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Disturbances are a major determinant of forest carbon stocks and uptake. They generally reduce land carbon
stocks but also initiate a regrowth legacy that contributes substantially to the contemporary rate of carbon
stock increase inUS forestlands. Asmanagers and policymakers increasingly look to forests for climate protection
andmitigation, and because of increasing concern about changes in disturbance intensity and frequency, there is
a need for synthesis and integration of current understanding about the role of disturbances and other processes
in governing forest carbon cycle dynamics, and the likely future of this and other sinks for atmospheric carbon.
This paper aims to address that need by providing a quantitative review of the distribution, extent and carbon
impacts of the major disturbances active in the US. We also review recent trends in disturbances, climate, and
other global environmental changes and consider their individual and collective contributions to the US carbon
budget now and in the likely future. Lastly, we identify some key challenges and opportunities for future research
needed to improve current understanding, advance predictive capabilities, and inform forestmanagement in the
face of these pressures.
Harvest is found to be themost extensive disturbance both in terms of area and carbon impacts, followed by fire,
windthrow and bark beetles, and lastly droughts. Collectively these lead to the gross loss of about 200 Tg C y−1 in
live biomass annually across the conterminousUS. At the same time, the net change in forest carbon stocks is pos-
itive (190 Tg C y−1), indicating not only forest resilience but also an apparently large response to growth en-
hancements such as fertilization by CO2 and nitrogen. Uncertainty about disturbance legacies, disturbance
interactions, likely trends, and global change factors make the future of the US forest carbon sink unclear.
While there is scope for management to enhance carbon sinks in US forests, tradeoffs with other values and
uses are likely to significantly limit practical implementation. Continued and expanded remote sensing and
field-based monitoring capabilities and manipulative experimentation are needed to improve understanding
of the US forest carbon sink, and assess how disturbance processes are responding to the pressures of global en-
vironmental change. In addition, continued development and application of holistic, decision support tools that
consider a range of forest values are needed to enable managers and policy makers to use the best available in-
formation for guiding forest resources now and into the future.
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1. Introduction

Ecological disturbances strongly influence local to global land carbon
storage (Chapin et al., 2012). They affect ecosystem metabolism (pro-
ductivity and respiration), alter how fixed carbon is allocated, influence
species composition and ecosystem structure, directly release carbon to
the atmosphere or relocate it (i.e. wood products), and cause internal
carbon transfers among ecosystem storage pools most importantly
from live to dead. Disturbance events typically result in a near-term
net reduction in ecosystem carbon stocks. Ensuing recovery is often
gradual. Thus disturbances tend to have the aggregate effect of reducing
land carbon stores even if disturbance processes are integral for the
health and maintenance of forest ecosystems.

Disturbance events are globally ubiquitous and rising in both fre-
quency and severity (Allen et al., 2010; van Mantgem et al., 2009). In
the US, disturbance rates have generally been stable in the east since
the 1980s, but the west has seen trends toward elevated tree mortality
and stand scale disturbances in response towarming and drought, more
frequent and larger fires as well as outbreaks of bark beetles and other
pests (Masek et al., 2013; Raffa et al., 2008; Schleeweis et al., 2013;
van Mantgem et al., 2009; Westerling et al., 2006). Nationwide rates
of forest disturbance measured at a stand scale with remote sensing
(order 1000m2) average about 1.1% per year, but regionswith intensive
forestry such as the southeast experience 1.5% per year, rising even
higher in themountainWest (N2%) where drought, fire and bark beetle
disturbances have hastened (Masek et al., 2013; Schleeweis et al., 2013;
Williams et al., 2014a). These rates place US forest cover change as high
as anywhere in the world (Hansen et al., 2013).

