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Abstract

Among terrestrial environments, forests are not only the largest long-term sink of atmospheric carbon (C), but are also
susceptible to global change themselves, with potential consequences including alterations of C cycles and potential C
emission. To inform global change risk assessment of forest C across large spatial/temporal scales, this study constructed
and evaluated a basic risk framework which combined the magnitude of C stocks and their associated probability of stock
change in the context of global change across the US. For the purposes of this analysis, forest C was divided into five pools,
two live (aboveground and belowground biomass) and three dead (dead wood, soil organic matter, and forest floor) with a
risk framework parameterized using the US’s national greenhouse gas inventory and associated forest inventory data across
current and projected future Köppen-Geiger climate zones (A1F1 scenario). Results suggest that an initial forest C risk matrix
may be constructed to focus attention on short- and long-term risks to forest C stocks (as opposed to implementation in
decision making) using inventory-based estimates of total stocks and associated estimates of variability (i.e., coefficient of
variation) among climate zones. The empirical parameterization of such a risk matrix highlighted numerous knowledge
gaps: 1) robust measures of the likelihood of forest C stock change under climate change scenarios, 2) projections of forest
C stocks given unforeseen socioeconomic conditions (i.e., land-use change), and 3) appropriate social responses to global
change events for which there is no contemporary climate/disturbance analog (e.g., severe droughts in the Lake States).
Coupling these current technical/social limits of developing a risk matrix to the biological processes of forest ecosystems
(i.e., disturbance events and interaction among diverse forest C pools, potential positive feedbacks, and forest resiliency/
recovery) suggests an operational forest C risk matrix remains elusive.
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Introduction

As the current carbon (C) stocks of forests in the United States

(US) store an amount of C approximately equal to 25 years’ worth

of US fossil fuel CO2 emissions at their current rate [1], the status

and fate of these C stocks in the face of global change is an area of

emerging concern [2,3,4,5]. The loss and subsequent partial

recovery of forests in the US following the exploitive harvests and

land-use conversion of the late 19th and early 20th century are a

past event that can frame current discussions regarding managing/

monitoring forest C stocks across large-scales [6]. The relatively

rapid change in the status of forests in the US – from a steady state

of minimal CO2 emission/sequestration to major CO2 emitter –

during this time period (Fig 1) [7] may offer a cautionary tale of

how quickly the source/sink status of large-scale forest C stocks

can change. Despite this transcontinental degradation of forests in

the US and concomitant emission of CO2, global atmospheric

CO2 concentrations only slightly increased above pre-industrial

levels during this period [8,9].

The advent of modern forestry in the US, conservation

movements, and urbanization of the populace rapidly shifted the

status of forests in the US so that they once again provided a net

sequestration of C during the mid-20th century to the present day

[7,10]. While it was a direct human disturbance (e.g., logging and

land-use conversion) that precipitated the last US forest status

change to a net emission source, could climate change (CC) and its

potential to increase the probability of large-scale disturbance

events and/or alterations to forest C cycles [11,12,13,14] result in

a similar shift in sink/source status now that global CO2

atmospheric concentrations approaching 400 ppm [9]? There is

growing evidence that large-scale natural disturbances contribute

to substantial C emissions from forests on an annual basis [3,15].

Given forests are the largest terrestrial C sink on earth [16] much

of this C may be at risk. One of the most critical future

consequences of CC on forest C stocks is the potential change in

their source/sink status (i.e., net annual sequestration to net

annual emission). Although forests currently sequester more C

than they emit on an annual basis globally [16], the ability of

forests to continue this trend in the future may be limited [7,17].

