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Abstract
Wood, Lauren K.; Barrett, Tara M.; Ireland, Kathryn B. 2025. Incorporating disturbance in forest carbon modeling: 

a review of available models for Pacific Northwest forests. Gen. Tech. Rep. PNW-GTR-1025. Portland, OR: U.S. 
Department of Agriculture, Forest Service, Pacific Northwest Research Station. 44 p. https://doi.org/10.2737/pnw-gtr-1025.

Storing carbon in forests is one approach often proposed 
to help reduce atmospheric carbon dioxide, one of the 
greenhouse gases contributing to climate change. Land 
managers can use models to better understand how much 
carbon is stored in forests, and how forest carbon changes 
in response to forest growth, mortality, management, and 
disturbance. Knowing which model to choose based on land 
management goals can be a challenge. This report describes 
15 forest carbon models that are applicable to Washington, 
Oregon, and California, with a focus on how each model 
incorporates disturbance and harvest.
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Introduction
Forests are a vital part of climate change mitigation. Anthropogenic carbon dioxide (CO2) 
emissions and climate change have driven new management goals to increase forest carbon 
storage (carbon stocks) and sequestration through photosynthesis and carbon storage 
in wood and soils (Edenhofer et al. 2014, Goodale et al. 2002). An array of models that 
can account for forest carbon stocks and changes are used to project tree growth, tree 
species survival, timber production, and the most efficient location for wood processing 
plants, among other things. Changing climate conditions are expected to alter disturbance 
regimes, highlighting the importance of projecting changes to forest carbon dynamics. 
Projecting forest carbon dynamics also requires predicting changes to forest structure, such 
as density, height, patch size, connectivity, and woody debris. These forest structure and 
carbon projections also connect with many management objectives under novel climate and 
disturbance scenarios (Bugmann and Seidl 2022, Seidl et al. 2016).

Different forest carbon models are used to answer different questions depending 
on the organization and the forest management goals. Many models are used to inform 
public policy (i.e., how to sequester carbon statewide) to meet criteria for forest carbon 
assimilation federally and to calculate the magnitude of carbon offsets in participating 
states (Case et al. 2021, Janowiak et al. 2017, Kurz and Apps 2006, Maness 2009, Prisley 
and Mortimer 2004). The California carbon offset program is one example of a state-run 
carbon offset program. It is designed to allow companies or individuals to earn credits 
through projects that store or absorb more carbon than would be emitted through industry 
or individual activities. Although the use of forest carbon offset projects has the potential 
to slow the rate of atmospheric CO2 increase (Edenhofer et al. 2014), the longevity and 
success of offset projects may depend on verification procedures (Moura Costa et al. 
2000) and whether difficulties in creating and regulating carbon markets can be overcome 
(Lovell 2010). Specifically, voluntary carbon offset markets have undergone previous 
updates to regulations, as noted in the United Kingdom by Lovell (2010), to also account for 
additionality, verification, project types, and sustainable development. Recent studies have 
called for a better understanding and inclusion of permanence in carbon offsets to account 
for changes in forest disturbance frequency (Badgley et al. 2022). 

Many modeling efforts to calculate carbon offset credits do not effectively account for 
the effects of disturbance, often underestimating the chance of reversal (van Kooten et al. 
2019) and excluding carbon effects that can occur following disturbance. For example, fire 
immediately releases some of the carbon from the living and dead pools of the forest into the 
atmosphere and releases more over time as dead wood decays. However, low- and mixed-
severity fires can also lead to growth releases in surviving trees and a shift to carbon storage 
in larger, more fire-resistant trees (Hurteau and Brooks 2011, North and Hurteau 2011). 

Modeling efforts tend to include fire more often than other disturbance types 
because it is well-studied and the resulting carbon consequences are better understood. In 
contrast, the effects of other disturbances on forest carbon dynamics, such as wind, insect 
infestation, disease, and freezing are less studied and thus hard to incorporate into models. 
Previous work investigating the carbon offset projects in California concluded that the 
model projections fail to account for the increasing severity and frequency of fire, insects, 
and pathogens, resulting in carbon storage that could be more temporary than the offset 
credits guarantee (Badgley et al. 2022). 
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This report is an assessment of currently available forest carbon models, how they 
incorporate disturbance, and areas for improvement. It was designed to inform planners, 
land managers, private foresters, and other partners who engage with forest management 
and planning for a changing climate. Individual chapters focus on model summaries, what 
is known about disturbances, and areas of improvement for the models.  

Model Summaries 
There are many different forest models with varying objectives, modeling approaches, 
and appropriate questions or spatial scales to which they can be applied. Broadly, the 
model types include gap models, biophysical process models, empirical growth and yield 
models, and state and transition models (see glossary). Gap models, also known as models 
of forest dynamics (Bugmann 2001, Bugmann and Seidl 2022), are built on the changes 
in a gap formed when a tree falls in the forest; these models are often used to address 
smaller forested areas. This modeling approach allows for simulation of fine resolution 
forest dynamics and associated processes. Biophysical process models scale up plant and 
ecosystem processes, such as photosynthesis and respiration; these models are usually 
applied to regional to continental scales (Perry and Enright 2006). Empirical growth and 
yield models were created to predict tree growth and timber harvest yield of forests but 
have been expanded to include other management goals (Ashraf et al. 2013, Shifley et 
al. 2017). State and transition models typically work on a landscape scale and represent 
different ecosystem states and thresholds that, when crossed, lead to changed states; for 
example, a transition from a ponderosa pine-dominated forest to a grass- and shrub-
dominated community (Bestelmeyer et al. 2017). This report focuses on models that include 
natural disturbances and allow for management decisions within the user’s control; it does 
not address models designed to forecast national or global economic trends. 

Our subset of models was chosen from the pool of all forest models because each 
model (1) is applicable to California, Oregon, and Washington; (2) incorporates carbon 
in some way, whether by design or as a later extension to the original model; (3) can 
include one or more aspects of disturbance; (4) is suited to regional, bioregional, or finer 
spatial scales of the aforementioned Pacific states; and (5) is applicable where policy or 
management decisions at the modeled scales are within control of the user. We define 
“disturbance” to include direct and intentional modifications of anthropogenic origin, 
such as silviculture and prescribed fire; indirect and unintentional modifications, such as 
climate change outcomes (increased CO2, higher temperatures); and natural disturbances 
in the form of wildfire, drought, weather, insects, and disease. These disturbance types are 
not necessarily independent; for example, elevated temperatures may beget drought and 
increase risks of insect damage. 

MC2 Model
MC2 is a dynamic global vegetation model that uses biophysical processes of plant 
functional types (PFTs) (see glossary) rather than species to model vegetation composition, 
productivity, and ultimately the carbon stores of forests (Bachelet et al. 2015, Kim et 
al. 2018b). MC2 was developed to simulate the effects of future climate on vegetation 
composition using ecosystem processes and fluxes in relation to past climate scenarios 
and future climate projections. This model can be run on a regional to global scale, with 
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corresponding cell resolution varying from fine to coarse (e.g., 1–50 km) as spatial extent 
increases. Vegetation is modeled as a single plant functional type in each cell. Carbon 
assimilation is determined through net primary production (photosynthesis minus plant 
respiration) and heterotrophic respiration on a monthly timestep. Belowground carbon 
dynamics are simulated in this model using soil decomposition rates for eight soil organic 
matter pools, soil nutrient loss via volatilization and leaching, and nitrogen deposition 
and fertilizer inputs. It includes several soil layers throughout the observed soil depth to 
improve the model performance (Kim et al. 2018b, Peterman et al. 2014).  

The ways in which disturbance can be applied in this model are limited. Silvicultural 
practices included in MC2 are aboveground harvest with or without woody debris removal, 
fire suppression, and grazing (Rogers et al. 2011). Climate change can be incorporated 
mechanistically by investigating net carbon sequestration under temperature extremes, 
or by coupling the inputs of the model with climate projections from general circulation 
models (Bachelet et al. 2001, 2015; Golub et al. 2022; Kim et al. 2017, 2018a). MC2 can also 
incorporate CO2 fertilization effects wherein increased atmospheric carbon increases CO2 
available for plants to fix during photosynthesis (Sheehan et al. 2019). 

This model uses fuel loads and moisture thresholds to determine wildfire occurrence, 
which is the main disturbance simulated by this model. Fire ignition is not limited by 
ignition source (e.g., lightning or human ignitions), which it assumes to always be present. 
Rather, fire ignitions occur when fuel loads, time since last burn, and climatic conditions 
meet predefined thresholds (Lenihan et al. 2008). Fire does not spread among cells and is 
limited to one occurrence per grid cell per year (Kim et al. 2018b, Lenihan et al. 2008). Fire 
is applied to PFTs and the extent and severity are sensitive to fuel load, fuel characteristics 
(e.g., fuel moisture), and vegetation structure (Bachelet et al. 2001, Boisramé et al. 2022, 
Rabin et al. 2016).  

Biome-Biogeochemical Cycle Model
Biome-Biogeochemical Cycle (Biome-BGC) is a biophysical process model that models both 
carbon assimilation rates and carbon storage based on PFTs. It was originally developed 
to investigate regional to global interactions of climate, biogeochemical cycles, and 
disturbance. Like MC2, Biome-BGC is considered a “big-leaf” model, meaning vegetation 
is simulated as one PFT per grid cell. Biome-BGC uses a daily timestep for meteorological 
and physiological input; typically, a 1-km2 grid cell for spatial resolution; and a modeled 
area that usually ranges from regional to global. Biome-BGC includes belowground aspects 
of carbon, including soil carbon and nitrogen pools, fine root carbon and nitrogen, and soil 
organic matter (Hidy et al. 2016, Kang et al. 2014, Law et al. 2003, Thornton 1998).