Forests of the conterminous US currently hold about 40 Pg C in 270
million hectares of land (EPA, 2015). US forests are estimated to seques-
ter about 0.20 Pg C y−1 (excludingwood products) offsetting 13% of an-
nual US carbon dioxide emissions from fossil fuel combustion
(1.5 Pg C y−1) (EPA, 2015). Exactly what causes US forests to sequester
so much carbon is not fully understood but one undeniable sink mech-
anism is the recovery of forests from past disturbances (Birdsey et al.,
2006). Both historical and contemporary disturbances cause US forests
to hold only about half of their theoretical maximum stocks (Williams
et al., 2014a) and this imposes an age structure effect, or a so-called re-
growth sink, that causes forestlands to naturally accrue carbon over
time. Much of this regrowth sink is offset by disturbance emissions
that take place offsite (i.e. wood products and processing emissions)
or occurred previously (i.e. historical fire emissions). Thus, a sizeable
portion of today's sequestration is compensating for the carbon losses
from yesterday's disturbances. Indeed, US reporting to theUNFCCC indi-
cates that contemporary harvesting removes 0.13 Pg C y−1 and fires re-
lease another 0.03 Pg C y−1 (EPA, 2011; EPA, 2015), which combine to
offset some or all of the forest carbon sink from post-disturbance recov-
ery (Williams et al., 2012b).

Meanwhile, US forests appear to be experiencing enhanced growth,
contributing about 0.10 to 0.15 Pg C y−1 to the total carbon sequestra-
tion in forests (Williams et al., 2012b; Zhang et al., 2012). Proposed en-
hancement mechanisms include climate trends, atmospheric inputs
(CO2, N), management, and/or afforestation (e.g. Houghton, 2003;
Thomas et al., 2009; Williams et al., 2012b), but the precise mix of
drivers remains unclear. Evidence of enhanced growth is mounting,
consistent with a doubling of the global sink for atmospheric CO2

since the 1960s from ~2.4 to 5 Pg C y−1 in 2010 (Ballantyne et al.,
2012) attributed largely to the land rather than ocean (Le Quéré et al.,
2009), principally from increased carbon storage in global forests (Pan
et al., 2011). Notably, this global-scale land sink trend offset about half
the increase in fossil fuel and deforestation emissions since 1960
(Ballantyne et al., 2012), slowing the rate of increase in atmospheric
greenhouse gases. Temperate and boreal forests, including those in
theUS, contribute substantially to this global forest sink for atmospheric
carbon.

Enhanced land carbon storage is one of the most efficient and effec-
tive mechanisms at work mitigating anthropogenic carbon emissions,
but this service could be in jeopardy as the changing climate threatens
both forest carbon stocks and uptake (Allen et al., 2010; Anderegg et
al., 2013a; Anderson-Teixeira et al., 2013; Bentz et al., 2010; Choat et
al., 2012; Dale et al., 2001; Reichstein et al., 2013; Turner, 2010; U.S.
Department of Agriculture, 2012; Williams et al., 2014a). Disturbance
processes are one of the key vectors by which climate change initiates
large-scale forest carbon releases (Peterson et al., 2014). Warming and
drying is expected to drive further increases in the frequency and extent
of high severity wildfire, drought, hurricane, and insect disturbances
(Bender et al., 2010; Bentz et al., 2010; Dillon et al., 2011; Liu et al.,
2010; Marlon et al., 2012) and recent trends in the US suggest that we
may already be seeing this effect. Associated forest carbon releases
have the potential to act as a significant feedback to climate change,
and have even been identified as a possible tipping point in earth's cli-
mate system with the possible drying and collapse of major forest car-
bon stores such as in the Amazon (Lenton et al., 2008). Coupled with
the expected decline in age-related regrowth from historical forest
clearing, net sink strength in US forests appears poised to decline in
coming decades, though the national scale impacts have yet to be fully
quantified.

While these broad patterns are generally recognized, a comprehen-
sive, quantitative synthesis is lacking. Estimates of each individual dis-
turbance process are known to vary but have yet to be compared.
Furthermore, the full suite of processes has yet to be integrated for a
comprehensive, country-wide carbon balance assessment.

