carbon-to-nitrogen ratios or decay rates,

compared to incorporated plant litter (Harmon et al. 2020, Neumann et al. 2023). In the CLM-FATES

demographic LSM, dead wood is represented as five different size classes of ‘fragmenting’ material

(trunks, large branches, small branches, twigs and leaves) that are available to be burned before they

enter the soil (Shuman et al. 2022). LAI is a variable of primary importance in vegetation models,

directly  affecting the rate  of  photosynthesis,  water  cycling and energy exchange,  as  well  as  plant

allometry (including tree height and carbon density). LAI is a useful indicator of regional forest health,

but  has its  shortcomings;  for example,  remote sensing products frequently underestimate LAI and

carbon  fluxes  in  dense  forests,  which  can  cause  many  other  biogeochemical  processes  to  be

underestimated if models are calibrated using remote sensing data (Neumann et al. 2016). Although

many ecological disturbances are difficult to represent individually, many DGVMs and LSMs now

include wildfire processes (Li  et al.,  2024): these estimate fire direction and spread, and diagnose

burned area, CO2 release and other emissions. Many, but not all, CMIP6-participating ESMs include a

fire  process  model,  of  which  about  half  can  calculate  burned area.  These  models  can  reproduce

observations much more accurately than the previous generation of fire models, though significant

potential  remains  for  further  improvement  (Li  et  al.,  2024).  Surface  meteorology  and  hydrology

measurements  are  also  relevant  to  forest  management  planning;  LSMs  require  near-surface  air

temperature,  precipitation,  and  atmospheric  humidity  as  inputs,  and  calculate  soil  moisture,

evapotranspiration, and runoff as output variables. 

While forest management depends on understanding of carbon dynamics in managed forests, DGVM

and  LSM  development  has  historically  prioritised  natural  forests  only,  resulting  in  patchy  or

inconsistent representation of functional diversity and carbon cycling. Wood harvests are included in
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some DGVMs (for a table, see Sitch et al., 2024), though in many cases this is only used to represent

forest clearing. All DGVMs can represent natural regeneration – forests will grow or regrow wherever

the climate and soil  are suitable.  However,  plantation of forests is  technically difficult  to achieve

within a dynamic vegetation scheme. Forest plantations are mostly even-age stands where stand age is

a  key  determinant  of  carbon  accumulation.  Non-demographic  DGVMs,  which  lack  size  and  age

components, will struggle to capture this accumulation especially at the coarse resolutions demanded

by  LSMs  and  ESMs  (Nabel,  et  al.,  2020;  Argles,  et  al.,  2022).  However,  a  new generation  of

demography-enabled  DGVMs  has  recently  been  developed  that  aim  to  simulate  the  statistical

distribution of tree sizes (Argles et  al.,  2020), and in some cases ecosystem age-since-disturbance

(Fisher et al.  2018; Koven et al.  2020). As well as allowing these models to be evaluated against

individual tree (Moore et al., 2018, 2020) and forest regrowth data (Eckes-Shepherd et al., 2025), these

models  can  represent  tree  size  and  age  dependent  variations  in  growth,  mortality  and  forest

management. For example, growing stock, represented as the biomass content in the stems and wood

of living trees, is used as an output, although restricting it to a minimum diameter at breast height

requires tracking of the distribution of trees across trunk diameter. Changes in tree cover density and

multi-layered stand or canopy structural  diversity can be modelled in  forest  demographic  models.

Stand age and stand density can be captured by demographic models but are absent in standard DGVM

configurations. 

Some indicators of forest health, though crucial to land managers, remain fundamentally challenging

to  represent  in  DGVMs and LSMs.  Because  of  the  way that  PFT properties  are  aggregated  and

averaged  in  non-demographic  DGVMs,  models  generally  lack  the  granularity  to  represent  the

biodiversity  of  forests  or  their  responses  to  environmental  disturbance.   Biotic  disturbances  are

modelled only implicitly as part of tree mortality and biomass turnover (although the LPJ-GUESS

DGVM has recently been used to simulate spruce bark beetle infestation (Lagergren et al. 2025)).

Abiotic damage is more mixed: DGVMs model the effects of water stress and drought mortality on

plants (e.g. Jones et al. 2022; Meyer et al. 2025), and development of fire modelling has progressed

significantly in recent years (e.g. Burton et al. 2019), but not the effects of external physical damage
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such as wind damage (Egerer et al. 2025). However, LPJ-GUESS has some capacity to represent storm

damage (Lagergren et  al.  2012),  and there  are  ongoing developments  in  the  FATES demography

module  to  represent  wind damage  (Needham et  al.  2022;  Shi  et  al.  2025).  Species  richness  and

diversity of forest canopy structure is vital to the maintenance of ecosystem services of forests, as well

as their resilience to shocks (Vangi et al. 2024). DGVMs typically use only a few PFTs, rather than

individual tree species, and as such have limited capacity to represent species richness within a given

forest area. 

Information provided by ESMs and LSMs,  such as  climate  projections  of  temperature  and water

resources,  or  environmental  risk assessments  such as  fire  indices,  are  increasingly used by forest

managers and other stakeholders to guide land use decision-making (Bateman et al.,  2023). These

communities could be better served by more realistic representation of forest management practices in

the ESMs used to make these projections, and explicit results for all essential indicators.

Representations  of  forest  management  in

DGVMs and LSMs

Forest Management Practices (FMPs) are methods of planting, harvesting, and tending to trees within

a forest stand, aimed at achieving specific outcomes such as maximising timber harvest or protecting

forest health (Figure 1). Some involve rotation harvesting with clearcutting. Others include selective

removal of specific classes of tree within an existing stand, (i.e. thinning or selective logging) for the

purpose  of  long-term  improvement  of  forest  growth,  timber  yield,  or  forest  health.  Other  forest

management practices might focus on choice of tree species at plantation stage; soil treatments such as

application of fertiliser or irrigation; or selective removal of biomass for other purposes such as fire

prevention,  disease  control,  or  pest  management.  Other  forest  management  practices  focus  on

mitigating other risks such as flooding or wind damage. Forest management practices may be applied

with the aim to prevent forest degradation; though unsustainable levels of forest management (such as

overharvesting) may cause or accelerate forest degradation. There are FMPs that remove the entire
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forest stand, such as clear-cutting, while others retain some trees growing in lower layers of the forest,

such as shelterwood, and these vary significantly between different regions (Suvanto et  al.  2025).

Management  decisions  about  tree  species  and  planting  density  affect  many  important  ecosystem

services, such as carbon sequestration and storage, conditions for natural regeneration or transpiration

demand. Thus, FMPs are applied in different intensities (e.g. light and heavy thinning in Testolin et al.,

2023; Vangi et al., 2026). 

In this section,  we will  discuss  how each of  these forest  management practices have so far  been

implemented and studied using DGVMs and LSMs. There are many DGVMs and LSMs currently in

active use: 22 DGVMs contribute to the land carbon flux component of the Global Carbon Budget

(Friedlingstein et al., 2025), and ten LSMs participated in LUMIP, the Land Use contribution to the

Coupled Model Intercomparison Project Phase 6 (CMIP6) (Lawrence et al. 2016; Hong et al. 2022).

All  of  these  models  include  representation  of  plant  physiology  and  biogeochemistry,  many  with

advanced features such as nitrogen fertilisation, fire dynamics, and wood harvesting following land

use change (for a table see Sitch et al.  2024). Here we will  not attempt to describe how all these

DGVMs and LSMs represent forests and their processes, but highlight a few notable cases in which

development  of  these  models  has  explicitly  focused  on  a  relevant  aspect  of  forest  management

modelling. Five  families  of  models  are  discussed  here:  the  standalone  dynamic  global  vegetation

model,  LPJ-GUESS, and four land surface models that are used standalone or as part of an Earth

system model: JULES (part of UKESM); JSBACH (part of MPI-ESM and ICON-ESM); ORCHIDEE

(part of IPSL); CLM (part of CESM, NorESM and E3SM).

Choice of tree species or plant functional types for forest plantations

Many important factors influence the selection of tree species for a forest plantation: environmental

suitability, ecosystem co-benefits, and expected yield or profits from end products. LSMs and DGVMs

are global in scope and thus typically configured with ‘plant functional type’-based aggregations of

plant diversity.  Individual PFTs often have the capacity to be configured with any level of specificity

the user desires,  but  standard global  configurations will  generally only use a few generic PFTs –
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grouped by  broad characteristics  e.g.  broadleaf  or  needleleaf,  deciduous  or  evergreen,  tropical  or

temperate or boreal, related to the degree to which these characteristics have typically been observable

using Earth Observations. This is likely insufficient for detailed representation of species diversity

within a single mixed forest stand. However, DGVMs contain the architecture for additional tree PFTs

to  be  developed  and  adapted.  For  example,  19  of  the  most  common tree  species  in  Europe  are

represented in the LPJ-GUESS model, a DGVM with many features dedicated to simulation of forest

management (Lindeskog et al.,  2021; Hickler et al.,  2012). In contrast,  JSBACH, the land surface

model component of MPI-ESM and an implementation within the ICON-Land framework of ICON-

ESM, only  uses  four  tree  PFTs  globally  to  represent  both  natural  and  plantation forests,  but  can

simulate plantation forestry by user specification of the total forest area (Egerer et al. 2024). 

Clear-cutting

Clear-cutting refers to the practice of removing all the trees in a section of forest, typically when a

designated age (rotation length) is reached and followed by replanting. JULES-BE (Littleton et al.,

2020)  introduced options  to  JULES (which  are  now available  in  its  main  version)  that  facilitate

representation of forest plantations and harvesting of plants for biomass. While developed primarily

with perennial bioenergy crops in mind, these options also have some applicability to short-rotation

coppicing, agroforestry (Littleton et al., 2021) and forestry. These options allow trees (or any other

PFTs) to be planted on a user-specified fraction of managed land class from which all other PFTs are

competitively  excluded,  in  the  same way that  areas  allocated  to  cropland and pasture  only  allow

specific PFTs to compete. Each PFT may be left unharvested or subjected to one of two harvesting

styles: periodic or continuous. Periodic harvesting reduces the PFT’s height (which then recalculates

biomass  and  LAI)  to  a  user-specified  height  at  regular  intervals  (also  specified  by  the  user),

representative  of  fixed  rotations  of  clear-cutting.  The  harvested  biomass  is  removed  from  the

ecosystem and converted into a harvest flux.
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LPJ-GUESS (Lindeskog et al., 2021) contains many options to represent forest management, including

clear-cutting.  Stands can be felled at  time intervals  specified by the user,  or  clear-cutting can be

triggered once stands fall below species-dependent density thresholds.

ORCHIDEE-MICT (Yue et al. 2018) is a branch of ORCHIDEE (the LSM component of the IPSL

ESM) that incorporates forest age classes, harvesting and shifting cultivation, building on earlier work

representing  forest  management  in  ORCHIDEE-CAN  (Naudts  et  al.  2016)  and  ORCHIDEE-FM

(Bellassen  et  al.  2010).  ORCHIDEE-MICT-BIOENERGY  (Li  et  al.,  2018)  builds  on  this  to

incorporate harvest rotations of tree PFTs for bioenergy use (a tropical bioenergy tree PFT based on

Eucalyptus,  and a  temperate  PFT based on  poplar  and willow).  These  allow a harvest  of  woody

biomass that approximates clear-cutting and replanting, or short-rotation coppicing (discussed below).

Forest-related PFTs are divided into six age classes, and harvesting occurs beginning by default with

the second youngest age class, then sequentially through the older age classes until the harvest index

(proportion of aboveground biomass harvested at each harvest event, specified by the user) is reached.

However, the starting age cohort and sequence for harvest can also be defined by the user.