Climate change, increased CO2 concentration in the atmosphere, and nitrogen 
deposition are applied to the model through the application of a daily meteorological 
timestep. Biome-BGC can be coupled with other models to project climate change 
scenarios (Hlásny et al. 2014). Intentional human disturbance is represented via harvest, 
partial harvest, thinning, and slash burns (Hidy et al. 2016, Law et al. 2001, Thornton et 
al. 2002). Partial harvest is modeled as a proportion of the live tree pool that is felled then 
removed or routed to the dead wood pool; this is limited to even-age, single-species stands 
(Thornton et al. 2002, Turner et al. 2015). Thinning was later added, creating another path 
between live and dead carbon pools, and it can be applied to the original PFTs of Biome-
BGC (Hidy et al. 2016).
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Additional disturbances included in this model are wildfire of varying severities, general 
plant mortality and succession, and drought-induced senescence. Other disturbances, such 
as disease and insect infestation, can be added as a proportional mortality (Hidy et al. 2016; 
Turner et al. 2015, 2016). Fire can be relatively simplistically and probabilistically applied on 
an annual basis as a fraction of plant pools susceptible to fire. This method of fire modeling 
does not include spread among cells, nor does it use fuel moisture as a measure of fire 
likelihood or severity. Other disturbances are modeled relatively simply using the “whole-
plant mortality fraction” that returns the carbon to the soil carbon pool (Thornton et al. 2005). 

Community Land Model
The original objective of the Community Land Model (CLM) was to model how terrestrial 
systems influence and are influenced by climate using physical (i.e., climate), chemical (i.e., 
carbon and nitrogen cycling), and biological interactions. CLM is a biophysical process-based 
model that runs on PFTs and is capable of modeling heat fluxes, solar radiation, heterogeneous 
land types, soil hydrology, soil and litter decomposition, plant mortality, and land cover. The 
physiological variables of each PFT are sensitive to nitrogen and CO2 enrichment (Fisher et 
al. 2019, Sakaguchi et al. 2016). Typical spatial resolution of CLM is 0.05 × 0.05° latitude and 
longitude (~6 × 6 km), although resolution can be user-defined, with smaller PFT patches 
making up the plant cover within the ~6 × 6 km cell. This model runs on 30-minute timestep 
weather and physiological inputs. CLM accounts for belowground biomass by modeling fine 
and coarse roots (Bonan et al. 2011, Duarte et al. 2017, Hudiburg et al. 2013).

Disturbance—wildfire, harvest, and mortality—can be modeled in updated CLM 
using Functionally Assembled Terrestrial Ecosystem Simulator (FATES), an extension 
used to better include the ecological complexities of forest landscapes (Koven et al. 2020). 
Management practices modeled in CLM are implemented through FATES by focusing on 
harvest, logging practices, and logging-related disturbance and mortality, such as roads, 
heavy machinery, and collateral mortality (Huang et al. 2020, Lawrence et al. 2019). 
Wildfire and drought are the only other disturbances included in CLM. Fire is incorporated 
into CLM as a disturbance using lightning or anthropogenic ignition and suppression, 
clearing for agriculture, and peat fires (Buotte et al. 2021, Lawrence et al. 2019). The 
SPITFIRE module in the FATES extension allows for more complex fire modeling. Fire 
establishment and spread are dependent on fuel availability, fuel moisture, and suppression 
level. Fire spread is dictated by wind speed, PFTs, fuel moisture, and suppression efforts 
(Law and Waring 2015, Lawrence et al. 2019). With FATES, intensity, duration, area, crown 
damage, and cambial damage can all be modeled (Thonicke et al. 2010). Belowground 
fire effects are limited to soil litter; the proportion of soil litter burned is equivalent to the 
proportion of aboveground vegetation burned (Oleson et al. 2010).  

Water stress in forests can be modeled using the Plant Hydraulic module in FATES 
(FATES-Hydro) and is determined by the point at which 50 percent of the leaf stomata 
close (Fang et al. 2022, Xu et al. 2023). Drought-induced mortality can be modeled with 
CLM by establishing a threshold for hydraulic failure (when hydraulic tension in the 
plant can induce embolism, i.e., disruptions in continuity of the water stream transported 
within the xylem) and carbon starvation (the depletion of carbon stores associated with 
decreased photosynthesis, potentially in response to stomatal closure). Using a threshold of 
carbon starvation, the duration of hydraulic failure is more predictive of mortality than the 
individual occurrence of drought (McDowell et al. 2013).  
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Ecosystem Demography Model
Ecosystem Demography (ED2) is a dynamic global vegetation model that includes 
microenvironments and heterogeneity associated with individual tree and PFT dynamics 
(Longo et al. 2019, Medvigy et al. 2009). It is designed to model plant community 
dynamics and accompanying terrestrial carbon, water, and nitrogen fluxes with a focus 
on improved projection of plant-level responses to future climate scenarios (Longo et al. 
2019, Medvigy et al. 2019). ED2 was the first land surface model to use a cohort-based 
approach to represent canopy diversity and heterogeneity. Cohorts are trees that are often 
grouped together because they commonly co-occur and are represented by one category 
(see glossary). In ED2, cohorts are collections of plants grouped together based on their size 
and PFT designation, and can include the disturbance history of their location. The model 
runs on a sub-hourly timescale, and model simulations are typically run on a climatological 
grid at spatial resolutions ranging from 1 to ~100 km (1 × 1° latitude and longitude). 
Areas modeled are landscape to continental scales. Within the climatological grid cells, 
finer resolution heterogeneity in soil properties, or differences in successional age and 
disturbance history can be represented as sub-grid cells. Sub-grid cells vary dynamically 
and can be either spatially implicit (e.g., Levine et al. 2016, Zhang et al. 2015), or represent 
specific spatial locations (e.g., Antonarakis et al. 2022, Medvigy et al. 2009). 

The ED2 model accommodates management applications, including silvicultural 
practices (i.e., thinning, clearcutting), and a simplistic representation of prescribed fire. 
Plant and soil processes are sensitive to climate input and can be modeled to reflect 
changing CO2 concentration, temperature, and precipitation regimes associated with 
climate change (Albani et al. 2006, Antonarakis et al. 2022, Levine et al. 2016, Zhang 
et al. 2015). ED2 also includes tree fall, windthrow, wildfire, and hurricanes (Longo et 
al. 2019, Zhang et al. 2022). The rates at which trees fall and transition to coarse woody 
debris is probabilistically determined by stand age. Fire ignition is controlled by soil 
moisture. Mortality resulting from fire events is assumed to be 100 percent, although recent 
modifications allow for more complex representation; this includes ignitions that are linked 
to lightning frequency and burn areas influenced by proximity to human settlements to 
account for fragmentation effects. The effects of drought stress can be represented either 
through decreasing the rate of stomatal conductance proportional to soil water availability 
(Longo et al. 2019), or a mechanistic representation of plant hydraulics (Xu et al. 2016). In 
both approaches, plant photosynthesis and stomatal conductance are directly coupled to soil 
moisture status (Longo 2014, Longo et al. 2018). 

LANDIS-II Forest Landscape Model
LANDIS-II is a forest landscape model that was originally designed to model disturbance 
and succession across large landscapes. It is open source and modular, with multiple 
extensions that range from simple stochastic (e.g., randomly assigned or random onset 
of a disturbance) (see glossary) models to more complicated data-driven extensions. 
The primary processes modeled by LANDIS-II are successional processes and 
biogeochemical processes associated with seed dispersal, carbon flux, forest management, 
and climate change. This model uses a variable timestep for input, which depends on the 
extensions applied, and the timestep of the output is user defined. LANDIS-II is often 
used to model on the landscape scale and spatial resolution is also user defined based 



Incorporating Disturbance in Forest Carbon Modeling: A Review of Available Models for Pacific Northwest Forests �   6

P N W
G T R
1 0 2 5

on a cell, which is a flexible size. Most LANDIS-II extensions focus on aboveground 
factors—aboveground living and dead biomass, aboveground mortality, and net primary 
productivity. However, the Net Ecosystem Carbon and Nitrogen (NECN) extension and 
DGS (DAMM-MCNiP [a soil carbon model], GIPL [a permafrost model] and SHAW [a 
hydrologic model]) extensions simulate soil carbon and nitrogen cycling and belowground 
productivity, such as fine and coarse roots, as a proportion of aboveground productivity 
(Gustafson et al. 2000, Scheller et al. 2011). The Forest Carbon Succession extension 
(ForCS) allows tracking of carbon dynamics in multispecies and multiage cohorts and 
can include disturbance and climate change (Dymond et al. 2015, Landry et al. 2021, Ling 
et al. 2020). 