This paper seeks to fill that gap, presenting a review of the current
state of knowledge regarding the impact of disturbances on the US for-
est carbon budget. It builds on a number of recent contributions that
outline the theory, drivers, mechanisms, and extent of disturbance im-
pacts on the carbon cycle of forests across North America (Amiro et al.,
2011; Goetz et al., 2012; Hicke et al., 2012; Kasischke et al., 2013,
2011; Masek et al., 2011) by providing, here, a quantitative synthesis
of carbon balance impacts from all of themajor drivers.We first provide
a general overview of how disturbance events alter the forest carbon
cycle, and how impacts vary with disturbance attributes such as type
and severity. We then present a synthesis of reported impacts of distur-
bances on the carbonbalance of the conterminous US, spanning harvest,
fire, insect outbreaks, drought, and windthrow events. We consider
their combined role in the US-wide carbon budget now and into the fu-
ture. Lastly we identify some key challenges and opportunities for fu-
ture research needed to improve current understanding, advance
predictive capabilities, and inform forest management in the face of
these pressures.
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2. General forest carbon dynamics following disturbance

Disturbance events have the potential to alter all aspects of the forest
carbon cycle but a number of key perturbations are highlighted here,
similar to those presented in Hicke et al. (2012) and elsewhere. Gross
primary productivity (GPP) and autotrophic respiration (Ra) are both
reduced primarily by the loss of leaf area and live biomass, though
growth release of surviving individuals can compensate for these ef-
fects. Heterotrophic respiration (Rh) responds to two opposing patterns
including increase from disturbance-induced carbon inputs of dead
wood and roots, but decrease from reduced productivity-derived car-
bon supply. Carbon stocks shift, with live biomass being transferred to
dead pools as litter, dead roots, snags, and fine and coarse woody debris
(CWD), each with their own disposition and associated residence time,
with some turning over in months, the bulk in a few years to decades,
and themost recalcitrant or protectedmaterial remaining almost indef-
initely (Harmon et al., 1986). Harvesting involves biomass carbon re-
moval to offsite, with some being promptly emitted and some stored
in long-lasting wood products. Fire directly combusts a portion of both
live and dead carbon pools and emits it to the atmosphere, and can
transform material into charcoal, ash, and other residual compounds.
Burned remains can actually stimulate site fertility and can protect car-
bon from the decomposition processes as in the case of char (Knicker,
2007). Soil carbon responds to all of the above dynamics, and addition-
ally the soil itself can be overturned or uncovered making it vulnerable
to erosion. Nutrients can be released from the punctuatedmetabolic de-
composition of labile, disturbance-killed material, from the residue of
combusted material, or from insect waste, potentially altering a host
of ecosystem properties that affect the regeneration environment such
as site fertility and productive potential, carbon allocation patterns,
and the chemical composition of plant tissues. Disturbance-induced
changes in stand structure can have lasting impacts on the site's carbon
balance, as can shifts in species composition including possible acceler-
ated successionwith advanced regeneration, or evenwholesale changes
in forest type. Such shifts can have direct effects on physiological rates of
plant productivity and respiration, and may also alter carbon allocation
and biomass chemistry, againwith the potential to significantly alter the
carbon balance for decades and even longer.

Despite the complexity of these varied and interacting processes, the
temporal trajectory of net ecosystem productivity (NEP) following dis-
turbance undergoes a fairly consistent general pattern at the stand
level, involving an initial reduction in carbon uptake from the atmo-
sphere lasting years to decades, followed by a recovery of carbon sink
strength as forest productivity outweighs respiration during regrowth.
Where disturbance events are most severe, stand-level disturbance
emissions dominate over productivity resulting in an initial annual
source of carbon to the atmosphere until productivity overtakes respira-
tion with transition to a net sink. Though this transition to a net carbon
sink can occur fairly rapidly (i.e. b5 years) (Williams et al., 2014b), the
carbon loss from disturbance is compensated more gradually as on-
site carbon stocks often take many decades to recover to their pre-
disturbance levels. When disturbance results in land conversion from
forest to non-forest, a cumulative net carbon release remains as a lasting
condition.

3. Defining characteristics of carbon impacts of disturbance

Disturbance events are highly diverse, both in terms of their driving
processes and in terms of their material consequences. This motivates
the identification of a set of defining characteristics that can be used
to classify and organize event impacts based not only on the nature of
the disturbance event itself but also by the leading factors determining
ecosystem response. Here we identify five key characteristics that help
to distinguish carbon cycle impacts of varied disturbance events. The
first is disturbance type, meaning the immediate causal agent driving a
disturbance event, such as harvest, fire, bark beetle outbreak,
windthrow, defoliation by insects, fungal attack, etc. Disturbance type
partially determines which carbon transfers take place and their associ-
ated fate,with potential for combustion and release, removal off site and
release or storage in thewoodproducts processing chain, orwithin-eco-
system transfers from live to dead pools and internal processing. Type
also identifies if a disturbance is of natural or human origin, where
natural events includes fires that are not prescribed (i.e. wildfires,
notably some ofwhich are ignited by humans), windthrow, insect dam-
age, drought, and other agents that occur in the absence of human
action.