FATES (Fisher et al. 2015; Koven et al. 2020), is a demographic vegetation scheme that operates

within the framework of both the Community Land Model (CLM) and the E3SM land model ELM.

CLM-FATES is the land surface scheme of the Norwegian Earth System Model v3 (NorESM3). Shu

et al.  (2025) describe the implementation of wood harvest  dynamics in ELM-FATES using clear-

cutting, and the full description of LUH3-driven dynamic land use change will be described as part of

the CMIP7 documentation of CLM-FATES (Koven et  al.,  in prep).  In FATES,  vegetation that  is

converted from primary to secondary land is subject to clear-cut harvesting, and in addition, harvesting

for rotation forestry on secondary land also drives the ecosystem dynamics in those systems. CLM-

FATES tracks age classes of vegetation, so clear cutting (as well as any other mortality of canopy

trees)  results  in the creation of newly disturbed non-spatially-explicit  patches,  which are followed

through their regrowth trajectory. Multiple ‘cohorts’ of plants with similar size (diameter) and of the

same PFT exist on each patch. In some configurations of FATES, PFTs compete for light within a

patch, and in others (notably the version that will be used for NorESM3) the area of each PFT is an
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input to the model and each age patch only contains cohorts of one PFT. Irrespective, the model tracks

the legacy of disturbance as a part of the grid cell that is subject to harvest and the time lags associated

with regrowth following that harvest.  Harvested biomass is sent to product pools which turnover and

release carbon to the atmosphere with a pre-determined half-life. 

Thinning, partial felling, and selective removal of whole trees

Instead of clear-cutting, forest managers often remove trees selectively based on size – either thinning

out  smaller  individuals  or  harvesting  larger  trees  once  they  reach  a  threshold  size.  Not  all

LSM/DGVMs have the capacity to represent this usefully, as to do so, models must include some

diversity of either tree size or tree age. Non-demographic models only track average or uniform height,

biomass and LAI across all the plants of the same PFT within a grid cell. Other vegetation models can

represent individual trees (e.g. Sato et al., 2007), but these are both computationally expensive and

stochastic in nature, so require multiple ensembles to constrain vegetation dynamics. Several other

approaches (described below) track cohorts or patches of plants defined by their age or size. 

For example, the JSBACH4-FF model uses a tile-based scheme to include forest age classes (Nabel et

al., 2020), which allows a specified age class to be targeted for harvest, but does not track tree size

within each age class.  

JULES-BE (Littleton et  al.,  2020)  provides  a  way to simulate  some forest  management  practices

within the JULES LSM, although many aspects limit its utility for representing forest management.

The basic functionality only allows for a forest area to be clear-cut, rather than thinned, with rotation

length specified at initialisation. This could be worked around; for example, by prescribing a fraction

of the grid cell as grass to simulate lower-density forest, or by splitting a stand into several grid cells

and staggering clear-cutting events. 

In contrast, the JULES-RED forest demography model (Argles et al. 2020) tracks trees of different

size  within  a  single-PFT  stand,  but  does  not  follow  different  age  classes.  JULES-RED  is  a

development  branch  of  JULES  incorporating  forest  demographics.  JULES-RED  partitions  PFT

number density into “mass classes”,  using allometric relationships to estimate changes to physical
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proportions across mass. The distribution of number density is updated by size-dependent growth and

mortality through time. JULES-RED has been used to simulate an even-age Sitka spruce plantation

with thinning applied after a given amount of time has elapsed since the stand was planted (Argles et

al., 2023). 

Perhaps the most  detailed,  useful  and flexible  representation of  forest  management  in  a  modified

DGVM comes from the LPJ-GUESS model (Lindeskog et al., 2021). Thinning can be implemented on

selected tree age or tree size classes or PFTs as prescribed by the user, through thinning intervals, or

via automated processes based on self-thinning rules.

In CLM- and ELM-FATES, tracking of both age-since-disturbance patches and size-based cohorts

enables harvest to be selected by rules relating to stand age or tree size. The separate tracking of

unmanaged ‘primary’ land and secondary land further allows prescribed harvest rates to be applied to

secondary land. In addition, separate rules control the transition from primary or secondary land to and

within grazing, pasture and crop land use categories. These rules are currently universal (not able to

vary by area or over time) and relatively simple, but could be expanded in detail given appropriate

inputs.  

Shu  et  al.  (2025)  note  the  large  discrepancy  introduced  into  vegetation  carbon  outcomes  when

switching from area-based harvest targets to mass-based harvest targets, and complexities introduced

via contrasting harvest  rules  are likely to accentuate the  degree to  which models diverge in  their

assessment of human impacts on the biosphere (which will ultimately require finer-scale information

on harvest regimes to drive or constrain models). 

Continuous cover forest management

Continuous cover management retains canopy coverage at every harvest, and harvests are executed on

a regular basis every 5-20 years. The result is a multi-layered, irregular forest, where all ages and tree

sizes are present.

In practice,  most non-demographic models that apply harvests uniformly across an entire PFT (as

opposed to those with the capacity simulate clear-cutting), do not ever create an open canopy, and
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therefore  operate  as  de-facto  continuous  cover  management.  For  example,  while  not  intended  to

represent this process in any realistic mechanical way, JULES-BE includes an option for continuous

harvesting (Littleton et al. 2020). This does not interfere with the PFT’s growth or height, but removes

a fixed fraction (currently 30%) of the PFT’s litter flux (wood, leaf and root litter), diverting it to a

special harvest flux instead of into the soil carbon. This calculation is performed continuously during

the  simulation  period.  This  may  be  more  representative  of  forest  management  practices  such  as

removal of deadwood or other non-timber biomass such as for wildfire mitigation. The CLM5 model

(Lawrence et al. 2019) also removes harvest uniformly from across a PFT, typically retaining very

similar LAI. 

Yousefpour et al. (2019) explored “growth-based” continuous harvesting, using the JSBACH model.

The size of  the harvest  was set  equal  to  the  increase in  biomass  since the previous harvest,  thus

holding forest biomass constant and sending the additional carbon to an output harvest pool.  

Coppice management

Coppice management involves cutting trees to stumps and encouraging the regrowth of woody side

shoots which are then harvested on short rotations of up to 15 years (Pommerening et al., 2024). The

JULES-BE code described for clear-cutting can also be interpreted as representing coppicing: the plant

is resized from a taller height to a shorter one and the surplus biomass sent to the harvest flux. The

model makes no distinction between a tree with a single trunk or one with several stems. To simulate

coppicing practices accurately, the user must calibrate PFTs specifically for use in simulating short-

rotation  coppicing  in  order  to  capture  allometric  relationships  and  biomass  yields  appropriately.

Littleton  et  al.  (2020)  includes  an  example  of  JULES-BE being  used  to  represent  short-rotation

coppicing of poplar.  The ORCHIDEE-MICT-BIOENERGY model  can also simulate short-rotation

coppicing with a temperate tree PFT parametrised to represent poplar and willow (Li et al.  2018).

Simplified versions of coppice managements were also implemented in specific model branches of

ORCHIDEE-CAN (Luyssaert et al., 2018) and LPJ-GUESS (Gregor et al., 2022). 
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To simulate coppicing explicitly, the dynamics of resprouting vegetation, and the deviation from, and

return to, prescribed allometric relationships should be simulated. In FATES, Needham et al. (2022)

introduced the potential for ‘damage’ classes to be tracked in addition to age and size-based categories

of tree. Defoliation, fire, wind damage and canopy loss during drought can all reduce the size of the

crown for a plant  whose ‘diameter’  does not  change.  Coppice harvesting is  a similar  category of

human-induced damage;  in  a  model  with  fixed  allometric  functions  (diameter-height-crown area-

biomass  relationships)  capturing  these  processes  is  not  technically  possible.  The  FATES  damage

tracking capability adds a modifier to the allometric relationships, as well as algorithms that simulate

(and parametric controls on) the rate of return to the allometric targets for after disturbance events.

Tracking damage requires a multiplication of computational intensity and so is not set on by default in

FATES, but could be implemented for coppice-focused experiments. 

Soil treatments (fertiliser and irrigation)

Fertiliser and irrigation may be used in plantation forestry, but the prevalence of these practices varies

widely between different types of forests around the world. Many LSMs now include nitrogen cycling,

allowing for the possibility of nitrogen fertilisation in terrestrial ecosystems (e.g., Lombardozzi et al.

2025; Wiltshire et al., 2021). Irrigation can also be simulated by simply removing soil moisture stress

as a constraint on vegetation growth or adding an amount of water to the soil sufficient to eliminate

water stress. LPJ-GUESS (Lindeskog et al., 2021) and JULES both contain this functionality. CLM5

has the capacity to simulate  irrigation on crop tiles,  and many studies have used this  capacity  to

illustrate its impacts on both crops and the climate system (Thiery et al. 2017; Lombardozzi et al.

2020; Yao et al 2022) but this functionality is not yet extended to be compatible with the FATES

demographic framework described above. 

Key findings from FMP representation in LSMs

Adding new model  processes to represent  forest  management practices has enabled researchers to

explore many more environmental impacts of forest management. Using JULES-BE, Littleton et al.

(2021) were able to represent agroforestry and silvopasture with biomass harvest, finding that these
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practices globally could augment other land management practices to produce significant  gains in

ecosystem carbon sequestration. With the demographic model JULES-RED, Argles et al. (2023) found

that introducing thinning significantly improved model performance against observations at a spruce

plantation in England.  The large number of forest  management  developments  in LPJ-GUESS has

given rise to many useful studies: Gregor et al. (2024) found that increased harvesting of timber can

enhance the mitigation potential of Bavarian forests, when wood products are used instead of more

carbon-intensive alternatives. Rabin et al. (2022) explored prescribed burning and thinning on fire risk

in Eastern Europe and Iberia using LPJ-GUESS, concluding that both practices are equally effective

for wildfire prevention. Scheel et al. (2022) identified the increased use of thinning practices as a key

driver  of  increasing tree  growth and mortality rates in  Europe.  Bergkvist  et  al.  (2024)  found that

implementing a “conservation-oriented” management policy on managed forests in southern Sweden

could mitigate increases in storm damage vulnerability over the 21st century.

New work in recent years has facilitated exploring FMPs in DGVMs and LSMs, largely focused on

the introduction of forest demography, as described in previous sections. Adding more processes and

functions to these models allows for new questions to be asked and new insights to be gained. In many

areas, such as the Global Carbon Budget (Sitch et al., 2024; Friedlingstein et al., 2025), process-based

LSMs have been a valuable tool to identify and explore processes significant to the terrestrial carbon

cycle (e.g., wildfire, land use change, how vegetation changes with the environmental drivers). The

diversity of models and their  included processes has provided a useful  range of uncertainty.  This

progress in model development provides a strong foundation for introducing these practices in ESMs.

Moving FMP developments into ESMs

As forest management practices are developed for implementation in Earth system models, several

challenges become apparent. First and foremost, new developments in ESMs must be supported by

comprehensive data, for calibration and validation. Data will also be required to initialise and drive

models. The FMPs will  need to be consistently and efficiently incorporated into the existing code

structures and this process must follow the model software development practices.
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Given the wide diversity of management styles (Suvanto et al. 2025), detailed information about forest

management  practices  at  the  global  level  will  necessarily  contain  many  gaps.  Because  of  this,

modelling  forest  management  at  the  global  scale  will  likely  require  extreme  simplification  of

management  practices,  and  collating  and  maintaining  large  datasets  of  forest  properties  and

management  techniques  represents  a  substantial  challenge.  The  Land  Use  Harmonization  dataset

(LUH2; Hurtt et al. 2020) is the modelling community standard dataset on land use, from which ESMs

are frequently initialised and driven. In addition to agricultural area and land use transitions, LUH2

contains rates of wood harvest  and distinguishes between primary and secondary forests.  Another

highly relevant  global  dataset  is  the  FAO’s Forest  Resources Assessment  (FAO 2025a),  which is

updated every five years with data collated from national inventories. This includes forest area, forest

area  under  management,  and  rates  of  timber  harvest  among  many  other  forest  health  indicators.