Developing a conceptual framework for assessing CC risks to

forest ecosystem C stocks may enable efficient allocation of efforts

to monitor and mitigate CC effects while informing future
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research into refined risk probabilities. In general, risk has been

organized around two components, likelihood and consequence(s)

(i.e., expectation of random variable) [18]. The exact metrics used

to assess risk vary based on available data and information deemed

important by stakeholders [19]. These metrics can be organized

using a matrix where the magnitude of consequences is plotted

against the relative likelihood of the event occurring [20]. Within

the matrix, a series of grids can be developed to represent

functional levels of risk which translate into monitoring strategies

aimed at managing the risk [21,22]. This approach has been

adopted by Iverson et al. [20] to evaluate the risk of CC on

forested habitats. The creation of the risk matrices was not

intended for use in decision making; rather the matrices were

designed to focus the evaluation of risk in terms of likelihood and

consequence [21,22]. Although Iverson et al.’s [20] focus was on

risk of habitat change for tree species, the opportunity exists to

extend the methodology to other forest ecosystem attributes and

services (e.g., water or C). In the context of CC and forest C

dynamics, risk may be conceptualized as the magnitude of C stock

change due to CC and/or CC-induced natural disturbances

multiplied by the associated probability that C stocks might

change due to said events. Given the need to broadly assess global

change risks to forest C stocks, the goal of this study was to develop

and evaluate a general framework (i.e., risk matrix) for forest C

stocks in the US using estimates from the National Greenhouse

Gas Inventory (NGHGI) in the US and associated forest inventory

data to parameterize the initial matrix across broad climate zones.

Methods

The basic premise of this study’s proposed forest C risk matrix is

that risk is a combination [20,22] of 1) the likelihood of a forest C

pool’s emission and 2) the consequence of such an emission.

Within the risk framework, the consequence is equated with the

relative size (i.e., mass) of each forest C pool and plotted along the

y-axis. The consequences of a forest C pool shifting from a sink to

a source is postulated as being closely related to its population

estimate over a large region of interest, in this case, the

conterminous US. The likelihood of such a shift is equated with

each forest C pool’s variability across climate zones of the US –

higher variability equates to a greater likelihood of change. In this

analysis, total forest ecosystem C was apportioned into five pools

(live above- and belowground biomass, dead wood, soil organic C,

and forest floor) as broadly delineated by the United Nations

Framework Convention on Climate Change [10]. The combina-

tion of each C pool’s consequence and likelihood arrays itself

within a matrix of societal responses [20] to CC including

combinations of monitoring, mitigation, and adaptation. Given

the complexities of human-forest-climate interactions, the size and

arrangement of societal responses within the risk framework would

vary with scale, geographic area, socioeconomic drivers and

constraints, forest types, and existing monitoring infrastructure,

among other factors.

The magnitude of C stocks (i.e., consequence) in each pool was

estimated from the US Department of Agriculture’s Forest

Inventory and Analysis (FIA) program [23], which informs the

NGHGI of the US [10]. For the purposes of FIA’s inventory,

forest is defined as at least 36.6 m wide and 0.4 ha in size with at

least 10 percent cover by live trees. The FIA program employs a

three phase inventory. Phase one is a variance reduction process

where satellite imagery is used to assign individual field plots to

strata (e.g., forest canopy cover classes). FIA’s plot network

contains over 125,000 plots which are systematically distributed

approximately every 2,428 ha across the conterminous US.

During the second phase of the inventory, if a sample point falls

in a forested area then field crew visit the plot. Each forested plot is

comprised of a series of smaller sub-plots where tree- and site-level

Figure 1. Historic annual rates of forest ecosystem and harvested wood product carbon dioxide net emissions/sequestration in US
forests (black line: Birdsey et al. [7], green line: EPA [10]) and global atmospheric CO2 concentration (Etheridge et al. [8], ESRL [9]),
1635 to 2010.
doi:10.1371/journal.pone.0073222.g001
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attributes – such as diameter and tree height – are measured at

regular temporal intervals [23]. During the third phase of the

inventory, a subset of phase two plots are measured for additional

variables related to forest health attributes (e.g., downed woody

materials, understory vegetation, and soils). The FIA program

does not directly measure forest C stocks. Instead, a combination

of empirically derived C estimates (e.g., standing live and dead

trees) [24] and models (e.g., forest floor C stocks related to stand

age and forest type) are used to estimate forest C stocks [10].