Forest management practices are coded into LANDIS-II and range from short rotation 
clearcutting to limited thinning (Creutzburg et al. 2017, Dymond et al. 2015). Extensions 
include additional practices such as fuels management and land-use change (Thompson 
et al. 2016). Carbon emissions from prescribed burns are modeled via the Social-Climate 
Related Pyrogenic Processes and their Landscape Effects (SCRPPLE) fire extension 
(Scheller et al. 2011). Climate change can be projected in LANDIS-II using the Climate 
Library (Lucash and Scheller 2021). This extension allows the user to either keep the mean 
temperature and total precipitation the same for each year of the model, input projected 
monthly mean temperature and sum precipitation, or randomly select the climate for each 
year of the simulation (Lucash and Scheller 2021). Drought can be modeled using the 
climate inputs—daily or monthly temperature and precipitation from climate projections 
can be input to simulate standard precipitation and evapotranspiration index (SPEI) 
and, thus, drought (Creutzburg et al. 2017). The drought extension (DGS) calculates soil 
moisture, thereby simulating water limitation (Lucash et al. 2023). 

Disturbance was incorporated into LANDIS-II forecasting by design, particularly 
wildfire disturbance (Cassell et al. 2019, Maxwell et al. 2022, Sturtevant et al. 2009). In 
base LANDIS-II fire modeling, fire ignition is probabilistic, and spread is dictated by wind 
direction and speed, temperature, relative humidity, and rain; fire severity is modeled 
mechanistically based on wind, fuel, and time since last fire (Mladenoff 2004). There 
are many additional fire extensions, however, that can model wildfire, anthropogenic 
ignition, and prescribed burns, allowing the user to investigate the effect of prescribed 
fire on wildfire risk (Scheller et al. 2019). LANDIS-II has additional extensions to 
incorporate browsing on leaves by ungulates (De Jager et al. 2017), wind (Gustafson 
et al. 2018, Mladenoff and Baker 1999), insects (Sturtevant et al. 2004), and diseases 
(Tonini et al. 2018). Insect pests are implemented using the Biological Disturbance Agent 
(BDA) extension, where the probability of disturbance is determined by the density of 
the preferred host of the BDA (Foster 2011, Sturtevant et al. 2004). Insect disturbance 
is often compounded by drought effects, increasing both likelihood of and vulnerability 
to insect pests (Canelles et al. 2021, Sangüesa-Barreda et al. 2015, Temperli et al. 
2015), but the LANDIS-II extension that accounts for that synergistic interaction has 
not yet been released. Pathogens and diseases are applied through the Epidemiological 
Disturbance Agent (EDA) extension (Tonini et al. 2018)—probabilistic transmission is 
based on land type, recent disturbances, forest species, and age susceptibility. Spread is 
weather dependent. The mechanism of infection is relatively simplified: infected cells are 
immediately infectious, and infection is either present or absent. 
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Carbon Budget Model of the Canadian Forest Sector
The Carbon Budget Model of the Canadian Forest Sector (CBM-CFS3) is a forest 
ecosystem carbon stock and change model that is driven by growth and yield curves. 
CBM-CFS3 can model past and future carbon fluxes, employing a user-defined climate 
projection, growth and yield, harvest, land-use change, natural and anthropogenic 
disturbance event, and decomposition data (Kurz et al. 2009, 2013; Pilli et al. 2016; Stinson 
et al. 2011). The main objective for developing CBM-CFS3 was to provide a carbon 
accounting tool for Natural Resources Canada’s Canadian Forest Service to meet the 
Canadian greenhouse gas emissions and removals reporting requirements under the United 
Nations Framework Convention on Climate Change. The model needed to have the capacity 
to quantify carbon stocks and carbon stock changes in response to management practices 
and natural disturbances on forested land. CBM-CFS3 has been used for annual greenhouse 
gas reporting for Canada’s forest sector since 2006 (Blondel et al. 2024). CBM-CFS3 is a 
stand- and landscape-level model that reports in annual timesteps. It models aboveground 
and belowground biomass and dead organic matter carbon stocks, including litter and soil 
organic carbon. Initial soil carbon stocks are calculated based on historic management, 
disturbance, growth, and species cover, and are dynamic over a model simulation. 

CBM-CFS3 was designed to include anthropogenic disturbances from the outset 
to ensure that annual carbon fluxes could be determined under different silvicultural 
applications and harvesting regimes, such as thinning, partial harvest, clearcut, 
deforestation due to land-use change, or afforestation (Stinson et al. 2011). The ability to 
account for other disturbances, such as wildfire and insects is also available in CBM-CFS3. 
Wildfire, as well as any other disturbance in the CBM-CFS3, can be modeled with stand 
eligibility and area constraints. A wide variety of Canada-specific insect disturbances 
are available in CBM-CFS3, and some, including bark beetles and defoliating insects 
(i.e., mountain pine beetle, spruce beetle, forest tent caterpillar, spruce budworm, and 
large aspen tortrix) could be applied for use with potential modifications in projects in 
Washington, Oregon, and California. Since initial public release of the model in 2005, 
there have been ongoing improvements made to the model’s list of disturbance types and 
options, volume-to-biomass conversion, and soil decay parameters. CBM-CFS3 users also 
have the option to modify any existing disturbance types in the model or insert new ones 
if the carbon transfer dynamics of said disturbances are known or can be determined. Any 
disturbance during a CBM-CFS3 simulation follows the user-defined criteria for stand 
eligibility, target (area, merchantable carbon, or proportion of area of all eligible stands), 
amount to be disturbed, and post-disturbance stand dynamics (Kull et al. 2019). While 
changes in CBM-CFS3 simulation climate data will only directly affect decay and dead 
organic matter carbon pools, it is possible for the user to model a project in a way that 
implements empirical adjustment in response to anticipated changes in climate data (Kull 
et al. 2019). 

A spatially explicit version of the CBM-CFS3 called the Generic Carbon Budget Model 
(GCBM) is also available from the Canadian Forest Service. It uses the same representation 
of carbon dynamics as the CBM-CFS3 but can simulate very large areas that are >50 000 
000 ha at user-defined spatial resolutions (Metsaranta et al. 2023, Smyth et al. 2020). Both 
CBM-CFS3 and GCBM are supported by the Canadian Forest Service via documentation 
and user training. 
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Forest Vegetation Simulator
Forest Vegetation Simulator (FVS) was originally designed for experimentation via 
simulation of forest vegetation changes in response to management actions (treatments), 
succession, and disturbance. FVS is an individual-tree, semi-distance independent growth 
and yield model and is the standard model in this category used by the U.S. Department of 
Agriculture Forest Service. Specific geographic variants of the model relevant to the west 
coast are Alaska, Pacific Northwest, west-side Cascades, east Cascades, Inland Empire, 
Blue Mountains, south-central Oregon and northeast California, inland California and 
southern Cascades, Klamath Mountains, western Sierra Nevada, and Central Rockies. 
Stands are the basic unit of management in FVS, and projections are dependent on 
interactions among the trees in the stand, however, the user interface easily allows for 
thousands of stands to be run at a time to provide summarized data at the stand, landscape, 
or regional level (Crookston and Dixon 2005). FVS accounts for carbon dynamics via the 
Fire and Fuels Extension (FFE) (Rebain 2010), which tracks the biomass of live and dead 
standing trees, dead downwood, duff and litter, herb and shrub components, and live and 
dead coarse roots, and the carbon that is removed from the stand via management (i.e., 
harvest) or released to the atmosphere by fire. 

The FVS model incorporates disturbance in multiple ways. Intentional human 
disturbance through forest management practices (e.g., thinning, pruning, prescribed fire, 
fuels treatment) can be applied at the tree, plot, or stand level, allowing users to simulate 
both common and user-defined management actions. Fire, treatments of surface fuels, and 
carbon dynamics are modeled using the FFE (see below). The model includes climate change 
to influence mortality, growth rates, and species genetic interactions (Crookston et al. 2010). 
The process uses viability scores, which are individual tree climate scores that measure the 
likelihood that the climate at a given location and point in time is consistent with the climate 
recorded for the contemporary distribution of the species. The viability scores are based on 
climate predictions generated from downscaling general circulation models and scenarios 
from the Intergovernmental Panel on Climate Change’s third and fifth assessments (Crookston 
2014). The FVS climate extension (Climate-FVS) modifies, rather than replaces, the base 
components of the growth and yield model. In the climate model, the empirical growth rates 
are modified by genetic components, climate effects on site index, and species viability scores, 
while mortality and regeneration are primarily modified by species viability scores.  

Additional disturbances, such as wildfire, insect and pathogens, and wind, can be 
incorporated into FVS simulations through user-defined mortality modifiers. FFE addresses 
fire mechanistically using surface fuel models, user-provided parameters for fuel moisture and 
wind speed, and stand conditions (slope and stand structure) to predict the intensity of surface 
fire based on surface flame length. This, combined with the canopy fuels, provides the basis 
for predicting occurrence of torching (whether the crown would catch on fire) or active crown 
fire (spread of fire from crown to crown). Based on the fire intensity calculated, FFE reports 
two indicators of fire behavior: flame length and fire type (surface, passive, conditional, or 
active). Torching index (wind speed needed for torching to occur) and crowning index (wind 
speed needed to sustain an active crown fire) are also reported as crown fire hazard indices 
(Rebain 2010, Reinhardt and Crookston 2003). Fire mortality is derived from scorch height, 
crown length, diameter, and species; some species have traits (e.g., thicker bark) that are more 
adapted to survive fires than others (Reinhardt and Crookston 2003). 
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Insect and pathogen models are available in some variants of FVS. Dwarf mistletoe 
infection can be applied to any western geographical variant, while western root disease 
models are applicable in a subset of western variants (Dixon 2022). Douglas-fir beetle, white 
pine blister rust, lodgepole mountain pine beetle, and west-wide pine beetle extensions have 
been created but not updated with the base FVS model, so they are not currently available. 
When available, these extensions use probabilistic infestation for susceptible stands but 
do not include infestation events in neighboring stands as part of the probability; these 
extensions cause automatic mortality in all the infested trees. The Douglas-fir beetle model 
extension includes effects from windthrow as a condition threshold within a stand as well as 
probability of infestation based on species and age class (Dixon 2022). 