Because these data are provided at national level rather than gridded, they cannot be used for input to

drive gridded models such as LSMs and ESMs, but may still be useful to validate model results (since

model grid cells may be aggregated to national level). But site observations and detailed information

about local management practices will help drive model development further: data collection efforts

such as the PROFOUND database (Reyer et al., 2020) remain essential to future model development.

We can  also  look to  Forest  Ecosystem Models  (FEMs)  for  validation  and calibration:  FEMs are

process-based models developed to support forest planning and management (Mäkelä et al., 2000), and

thus can operate at a higher level of detail and ecological realism than broader-scale models like LSMs

and ESMs can support (Collalti et al. 2016). For large-scale validation, data from remote sensing will

also  be  useful,  particularly  variables  such  as  LAI,  net  primary  productivity  and  carbon  density,

especially  since  these  remote  sensing  data  products  have  some  capacity  to  distinguish  between

managed and unmanaged forests (Neumann et al., 2016). 

For forest management practices which encompass a spectrum of periodic biomass removal ranging

from  clearing  deadwood  to  clear-cutting  areas  in  rotation,  modifying  an  LSM  to  simulate  these

processes may be relatively straightforward. However, some basic limitations of LSMs may constrain

the usefulness  of  these  options.  Species-based  planting,  harvesting and replanting  options  will  be
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limited by the small number of PFTs and incompatibility of dynamic vegetation with user-specified

PFT fractions. Additionally, thinning based on tree size or age cohorts can only be possible in models

which include ecosystem demographics to some extent; integration of forest demography is an active

frontier in LSM development (Eckes-Shephard et al. 2025). 

However, integrating these forest management branches into ESMs is a far longer-term project with

more stringent requirements. ESMs must conserve all tracked quantities, including energy, water and

carbon;  forest  plantation often starts  from seedlings,  with minimum tree  sizes  of 1-2 metres.  The

addition of this new biomass must be balanced by a subtraction elsewhere (such as a “seed” pool) in

order to conserve carbon. Similarly, biomass harvested from forests may seem to disappear from the

system, unless it is tracked such as by assignment to pools with defined decay rates, so that its eventual

return to the atmosphere is represented with the required level of realism. (Life-cycle assessments of

forestry products can facilitate this development, by providing robust empirically sourced estimates of

the fate of harvested carbon.) Where irrigation is enabled, the water used must be subtracted from a

water source elsewhere in the system such as rivers or groundwater.  Models may also have been

calibrated to compensate for missing processes, and thus require re-calibration when these processes

are later added. 

Integrating the development branches into the main version of ESMs also presents significant software

engineering challenges. Where developments increase computational expense, they must demonstrate

that this is justified by the gain in scientific utility.  New code will need to conform to package coding

standards,  and go  through rigorous  testing  and review (Gregor  et  al.  2026),  potentially  involving

additional  software  developers.  The  impacts  of  the  new developments  on  the  rest  of  the  system

(particularly in the case of positive feedbacks) will need to be thoroughly investigated and understood.

Often the target of work in development versions aims to demonstrate that the impact of a new process

can be significant  in  some cases,  whereas  including that  new process  in  an Earth System Model

requires knowledge of its behaviour in all cases. Benchmarking suites have been developed for this

purpose, and their use is often a requirement for new code developments (Gregor et al. 2026). Such

benchmarking systems, however, do not routinely contain data products that test for the validity of
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carbon pools and fluxes that relate to forest management. And the adoption of more rigorous efforts to

quantify and constrain these processes in models should go hand in hand with efforts to illustrate in

which domains their performance is superior to their predecessors. 

However, the combined policy requirement of meeting national  net zero targets and adaptation to

climate change is driving demand for higher-resolution ESM simulations. The land components of

ESMs are computationally inexpensive compared to other ESM components, so computational cost

does not prevent more complex representation of land processes being included in higher-resolution

atmospheric models. Moving a model development from LSMs to ESMs ensures the longevity of the

code, allows it to be tested and improved by a much larger group of people, so making it more robust

and allows it to be connected to other developments.

Priorities and recommendations

Incorporating progress in forest management modelling into Earth system models will improve the

accuracy of climate projections and generate useful information to assist forest management decision-

making.  From  the  combination  of  possibility  for  model  implementation,  data  availability,  and

importance  for  the  Earth  system,  one  can  create  a  priority  list  and  find  “low-hanging fruits”  for

implementing forest management practices in ESMs (Pongratz et al. 2018).  With this in mind, we

propose the following recommendations:

- Model development should prioritise simple representations to start with, focusing on the most

essential  variables:  height,  LAI,  biomass  density,  gross  and net  primary productivity,  and

biomass yield where applicable. 

- Ongoing development and integration of demographic models into LSMs should be continued

as it will enable many more options for size-based harvesting. 

- More detailed land use and management scenarios must be developed and standardised across

model development groups. These scenarios should describe rotation harvesting intensity; size

selection and frequency; planting densities and PFTs; rules for transitioning between land use

classes; and management practices including thinning, fertilizer and irrigation. 
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- Collection, collation and standardisation of forest growth and management data is essential for

supporting this model development, including those derived from national forest inventories

and field observations as well as Earth observation and hybrid data products on forest age, size

structure and growth rates. This will facilitate development of better metrics to assess how

accurately models capture forest management practices and their impacts. 

Model development must always be approached with a clear and pragmatic purpose, considering the

model’s end use. Extending the scope of DGVMs and LSMs to include land management strategies at

regional scale, with appropriate development, and their functions may eventually be integrated into

ESMs. ESMs on their own are unlikely ever to be particularly useful for diagnosing the best forest

management  practices  for  specific  sites,  but  may be  used to  greater  effect  with forest  ecosystem

models and site-specific knowledge. Including representation of managed forests could improve the

simulation of forests in ESMs and thus our understanding of the local and global environmental effects

of forest management.

Conclusions

With climate change and its associated impacts accelerating (Lenton et al., 2025), it is more urgent

than ever to protect, maintain and enhance forests, the ecosystem services they provide, and the carbon

sink capacity they represent. For this, we need to understand the linkages between forests and climate

and we need reliable indicators for informed decision-making about forest management. Earth system

models are vital to these efforts, but their modelling of forests is incomplete because they lack detailed

representation  of  forest  management  practices.  Addressing  this  is  critical  to  improving  our

understanding  of  the  evolution  of  the  Earth’s  climate  and  biological  systems,  and  to  identifying

preferred  strategies  to  protect  and  enhance  forests  for  climate  protection,  biodiversity  protection,

human wellbeing and many other critical goals.

New model developments in the last several years have significantly advanced representation of forest

management in DGVMs and LSMs. This new functionality allows for new types of modelling studies
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which have produced valuable insights into how to manage and protect forests through unprecedented

global environmental change and changing pressures on land use in the decades to come. 

For DGVMs, LSMs and ESMs to help address the most relevant science and policy questions, further

development and representation of thinning, clear-cutting and establishment of forestry plantations is

critical. Improvements in the ability of these models to assess the direct impacts of humans on the

terrestrial carbon sink, and the complex interplay between indirect and anthropogenic forcing is an

important  element  in  understanding  how  to  manage  the  present  and  future  carbon  cycle.  With

integration into ESMs, forest management process modules will also help us to evaluate and quantify

the impacts of forest management on the Earth system and climate.
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Figure 1: Linkages between forest management practices and the climate system. 

( 29 )

661



Forest management in ESMs

References

Ahlswede, B. J., & Thomas, R. Q. (2017). Community Earth System Model Simulations Reveal the

Relative Importance of Afforestation and Forest Management to Surface Temperature in Eastern North

America. Forests, 8(12), 499. https://doi.org/10.3390/f8120499 

Anderegg, W. R. L, Wu, C., Acil, N., Carvalhais, N., Pugh, T. A. M., Sadler, J. P., & Seidl, R. (2022).

A climate risk analysis of Earth’s forests in the 21st century. Science, 377, 1099–1103. https://doi.org/

10.1126/science.abp9723 

Argles, A. P. K., Moore, J. R., Huntingford, C., Wiltshire, A. J., Harper, A. B., Jones, C. D., & Cox, P.

M. (2020). Robust Ecosystem Demography (RED version 1.0): a parsimonious approach to modelling

vegetation dynamics in Earth system models.  Geoscientific Model Development,  13(9), 4067–4089.

https://doi.org/10.5194/gmd-13-4067-2020 

Argles, A. P. K, Moore, J. R. & Cox, P. M. (2022). Dynamic Global Vegetation Models: Searching for

the  balance  between  demographic  process  representation  and  computational  tractability.  PLOS

Climate, 1(9), e0000068. https://doi.org/10.1371/journal.pclm.0000068 

Argles,  A.  P.  K.,  Robertson,  E.,  Harper,  A.  B.,  Morison,  J.  I.  L.,  Xenakis,  G.,  Hastings,  A.,

McCalmont, J., Moore, J. R., Bateman, I. J., Gannon, K., Betts, R. A., Bathgate, S., Thomas, J., Heard,

M., & Cox, P. M. (2023). Modelling the impact of forest management and CO2 fertilisation on growth

and demography in a Sitka spruce plantation. Scientific Reports, 13(1), 13487. https://doi.org/10.1038/

s41598-023-39810-2 

Arora, V. K., Katavouta, A., Williams, R. G., Jones, C. D., Brovkin, V., Friedlingstein, P., Schwinger,

J., Bopp, L., Boucher, O., Cadule, P., Chamberlain, M. A., Christian, J. R., Delire, C., Fisher, R. A.,

Hajima,  T.,  Ilyina,  T.,  Joetzjer,  E.,  Kawamiya,  M.,  Koven,  C.  D.,  Krasting,  J.  P.,  Law,  R.  M.,

Lawrence,  D.  M.,  Lenton,  A.,  Lindsay,  K.,  Pongratz,  J.,  Raddatz,  T.,  Séférian,  R.,  Tachiiri,  K.,

Tjiputra, J. F., Wiltshire, A., Wu, T., & Ziehn, T. (2020). Carbon–concentration and carbon–climate

( 30 )

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

https://doi.org/10.1038/s41598-023-39810-2
https://doi.org/10.1038/s41598-023-39810-2
https://doi.org/10.1371/journal.pclm.0000068
https://doi.org/10.5194/gmd-13-4067-2020
https://doi.org/10.1126/science.abp9723
https://doi.org/10.1126/science.abp9723
https://doi.org/10.3390/f8120499


Forest management in ESMs

feedbacks in CMIP6 models and their comparison to CMIP5 models. Biogeosciences, 17, 4173–4222.

https://doi.org/10.5194/bg-17-4173-2020 

Bateman, I. J., Anderson, K., Argles, A., Belcher, C., Betts, R. A., Binner, A., Brazier, R. E., Cho, F.