Estimates of C stocks by pool were developed for 2010 using FIA’s

current inventory. For illustrative purposes, current C stocks were

projected to the year 2100 using annual estimates of forest C stocks

over the UNFCCC reporting period (1990-present) [10] and

simple linear regression techniques by pool. Although it is not

expected that forests will continue to sequester C at current rates

to the year 2100 (especially for soil organic C), this parsimonious

approach facilitates interim evaluation of the risk matrix.

To estimate the likelihood of forest C stock changes, current

(1976–2000; referred to hereafter as 2010) and future projected

Köppen-Geiger climate zones (2076–2100; referred to hereafter as

2100) from Rubel and Kotek [25] were used. The A1F1 emission

scenario and associated projected climate zones (2100) were

selected from Rubel and Kotek [25] as it demonstrated the largest

future climate shift for illustration purposes in this study. The FIA

program’s plot network was overlaid with current (2010) and A1F1

Köppen-Geiger climate zones (2100) [25] for estimating the

coefficient of variation of the median C stock densities among the

various climates by pool for each year (2010 and 2100). In order to

project coefficients of variation in the year 2100, a basic

imputation approach was employed. If a FIA plot’s current

climate zone changed between 2010 and 2100 [25], then the plot

was assigned the median C density of that projected future climate

using that climate’s current median C density by pool. Coefficients

of variation were then re-calculated using combined data from

current (i.e., no change in climate zone) and imputed (i.e., change

in climate zone) values. For example, if half of FIA’s forested plots

experienced a shift in climate zones from 2010 to 2100, then half

of the plot-level 2100 C densities would be based on 2010 C

empirical estimates while half of the plots would be assigned the

median C density associated with the new climate zone in which

the plots are located. Hence, future forest C stock variability would

be based on knowledge of the current distribution of C stock

densities among climates assuming that current climates would still

exist in 2100 but at different locations (e.g., arid zone with different

spatial extent). For more information on: 1) population estimation

procedures used by the FIA program please refer to Bechtold and

Patterson [23], 2) forest C pool models and inventory data specific

to 2010 please refer to the EPA [10], and 3) current and projected

Köppen-Geiger climate classifications please see Rubel and Kottek

[25].

Results

Current forest C stocks were estimated for the year 2010 by

pool. Soil organic C was the largest stock at 17,572 Tg and dead

wood the smallest at 2,627 Tg (Table 1). Associated univariate

statistics suggest substantial variability in plot-level estimates of

forest C density (Mg?ha21) by pool with the standard deviation

exceeding the mean for live aboveground, live belowground, and

dead wood in 2010.

As an initial appraisal of empirical variation in C stocks across

the various climate zones of the US in 2010, the coefficients of

variation (percent) of median C densities (based on individual plot-

level estimates of C stocks) were calculated by pool and climate

zone across the US and are ordered as: soil organic C (70.9), dead

wood (55.2), forest floor (53.4), live belowground (44.6), and live

aboveground (43.1) (Table 2). The highest median C density

(Mg?ha21) by pool across climates in 2010 was live aboveground

(33.83), live belowground (7.95), dead wood (11.36), forest floor

(33.11), and soil organic C (158.01) in the warm temperate

(summer dry), warm temperate (summer dry), warm temperate

(summer dry), snow (summer dry), and equatorial, respectively.

For illustrative purposes, C stocks and associated coefficients of

variation among climate zones were projected to the year 2100

(Table 3). Projected C stocks increased in all forest C pools over

the 90 year period (2010–2100), with the largest increases

occurring in live aboveground biomass (49 percent; 7,116 Tg)

and belowground biomass (49 percent; 1,406 Tg) followed by dead

wood (25 percent; 671 Tg), soil organic C (8 percent; 1,331 Tg),

and forest floor (7 percent; 334 Tg) (Table 3). The projected

coefficients of variation of C pools among climate zones in 2100

increased for all pools. The largest increase (absolute change in

coefficient percentage, percent) was for forest floor (4.2) followed

sequentially by soil organic C (2.1), live belowground (0.5), dead

wood (0.4), and live aboveground (0.2).