Bioregional Inventory Originated Simulation Under Management
The Bioregional Inventory Originated Simulation Under Management (BioSum) model 
simulates biophysical and economic outcomes of multiple alternative silvicultural trajectories 
on a statistically representative, spatially balanced sample of stand-level inventory data from 
the Forest Inventory and Analysis (FIA) database. BioSum can help evaluate landscape-
scale effectiveness of broad management goals, including restoration, forest resilience to 
fire, merchantable and non-merchantable wood production, and wood-utilization facility 
prospects (Cabiyo et al. 2021, Loreno et al. 2015). Biophysical simulation is accomplished 
primarily via the individual tree-level FVS model and FFE extension, enabling granular 
analysis of in-forest and harvested wood by species, size, fire-effect characterization (fuel 
treatment and wildfire), and associated carbon dynamics. Although outcomes can be 
tracked at the tree level, the fundamental analysis unit is a forested FIA “condition” (full or 
partial plot represented as a stand in FVS), which is linked to on-the-ground measurements 
of vegetation on up to ~0.4 ha, which represents >2400 ha of landscape. Results can be 
statistically “expanded” based on that representation. BioSum relies on data from the FIA 
database, which is updated annually; FVS projections can be any length, but are typically 
either 5 or 10 years, with up to four cycles projectable within the BioSum framework. 
BioSum does not include soil carbon stocks but can be used to account for belowground tree 
carbon. BioSum can be applied to forests within all FVS variant regions. 

Because BioSum uses FVS outputs, different management scenarios that can be 
modeled in FVS (see above) can be applied to the BioSum model (Barbour et al. 2008, 
Jain et al. 2020). BioSum can ingest any FVS output table, including those from the FFE 
extensions, allowing the user to apply fire in the same way. Thinning and pruning are 
applied through the base FVS model and can be fine-tuned to include only certain species, 
species groups, or size classes; in this way, the user can define forest management goals 
with certain basal areas, densities, or species as targets. Fire treatments can be applied 
in the FFE extension in FVS wherein the user can model prescribed burns, pile burns, or 
wildfires mechanistically using fuel load type, moisture, and site condition (slope, aspect, 
elevation, habitat type, location, stand index, and stand density). Pests and diseases in the 
form of dwarf mistletoe, Douglas-fir beetle, lodgepole mountain pine beetle, white pine 
blister rust, and general insect defoliation can be added into BioSum via prescriptions in 
FVS, although that has not been a focus of applications to date and the FVS base model is 
in the process of being updated to characterize these effects (Fried et al. 2017; Potts et al., 
n.d.). Live tree carbon stocks in the forest and in harvested trees are tracked in BioSum for 
each timestep and calculated via FIA equations at tree level, enhancing the granularity of 
carbon representation relative to that which is available in tables produced by FVS-FFE. 
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Vegetation Dynamics Development Tool
Vegetation Dynamics Development Tool (VDDT) is a state and transition model that 
was originally created to provide a framework for specifically investigating disturbances 
and how they change the vegetation type and structure. This is a landscape model that 
simulates landscape change. State and transition models use conditions/successional stages 
of vegetation types and vegetation structure, coupled with the probability of transitioning 
to a different state through succession or disturbances. VDDT runs on a stand spatial scale 
and an annual temporal scale, incorporating user-defined vegetation categories and user-
defined transition rules. The model is usually applied to a predefined scale from landscape 
to ecoregion, state, or region. State and transition models run on the theoretical assumption 
that there are multiple stable states of an ecosystem that are differentiated by thresholds 
(Stringham et al. 2003). Vegetation biomass, and thus carbon stocks, can be estimated by 
combining VDDT with regression models derived from forest inventory data and potential 
vegetation combinations, similar to cohorts (Spies et al. 2017). 

The application of disturbance in VDDT is extensive—the model can include both 
silvicultural forest management disturbances and natural disturbances. Direct silvicultural 
disturbances that can be applied to a stand include clearcutting, prescribed burns, thinning, 
partial cuts, overstory removal, sanitation cuts, and group and individual cuts (Hemstrom 
et al. 2007). Climate change events and trends (i.e., warming) can be included as a user-
modified time series file with Monte Carlo multipliers that allow for normal, high, and 
severe years for cyclical weather events, diseases, or insect disturbances. Many additional 
disturbances can be included: bark beetles, blister rusts, dwarf mistletoe, root diseases, 
pine beetles, wooly adelgid, drought, wildfire of different severities, exotic plant invasion, 
leaf diseases, and herbivores (Spies et al. 2017). These disturbances are modeled in 
VDDT probabilistically. Fire, insects, wind, and drought can be addressed by probability 
of disturbance occurring (0–1) and proportion, with higher probability and proportion 
increasing the likelihood of a state transition.  

A spatially explicit version of VDDT called the Tool for Exploratory Landscape 
Scenario Analyses is also available from ESSA (Environmental and Social Systems 
Analysts) Technologies Ltd.—it models between 2000 and 360 000 ha, with thousands of 
user-defined polygons. The spatial aspect requires user-defined information about the size-
class distribution of the various disturbance types (Klenner et al. 2000, Kurz et al. 1999).  

Forest Carbon Management Framework/Integrated Terrestrial 
Ecosystem Carbon
The Forest Carbon Management Framework (ForCaMF) and Integrated Terrestrial 
Ecosystem Carbon (InTEC) are two models that were applied jointly to national forest 
units. Together, they constitute a carbon accounting system that was originally developed 
to assess carbon stocks on forested land and how stocks respond to different disturbances 
and aging. The ForCaMF model uses FIA data and post-1990 disturbances from FVS to 
model non-soil carbon. The InTEC model uses biophysical processes and atmospheric data 
to estimate effects of disturbance and nondisturbance (climate variables) on forest carbon 
assimilation rates and pools, calibrated using FIA net primary productivity curves (Chen 
et al. 2000, Dugan et al. 2017, Raymond et al. 2015). This model uses 30- × 30-m cells 
and runs on a decadal timescale resolution but is often used to model national forests or 
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groups of national forests in the United States (Birdsey et al. 2019). Combined, ForCaMF 
and InTEC have the ability to include error spatially (Healey et al. 2014, Zhao et al. 
2018), which can better provide realistic estimates, but does not project into the future. 
ForCaMF/InTEC does include some belowground carbon: soil organic carbon (up to 1-m 
deep), fine roots, tree litter, and small woody debris (Birdsey et al. 2019). Simply put, FIA 
data are used to estimate carbon stocks over time: ForCaMF is used to identify the role 
of disturbance since 1990 on carbon stocks, and InTEC is used to put those effects into a 
process and climatic context. 

Forest management practices are included in ForCaMF/InTEC—harvest, thinning, 
grazing, and prescribed burns that are derived from FVS models are all applicable 
within the model (Healey et al. 2014). As elaborated under the FVS description above, 
management practices are applied to the stands probabilistically; the user can control 
thinning and pruning practices for stand density, height, basal area, or species cover goals. 
The carbon dynamics are averaged regionally in ForCaMF (Birdsey et al. 2019). Wildfire 
is modeled using ForCaMF, specifically using the FVS-FFE module. With ForCaMF, the 
fire model is focused on the historical instance of fire and empirically applies carbon lost 
based on an average of tree communities (Birdsey et al. 2019). Forest carbon response to 
climate variables—temperature, wind, drought, CO2, and nitrogen deposition—is done 
in InTEC (Birdsey et al. 2019). InTEC uses a combination of empirical and mechanistic 
processes to understand change in carbon stocks with increased climate variability and 
atmospheric gas concentrations. InTEC also incorporates historical disturbances by using 
stand age in 1990 as an indicator of time since disturbance and then incorporating remotely 
sensed disturbances from current years; a proportion of carbon from each natural forest 
disturbance transfers to the atmosphere and an additional proportion gets shifted to dead 
carbon pools (Zhang et al. 2012). 

Land Use and Resource Allocation Model
Land Use and Resource Allocation (LURA) is a model that was designed to understand 
macroeconomic conditions and their effects on localized forest management and biomass 
(Latta et al. 2018, Wade et al. 2019). It was created to provide a contemporary version of 
the Forest and Agricultural Sector Optimization Model (Wade et al. 2022), which is one 
of three forest carbon models used by the United States in its required reporting under the 
United Nations Framework Convention on Climate Change. LURA is a dynamic spatial 
equilibrium model of the U.S. forest sector that balances supply and demand annually 
across the 164,723 FIA forested condition classes and 3,365 forest products processing 
facilities (Visser et al. 2022). In doing so, it represents the decision of where the disturbance 
of forest harvest (clearcutting or thinning) occurs on the landscape and the resulting 
forest carbon consequences. LURA moves the forest resource base through time using 
empirically derived yield curves specific to 36 ecoprovinces, seven FIA site classes, and 14 
forest types; it moves demand through time using projections of gross domestic product, 
housing starts, bioenergy, and diesel prices. The two primary disturbances modeled in 
LURA are harvest decision and wildfire. 