H., Collins, R. M., Day, B. H., Duran-Rojas, C., Eisenbarth, S., Gannon, K., Gatis, N., Groom, B.,

Hails, R., Harper, A. B., Harwood, A., Hastings, A., Heard, M. S., Hill, T. C., Inman, A., Lee, C. F.,

Luscombe,  D. J.,  MacKenzie,  A. R.,  Mancini,  M. C.,  Morison, J.  I.  L.,  Morris,  A.,  Quine,  C.  P.,

Snowdon, P., Tyler, C. R., Vanguelova, E. I., Wilkinson, M., Williamson, D., & Xenakis, G. (2023). A

review of planting principles to identify the right place for the right tree for ‘net zero plus’ woodlands:

Applying  a  place-based  natural  capital  framework  for  sustainable,  efficient  and  equitable  (SEE)

decisions. People and Nature, 5, 271–301. https://doi.org/10.1002/pan3.10331 

Bellassen, V., Le Maire, G., Dhôte, J.F., Ciais, P., & Viovy, N. (2010). Modelling forest management

within  a  global  vegetation  model—Part  1:  Model  structure  and  general  behaviour.  Ecological

Modelling, 221(20), 2458–2474. https://doi.org/10.1016/j.ecolmodel.2010.07.008 

Bergkvist, J., Lagergren, F., Islam, M. R., Wårlind, D., Miller, P. A., Finnander Linderson, M.-L.,

Lindeskog,  M.,  &  Jönsson,  A.  M.  (2025).  Quantifying  the  impact  of  climate  change  and  forest

management on Swedish forest ecosystems using the dynamic vegetation model LPJ-GUESS. Earth's

Future, 13, e2024EF004662. https://doi.org/10.1029/2024EF004662 

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L. H., Ménard, C. B., Edwards, J. M.,

Hendry, M. A., Porson, A., Gedney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O., Cox, P. M.,

Grimmond, C. S. B., & Harding, R. J. (2011). The Joint UK Land Environment Simulator (JULES),

model description – part 1: Energy and water fluxes.  Geoscientific Model Development,  4(3): 677–

699. https://doi.org/10.5194/gmd-4-677-2011 

Betts, R. (2000). Offset of the potential carbon sink from boreal forestation by decreases in surface

albedo. Nature, 408, 187–190. https://doi.org/10.1038/35041545

Bond,  W.  J.  (2016).  Ancient  grasslands  at  risk.  Science,  351,  120–122.

https://doi.org/10.1126/science.aad5132 

( 31 )

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

https://doi.org/10.1126/science.aad5132
https://doi.org/10.1038/35041545
https://doi.org/10.5194/gmd-4-677-2011
https://doi.org/10.1029/2024EF004662
https://doi.org/10.1016/j.ecolmodel.2010.07.008
https://doi.org/10.1002/pan3.10331
https://doi.org/10.5194/bg-17-4173-2020


Forest management in ESMs

Brooks, T.M., Mittermeier, R.A., Mittermeier, C.G., Da Fonseca, G.A.B., Rylands, A.B., Konstant,

W.R., Flick, P., Pilgrim, J., Oldfield, S., Magin, G., & Hilton-Taylor, C. (2002). Habitat Loss and

Extinction  in  the  Hotspots  of  Biodiversity.  Conservation  Biology,  16, 909–923.

https://doi.org/10.1046/j.1523-1739.2002.00530.x 

Burton,  C.,  Betts,  R.,  Cardoso,  M.,  Feldpausch,  T.  R.,  Harper,  A.,  Jones,  C.  D.,  Kelley,  D.  I.,

Robertson,  E.,  and  Wiltshire,  A.  (2019).  Representation  of  fire,  land-use  change  and  vegetation

dynamics  in  the  Joint  UK  Land  Environment  Simulator  vn4.9  (JULES).  Geoscientific  Model

Development, 12, 179–193. https://doi.org/10.5194/gmd-12-179-2019 

Cattaneo, N., Krokene, P., & Astrup, R. (2025). A high-resolution, country-wide scenario analysis of

forest  susceptibility  to  spruce  bark  beetle  damage  in  Norway  [Preprint].  bioRxiv.

https://doi.org/10.1101/2025.05.06.652523

Cattelan, L. G., Hirota, M., Baker, J. C. A., Gonçalves De Souza, J., Aguiar, A. P. D., Oliveira Assis,

T.,  Huntingford,  C.,  Robertson,  E.,  Sitch,  S.,  & Gloor,  E.  (2026).  Impacts of  deforestation-driven

rainfall  reductions  on  Amazonia  forest  stability.  Geophysical  Research  Letters,  53(11),

e2026GL122705. https://doi.org/10.1029/2026GL122705 

Clark,  D. B.,  Mercado,  L. M., Sitch,  S.,  Jones,  C. D., Gedney,  N.,  Best,  M. J., Pryor,  M.,  Rooney,

G. G., Essery, R. L. H., Blyth, E., Boucher, O., Harding, R. J., Huntingford, C., & Cox, P. M. (2011).

The Joint UK Land Environment Simulator (JULES), model description – part 2: Carbon fluxes and

vegetation dynamics.  Geoscientific Model Development,  4(3): 701–722.  https://doi.org/10.5194/gmd-

4-701-2011 

Collalti, A., Marconi, S., Ibrom, A., Trotta, C., Anav, A., D'Andrea, E., Matteucci, G., Montagnani, L.,

Gielen,  B.,  Mammarella,  I.,  Grünwald,  T.,  Knohl,  A.,  Berninger,  F.,  Zhao,  Y.,  Valentini,  R.,  and

Santini, M. (2024). Validation of 3D-CMCC Forest Ecosystem Model (v.5.1) against eddy covariance

data  for  10  European  forest  sites.  Geoscientific  Model  Development,  9:  479–504.

https://doi.org/10.5194/gmd-9-479-2016 

( 32 )

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

https://doi.org/10.5194/gmd-9-479-2016
https://doi.org/10.5194/gmd-4-701-2011
https://doi.org/10.5194/gmd-4-701-2011
https://doi.org/10.1029/2026GL122705
https://doi.org/10.5194/gmd-12-179-2019
https://doi.org/10.1046/j.1523-1739.2002.00530.x


Forest management in ESMs

Collalti, A., Trotta, C., Keenan, T., Ibrom, A., Bond-Lamberty, B., Grote, R., Vicca, S., Reyer, C.P.O.,

Migliavacca, M., Veroustraete, F., Anav, A., Campioli, M., Scoccimarro, E., Grieco, E., Cescatti, A.,

& Matteucci, G. (2018). Thinning can reduce losses in carbon use efficiency and carbon stocks in

managed forests under warmer climate.  Journal  of  Advances in Modelling Earth Systems,  10(10):

2427–2452. https://doi.org/10.1029/2018MS001275

Cox, P., Betts, R., Jones, C., Spall, S. A., & Totterdell, I. J. (2000). Acceleration of global warming

due  to  carbon-cycle  feedbacks  in  a  coupled  climate  model.  Nature,  408, 184–187.

https://doi.org/10.1038/35041539 

Cui, J., Piao, S., Huntingford, C., Ciais, P., Li, W., Yin, Y., Wang, X., Chen, A., Ottlé, C., Boucher,

O., et al. (2026). Historical deforestation drives strong rainfall decline across the southern Amazon

basin. Nature Communications, 17, 1642. https://doi.org/10.1038/s41467-026-68361-z 

Dalmonech, D.,  Marano, G.,  Amthor, J.,  Cescatti,  A.,  Lindner, M., Trotta,  C.,  Collalti,  A. (2022).

Feasibility of enhancing carbon sequestration and stock capacity in temperate and boreal European

forests  via  changes  to  forest  management.  Agricultural  and  Forest  Meteorology,  327, 109203.

https://doi.org/10.1016/j.agrformet.2022.109203 

Doelman,  J.  C.,  Stehfest,  E.,  van  Vuuren,  D.  P.,  Tabeau,  A.,  Hof,  A.  F.,  Braakhekke,  M.  C.,

Gernaat, D. E. H. J., van den Berg, M., van Zeist, W.-J., Daioglou, V., van Meijl, H., & Lucas, P. L.

(2020). Afforestation for climate change mitigation: Potentials, risks and trade‐offs. Global Change

Biology, 26(3), 1576–1591. https://doi.org/10.1111/gcb.14887 

Dooley, K., Christiansen, K. L., Lund, J. F., Carton, W., & Self, A. (2024). Over-reliance on land for

carbon dioxide removal in net-zero climate pledges. Nature Communications, 15, Article 9167. https://

doi.org/10.1038/s41467-024-53466-0

Eckes-Shephard,  A.H.,  Argles,  A.P.K.,  Brzeziecki,  B.,  Cox,  P.M.,  De  Kauwe,  M.G.,  Esquivel-

Muelbert,  A.,  Fisher,  R.A.,  Hurtt,  G.C.,  Knauer,  J.,  Koven,  C.D.,  Lehtonen,  A.,  Luyssaert,  S.,

Marqués, L., Ma, L., Marie, G., Moore, J.R., Needham, J.F., Olin, S., Peltoniemi, M., Piltz, K., Sato,

H., Sitch, S., Stocker, B.D., Weng, E., Zuleta, D. & Pugh, T.A.M. (2025). Demography, dynamics and

( 33 )

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

https://doi.org/10.1111/gcb.14887
https://doi.org/10.1016/j.agrformet.2022.109203
https://doi.org/10.1038/s41467-026-68361-z
https://doi.org/10.1038/35041539
https://doi.org/10.1029/2018MS001275


Forest management in ESMs

data: building confidence for simulating changes in the world's forests.  New Phytologist, 248: 2722–

2749. https://doi.org/10.1111/nph.70643

Egerer, S., Falk, S., Mayer, D., Nützel, T., Obermeier, W. A., & Pongratz, J. (2024). How to measure

the efficiency of bioenergy crops compared to forestation. Biogeosciences, 21(22), 5005–5025. https://

doi.org/10.5194/bg-21-5005-2024

Egerer, S., Lawrence, D. M., Lawrence, P. J.,  Argles, A.,  Arora, V., Barbu, A. L., Harman, I. N.,

Miller, P. A., Raddatz, T., Vuichard, N., Wårlind, D., Ziehn, T., & Pongratz, J. (2025). Forestation in

CMIP6: Wide model spread in tree cover and land carbon uptake.  Environmental Research Letters,

20(5), 054033. https://doi.org/10.1088/1748-9326/adc93e 

Fisher, R. A., & Koven, C. D. (2020). Perspectives on the Future of Land Surface Models and the

Challenges of Representing Complex Terrestrial Systems.  Journal of Advances in Modeling Earth

Systems, 12(4). https://doi.org/10.1029/2018MS001453

Food and Agriculture Organization of the United Nations (FAO) (2024).  The State of the World’s

Forests  2024  –  Forest-sector  innovations  towards  a  more  sustainable  future.  Rome,  FAO.

https://doi.org/10.4060/cd1211en 

Food and Agriculture Organization of the United Nations (FAO) (2024).  Forestry Production and

Trade. https://www.fao.org/faostat/en/#data/FO

Food and Agriculture Organization of the United Nations (FAO) (2025a).  Global Forest Resources

Assessment 2025. https://fra-data.fao.org/assessments/fra/2025

Food and Agriculture Organization of the United Nations (FAO) (2025b).  Global Forest Resources

Assessment 2025. https://doi.org/10.4060/cd6709en

Food and Agriculture Organization of the United Nations (FAO) (2025c). Global forest products facts

and figures 2024 – Industrial roundwood, sawnwood, wood-based panels, fibre furnish, paper and

paperboard, wood fuel, charcoal and pellets, export and import value of wood and paper products

and non-wood products. Rome. https://doi.org/10.4060/cd8005en 

( 34 )

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

https://doi.org/10.4060/cd8005en
https://doi.org/10.4060/cd6709en
https://fra-data.fao.org/assessments/fra/2025
https://www.fao.org/faostat/en/#data/FO
https://doi.org/10.4060/cd1211en
https://doi.org/10.1029/2018MS001453
https://doi.org/10.1088/1748-9326/adc93e
https://doi.org/10.5194/bg-21-5005-2024
https://doi.org/10.5194/bg-21-5005-2024
https://doi.org/10.1111/nph.70643