The second characteristic is disturbance duration, differentiating
events that are abrupt or punctuated in time such as a clearcut or fire
event from those that involve repeat exposure that gradually unfolds
over multiple years or even decades such as a multi-year bark beetle
outbreak or repeated, selective timber harvest. The third characteristic
is disturbance severity, representing the intensity of disturbance im-
pacts, principally the mortality of foliar, stem, and root biomass, and
whole individuals, but also the rate of consumption and transformation
of dead material (e.g. fire consuming or charring CWD, litter, or soil or-
ganic matter). The fourth characteristic is disturbance sequence,
representing the temporal pattern of prior disturbances and their
type, duration, and severity. Sequence captures legacy effects that can
strongly influence ecosystem response to a current event, often
influencing the pre-disturbance conditions of live biomass, litter, CWD,
soil carbon, as well as stand structure and species composition.

The fifth characteristic we identify is post-disturbance regeneration,
which includes a wide range of ecosystem structural and compositional
attributes influencing the rate of carbon stock recovery post-distur-
bance. Regeneration dynamics include the nature of regrowth, be it
from seed, resprouting, or the competitive release and rebounding of
surviving individuals. It also includes aspects of vegetation demo-
graphics and structure, such as the frequency of seedling, sapling, and
maturing individuals. Regeneration also encompasses changes in spe-
cies composition and successional dynamics that ensue, which can de-
pend on disturbance severity and sequence in important ways (e.g.
Barrett et al., 2011; Johnstone et al., 2010). In some cases, regeneration
involves post-disturbance management activities such as planting, fer-
tilizing, or weeding. There is also the possibility of no forest regenera-
tion because of land conversion such as with cutting for permanent
settlement or agriculture, habitat degradation, or a shift in edaphic or
climate conditions that do not favor forest reestablishment.

The five characteristics outlined above (type, duration, severity, se-
quence, and regeneration) are not meant to represent all determinants
of the carbon cycle response to forest disturbance. Indeed, a number
of additional factors need to be considered including edaphic factors
such as site fertility and topographic setting, biotic factors such as the
species composition of the forest exposed to disturbance and the poten-
tial biota available for regeneration, as well as the general climate set-
ting and specific weather post-disturbance. While all of these need to
be considered for a complete assessment of carbon balance impacts,
we sought to highlight those that are most immediately related to the
disturbance process itself.

We also note that the five characteristics overlap with other
terms in common use. For example, disturbance frequency is com-
monly used to refer to the characteristic return time for an event
type. This term was avoided here because it overlaps with our use
of sequence and also because it is a statistical quantity, is ambiguous
about disturbance type, and is too generic for representing the spe-
cific history of a particular stand. Nonetheless frequency can be valu-
able for characterizing disturbance rates, either generically
(uninformed of type) or for a specific type (e.g. just harvest or just
fire), especially useful at landscape or larger scales. We also avoided
the term disturbance synergy, or coincident factors that mediate an
ecosystem's response to a disturbance event of a particular type, du-
ration, and severity, because this concept overlaps significantly with
the way we characterized the other terms.
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4. Carbon impacts of US forest disturbances by type

4.1. Harvest

Harvesting is arguably the most important disturbance process af-
fecting forest C dynamics in the US, disturbing about 1.4% of US forest-
land each year (Masek et al., 2011), or 4.4 million hectares annually
according to forest resources assessment (Smith et al., 2009). More
than half of this (61%) involves partial cutting methods (Smith et al.,
2009), with 1.72 million hectares of clearcutting and 2.66 million hect-
ares of partial cutting each year, however we note that the intensity of
partial treatments remains unclear and can include harvesting that
leaves few residual trees.