The harvest decision in LURA is determined by a price-sensitive demand 
disaggregated to the individual mill level and an opportunity cost that recognizes the 
foregone income associated with harvest plot values increasing beyond their 5-percent 
discount rate. The linkage between forest plots and mills, using a network of roads, allows 
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competition between local facilities, and supply chain interactions of byproducts also 
enter the harvest disturbance decision within the model (Pokharel and Latta 2020). It is 
for this reason that it has been used to evaluate the forest carbon dynamics of additional 
harvest disturbances associated with new facilities for pellets (Visser et al. 2022), biofuels 
(Martinkus et al. 2017), and bioelectricity (Xu et al. 2021). 

Wildfire is the only natural disturbance included in LURA. For fire disturbance, older 
LURA iterations assume that forested plots that burned in each county were equivalent to 
the proportion of 2004–2014 fire frequency and 50 percent of the area that burned resulted 
in a total loss of all forest species (Latta et al. 2018). The current version of LURA uses a 
two-phase fire model based on Pokharel et al. (2023). The fire risk equation uses a climate 
projection to calculate a spatially explicit fire probability. A second equation then brings 
in per-acre (0.4 ha) biomass to determine the fire-related mortality proportion of the plot. 
The model then allows user-defined combustion rates to determine the carbon emissions 
from fire. The fire risk component of the model can function in either a deterministic or 
stochastic mode. In deterministic mode, a small area of each plot, resembling a fire risk 
map, is burnt. Alternatively, in stochastic mode, a random number is drawn to determine 
if the entire plot burns, resulting in a landscape disturbance pattern that resembles an 
individual year’s fire occurrence map. 

Regional Hydro-Ecological Simulation System
The Regional Hydro-Ecological Simulation System (RHESSys) is a biophysical process 
model that was created to focus on interactions among spatially distributed hydrological 
processes, including lateral redistribution, and ecosystem biogeochemical cycling, 
including plant growth. Most studies that employed RHESSys shortly after its release in 
1993 focused on hydrology and climate change (Kim et al. 2018b), but recent applications 
have shifted toward land management (e.g., Chen et al. 2020), fire modeling (Hanan et al. 
2021, Kennedy et al. 2021), and urban ecohydrology applications (Shields and Tague 2015). 
This model generally uses a daily climate timestep, but the frequency may be increased 
to hourly to model storm events when hourly precipitation data are available. Vegetation, 
litter, and soil carbon and nitrogen cycling processes are modeled on a daily timestep. 
Vegetation carbon allocation generally occurs annually during spring leaf-out, using either 
fixed or variable phenology (Bart et al. 2017). RHESSys is often applied to watershed 
basins with an area of about 100 km2, and the model can include carbon pools associated 
with soil and litter (Chen et al. 2020, Hanan et al. 2018, Hwang et al. 2008, Tague and Band 
2004). One strength of RHESSys is the ability to model lateral redistribution of water that 
facilitates modeling both upland and riparian processes (e.g., Graup et al. 2022, Tague and 
Peng 2013). More recently, RHESSys’ spatial structure has also been extended to allow 
fine-scale processes within forest stands to be modeled, including structural (e.g., forest 
gaps) (Burke et al. 2021) and compositional heterogeneity (interaction among species) (Rog 
et al. 2021). This heterogeneity is represented as semi-spatial units that exchange water and 
nutrients but are embedded in larger spatially explicit units within watersheds.

Externally driven disturbances, such as forest thinning, can be applied to RHESSys 
using the temporal event control input file, which updates carbon and nutrient stores 
based on user inputs. Silvicultural treatments applicable in RHESSys include harvest and 
thinning, although any temporal event control can be created to change any state variable 
on the landscape (Saksa et al. 2017, Tsamir et al. 2019). The ability to explicitly represent 
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forest gaps, as well as overstory and understory interactions, allows the RHESSys model to 
capture thinning effects on hydrologic and carbon cycling processes.  

Additional disturbances, including wildfire and drought mortality, have been fully 
coupled to the RHESSys hydrology and ecosystem biogeochemical cycling model. This 
means they are not externally driven, although temporal event control can also be used 
to initiate these disturbances, as well as insect effects. RHESSys-WMFire is based on 
WMFire (Kennedy et al. 2017) combined with a fire effects model (Bart et al. 2020). Using 
WMFire, RHESSys initiates ignitions with an empirical Poisson distribution, the location 
is stochastic, and the area burned is spatially aggregated using seasonality and individual 
fire area (Bart et al. 2020, Kennedy et al. 2017). Whether ignition starts a fire is based 
mechanistically on fuel load and fuel moisture. Potential fire spread to adjacent pixels is 
based on the probability of combustion given the fuel moisture, fuel load, ground slope, and 
wind (Bart et al. 2020). Fire intensity and severity (e.g., vegetation losses) are also based on 
fuel load, moisture, slope, and wind; however, it uses canopy threshold within RHESSys to 
identify canopy layer mortality and indicate how much carbon transfers to the atmosphere 
via combustion or moves to a surface carbon stock (Bart et al. 2020). Overstory and 
understory relationships are considered within the fire effects model and thus account for 
the effects that ladder fuels thinning has on fire severity (Bart et al. 2020). 

Drought is modeled in the RHESSys carbon sub-model through complex interactions 
among plant physiological processes, soil hydrological processes, plant morphology (leaf 
area index), and nonstructural carbohydrate allocation within the vegetation (Tague et al. 
2013). Using mechanistically modeled water use for plant physiology and morphology, 
coupled with water availability, leaf area index decreases during times of water stress. Once 
leaf area decreases below a defined threshold (relative to total aboveground carbon), the 
plant will utilize nonstructural carbohydrate reserves to support respiration and fine root 
growth. An increase in mortality risk is modeled when nonstructural carbohydrate reserves 
approach user-defined thresholds as a result of the assumption that low nonstructural 
carbohydrate reserves prevent the plant from recovering from other complex physiological 
occurrences associated with drought, such as cavitation, hydraulic failure, or defense 
mechanisms (Tague et al. 2013).  

LANDCARB
LANDCARB is a gap model that uses biophysical processes and was designed to analyze 
landscape carbon accumulation; it incorporates stands with mixed ages and species, 
building on a previous model called STANDCARB (Cohen et al. 1996, Harmon et al. 1990). 
Vegetation is input on an annual timestep, while climate and factors influenced by climate 
are used on a monthly timescale. The model can incorporate multiple horizontal layers 
of vegetation (herbaceous, shrubs, understory, overstory) and the carbon pool includes 
fine roots and coarse roots as belowground biomass (Harmon et al. 1996). LANDCARB 
incorporates soil carbon with detritus, woody debris, decomposition, and carbon transfer 
between aboveground biomass and soil. 

LANDCARB can address many different disturbances. Forest management practices 
are in the form of harvest, clearcut, thinning, branch and root pruning, and prescribed 
burns (Harmon and Domingo 2001). In STANDCARB 2.0, prescribed fire and wildfire 
can be probabilistically controlled through the “burnkill” function by which the user 
can establish the percentage of above- and belowground survival postfire (Harmon and 
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Domingo 2001). In a later LANDCARB implementation, fire severity can be modeled using 
fuel type and load, where fuel loads are divided into classes (light, medium, high, and max) 
and higher fuel loads result in correspondingly higher severity fires (Mitchell et al. 2012). 
Other natural disturbances include mortality from succession, light competition, and trees 
aging out (Harmon and Domingo 2001). Temperature, soil moisture, transpiration, and 
water potential can be input from climate models to correlate to climate change variables 
such as drought and temperature limitations (Harmon et al. 1996). 

Carbon Assimilation in the Biosphere
Carbon Assimilation in the Biosphere (CARAIB) is a process-based dynamic global 
vegetation model that was created to examine the role of vegetation in the global climate 
cycle in the past and present by modeling carbon and water fluxes (Laurent et al. 2008). Like 
Biome-BGC, CARAIB is a “big-leaf” model that simulates photosynthesis as one PFT per 
grid cell, effectively representing the whole cell as one leaf. However, unlike Biome-BGC, 
each cell is divided into two big leaves—sun leaves and shade leaves—which have different 
rates of light capture on sunny days and the same rate of light capture on shady days (Otto 
et al. 2002, Reyer et al. 2017, Warnant et al. 1994). This model uses a 0.5 × 0.5° latitude and 
longitude spatial resolution; however, because this is intended to model within the global 
carbon budget, it is usually used to model continental to global carbon. Temporal resolution 
is annual for woody species (shrubs and trees), monthly for herbaceous species, daily for 
carbon and water reservoirs, and in 2-hour timesteps for photosynthesis and plant respiration.  

Disturbances modeled by CARAIB include drought, natural senescence, and cold 
temperatures, but silvicultural management practices, human-caused fire, storms, and 
insects are not included (Minet et al. 2013). Climate change is incorporated into the 
model using carbon effects, soil moisture, and low temperatures. Drought is modeled 
mechanistically through soil moisture—which ranges from the wilting point to 
saturation—and high temperatures leading to hydric stress (Minet et al. 2013). Species 
have assigned soil moisture values that indicate a drought-mortality threshold, though 
in its current state, CARAIB likely overestimates drought mortality (Dury et al. 2011). 
Wildfire is also included probabilistically in CARAIB, allowing for more user control 
based on burnable PFT classes, fuel, fuel moisture, and presence of lightning to ignite fires 
(Dury et al. 2011). Ignition is mechanistically modeled using lighting flash data; success of 
ignition is modeled using soil moisture and fuel availability. Soil moisture and windspeed 
mechanistically dictate spread of the fire.  