Forest management in ESMs

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W., Brovkin, V., Cadule, P., Doney, S., Eby,

M., Fung, I., Bala, G., John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr, W., Lindsay, K.,

Matthews,  H.  D.,  Raddatz,  T.,  Rayner,  P.,  Reick,  C.,  Roeckner,  E.,  Schnitzler,  K.,  Schnur,  R.,

Strassmann, K., Weaver, A. J., Yoshikawa, C., & Zeng, N. (2006). Climate–Carbon Cycle Feedback

Analysis: Results from the C4MIP Model Intercomparison.  Journal of Climate,  19(14), 3337-3353.

https://doi.org/10.1175/JCLI3800.1

Friedlingstein, P., Meinshausen, M., Arora, V. K., Jones, C. D., Anav, A., Liddicoat, S. K., & Knutti,

R. (2014). Uncertainties in CMIP5 Climate Projections due to Carbon Cycle Feedbacks.  Journal of

Climate, 27, 511–526. https://doi.org/10.1175/JCLI-D-12-00579.1 

Friedlingstein,  P.,  O'Sullivan,  M.,  Jones,  M.  W.,  Andrew,  R.  M.,  Bakker,  D.  C.  E.,  Hauck,  J.,

Landschützer,  P.,  Le  Quéré,  C.,  Li,  H.,  Luijkx,  I.  T.,  Peters,  G.  P.,  Peters,  W.,  Pongratz,  J.,

Schwingshackl, C., Sitch, S., Canadell, J. G., Ciais, P., Aas, K., Alin, S. R., Anthoni, P., Barbero, L.,

Bates, N. R., Bellouin, N., Benoit-Cattin, A., Berghoff, C. F., Bernardello, R., Bopp, L., Brasika, I. B.

M., Chamberlain, M. A., Chandra, N., Chevallier, F., Chini, L. P., Collier, N. O., Colligan, T. H.,

Cronin, M., Djeutchouang, L., Dou, X., Enright, M. P., Enyo, K., Erb, M., Evans, W., Feely, R. A.,

Feng, L., Ford, D. J., Foster, A., Fransner, F., Gasser, T., Gehlen, M., Gkritzalis, T., Goncalves De

Souza, J., Grassi, G., Gregor, L., Gruber, N., Guenet, B., Gürses, Ö., Harrington, K., Harris, I., Heinke,

J., Hurtt, G. C., Iida, Y., Ilyina, T., Ito, A., Jacobson, A. R., Jain, A. K., Jarníková, T., Jersild, A.,

Jiang,  F.,  Jones,  S.  D.,  Kato,  E.,  Keeling,  R.  F.,  Klein  Goldewijk,  K.,  Knauer,  J.,  Kong,  Y.,

Korsbakken, J. I., Koven, C., Kunimitsu, T., Lan, X., Liu, J., Liu, Z., Liu, Z., Lo Monaco, C., Ma, L.,

Marland, G., McGuire, P. C., McKinley, G. A., Melton, J., Monacci, N., Monier, E., Morgan, E. J.,

Munro, D. R., Müller, J. D., Nakaoka, S.-I., Nayagam, L. R., Niwa, Y., Nutzel, T., Olsen, A., Omar,

A.  M.,  Pan,  N.,  Pandey,  S.,  Pierrot,  D.,  Qin,  Z.,  Regnier,  P.  A.  G.,  Rehder,  G.,  Resplandy,  L.,

Roobaert, A., Rosan, T. M., Rödenbeck, C., Schwinger, J., Skjelvan, I., Smallman, T. L., Spada, V.,

Sreeush, M. G., Sun, Q., Sutton, A. J., Sweeney, C., Swingedouw, D., Séférian, R., Takao, S., Tatebe,

H., Tian, H., Tian, X., Tilbrook, B., Tsujino, H., Tubiello, F., van Ooijen, E., van der Werf, G., van de

Velde, S. J., Walker, A., Wanninkhof, R., Yang, X., Yuan, W., Yue, X., & Zeng, J. (2025). Global

( 35 )

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

https://doi.org/10.1175/JCLI-D-12-00579.1
https://doi.org/10.1175/JCLI3800.1


Forest management in ESMs

Carbon  Budget  2025.  Earth  System  Science  Data  Discussions  (preprint,  in  review).

https://doi.org/10.5194/essd-2025-659 

Fuss, S., Canadell, J., Peters, G., Tavoni, M., Andrew, R.M., Ciais, P., Jackson, R.B., Jones, C.D.,

Kraxner, F., Nakicenovic, N., Le Quéré, C., Raupach, M.R, Sharifi, A., Smith, P. & Yamagata, Y.

(2014).  Betting  on  negative  emissions.  Nature  Climate  Change,  4, 850–853.

https://doi.org/10.1038/nclimate2392 

Gessler,  A.,  Grünzweig,  J.M.,  Bigio,  L.,  Hartmann,  H.,  McDowell,  N.,  Krumm,  F.,  Bose,  A.K.,

Rigling,  A.,  Bugmann,  H.,  Vitali,  V.,  Schneider,  P.,  Lever,  J.J.,  Schweier,  J.,  Kempel,  A.,

Zimmermann, N.E., Brun, P., Bauhus, J., Wilhelm, M. & Bottero, A. (2026). Shaping future forests:

how  can  ecophysiology  support  climate-smart  forest  management?  New  Phytologist.

https://doi.org/10.1111/nph.71007

Gregor, K., Knoke, T., Krause, A., Reyer, C. P. O., Lindeskog, M., Papastefanou, P., Smith, B., Lansø,

A.-S., Rammig,  A.  (2022).  Trade-offs  for  climate-smart  forestry in  Europe under  uncertain future

climate. Earth's Future, 10, e2022EF002796. https://doi.org/10.1029/2022EF002796

Gregor, K., Krause, A., Reyer, C. P. O., Knoke, T., Meyer, B. F., Suvanto, S., & Rammig, A. (2024).

Quantifying the impact of key factors on the carbon mitigation potential of managed temperate forests.

Carbon Balance and Management, 19, 10. https://doi.org/10.1186/s13021-023-00247-9 

Gregor, K., Meyer, B. F., Gaida, T., Justo Vasquez, V., Bett-Williams, K., Forrest, M., Darela-Filho, J.

P., Rabin, S., Longo, M., Melton, J. R., Nord, J., Anthoni, P., Bastrikov, V., Colligan, T., Delire, C.,

Dietze, M. C., Hurtt, G., Ito, A., Keetz, L. T., Knauer, J., Köster, J., Lin, T.-S., Ma, L., Minvielle, M.,

Olin,  S.,  Ostberg,  S.,  Shi,  H.,  Schnur,  R.,  Sun,  Q.,  Thornton,  P.  E.,  & Rammig,  A.  (2026).  Best

practices in software development for robust and reproducible geoscientific models based on insights

from the Global Carbon Budget's dynamic vegetation models. Geoscientific Model Development, 19,

2407–2436. https://doi.org/10.5194/gmd-19-2407-2026 

Grünig,  M.,  Rammer,  W.,  Senf,  C.,  Albrich,  K.,  André,  F.,  Augustynczik,  A.  L.,  Baumann,  M.,

Friedrich J.  Bohn,  F.J.,  Bouwman,  M.,  Bugmann,  H.,  Collalti,  A.  Cristal,  I.,  Dalmonech,  D.,  De

( 36 )

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

https://doi.org/10.5194/gmd-19-2407-2026
https://doi.org/10.1186/s13021-023-00247-9
https://doi.org/10.1029/2022EF002796
https://doi.org/10.1111/nph.71007
https://doi.org/10.1038/nclimate2392
https://doi.org/10.5194/essd-2025-659


Forest management in ESMs

Coligny F., Dobor, L., Dollinger, C., Espelta, J. M., Forrester, D. I., Garcia-Gonzalo, J., González-

Olabarria,  J.  R.,  Hiltner,  U.,  Hlásny,  T.,  Honkaniemi,  J.,  Huber,  N.,  Jonard,  M.,  Jönsson,  A.M.,

Kunstler, G., Lagergren, F., Lindner, M., Mina, M., Moos, C., Morin, X., Muys, B., Nabuurs, G.-J.,

Nieberg,  M.,  Patacca,  M.,  Peltoniemi,  M.,  Reyer,  C.P.O.,  Schelhaas,  M.J.,  Storms,  I.,  Thom,  D.,

Toïgo, M., & Seidl, R. (2026). Climate change will increase forest disturbances in Europe throughout

the 21st century. Science, 391(6789), eadx6329. https://doi.org/10.1126/science.adx6329 

Harmon,  M.  E.,  Fasth,  B.  G.,  Yatskov,  M.,  Kastendick,  D.,  Rock,  J.,  & Woodall,  C.  W.  (2020).

Release of coarse woody detritus-related carbon: A synthesis across forest biomes.  Carbon Balance

and Management, 15, 1–21. https://doi.org/10.1186/s13021-019-0136-6

Harper,  A.,  Cox,  P.,  Friedlingstein,  P.,  Wiltshire,  A.,  Jones,  C.  D.,  Sitch,  S.,  Mercado,  L.  M.,

Groenendijk,  M.,  Robertson,  E.,  Kattge,  J.,  Bönisch,  G.,  Atkin,  O. K.,  Bahn,  M.,  Cornelissen,  J.,

Niinemets,  Ü.,  Onipchenko,  V.,  Peñuelas,  J.,  Poorter,  L.,  Reich,  P.B.,  Soudzilovskaia,  N.,  & van

Bodegom., P. (2016). Improved representation of plant functional types and physiology in the Joint

UK Land Environment Simulator (JULES v4.2) using plant trait  information.  Geoscientific Model

Development, 9, 2415–2440. https://doi.org/10.5194/gmd-9-2415-2016 

Harper, A.B., Powell, T., Cox, P.M. et al. (2018). Land-use emissions play a critical role in land-based

mitigation for Paris climate targets. Nature Communications, 9, 2938. https://doi.org/10.1038/s41467-

018-05340-z 

Harper, A.B., Littleton, E.W., Egerer, S., Nützel, T., Fisher, R., Aas, K., Peylin, P., Bastrikov, V.,

Miller, A.M., Townsend, B., Abrahoe, G., Sanderson, B., & Pongratz, J. (in preparation for submission

in 2026). Balancing carbon and nature: future effectiveness of the land carbon sink with different land

use strategies.

Hickler, T., Vohland, K., Feehan, J., Miller, P. A., Smith, B., Costa, L., Giesecke, T., Fronzek, S.,

Carter,  T.  R.,  Cramer,  W.,  Kühn,  I.,  & Sykes,  M. T.  (2012).  Projecting the future distribution of

European potential natural vegetation zones with a generalized, tree species-based dynamic vegetation

( 37 )

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

https://doi.org/10.1038/s41467-018-05340-z
https://doi.org/10.1038/s41467-018-05340-z
https://doi.org/10.5194/gmd-9-2415-2016
https://doi.org/10.1186/s13021-019-0136-6
https://doi.org/10.1126/science.adx6329


Forest management in ESMs

model.  Global  Ecology  and  Biogeography,  21(1),  50–63.  https://doi.org/10.1111/j.1466-

8238.2010.00613.x 

Hong, T., Wu, J., Kang, X., Yuan, M., & Duan, L. (2022). Impacts of Different Land Use Scenarios on

Future  Global  and  Regional  Climate  Extremes.  Atmosphere,  13(6).

https://doi.org/10.3390/atmos13060995

International Union for Conservation of Nature (IUCN) (2021).  Forests and Climate Change. Issues

Brief,  February  2021.

https://iucn.org/sites/default/files/2022-04/forests_and_climate_change_issues_brief_2021.pdf

Jia, G., Shevliakova, E., Artaxo, P., De Noblet-Ducoudré, N., Houghton, R., House, J., Kitajima, K.,

Lennard, C., Popp, A., Sirin, A., Sukumar, R., & Verchot, L. (2019) Land–climate interactions. In:

Climate  Change  and  Land:  an  IPCC  special  report  on  climate  change,  desertification,  land

degradation, sustainable land management, food security, and greenhouse gas fluxes in terrestrial

ecosystems [P.R.  Shukla,  J.  Skea,  E.  Calvo  Buendia,  V.  Masson-Delmotte,  H.-O.  Pörtner,  D.C.