The estimates of current US forest C stocks by pool in

conjunction with coefficients of variation among climate zones

were used to array the forest C pools in a risk matrix (Fig 2). Pools

were arrayed within the risk matrix as a combination of their

associated stock size (i.e., magnitude of C sink/source) and C

density variability among climates (i.e., likelihood of change under

future CC). Because both the stocks and coefficients of variation

were projected to the year 2100, the combination of population

estimates (2010 and 2100) could be plotted within the risk matrix

(i.e., general societal response key) which allowed for broad

assessment of potential trends in forest C stocks and discussion of

monitoring strategies. Soil organic C had the largest stock estimate

in 2010 combined with a highest level of variation across climate

zones and thus fell within the ‘‘initiate adaptation/mitigation’’

response category (Fig 2). As the remainder of pools had

coefficients of variation within the same narrow range (43.1–

55.2 percent), their assignment to response categories was largely

dependent on their current stock size (i.e., mass). As the live

aboveground pool had the second largest stock it was assigned to

the ‘‘annually monitor/develop strategies’’ response category. The

three pools of live belowground, forest floor, and dead wood had

relatively small estimates of C stocks combined with moderate to

Table 1. Estimates of total forest ecosystem C stocks (Tg),
mean and associated standard deviation (SD) of carbon
density, and associated univariate statistics (Q1: first quartile,
median, Q3: third quartile; Mg?ha21), across the national
forest inventory by carbon pool in the US, 2010.

Carbon
pool

Total
stocks Mean SD Q1 Median Q3

Live AG 14,541 38.73 40.57 10.47 27.35 54.76

Live BG 2,876 8.02 8.66 2.14 5.69 11.26

Dead Wood 2,627 8.43 10.70 3.71 6.17 9.61

Forest Floor 4,941 16.08 11.85 7.20 10.20 24.20

SOC 17,572 71.38 48.25 41.7 53.1 94.80

Note: estimates do not include Hawaii, Alaska, or trees on non-forest land (e.g.,
agricultural trees and urban parks).
*AG = aboveground, BG = belowground, dead = standing and downed dead
wood, SOC = soil organic carbon.
doi:10.1371/journal.pone.0073222.t001

Global Change Risks to Forest Carbon

PLOS ONE | www.plosone.org 3 September 2013 | Volume 8 | Issue 9 | e73222



low levels of variability among climates, thus their response

category assignments were limited to periodic monitoring activ-

ities.

For the purpose of discussion, C stocks and associated variability

among climates was projected to the year 2100 and arrayed in the

risk matrix (Fig 2). All pools moved in varying degrees towards

more proactive response categories (i.e., from periodically monitor

to robust mitigation). For some pools, such as the forest floor and

soil organic C, their movement towards a potential source was

largely due to the increase in their coefficients of variability among

climate zones in 2100. For other pools, such as live aboveground,

there was minimal increase in risk of emission due to increases in

their respective stock sizes.

Discussion

Empirically derived estimates (e.g., population totals and

associated variability across climates) of forest C pools across the

US may be used to develop an initial CC risk matrix. This risk

matrix is not intended to be used to develop local strategies to

mitigate CC and disturbances to forest C cycles and stocks;

however, it may provide a common framework for discussing risks

across large spatial/temporal scales. As the risk matrix attempts to

mesh empirical estimates with societal response, a thorough

understanding of its limits, implications, and potential refinements

is needed.