Lund-Potsdam-Jena General Ecosystem Simulator
Lund-Potsdam-Jena General Ecosystem Simulator (LPJ-GUESS) is a biophysical process 
model that was originally designed to use both atmospheric and ecosystem data to evaluate 
structural, compositional, and functional properties of ecosystems on a large scale. This 
model uses eight woody PFTs that use annual timesteps for vegetation cover types and 
monthly timesteps for biophysical processes and soil water dynamics (Sitch et al. 2003, Smith 
et al. 2001). The spatial resolution of LPJ-GUESS is 0.5 × 0.5° latitude and longitude and it is 
usually employed to model on a regional to global scale. It has recently been parameterized 
to better simulate Western U.S. tree species (Emmett et al. 2021). Belowground carbon is 
included through soil litter and organic matter turnover (Luo et al. 2016). 
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The LPJ-GUESS model does not include silvicultural practices as a disturbance. 
Climate change is included with climate projections in the GetClim section of the model 
setup and can be used to input changes in mean or variability of temperature, CO2, and 
precipitation. The main disturbance included in the LPJ-GUESS framework is wildfire. 
Biomass mortality and emissions from wildfire are empirically calculated from the climatic 
conditions and accumulated litter fuel. LPJ-GUESS can be coupled with other fire modules 
(e.g., LmfireCF) to have more control over surface and crown fire characteristics (Emmett 
et al. 2021). Additional disturbances can be included in cohort mode stochastically as 
exogenous patch disturbances where the user specifies the average annual return interval. 

Interaction Between Disturbance and 
Forest Carbon Dynamics	
Forest disturbances can lead to direct, short-term emissions (i.e., combustion of live and 
dead carbon pools) and shifts in carbon pools (live biomass transferred to snags or coarse 
woody debris) with variable residence times (fig. 1) (Williams et al. 2016). In general, forest 
disturbances lead to an initial decrease in forest carbon assimilation immediately after 
disturbance, sometimes followed by recovery and potentially a transition to a carbon sink 
as the forest regrows (McKinley et al. 2011, Williams et al. 2016). Different disturbance 
types (i.e., harvest, fire, drought, insects, pathogens) vary as to the timing and magnitude of 
their effects on forest carbon stocks (figs. 2–3) (Williams et al. 2016). This section reviews 
what is known about the effects of the major disturbance types on forest carbon stocks 
based on both empirical research and modeling.

With climate change, disturbances that are not intentional management actions (e.g., 
wildfire, drought, insect infestation) are increasing in frequency and severity, which 
can have major effects on the composition and structure of forests (Cannon et al. 2017, 
Overpeck et al. 1990, Pan et al. 2011). Specifically, the Pacific Northwest has experienced 
increased fire and insect disturbance since the 1980s (Masek et al. 2013). Past management 
practices also interact with climate change and disturbances to alter forest composition, 
function, carbon storage, and carbon sequestration (Brewer 2016, Nemens et al. 2018, 
Seidl et al. 2016, Whitlock et al. 2015). For example, warmer, drier summers and warmer 
winters associated with climate change have been shown to increase the risk of mortality 
and decreased carbon assimilation with both mountain pine beetle infestation and other 
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Figure 1—Standing and down dead carbon pools after four different types of disturbances over 50 years. The change in dead carbon 
pools after disturbance shows the carbon transfer from the standing and down dead pools to other pools. 



Incorporating Disturbance in Forest Carbon Modeling: A Review of Available Models for Pacific Northwest Forests �   16

P N W
G T R
1 0 2 5

A B C

D E

Figure 2—Forest Vegetation Simulator outputs for a Douglas-fir stand 50 years after (A) a normal growth year, (B) the onset of 
decreased growth, (C) a bark beetle outbreak, (D) a small fire, and (E) a large fire.

Figure 3—Total simulated aboveground carbon stocks after applying Forest Vegetation Simulator 
disturbances (none [normal growth], decreased growth, bark beetle, small fire, large fire). This is a 
simplified look at general disturbance types with no disturbance interactions or regeneration.
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bark beetle species in pines and spruces (Flint et al. 2009). However, the long history of 
fire suppression has also contributed to the increased effect of many insects by allowing 
more trees to survive to maturity, leading to higher numbers of host trees (Flint et al. 
2009). The frequency and severity of these disturbances have been increasing with climate 
change, with effects that persist long after infestations subside (Flint et al. 2009). Similarly, 
the comparatively limited application extent of prescribed fire and more than a century-
long focus on fire suppression, coupled with drier and warmer summers, have increased 
the severity of wildfires seen in the Pacific Northwest today (Berkey et al. 2021, Parks and 
Abatzoglou 2020, Rogers et al. 2011, Whitlock et al. 2003, Wimberly and Liu 2014). 

In the west coast states, climate change may alter carbon storage capacity of the forests, 
but a high degree of uncertainty remains as to where and to what degree forests may 
remain carbon sinks or convert to net carbon sources. For example, a review that focused 
on dynamic global vegetation models (e.g., LPJ-GUESS, MC2, CARAIB) found that many 
forest types throughout Washington, Oregon, and California are projected to remain as 
carbon sinks and provide carbon storage opportunities under more moderate projected 
climate scenarios (slight temperature increase, slight change in precipitation amount) 
(Case et al. 2021). With a more extreme climate scenario, including greater increase in 
temperatures and decreased summer precipitation, all forest types are projected to decrease 
in carbon storage capacity and growth (Case et al. 2021). However, several empirical 
studies based on FIA data have shown that over the early 2010s, private forested land 
often acted as more of a source than a sink throughout the Pacific Northwest, particularly 
corporate-owned land (Christensen et al. 2017, 2019, 2020). A study using InTEC found 
that rates of carbon assimilation are reduced more via disturbances (fire, insects) in the west 
than by non-disturbance factors (CO2 concentration, nitrogen deposition, and temperature 
variability) (Zhang et al. 2012), although both factors decrease carbon assimilation capacity. 
Disturbances, such as wildfire and insects, will decrease carbon storage regardless of the 
severity, though greater increases in fire frequency and insect infestation will cause greater 
decreases in carbon storage and forest growth (Case et al. 2021).  

Harvest is considered the disturbance with the greatest effect on forest area throughout 
the United States, followed by fire, windthrow, insects, and drought (Williams et al. 
2016), all of which can have large influences on forest carbon stocks and assimilation. For 
example, a study on the western forests of Oregon and Washington, using LANDCARB, 
showed that decreasing timber harvest would increase carbon storage in the remaining 
forest (not including harvested wood products) by up to 5.1 teragrams of carbon (TgC)  
per year in Oregon and 2.66 TgC per year in Washington (Krankina et al. 2012), although 
increased fire frequency and extent due to climate change, coupled with higher density 
from decreased harvest, may effect forest carbon stocks (Halofsky et al. 2018). Carbon 
storage within the forest is decreased immediately after harvest, but the rates of carbon 
assimilation following harvest may increase through higher growth rates of residual trees 
and post-harvest regrowth (Williams et al. 2016). Harvest can also affect the soil organic 
carbon stocks and fluxes—harvest can decrease stocks by stopping leaf litter input and 
additional fine root turnover but can increase soil stocks as slash and debris left on site 
decompose (Clarke et al. 2015). The decrease in soil organic carbon stocks post-harvest is 
likely temporary due to biomass removal and intermixing of organic matter and mineral 
soil (Clarke et al. 2015). Autotrophic soil respiration is also affected—compaction from 
harvest equipment can decrease respiration, while warmer temperatures and higher soil 
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moisture can increase respiration (Clarke et al. 2015). Specific influence of harvest on soil 
carbon stocks and fluxes is highly influenced by harvest methods, soil type, and tree species 
cover. Harvest, however, can result in increased growth of residual trees and retain carbon 
storage in harvested wood products for the life of the product (fig. 4). Previous work has 
shown that using wood products in place of carbon-intensive construction materials (e.g., 
metals, concrete) results in a net positive effect on greenhouse gases (Geng et al. 2017), and 
the same can be true of bioenergy produced from woody biomass feedstocks, depending on 
the profile of energy generation sources that the bioenergy is replacing. 

Of all modeled disturbances, fire is the most studied. Fire is a complicated process with 
altered frequency, severity, and intensity due to a combination of climate change factors 
and a history of fire-suppression-focused management. Fires immediately release carbon to 
the atmosphere through combustion, a proportion of which comes from dead wood, foliage, 
and fine branches. Severity of the fire dictates how much carbon remains in live wood, 
dead wood, and soil post-fire. Where fire burns at low intensity, the effects are less severe, 
with carbon distributed among a mix of live trees, standing dead trees, and down wood. 
High-intensity fire produces high-severity outcomes and a greater proportion of pre-fire 
forest carbon stocks migrating to the atmosphere both immediately and over time (Hurteau 
and Brooks 2011). Land management policies resulting in long-term fire suppression have 

CO2

CO2 CO2

Disturbance: emmissions and decomposition
Immediate release Delayed release

Insects, disease, drought 

Carbon may be stored 
in dead wood for 
up to decades

Wildfire

Forest carbon can take longer to reach
the atmosphere if it is recycled

or stored in long-lived wood products

CO2 and
methane

Figure 4—An overview of carbon transfer among the atmosphere, living and dead trees, and harvested wood products.
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increased fuel loads and, with more unpredictable and severe weather, lead to wildfires that 
resist easy suppression (Berkey et al. 2021). Prescribed burns will reduce carbon stocks in 
the short term but can potentially decrease the risk of high-severity wildfire. Previous work 
found that prescribed burns only decrease the soil organic carbon stock on the soil surface, 
while wildfires can decrease soil carbon throughout surface organic and mineral horizons 
(Bormann et al. 2008, Nave et al. 2022). A study of public forests in the Northern Rockies 
that were managed with wildfire as an important and natural part of the ecosystem found 
that long-term planning for management that includes wildland fire can reduce the potential 
negative effects of wildfires (Berkey et al. 2021). Models also point to a similar trend, where 
suppression can temporarily increase forest carbon stocks but at the cost of increasing 
severity of potential future wildfires (Rogers et al. 2011, Whitlock et al. 2003, Wimberly 
and Liu 2014). Similar to harvest, individual tree growth rates following fire can be 
enhanced through decreased competition and reduced susceptibility to future fires (Hurteau 
and North 2010, Latham and Tappeiner 2002, North and Hurteau 2011). 