Roberts, P. Zhai, R. Slade, S. Connors, R. van Diemen, M. Ferrat, E. Haughey, S. Luz, S. Neogi, M.

Pathak, J.  Petzold, J.  Portugal Pereira, P. Vyas, E. Huntley, K. Kissick, M, Belkacemi, J.  Malley,

(eds.)]. https://doi.org/10.1017/9781009157988.004

Jin, L., Yi, Y., & Xu, J. (2020). Forest carbon sequestration and China’s potential: The rise of a nature-

based  solution  for  climate  change  mitigation.  China  Economic  Journal,  13(2),  200–222.

https://doi.org/10.1080/17538963.2020.1754606 

Jones, S., Eller, C.B., & Cox, P.M. (2022). Application of feedback control to stomatal optimisation in

a  global  land  surface  model.  Frontiers  in  Environmental  Science,  10,  970266.

https://doi.org/10.3389/fenvs.2022.970266 

Körner, C. (2026). Conceptual pitfalls in the forest carbon debate. Carbon Balance and Management,

21, Article 15. https://doi.org/10.1186/s13021-026-00412-w 

Koven, C. D., Knox, R. G., Fisher, R. A., Chambers, J. Q., Christoffersen, B. O., Davies, S. J., et al.

(2020). Benchmarking and parameter sensitivity of physiological and vegetation dynamics using the

( 38 )

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

https://doi.org/10.1186/s13021-026-00412-w
https://doi.org/10.3389/fenvs.2022.970266
https://doi.org/10.1080/17538963.2020.1754606
https://doi.org/10.1017/9781009157988.004
https://iucn.org/sites/default/files/2022-04/forests_and_climate_change_issues_brief_2021.pdf
https://doi.org/10.3390/atmos13060995
https://doi.org/10.1111/j.1466-8238.2010.00613.x
https://doi.org/10.1111/j.1466-8238.2010.00613.x


Forest management in ESMs

Functionally Assembled Terrestrial Ecosystem Simulator (FATES) at Barro Colorado Island, Panama.

Biogeosciences, 17(11), 3017–3044. https://doi.org/10.5194/bg-17-3017-2020  

Lagergren, F., Jönsson, A. M., Blennow, K., & Smith, B. (2012). Implementing storm damage in a

dynamic vegetation model  for regional  applications in Sweden.  Ecological Modelling,  247, 71-82.

https://doi.org/10.1016/j.ecolmodel.2012.08.011 

Lagergren, F., Jönsson, A. M., Lindeskog, M., & Pugh, T. A. M. (2025). Combining empirical and

mechanistic understanding of spruce bark beetle outbreak dynamics in the LPJ-GUESS (v4.1, r13130)

vegetation model. Geoscientific Model Development, 18, 8071–8090. https://doi.org/10.5194/gmd-18-

8071-2025 

Lapola,  D.  M.,  Pinho,  P.,  Barlow,  J.,  et  al. (2023).  The  drivers  and  impacts  of  Amazon  forest

degradation. Science, 379(6630), eabp8622. https://doi.org/10.1126/science.abp8622 

Lawrence, D. M., Hurtt, G. C., Arneth, A., Brovkin, V., Calvin, K. V., Jones, A. D., Jones, C. D.,

Lawrence, P. J., de Noblet-Ducoudré, N., Pongratz, J., Seneviratne, S. I., & Shevliakova, E. (2016).

The  Land  Use  Model  Intercomparison  Project  (LUMIP)  contribution  to  CMIP6:  Rationale  and

experimental design. Geoscientific Model Development, 9, 2973–2998. https://doi.org/10.5194/gmd-9-

2973-2016

Lenton, T. M., Milkoreit, M., Willcock, S., Abrams, J. F., Armstrong McKay, D. I., Buxton, J. E.,

Donges, J. F.,  Loriani,  S., Wunderling, N.,  Alkemade, F.,  Barrett, M., Constantino, S.,  Powell, T.,

Smith, S. R., Boulton, C. A., Pinho, P., Dijkstra, H., Pearce-Kelly, P., Roman-Cuesta, R. M., Dennis,

D. (eds). (2025). The Global Tipping Points Report 2025. University of Exeter, Exeter, UK. 

Lerink, B. J. W., Schelhaas, M.-J., Schreiber, R., Aurenhammer, P., Kies, U., Vuillermoz, M., et al.

(2023).  How much wood can we expect  from European forests  in  the  near  future?  Forestry:  An

International Journal of Forest Research, 96(4), 434–447. https://doi.org/10.1093/forestry/cpad009 

Li, F., Song, X., Harrison, S. P., Marlon, J. R., Lin, Z., Leung, L. R., Schwinger, J., Marécal, V.,

Wang,  S.,  Ward,  D.  S.,  Dong,  X.,  Lee,  H.,  Nieradzik,  L.,  Rabin,  S.  S.,  and Séférian,  R.  (2024).

( 39 )

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

https://doi.org/10.1093/forestry/cpad009
https://doi.org/10.5194/gmd-9-2973-2016
https://doi.org/10.5194/gmd-9-2973-2016
https://doi.org/10.1126/science.abp8622
https://doi.org/10.5194/gmd-18-8071-2025
https://doi.org/10.5194/gmd-18-8071-2025
https://doi.org/10.1016/j.ecolmodel.2012.08.011
https://doi.org/10.5194/bg-17-3017-2020


Forest management in ESMs

Evaluation  of  global  fire  simulations  in  CMIP6  Earth  system  models,  Geoscientific  Model

Development, 17, 8751–8771. https://doi.org/10.5194/gmd-17-8751-2024 

Li,  W.,  Yue,  C.,  Ciais,  P.,  Chang,  J.,  Goll,  D.,  Zhu,  D.,  Peng,  S.,  &  Jornet-Puig,  A.  (2018).

ORCHIDEE-MICT-BIOENERGY: an attempt to represent the production of lignocellulosic crops for

bioenergy  in  a  global  vegetation  model.  Geoscientific  Model  Development,  11, 2249–2272.

https://doi.org/10.5194/gmd-11-2249-2018 

Li, Y., Zhao, M., Motesharrei, S., Mu, Q., Kalnay, E. & Li, S. (2015). Local cooling and warming

effects  of  forests  based  on  satellite  observations.  Nature  Communications,  6,  6603.

https://doi.org/10.1038/ncomms7603

Lier,  M., Schuck,  A.,  Van Brusselen,  J.,  Derks,  J.,  Parviainen,  J.,  Bastrup-Birk,  A.,  Gasparini,  P.,

Bozzano, M., Oggoni, S.D., Rasi, R., Vogt, P., Biala, K., Köhl, M., Konczal, A., de Koning, J.H.C.,

Alberdi, I., Voříšek, P., Schwarz, M., & Linser, S. (2020). Criterion 4: Maintenance, Conservation and

Appropriate Enhancement of Biological Diversity in Forest Ecosystems. In:  The State of Europe’s

Forests 2020, p. 109-150. Forest Europe Liaison Unit, Bratislava, Slovakia.

Lindeskog, M., Smith, B., Lagergren, F., Sycheva, E., Ficko, A., Pretzsch, H., & Rammig, A. (2021).

Accounting  for  forest  management  in  the  estimation  of  forest  carbon balance  using  the  dynamic

vegetation  model  LPJ-GUESS  (v4.0,  r9710):  Implementation  and  evaluation  of  simulations  for

Europe. Geoscientific Model Development, 14, 6071–6112. https://doi.org/10.5194/gmd-14-6071-2021

Linser, S., Amihaesei, V. A., Anand, J. S., Baltranaitė, E., Barrio Guillo, R., Collalti, A., Dumitrescu,

A., Giannetti, F., Grieco, E., Hapa, M., Hemming, D., Inácio, M., Johannessen, M. R., Knutzen, F.,

Lindau, A., Littleton, E., Marin, M., Micu, D., Morichetti, M., Nazari, M., Neumann, M., Pereira, P.,

Pop, C., Rechid, D., Tudose, N., Vacik, H., Bett-Williams, K., Zorzi, I., Cheval, S.. (2026, preprint).

Essential  Forest  Mitigation Indicators to support  management decisions for climate-resilient  forest

ecosystems. http://doi.org/10.2139/ssrn.7021807 

Littleton, E. W., Harper, A. B., Vaughan, N. E., Oliver, R. J., Duran-Rojas, M. C., & Lenton, T. M.

(2020).  JULES-BE:  representation  of  bioenergy  crops  and  harvesting  in  the  Joint  UK  Land

( 40 )

917

918

919

920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

http://doi.org/10.2139/ssrn.7021807%20
https://doi.org/10.5194/gmd-14-6071-2021
https://doi.org/10.1038/ncomms7603
https://doi.org/10.5194/gmd-11-2249-2018
https://doi.org/10.5194/gmd-17-8751-2024


Forest management in ESMs

Environment  Simulator  vn5.1.  Geoscientific  Model  Development,  13,  1123–1136.

https://doi.org/10.5194/gmd-13-1123-2020 

Littleton, E. W., Dooley, K., Webb, G., Harper, A. B., Powell, T., Nicholls, Z., Meinshausen, M., &

Lenton, T. M. (2021). Dynamic modelling shows substantial contribution of ecosystem restoration to

climate change mitigation. Environmental Research Letters, 16, 124061. https://doi.org/10.1088/1748-

9326/ac3c6c 

Lombardozzi, D. L., Lu, Y., Lawrence, P. J., Lawrence, D. M., Swenson, S., Oleson, K. W., Wieder,

W. R., & Ainsworth, E. A. (2020). Simulating agriculture in the Community Land Model Version 5.

Journal  of  Geophysical  Research:  Biogeosciences,  125(8),  e2019JG005529.

https://doi.org/10.1029/2019JG005529 

Lombardozzi,  D.  L.,  Wieder,  W. R.,  Keppel-Aleks,  G.,  Lai,  J.,  Luo,  Z.,  Sun,  Y.,  Simpson,  I.  R.,

Lawrence,  D. M.,  Bonan,  G. B.,  Lin,  X.,  Koven,  C. D.,  Friedlingstein, P.,  & Lindsay,  K. (2025).