As the basic premise of the risk matrix is that the risk of C pool

status change (i.e., C source or sink) relates to 1) the likelihood (i.e.,

coefficients of variation for each individual forest pool’s median C

density across climate zones) and 2) the consequence of such a shift

(i.e., forest C pools’ current stock). Coefficients of variation were

used as an initial metric of change likelihood as it facilitated

comparison across diverse forest C pools and has been used in risk

assessments in the biological sciences [26] and finance [27]. If

indeed CC occurred such that a forest experienced a climate shift

from ‘‘temperate’’ to ‘‘equatorial,’’ then the contemporary range

in variation in C densities between those climates may indicate

likelihood of C emission. Because societal responses can only be

conjectured in this study, the proposed C risk framework suggests

C source/sink status change and a tipping point where forest C

emissions may exacerbate CC impacts and positive feedbacks (e.g.,

boreal forest heterotrophic respiration, [28]) as metrics critical to

society. In practice, the size and arrangement of societal responses

must align with socioeconomic drivers and constraints, the forest

types and attributes that may be at risk, and existing monitoring

infrastructure, among other factors.

In a manner similar to previous work [20], the risk matrix in this

study is not intended to be used in decision making; rather it is

designed to focus attention on the short- and long-term risks to

forest C stocks. This is particularly true given the large amount of

uncertainty associated with C stocks and stock changes associated

with CC and intensified forest disturbances. Time is not explicitly

part of the risk matrix to allow consideration of potentially long-

term (100+ years), low-probability high-impact events (e.g., system

collapse of boreal forests) that are often overlooked when

considering risks [29] that may be beyond our contemporary

frame of reference. There is growing evidence that CC-influenced

natural disturbances are major drivers of C dynamics in forest

ecosystems and contribute to substantial C emissions annually

[3,15], while placing infrastructure and human dwellings at risk (a

set of consequences not considered here). When the consequences

(even absent economic losses) and likelihoods of forest C stocks

shifting from sinks to sources are viewed together, a critical need

for a cohesive approach to monitoring and managing risk emerges.

As much uncertainty is associated with the fate of forest

ecosystem C following natural disturbance and the potential

feedbacks between forests and climate [11,12,30] new questions

emerge. What is the likelihood that US forests will once again

Table 2. Estimates of median forest carbon density (Mg?ha21) by carbon pool and Köppen-Geiger Climate Classifications [25] with
coefficients of variation (CV) determined across climates for each carbon pool, 2010.

Pool Climate Classification CV (%)

Equatorial Arid

Warm
Temperate, fully
humid

Warm
Temperate,
summer dry

Snow, fully
humid

Snow, summer
dry

median carbon density (Mg?ha21)

Live AG 14.02 8.05 29.25 33.83 28.56 29.63 43.1

Live BG 2.85 1.68 6.00 7.35 5.94 6.60 44.6

Dead Wood 3.95 1.46 5.85 11.36 6.78 9.02 55.2

Forest Floor 7.26 21.09 7.84 28.14 20.28 33.11 53.4

SOC 158.01 24.12 45.95 49.80 94.76 44.12 70.9

*AG = aboveground, BG = belowground, dead = standing and downed dead wood, SOC = soil organic carbon.
doi:10.1371/journal.pone.0073222.t002

Table 3. Linear projections (year 2100) of total forest carbon
stocks (Tg) based on contemporary baselines by carbon pool
and projections of future coefficients of variation (CV) of
carbon pools determined across A1F1 Köppen-Geiger Climate
Classifications (years 2076–2100) [25].

Pool
Total Carbon
Stock (Tg) CV (%)

Live AG 21,657 43.3

Live BG 4,282 45.1

Dead Wood 3,298 55.6

Forest Floor 5,275 57.6

SOC 18,903 73.0

*AG = aboveground, BG = belowground, dead wood = standing and downed
dead wood, SOC = soil organic carbon.
doi:10.1371/journal.pone.0073222.t003
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become net emitters of CO2? Is there a tipping point [31] at which

CC and associated disturbances fundamentally alter forest

ecosystem processes (e.g., regeneration and decay) such that the

current system collapses with a concomitant large release of C?