Drought is a widely studied natural disturbance. Drought’s effect on trees can include 
slowed growth, decreased carbon assimilation rates, or even halted carbon assimilation 
rates that lead to tree mortality and the transfer of carbon from a living pool to a dead pool 
(Anderegg et al. 2015, Arain et al. 2022, Martínez‐Sancho et al. 2022). The susceptibility to 
drought-induced mortality in Pacific Northwest states is often dictated by topography and 
site history as well as species. Trees that live at higher elevations may be more sensitive to 
drought because they are adapted to greater water availability and lack drought-resilient 
characteristics compared to trees adapted to more arid climates. Trees in areas with high 
soil compaction (thus, lower soil moisture) and drier climates are more susceptible to 
drought stress and associated decrease in carbon assimilation rate than those situated in a 
valley with less compact soil (Cartwright et al. 2020). In Oregon and Washington, drought 
peaks during daylight hours in August in moist habitats but can be moderated by tissue 
rehydration overnight; drier habitats in Washington tend to be most vulnerable to drought 
in September (Mildrexler et al. 2016). Both wet and dry habitats have previously shown 
hydraulic redistribution, a phenomenon in which deep roots in combination with extremely 
dry surface soil move water from the deeper soil to the shallower soil (Brooks et al. 2002). 
Drought is also simulated effectively in some models, such as ED2, which has incorporated 
stomatal conductance susceptibility to soil moisture and vapor pressure deficit to show 
that periods of water stress decrease carbon assimilation in Washington forests (Jiang et 
al. 2019). On a biophysical scale, there are species-specific and ecotype-specific responses 
to drought and timing of rehydration to cope with drought stress and conserve water or to 
maintain photosynthesis (Du et al. 2015).  

Other weather disturbances, such as wind and freeze events, are less often studied. 
Wind disturbances range from small-scale blowdown events to large-scale tornadoes, 
cyclones, or hurricanes. However, there are relatively few studies of wind-related forest 
damage and most focus on large-scale events, such as a single hurricane (Williams et al. 
2016). Hurricanes are estimated to affect up to three times more forestland in the United 
States than forest fires (Dale et al. 2001, Williams et al. 2016), leading to potential loss in 
carbon assimilation and transfer of carbon between live and dead pools. Wind plays an 
important role in forest structure and community composition, and damage is influenced 
by elevation, slope, soil stability, and exposure to prevailing storm winds (Kramer et 
al. 2001, Momodu 2019, Sinton et al. 2000, Suvanto et al. 2019). Susceptibility to wind 
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disturbance damage can also be dictated by species and age class; old-growth forests are 
more of a refuge from wind for several species than secondary growth forests (Canham et 
al. 2001). Freezing thresholds of different species are one of the predictors of species ranges 
and of timberline elevations, which influence carbon flux rates (Lafon 2016, Wardle 1993). 
Freezing frequency is woven into forest community composition and changes in freezing 
frequency can enhance or decrease the carbon assimilation rates of that plant community 
(Girardin et al. 2022). Experiments seeking to identify cold temperature thresholds for 
specific species are often performed on seedlings, saplings, and seeds because those are 
smaller and easier to freeze (Bigras and Margolis 1997, Hawkins et al. 2003, Ryyppö et 
al. 1998). The literature, then, can help predict freezing-induced mortality but mostly for 
younger trees, with limited information on more mature trees. Freezing can also change the 
carbon flux of belowground processes, particularly if recent precipitation allows for the soil 
to freeze (Groffman et al. 2006).  

Insects and pathogens can reduce carbon flux and stocks. Cumulative effects of the 
15 most damaging nonnative pests across the United States result in a loss of about 5.53 
TgC per year because of mortality (Fei et al. 2019). Insect disturbances, even from native 
species such as mountain pine beetle and western spruce budworm, have negative effects 
on tree survival and interact with climatic variables (e.g., drought stress can increase tree 
mortality from insect infestation) (Meigs et al. 2015, Weed et al. 2013). Different types of 
insects, however, have different effects—defoliators tend to cause more temporary damage 
and reduction in carbon assimilation, while borers lead to higher mortality and a delayed 
recovery of pre-infestation net primary production (Flower and Gonzalez-Meler 2015, 
Hicke et al. 2012). Higher diversity stands, such as mixed deciduous forests in the Eastern 
United States, will have more scattered mortality and limited influence by pests, whereas 
less diverse stands, particularly those with a high proportion of insect host species, such as 
those present in the Western States, tend to have higher loss of net primary production and 
take longer to recover (Flower and Gonzalez-Meler 2015, Robert et al. 2020).  

Empirically testing the effects of individual disturbance types on forest carbon 
dynamics lends itself to relatively straightforward experimental design. However, the 
influence of one disturbance on forest carbon can alter the vulnerability to and outcomes 
of other disturbances, and compounding effects quickly become difficult to control for 
experimentally. Interactions among fire, drought, and fuel management are especially 
common and strongly associated; therefore, they are often studied (Bartowitz et al. 2022, 
Burke et al. 2021, Earles et al. 2014). Managed forests, especially those thinned or harvested 
for fuel treatments to reduce severity of wildfires, tend to have an immediate decrease in 
carbon stock from managed biomass removal. However, these management actions may 
lead to lower carbon emissions in these forests during wildfire (North and Hurteau 2011), 
leading to an overall lower carbon cost through maintained live stocks and greater net 
carbon assimilation. Interactions of forest management practices (no management, harvest, 
and salvage logging) and insect disturbance effects on growth and carbon stocks have 
been previously identified using observational studies; however, those studies are limited 
to chance disturbance in comparatively similar areas with differing management histories 
(Davis et al. 2022). The dearth of empirical studies quantifying the interacting effects of 
multiple disturbances on forest carbon dynamics leaves a gap in the information required to 
capture these interactions in a predictive model. 
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As illustrated in this review, numerous forest carbon models are available that 
vary substantially in the types of disturbances and management represented and in the 
approaches to estimating the carbon outcomes of those disturbance and management 
events. Land managers face a difficult challenge when choosing a model to support their 
decisions concerning forest carbon management. A great place to start is to develop specific 
modeling objectives and to identify key ecological processes that relate to those objectives 
(Keane et al. 2019). Additional considerations include available computing resources, input 
data requirements and availability, access to analysts experienced with model operation, 
how well the spatial and temporal resolution and extent of a model match modeling 
objectives, and model documentation and accessibility (Keane et al. 2019). Decision trees 
can be useful tools in selecting the most appropriate model (e.g., fig. 5: A). Consideration 
of which kinds of disturbances are most important to accurately simulate and which 
carbon processes or pools (e.g., belowground carbon, soil carbon) must be included to meet 
management objectives may help focus attention on the models that are most appropriate. 
Matching spatial (e.g., landscape, regional, continental) extent and temporal resolution (e.g., 
daily, annual) to modeling objectives is also key. 

For example, consider a landowner whose land is adjacent to a natural forest that is 
affected by bark beetles. Suppose this landowner would like to harvest timber while taking 
advantage of carbon offset programs; the landowner could use the decision tree (fig. 5: A) to 
help select a candidate set of appropriate models. Each arrow on the decision tree represents 
a “yes” or “no” answer; they lead to the next questions to narrow down which model will be 
most helpful.
1.	 Question 1—No, they do not need to include soil carbon. The “no” arrow leads to 

question 9.

2.	 Question 9—Yes, they want the model to be accessible.

3.	 Question 10—Yes, they’d like to include insect and disease disturbance.

For questions 11 and 13, the landowner does not have a preference about state 
transition or wood processing and utilization facilities, but the decision tree has narrowed 
the modeling choices to VDDT, BioSum, and FVS. The landowner could then use table 1 
to identify which among the VDDT, BioSum, and FVS models would work best for their 
forest management plans.  

All models have their limitations, and no model is perfectly suited to any project. 
However, a structured evaluation of management objectives matched to model capabilities, 
while considering available resources such as expertise and data availability, can help 
determine the most useful model for addressing a specific situation. Disturbances of all 
types in Pacific Northwest forests will be changing in frequency and severity with climate 
change; projections that can help manage for resilient forests may be the key to limiting 
disturbance-induced carbon loss.  
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include siviculture?

Do you want to model
future projections?

Do you want to 
model 0.1 ha?

Do you want to focus 
on hydrology?