Agricultural fertilization significantly enhances amplitude of land–atmosphere CO  exchange. ₂ exchange. Nature

Communications, 16, Article 1742. https://doi.org/10.1038/s41467-025-56730-z 

Luyssaert, S., Jammet, M., Stoy, P., Estel, S., Pongratz, J., Ceschia, E., Churkina, G., Don, A., Erb, K.-

H.,  Ferlicoq,  M.,  Gielen,  B.,  Grünwald,  T.,  Houghton,  R.  A.,  Klumpp,  K.,  Knohl,  A.,  Kolb,  T.,

Kuemmerle, T.,  Laurila,  T.,  Lohila, A.,  Loustau, D.,  McGrath, M. J.,  Meyfroidt,  P.,  Moors, E. J.,

Naudts, K., Novick, K., Otto, J., Pilegaard, K., Pio, C. A., Rambal, S., Rebmann, C., Ryder, J., Suyker,

A. E.,  Varlagin,  A.,  Wattenbach,  M.,  & Dolman, A. J.  (2014).  Land management and land-cover

change have impacts of similar magnitude on surface temperature.  Nature Climate Change, 4, 389–

393. https://doi.org/10.1038/nclimate2196 

Luyssaert, S., Marie, G., Valade, A. et al. (2018). Trade-offs in using European forests to meet climate

objectives. Nature, 562, 259–262. https://doi.org/10.1038/s41586-018-0577-1 

Mäkelä, A., Landsberg, J., Ek, A. R., Burk, T. E., Ter-Mikaelian, M., Ågren, G. I., Oliver, C. D., &

Puttonen, P. (2000). Process-based models for forest ecosystem management: current state of the art

( 41 )

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

https://doi.org/10.1038/s41586-018-0577-1
https://doi.org/10.1038/nclimate2196
https://doi.org/10.1038/s41467-025-56730-z
https://doi.org/10.1029/2019JG005529
https://doi.org/10.1088/1748-9326/ac3c6c
https://doi.org/10.1088/1748-9326/ac3c6c
https://doi.org/10.5194/gmd-13-1123-2020


Forest management in ESMs

and  challenges  for  practical  implementation. Tree  Physiology, 20(5-6),  289-298.

https://doi.org/10.1093/treephys/20.5-6.289

Matricardi, E. A. T., Skole, D. L., Bueno Costa, O., Pedlowski, M. A., Samek, J. H., & Miguel, E. P.

(2020).  Long-term  forest  degradation  surpasses  deforestation  in  the  Brazilian  Amazon.  Science,

369(6509), 1378-1382. https://doi.org/science.abb3021 

Meyer, B. F., Darela-Filho, J. P., Gregor, K., Buras, A., Gu, Q.-L., Krause, A., Liu, D., Papastefanou,

P., Asuk, S., Grams, T. E. E., Zang, C. S., & Rammig, A. (2025). Simulating the drought response of

European  tree  species  with  the  dynamic  vegetation  model  LPJ-GUESS  (v4.1,  97c552c5).

Geoscientific Model Development, 18, 4643–4666. https://doi.org/10.5194/gmd-18-4643-2025 

Migliavacca, M., Grassi, G., Bastos, A., Ceccherini, G., Ciais, P., Janssens-Maenhout, G., Lugato, E.,

Mahecha, M. D., Novick, K. A., Peñuelas, J., Pilli, R., Reichstein, M., Avitabile, V., Beck, P. S. A.,

Barredo, J. I., Forzieri, G., Herold, M., Korosuo, A., Mansuy, N., Mubareka, S., Orth, R., Rougieux,

P., & Cescatti, A.  (2025). Securing the forest carbon sink for the European Union’s climate ambition.

Nature, 643, 1203–1213. https://doi.org/10.1038/s41586-025-08967-3 

Miller, S.D., Goulden, M.L., Hutyra, L.R., Keller, M., Saleska, S.R., Wofsy, S.C., Figueira, A.M.S., da

Rocha, H.R., & de Camargo, P.B. (2011). Reduced impact logging minimally alters tropical rainforest

carbon and energy exchange. Procedures of the National Academy of Sciences U.S.A., 108(48), 19431-

19435. https://doi.org/10.1073/pnas.1105068108

Moore, J.R., Zhu, K., Huntingford, C., & Cox, P.M. (2018). Equilibrium forest demography explains

the distribution of  tree  sizes  across  North America.  Environmental  Research Letters,  13, 084019.

https://doi.org/10.1088/1748-9326/aad6d1 

Moore,  J.R.,  Argles,  A.  P.  K.,  Zhu,  K.,  Huntingford,  C.,  &  Cox,  P.  M.  (2020).  Validation  of

demographic  equilibrium theory  against  tree-size  distributions  and  biomass  density  in  Amazonia.

Biogeosciences, 17(4), 1013-1032. https://doi.org/10.5194/bg-17-1013-2020 

Nabel,  J.  E. M. S.,  Naudts, K.,  & Pongratz, J.  (2020). Accounting for forest age in the tile-based

dynamic global vegetation model JSBACH4 (4.20p7; git feature/forests) – a land surface model for the

( 42 )

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

https://doi.org/10.1088/1748-9326/aad6d1
https://doi.org/10.5194/bg-17-1013-2020
https://doi.org/10.1073/pnas.1105068108
https://doi.org/10.1038/s41586-025-08967-3
https://doi.org/10.5194/gmd-18-4643-2025
https://doi.org/science.abb3021
https://doi.org/10.1093/treephys/20.5-6.289


Forest management in ESMs

ICON-ESM.  Geoscientific  Model  Development,  13,  185–200.  https://doi.org/10.5194/gmd-13-185-

2020 

Naudts, K., Chen, Y., McGrath, M., Ryder, J., Valade, A., Otto, J., & Luyssaert, S. (2016). Europe’s

forest  management  did  not  mitigate  climate  warming.  Science,  351(6273),  597-600.

https://doi.org/10.1126/science.aad7270 

Needham, J. F., Arellano, G., Davies, S. J., Fisher, R. A., Hammer, V., Knox, R. G., Mitre, D., Muller-

Landau, H. C., Zuleta, D., & Koven, C. D. (2022). Tree crown damage and its effects on forest carbon

cycling in a tropical forest. Global Change Biology, 28, 5560–5574. https://doi.org/10.1111/gcb.16318

Neumann, M., Moreno, A., Thurnher, C., Mues, V., Härkönen, S., Mura, M., Bouriaud, O., Lang, M.,

Cardellini, G., Thivolle-Cazat, A., Bronisz, K., Merganic, J., Alberdi, I., Astrup, R., Mohren, F., Zhao,

M., & Hasenauer, H. (2016). Creating a Regional MODIS Satellite-Driven Net Primary Production

Dataset for European Forests. Remote Sensing, 8(7), 554. https://doi.org/10.3390/rs8070554  

Neumann, M., Echeverria, S., & Hasenauer, H. (2023). A simple concept for estimating deadwood

carbon in forests. Carbon Management, 14, 1–12. https://doi.org/10.1080/17583004.2023.2197762 

O’Sullivan, M., Friedlingstein, P., Sitch, S. et al. (2026). An improved approach to estimate the natural

land carbon sink.  npj Climate and Atmosphere Science,  9(29).  https://doi.org/10.1038/s41612-025-

01302-7 

Olschewski, R., Köhl, M., Weiss, G., Živojinović, I., Kovalčík, M., Pettenella, D., Camia, A., Robert,

N., Kleinschmit, A.N., Marchi, E., Raši, R., & Linser, S. (2020). Criterion 6: Maintenance of other

Socioeconomic Functions and Conditions. In: The State of Europe’s Forests 2020, p. 162-200. Forest

Europe Liaison Unit: Bratislava, Slovakia.

Otto, J., Berveiller, D., Bréon, F.-M., Delpierre, N., Geppert, G., Granier, A., Jans, W., Knohl, A.,

Kuusk, A., Longdoz, B., Moors, E., Mund, M., Pinty, B., Schelhaas, M.-J., and Luyssaert, S. (2014).

Forest summer albedo is sensitive to species and thinning: how should we account for this in Earth

system models? Biogeosciences, 11, 2411–2427. https://doi.org/10.5194/bg-11-2411-2014 

( 43 )

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

https://doi.org/10.5194/bg-11-2411-2014
https://doi.org/10.1038/s41612-025-01302-7
https://doi.org/10.1038/s41612-025-01302-7
https://doi.org/10.1080/17583004.2023.2197762
https://doi.org/10.3390/rs8070554
https://doi.org/10.1111/gcb.16318
https://doi.org/10.1126/science.aad7270
https://doi.org/10.5194/gmd-13-185-2020
https://doi.org/10.5194/gmd-13-185-2020


Forest management in ESMs

Pan, Y., Birdsey, R.A., Phillips, O.L., Houghton, R.A, Fang, J., Kauppi, P.E., Keith, H., Kurz, W.A.,

Ito, A., Lewis, S.L., Nabuurs, G.-J., Shvidenko, A., Hashimoto, S., Lerink, B., Schepaschenko, D.,

Castanho, A., & Murdiyarso, D. (2024). The enduring world forest carbon sink. Nature, 631, 563–569.

https://doi.org/10.1038/s41586-024-07602-x 

Pilli, R., Kull, S., Blujdea, V., & Grassi, G. (2018). The Carbon Budget Model of the Canadian Forest

Sector (CBM-CFS3): Customization of the Archive Index Database for European Union countries.

Annals of Forest Science, 75, 71. https://doi.org/10.1007/s13595-018-0743-5 

Pommerening, A., Szmyt, J., & Duchiron, M.S. (2024). Revisiting silvicultural systems: Towards a

systematic  and  generic  design  of  tree  regeneration  methods,  Trees,  Forests,  People,  17,  100597.

https://doi.org/10.1016/j.tfp.2024.100597  

Pongratz, J.,  Dolman, H.,  Don, A.,  Erb, K. H.,  Fuchs,  R.,  Herold, M., Jones, C.,  Kuemmerle, T.,

Luyssaert, S., Meyfroidt, P., & Naudts, K. (2018). Models meet data: Challenges and opportunities in

implementing land management in Earth system models. Global Change Biology, 24(4), 1470–1487.

https://doi.org/10.1111/gcb.13988

Pongratz, J.,  Smith,  S.  M., Schwingshackl,  C.,  Dayathilake,  L.,  Gasser,  T.,  Grassi,  G.,  & Pilli,  R.

(2024).  Chapter 7:  Current  levels of  CDR.  in  The State of  Carbon Dioxide Removal 2024 – 2nd

Edition (eds. Smith, S. M. et al.). https://doi.org/10.17605/OSF.IO/ZXSKB 

Portmann,  R.,  Beyerle,  U.,  Davin,  E.  L.,  Lawrence,  D.  M.,  &  Seneviratne,  S.  I.  (2022).  Global

forestation and deforestation affect  remote climate  via  adjusted atmosphere  and ocean circulation.

Nature Communications, 13, 5569. https://doi.org/10.1038/s41467-022-33279-9 

Rabin, S. S., Gérard, F. N., & Arneth, A. (2022). The influence of thinning and prescribed burning on

future  forest  fires  in  fire-prone  regions  of  Europe.  Environmental  Research  Letters,  17(5).

https://doi.org/10.1088/1748-9326/ac6312

Reyer, C. P. O., Silveyra Gonzalez, R., Dolos, K., Hartig, F., Hauf, Y., Noack, M., Lasch-Born, P.,

Rötzer, T., Pretzsch, H., Meesenburg, H., Fleck, S., Wagner, M., Bolte, A., Sanders, T. G. M., Kolari,

P.,  Mäkelä,  A.,  Vesala,  T.,  Mammarella,  I.,  Pumpanen,  J.,  Collalti,  A.,  Trotta,  C.,  Matteucci,  G.,

( 44 )

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

https://doi.org/10.17605/OSF.IO/ZXSKB
https://doi.org/10.1088/1748-9326/ac6312
https://doi.org/10.1038/s41467-022-33279-9
https://doi.org/10.1111/gcb.13988
https://doi.org/10.1016/j.tfp.2024.100597
https://doi.org/10.1007/s13595-018-0743-5
https://doi.org/10.1038/s41586-024-07602-x


Forest management in ESMs

D'Andrea,  E.,  Foltýnová,  L.,  Krejza,  J.,  Ibrom,  A.,  Pilegaard,  K.,  Loustau,  D.,  Bonnefond,  J.-M.,

Berbigier, P., Picart, D., Lafont, S., Dietze, M., Cameron, D., Vieno, M., Tian, H., Palacios-Orueta, A.,

Cicuendez, V., Recuero, L., Wiese, K., Büchner, M., Lange, S., Volkholz, J., Kim, H., Horemans, J.