This scenario can be viewed hypothetically wherein a forest

ecosystem as it proceeds through time within a natural range of

variability (i.e., disturbance and subsequent recovery) regarding its

C source/sink status (Fig 3). As seen in the US, forest ecosystems

Figure 2. Climate change risk matrix for forest ecosystem carbon pools in the US. Likelihood of change in carbon stocks is based on the
coefficient of variation of median forest carbon stock densities among Köppen-Geiger climate regions (i.e., x-axis) based on the national forest
inventory plot network. Size of carbon stocks are based on the US National Greenhouse Gas Inventory (i.e., y-axis). Societal response (e.g., immediate
adaptive response or periodic monitoring) to climate change events depends on the size and relative likelihood of change in stocks. Year 2100
projections are based on linear extrapolations of current carbon stocks and imputing current median carbon pool densities by climate region to
projected future climate regions for calculation of coefficients of variation. The soil organic carbon pool exhibits the highest variability among climate
regions and therefore may be most affected by climate change or climate change induced disturbance events. In contrast, the dead wood pool has a
relatively small stock with low variability among climate regions. Explicit climate change effects are not incorporated into this matrix as they
represent a number of complex feedbacks both between stocks (e.g., live aboveground biomass transitioning to the dead wood pool) and the
atmosphere (e.g., forest floor decay).
doi:10.1371/journal.pone.0073222.g002
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and their status as a sink of C partially recovered despite a

transcontinental forest disturbance (i.e., 1700–1910 widespread

harvest and land-use conversion) that shifted the forest’s source/

sink status past what might be considered a natural range of

variability [7] (Fig 1). The ability of forests to recover (i.e.,

sequester and accumulate forest C) following disturbance has been

widely documented [32]. However, there may be a tipping point

where specific disturbances and/or CC push a forest ecosystem

beyond the point from which it can recover [31], potentially

resulting in new systems (e.g., shrub/steppe). Conversely, distur-

bance regimes and changing climates that are conducive to forest

ecosystems could result in the invasion of non-forest systems by

forest communities (Fig 3). Beyond conjecture, framing these risks

with empirical observations may refine mitigation/adaptation

efforts while directing future technical refinements (i.e., calculation

of risk).

The empirical parameterization of the risk matrix in this study

highlights numerous knowledge gaps: 1) robust measures of forest

C stock change likelihood under climate change scenarios, 2)

projections of forest C stocks given unforeseen socioeconomic

possibilities (i.e., land-use change), and 3) appropriate social

responses to global change events for which there is no

contemporary climate/disturbance analog.

First, the initial metric of C stock change likelihood in this study

(coefficient of variation across climatic regions) was for illustrative

purposes and falls short in various situations (e.g., coarse spatial

resolution of future climate projections can inadvertently reduce

coefficients of variation). There is the artifact of modeled versus

empirical C estimates that affects the risk matrix. Stochastic

disturbance events may not be accurately reflected in the

coefficients of variation as some pools are modeled as a function

of stand attributes (e.g., forest type) that may not be similarly

impacted as the modeled pool. Woodall et al. [33] found that

modeled standing dead tree C stocks across the US may not

accurately reflect the empirical variation inherent with stochastic

mortality events (e.g., pine beetle mortality). If forest C inventories

adopt more empirically-based assessments of C stocks (e.g.,

increased sample intensity or advanced remotely sensed imagery

techniques) then perhaps the risk matrix would be more responsive

to CC-induced disturbances. Although adequately gauging uncer-

tainty (i.e., variation of forest C stocks) is an essential component of

greenhouse gas inventories that facilitates societal policy discus-

sions [34], there yet remains a robust method that could be

employed in this study. If indeed measures of likelihood of forest C

stock change are needed for society to appropriately value forest

management actions (i.e., mitigation and adaptation activities)

[35] then perhaps this remains the largest knowledge gap

identified in this study.