Do you want to include 
climate change effects?
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Figure 5—This decision tree (A) illustrates one 
example of how to select a model based on 
forest management objectives. The abbreviated 
table (B) illuminates which models include some 
of the major forest disturbances applicable to 
California, Oregon, and Washington. Fire is not 
included in this table because it is modeled to 
some degree in each model represented. Biome-
BGC = Biome-Biogeochemical Cycle, BioSum = 
Bioregional Inventory Originated Simulation Under 
Management, CBM-CFS3 = Carbon Budget 
Model of the Canadian Forest Sector, CARAIB 
= Carbon Assimilation in the Biosphere, CLM4 
= Community Land Model 4, ED2 = Ecosystem 
Demography Model, ForCaMF/InTEC = Forest 
Carbon Management Framework and Integrated 
Terrestrial Ecosystem Carbon, FVS = Forest 
Vegetation Simulator, LANDIS-II = LANDIS-II 
Forest Landscape Model, LPJ-GUESS = Lund-
Potsdam-Jena General Ecosystem Simulator, 
LURA = Land Use and Resource Allocation 
Model, RHESSys = Regional Hydro-Ecological 
Simulation System, VDDT = Vegetation Dynamics 
Development Tool.
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Model Limitations 
Models allow us to answer questions about climate and environmental scenarios that 
do not already exist and include far more disturbance regimes than we can feasibly test 
experimentally. Forest carbon models are great tools to help policymakers, planners, land 
managers, and other partners make decisions about how to reach their goals for storing 
carbon and maintaining biodiversity, timber production, and other ecosystem services. 
There are several ways, however, that use of these models could be improved, with the 
caveat that these models make projections that include some level of uncertainty. 

As with any experimental design or mathematical model, there are tradeoffs between 
resolution and the size of the typical area tested or modeled. When models have very fine 
spatial resolution, they are used to model smaller areas (e.g., a small land parcel). Models 
that focus on a larger extent (e.g., national or global) will typically be based on coarser 
resolution data. If the spatial resolution is high and the area modeled is large, the time and 
amount of computing power needed to run the model will also be greater, limiting the 
accessibility of the model. 

Aboveground carbon stocks and assimilation are largely the focus of many of these 
models (Merganičová et al. 2019). Belowground carbon dynamics are often hard to 
experimentally quantify because of the spatial and temporal variability. Disturbance effects on 
belowground carbon dynamics range from loss of soil carbon through wildfires to decreased 
microbial activity with increased compaction and erosion post-harvest (Grigal 2000, Nave 
et al. 2022). These carbon consequences are not always accounted for within the models 
and can introduce more uncertainty in forest carbon modeling. The models that do include 
belowground carbon do so in a few different ways: soil carbon stocks, coarse and fine-root 
biomass, and litter (Bonan et al. 2011, Duarte et al. 2017, Hidy et al. 2016, Hudiburg et al. 
2013, Kim et al. 2018b, Kull et al. 2019, Oleson et al. 2010, Peterman et al. 2014, Sitch et al. 
2003, Tague and Band 2004). When included, the influence of disturbance on belowground 
carbon stocks is often simplistically represented as a proportion of the aboveground carbon 
effects, although some models, such as LANDIS-II, can apply a percentage of removal based 
on disturbance severity (Lucash et al. 2023). The complexity and feedbacks of belowground 
carbon in these models varies—often the soil is considered in only one or two layers, and the 
response of soil carbon stocks to disturbance is limited to fire in many models, if disturbance 
is considered at all. Soil carbon stocks and emissions modeling can be improved by including 
data that address how microbial interactions and soil processes at different depths are altered 
under climate change scenarios (Case et al. 2021). For example, Lucash et al. (2023) employed 
an updated soil dynamics model that allowed for measurable soil carbon (and nitrogen) pools 
and included microbial physiology and more layers of soil, which increased data resolution.

At fine spatial scales, the different ways that models deal with connectivity among 
cells are important: many models that include belowground data use a bucket approach 
for belowground dynamics, which limits soil connectivity among cells, affecting whether 
soil nutrients, moisture, and root diseases can spread to vegetation in surrounding cells 
(Ferguson et al. 2003, Sanchez-Ruiz et al. 2018, Witcosky 1985). Many models are limited 
to just one layer of vegetation or soil characteristics, including carbon (Vetter et al. 2008), 
which can decrease time and computing-power needs. However, by assuming all foliage 
receives full sunlight, this single-layer approach decreases vertical spatial resolution and 
may misrepresent productivity of shaded trees.  
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Despite fire being frequently studied, many models represent fire very simply by 
imposing a proportion of area burned annually (e.g., Biome-BGC, VDDT, LURA, and 
LANDCARB) rather than a mechanistic modeling of fire ignition and spread. Modeling 
connectivity within the forest can substantially affect the modeled fire effects—the ability 
to model fire expansion and the risk of the surrounding area igniting can increase the 
accuracy of projected fire disturbance (Scheller et al. 2019). Increasing connectivity among 
spatial cells and increasing data accuracy through multiple soil horizons and vegetation 
canopy layers will likely give a more complete and complex projection of forest carbon 
dynamics but will also increase the training and computing needed to use the models.  

Models are increasingly incorporating disturbance, though many of the models lean 
heavily toward harvest and fire as the main (or only) disturbances, while wind, insects, and 
drought are not consistently incorporated into the models. Disturbance is difficult to predict 
and, especially in the face of climate change, is increasingly complex with feedbacks from, 
and linkages to, other disturbances and management histories (Williams et al. 2016). For 
example, increased temperatures and altered precipitation regimes can lead to drought 
disturbance that, in turn, increases the incidence of insect disturbance (Canelles et al. 
2021). The complex interactions between climate and instances of disturbance are often 
observationally or experimentally studied, providing data to inform or validate potential 
model updates, but it is difficult to get large enough sample sizes sufficient to generalize 
and apply across a wide variety of scenarios (Canelles et al. 2021, Dale et al. 2001, Flint 
et al. 2009). Moreover, when models are applied to understand future climate effects on 
forests it is because there are not analogous scenarios in the history of the landscape that 
can incorporate all the complex interactions. In this scenario, many disturbance effects on 
forest carbon dynamics are based on climate projection, compounding the uncertainty of 
modeled carbon predictions that are themselves based on modeled future climate scenarios 
(Liu et al. 2011, Whitlock et al. 2015). Disturbances can be predicted but the onset of 
many disturbances is stochastic (e.g., insect infestation), and thus predictability is limited 
(Hicke et al. 2012). Ongoing model improvements that include increased customization of 
applications of stochastic onset of disturbance as expectations change with climate change 
could lead to more robust land management plans.  

Some models are more user-friendly than others. Many models have self-paced 
trainings, occasional instructor-led training sessions, or extensive user guides to help new 
users successfully complete model runs. Most of the models are open source and at the very 
least have available code to download and edit. A few models are more difficult to access 
because the program, model code, or input data are not publicly available. Additionally, 
similar to spatial resolution and model scale, there are tradeoffs between data resolution 
and computing power: higher input and output data resolution will increase the computing 
power requirements and the time it will take to run the model.  

Conclusion 
Disturbances are likely to affect carbon stocks in most forests and are important to 
incorporate into land management planning. However, uncertainties, knowledge gaps, 
and modeling limitations constrain our ability to integrate disturbances into management 
planning aimed at maintaining forest carbon stocks. Further research and model 
development is needed to better incorporate soil carbon dynamics as well as the carbon 
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effects of lesser studied disturbances (i.e., insect and disease outbreaks, wind, drought, 
freezing events) into our carbon analysis and projection systems. Improvements in 
computing power may allow for more sophisticated modeling of spatial connectivity and 
thus disturbance spread in the future. Models are necessarily simplifications of reality, 
and no single model can include all the potential processes that could influence the effect 
of disturbance on forest carbon dynamics, although combining models (as with ForCaMF/
InTEC) or working with several models that integrate with each other (as with FVS and 
BioSum) can give a more complete picture. There is also a need to improve potential 
applicability of models to a broader array of potential user groups. 

However, models are increasingly important tools for understanding how disturbance 
and management may influence forest carbon stocks as climate change progresses 
and novel conditions arise that might not be reflected in past empirical studies. As our 
understanding of disturbance effects on forest carbon advances and computational power 
increases, forest carbon models and our ability to incorporate them in management 
planning are likely to improve. 
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U.S. Equivalents

When you know: Multiply by: To find:

Meters (m) 3.28 Feet

Kilometers (km) 0.621 Miles

Hectares (ha) 2.47 Acres

Square kilometers (km2) 0.386 Square miles

Teragrams (Tg) 1.102e + 6 Tons 

Tonnes per hectare (t/ha) 0.446 Tons per acre 
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Glossary

biophysical process model—A forest model that uses biological processes (e.g., 
photosynthesis, respiration, transpiration) and how it changes with physical properties 
(e.g., precipitation, light, temperature). Specifically, plants use CO2 absorbed from the 
atmosphere and water taken up by the root system to make sugars to fuel respiration and 
growth.

cohort—A category of trees with similar life history attributes (e.g., species longevity, 
shade tolerance), or a common mixture of species.

empirical growth and yield model—A forest model that is based on growth and yield 
curves, and correlative relationships between environment and growth.

gap model—A forest model that is theoretically based on canopy gap dynamics and 
individual tree establishment, growth, and mortality. 

plant functional types (PFTs)—Growth forms of plant types, such as needle-leaf evergreen, 
broadleaf evergreen, needle-leaf deciduous, broadleaf deciduous, C3 herbaceous, and C4 
herbaceous lifeforms. 

state and transition model—A forest model that focuses on transitions from one state to 
another (such as grassland to forest) when the landscape crosses biophysical or disturbance 
thresholds.

stochastic—A method by which a disturbance or process is randomly assigned. 
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