A., Bohn, F., Steinkamp, J., Chikalanov, A., Weedon, G. P., Sheffield, J., Babst, F., Vega del Valle, I.,

Suckow, F., Martel, S., Mahnken, M., Gutsch, M., & Frieler, K. (2020). The PROFOUND Database

for evaluating vegetation models and simulating climate impacts on European forests.  Earth System

Science Data, 12, 1295–1320. https://doi.org/10.5194/essd-12-1295-2020 

Sato, H., Itoh, A., & Kohyama, T. (2007). SEIB–DGVM: A new Dynamic Global Vegetation Model

using a spatially explicit individual-based approach. Ecological Modelling, 200(3-4), 279-307. https://

doi.org/10.1016/j.ecolmodel.2006.09.006 

Scheel,  M.,  Lindeskog,  M.,  Smith,  B.,  Suvanto,  S.  & Pugh,  T.  A.  M.  (2022).  Increased  Central

European  forest  mortality  explained  by  higher  harvest  rates  driven  by  enhanced  productivity.

Environmental Research Letters, 17, 114007. https://doi.org/10.1088/1748-9326/ac9635 

Scheiter, S., Langan, L., & Higgins, S.I. (2013). Next‐generation dynamic global vegetation models:

learning  from  community  ecology.  New  Phytologist, 198(3),  957-969.

https://doi.org/10.1111/nph.12210 

Shi,  M.,  Keller,  M.,  Bomfim,  B.,  Kueppers,  L.,  Koven,  C.,  Needham,  J.,  Heartsill-Scalley,  T.,  

& Leung, L. R. (2025). Assessing simulations of forest hurricane disturbance and recovery in Puerto

Rico by ELM-FATES using field measurements.  Journal of Geophysical Research: Biogeosciences,

130, e2024JG008350. https://doi.org/10.1029/2024JG008350 

Shu, S., Di Vittorio, A., Koven, C. D., Huang, M., Knox, R. G., Lemieux, G., & Holm, J. A. (2025).

Investigating the global biogeophysical impact of area and mass based wood harvest in a vegetation

demography  model.  Journal  of  Advances  in  Modeling  Earth  Systems,  17,  e2024MS004747.

https://doi.org/10.1029/2024MS004747 

Sitch,  S.,  O’Sullivan,  M.,  Robertson,  E.,  Friedlingstein,  P.,  Albergel,  C.,  Anthoni,  P.,  Arneth,  A.,

Arora, V. K., Bastos, A., Bastrikov, V., Bellouin, N., Canadell, J.G., Chini, L., Ciais, P., Falk, S.,

( 45 )

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

https://doi.org/10.1029/2024MS004747
https://doi.org/10.1029/2024JG008350
https://doi.org/10.1111/nph.12210
https://doi.org/10.1088/1748-9326/ac9635
https://doi.org/10.1016/j.ecolmodel.2006.09.006
https://doi.org/10.1016/j.ecolmodel.2006.09.006
https://doi.org/10.5194/essd-12-1295-2020


Forest management in ESMs

Harris,  I.,  Hurtt,  G.,  Ito,  A.,  Jain,  A.  K.,  Jones,  M.  W.,  Joos,  F.,  Kato,  E.,  Kennedy,  D.,  Klein

Goldewijk, K., Kluzek, E., Knauer, J., Lawrence, P. J., Lombardozzi, D., Melton, J. R., Nabel, J. E. M.

S., Pan, N., Peylin, P., Pongratz, J., Poulter, B., Rosan, T. M., Sun, Q., Tian, H., Walker, A. P., Weber,

U., Yuan, W., Yue, X., & Zaehle, S. (2024). Trends and Drivers of Terrestrial Sources and Sinks of

Carbon  Dioxide:  An  Overview  of  the  TRENDY  Project.  Global  Biogeochemical  Cycles,  38(7),

e2024GB008102. https://doi.org/10.1029/2024GB008102 

Smith, P., Davis, S., Creutzig, F., Fuss, S., Minx, J., Gabrielle, B., Kato, E., Jackson, R. B., Cowie, A.,

Kriegler, E., van Vuuren, D. P., Rogelj, J., Ciais, P., Milne, J., Canadell, J. G., McCollum, D., Peters,

G., Andrew, R., Krey, V., Shrestha, G., Friedlingstein, P., Gasser, T., Grübler, A., Heidug, W. K.,

Jonas,  M.,  Jones,  C.  D.,  Kraxner,  F.,  Littleton,  E.,  Lowe,  J.,  Moreira,  J.  R.,  Nakicenovic,  N.,

Obersteiner, M., Patwardhan, A., Rogner, M., Rubin, E., Sharifi, A., Torvanger, A., Yamagata, Y.,

Edmonds, J., & Yongsung, C. (2016). Biophysical and economic limits to negative CO2 emissions.

Nature Climate Change, 6, 42–50. https://doi.org/10.1038/nclimate2870

Smith, S. M., Geden, O., Gidden, M. J., Lamb, W. F., Nemet, G. F., Minx, J. C., Buck, H., Burke, J.,

Cox, E., Edwards, M. R., Fuss, S., Johnstone, I., Müller-Hansen, F., Pongratz, J., Probst, B. S., Roe,

S., Schenuit, F., Schulte, I., Vaughan, N. E. (eds.) (2024). The State of Carbon Dioxide Removal 2024

- 2nd Edition. https://doi.org/10.17605/OSF.IO/F85QJ  

Suvanto, S., Esquivel-Muelbert, A., Schelhaas, M.-J., Astigarraga, J., Astrup, R., Cienciala, E., et al.

(2025).  Understanding  Europe's  forest  harvesting  regimes.  Earth's  Future,  13, e2024EF005225.

https://doi.org/10.1029/2024EF005225

Testolin, R., Dalmonech, D., Marano, G., D’Andrea, E., Matteucci, G., Noce, S., & Collalti, A. (2023).

Simulating diverse forest management options in a changing climate on a Pinus nigra subsp. Laricio

plantation  in  Southern  Italy.  Science  of  the  Total  Environment,  857, 159361.

https://doi.org/10.1016/j.scitotenv.2022.159361

( 46 )

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

https://doi.org/10.1016/j.scitotenv.2022.159361
https://doi.org/10.1029/2024EF005225
https://doi.org/10.17605/OSF.IO/F85QJ
https://doi.org/10.1038/nclimate2870
https://doi.org/10.1029/2024GB008102


Forest management in ESMs

Thiery, W., Davin, E. L., Lawrence, D. M., Hirsch, A. L., Hauser, M., & Seneviratne, S. I. (2017).

Present-day  irrigation  mitigates  heat  extremes.  Journal  of  Geophysical  Research:  Atmospheres,

122(3), 1403–1422. https://doi.org/10.1002/2016JD025740 

United Nations  Environment  Program (UNEP)  (2025).  Emissions Gap Report  2025:  Off  target  –

Continued collective inaction puts global temperature goal at risk [Olhoff, A., chief editor; Lamb, W.;

Kuramochi, T.; Rogelj, J.; den Elzen, M.; Christensen, J.; Fransen, T.; Pathak, M.; Tong, D. (eds)].

Nairobi. https://doi.org/10.59117/20.500.11822/48854 

Vangi, E., Dalmonech, D., Cioccolo, E., Marano, G., Bianchini, L., Puchi, P.F., Grieco, E., Cescatti,

A.,  Colantoni,  A.,  Chirici,  G.,  & Collalti,  A.  (2024).  Stand age diversity  (and more than climate

change)  affects  forests’  resilience  and  stability,  although  unevenly.  Journal  of  Environmental

Management, 366, 121822. https://doi.org/10.1016/j.jenvman.2024.121822 

Vangi, E., Sacchelli, S., Nocentini,  S.,  Plutino, M., Dalmonech, D.,  Collalti,  A.,  Travaglini,  D., &

Corona, P. (2026). Enhancing ecosystem service provision through the silvicultural management of

European black pine stands from afforestation and reforestation.  Journal of Forestry Research, 37

(44). https://doi.org/10.1007/s11676-025-01975-z

Wiltshire,  A.  J.,  Burke,  E.  J.,  Chadburn,  S.  E.,  Jones,  C.  D.,  Cox,  P.  M.,  Davies-Barnard,  T.,

Friedlingstein, P., Harper, A. B., Liddicoat, S., Sitch, S., & Zaehle, S. (2021). JULES-CN: a coupled

terrestrial  carbon–nitrogen scheme (JULES vn5.1). Geoscientific  Model  Development, 14(4),  2161-

2186. https://doi.org/10.5194/gmd-14-2161-2021 

Yan, Y., Feng, X., Liu, Z.  et al. (2026). Biophysical factors and management practices are key to

shaping  forest  resilience.  Nature  Communications,  17, 2839.  https://doi.org/10.1038/s41467-026-

69598-4

Yao, Y., Sieber, P., Hauser, M., Schwaab, J., Jäger, F., Batibeniz, F., Räty, M., Pongratz, J., Wild, M.,

Lessa Derci Augustynczik, A., De Hertog, S.J., Griess, V., Windisch, M.G., Ge, J., Collalti, A., di

Fulvio, F., Havlík, P., & Seneviratne, S.I. (2025). Conversion from coniferous to broadleaved trees can

( 47 )

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

https://doi.org/10.1038/s41467-026-69598-4
https://doi.org/10.1038/s41467-026-69598-4
https://doi.org/10.5194/gmd-14-2161-2021
https://doi.org/10.1007/s11676-025-01975-z
https://doi.org/10.1016/j.jenvman.2024.121822
https://doi.org/10.59117/20.500.11822/48854
https://doi.org/10.1002/2016JD025740


Forest management in ESMs

make  European  forests  more  climate-effective.  Nature  Communications,  16,  9536.

https://doi.org/10.1038/s41467-025-64580-y 

Yousefpour, R., Nabel, J. E. M. S., & Pongratz, J. (2019). Simulating growth-based harvest adaptive to

future climate change. Biogeosciences, 16, 241–254. https://doi.org/10.5194/bg-16-241-2019 

Yue, C., Ciais, P., Luyssaert, S., Li, W., McGrath, M. J., Chang, J., & Peng, S. (2018). Representing

anthropogenic gross land use change, wood harvest, and forest age dynamics in a global vegetation

model  ORCHIDEE-MICT  v8.4.2.  Geoscientific  Model  Development,  11, 409–428.

https://doi.org/10.5194/gmd-11-409-2018 

Zhao, J.,  Wei,  X.,  & Li,  L.  (2022). The potential for  storing carbon by harvested wood products.

Frontiers in Forests and Global Change, 5, 1055410. https://doi.org/10.3389/ffgc.2022.1055410 

( 48 )

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

https://doi.org/10.3389/ffgc.2022.1055410
https://doi.org/10.5194/gmd-11-409-2018
https://doi.org/10.5194/bg-16-241-2019
https://doi.org/10.1038/s41467-025-64580-y

	Abstract
	Keywords
	Introduction
	Climatic effects of forest management
	Current state of forestry processes in ESMs
	Application of model results to forest management decision making
	Representations of forest management in DGVMs and LSMs
	Choice of tree species or plant functional types for forest plantations
	Clear-cutting
	Thinning, partial felling, and selective removal of whole trees
	Continuous cover forest management
	Coppice management
	Soil treatments (fertiliser and irrigation)
	Key findings from FMP representation in LSMs

	Moving FMP developments into ESMs
	Priorities and recommendations

	Conclusions
	Acknowledgements
	Figures
	References