Second, the size of future forest C stocks was linearly

extrapolated to the year 2100 in this study which we acknowledge

has a low probability of occurring [36,37]. Although the projected

trends in forest ecosystem C stocks from 2010 to 2100 provide

some insight into the direction and extent of potential change at a

continental scale, it does not provide the level of detail to forecast,

for example, the location and extent of fluctuations in the live

biomass pool following a conversion of forest lands to grasslands

due to changes in precipitation cycles, wildfires, and/or tree

regeneration failure (i.e., system collapse). A hurdle in using a risk

framework to guide social response is how far a given pool would

move within the framework after a CC-induced event (i.e., how far

and in what direction the sink negative/positive arrows extend).

For example, recent evidence supports suggestions that CC will

result in more frequent higher-intensity storms in the future [38].

While debate still surrounds the prediction of an increase in the

number of storms, there appears to be considerable agreement

that CC is likely to increase storm intensity and duration

[11,13,14,39]. Beyond CC induced changes in forest C stock

magnitude, there is perhaps the larger question regarding future

socioeconomic conditions that often guide changes in forest C

stocks. The economic recession of 2008 had a deleterious effect on

forest and housing industries in the US [40], but assuming pre-

2008 land-use trends to 2030 suggested reduction in the rate of US

Figure 3. Hypothetical trend in forest ecosystem CO2 emissions/sequestration over a multi-century time period in the context of a
natural range of variability and potential tipping points between forest ecosystems and other systems (e.g., grasslands).
doi:10.1371/journal.pone.0073222.g003

Global Change Risks to Forest Carbon
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forest C sequestration [36]. Sharp changes in socioeconomic

dynamics can have greater effect on forest C stocks than CC thus

confounding technical advances to project forest ecosystem

attributes under various climate scenarios.

Third, as this study only examined a limited set of societal

responses to global change considered by previous studies [20,21],

alternative response categories particular to forest C management

should be considered. Despite the founding of the United Nation’s

Intergovernmental Panel on Climate Change nearly 25 years ago

followed by a bevy of research and societal response (e.g., Reducing

Emissions from Deforestation and Forest Degradation), the global

CO2 concentration continues to increase at an increasing rate [9].

Risk matrices, such as the one proposed in this study, may need to

be constructed to accept evolving responses to CC such as

emphasizing adaptation as opposed to mitigation. Furthermore,

the cost metric of source/sink status of forest C stocks in this study

may need to be changed to one of C baselines commonly used in C

monitoring (e.g., 1990 baseline year) [10]. Perhaps likelihood could

be defined as the likelihood of a certain percentage reduction in net

C balance below a baseline projection or even historic benchmark.

If adaptation is favored in lieu of mitigation activities then perhaps a

cost-metric of gain/loss of forest land area or tree regeneration

stocking could be used. If uncertainty of a forest C risk matrix (both

future stock magnitude and likelihood of change) remains relatively

high then it should follow that society’s response and cost metrics

should be flexible within a risk matrix.

Conclusions

Overall, the risk framework promulgated in this study not only

offers an approach to identifying knowledge gaps associated with

forest C dynamics in the context of global change, but also a

generalized path to prioritizing research and monitoring, given

risks associated with future CC. The risk of any particular forest C

stock becoming a net atmospheric emission is related to its

particular stock attributes (e.g., stock size and pool) and

surrounding climate (e.g., equatorial versus temperate). These

factors form a complex matrix that CC may inherently alter in

unforeseen ways. The empirical parameterization of such a risk

matrix highlights numerous major knowledge gaps: 1) robust

measures of forest C stock change likelihood under climate change

scenarios, 2) projections of forest C stocks given unforeseen

socioeconomic possibilities (i.e., land-use change), and 3) appro-

priate social responses to global change events for which there is

no climate/disturbance analog. Given the finite ability of our

society to alter future climate trajectories and disturbances

associated with global change, using a risk framework to address

the greatest risks to forest C stocks may provide one path to future

forest sustainability. Despite the qualitative nature and research

gaps within the forest C stock risk framework, this approach

provides a conceptual way forward for identifying priority research

needs for mitigating or adapting to potential CC-induced events.
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