The percentage of forest area harvested varies widely from region to
region, estimated at only 0.6% per year in the Northern and Rocky
Mountain South regions, 0.7 to 0.9% per year in the Pacific Southwest
and Rocky Mountain North regions, and reaching 1.6 to 1.8% per year
in the Southern regions (Figs. 1, 2, Table 1). These figures are derived
from our cursory attribution of the North American Forest Dynamics
(NAFD) data product (Goward et al., 2015) which involves Landsat
based mapping of moderate to high severity disturbances at a nation-
al-scale with the vegetation change tracker (VCT) algorithm of Huang
et al. (2010b). We estimate harvest rates by excluding disturbed areas
that are coincident with other major disturbances, principally fire and
beetle outbreaks. This attribution is likely to over-attribute VCT distur-
bances to beetle impacts but under-attributes VCT events to windthrow
with a likely aggregate effect of underestimating harvest rates based on
our use of the NAFD product. Results are consistent with a similar but
more detailed disturbance attribution effort by Schleeweis et al.
(2013). Nonetheless, the wall-to-wall, nationwide data product offers
a major leap forward so we include it here.

Using the most recent USFS forest resources assessment report
(USFS FRA) (Smith et al., 2009) as a point of reference, we find that
the harvest rates we derived from the NAFD VCT, namely those
Fig. 1.Major disturbance typesmapped at a 30m resolution across the conterminous United Sta
2014, and 1997–2014, respectively.
remaining after attributing events to fire or beetles, generally lie be-
tween USFS rates for total harvest and clearcut-only disturbances. This
is consistent with the expectation that the NAFD VCT algorithm detects
clearcuts as well as some moderate to high intensity partial distur-
bances (Thomas et al., 2011). This pattern is true except for in the NE
and PSW regions where the harvest rate we derive from NAFD VCT is
lower than the clearcut rate reported by theUSFS FRA (Table 1). Nation-
wide, harvesting is estimated to affect 1.04% of forestland per year ac-
cording to our interpretation of the NAFD product, and 1.7% per year
according to the USFS statistics, again noting that our simple attribution
may under-estimate harvest events and that the NAFD product omits
low and some moderate intensity events.

Forests regrow after cutting in nearly all cases taking place today in
the US, with countrywide deforestation at about 0.12% per year (or
355,000 ha y−1) mostly related to housing and urban developments
(Masek et al., 2011, based on the National Resources Inventory). Fur-
thermore, deforestation is more than offset by forest gain from refores-
tation and afforestation, yielding a small net gain of forest area at about
0.21% per year, or 430,000 ha y−1 (EPA, 2011; Smith et al., 2009). How-
ever, this nationwide assessment of net changes in forest area masks
important region-specific patterns, with the North and RockyMountain
regions seeing net gains in forested area over the past couple of decades
and the Pacific Coast and South regions seeing net losses (Smith et al.,
2009). It is also worth keeping in mind that US forestland today
amounts to about 72% of the area that was forested in 1630, with net
conversion of roughly 120 million hectares to other uses, mainly agri-
cultural, concentrated during the period of 1850 to 1910 (Smith et al.,
2009).

A number of direct and indirect effects need to be considered to fully
account for the forest carbon impacts of harvesting. Direct effects pri-
marily involve the direct removal of C from the system for storage or
emission in the product's sector, as well as the transfer of live C to
dead pools such as coarse and fine woody debris (slash) both above
and below ground with gradual decomposition and emission. Indirect
tes based onNAFD,MTBS, and ADS datasets, the records forwhich span 1984–2010, 1984–

Image of Fig. 1


Fig. 2. Disturbances by type for select regions (see Fig. 1) across the conterminous United States based on NAFD, MTBS, and ADS datasets.

Table 1
Mean annual area disturbed and disturbance frequency for fire (F), beetle (B), and harvest (H) disturbance types and their combined sequences when separated by more than 3 years of
each other (e.g. harvest then fire or fire then harvest, =H + F), along with total forestland for the conterminous US (excluding Alaska and Hawaii).
Data sources: MTBS is from Eidenshink et al. (2007), aerial detection survey (ADS) is from the USDA Forest Service, Forest Health Protection and its partners, NAFD is from Goward et al.
(2012) and Huang et al. (2010b), and USFS is from Smith et al. (2009).

Type Fire Beetles Harvest Harvest Clearcut Partial H + F H + B F + B Forestlanda

Source MTBS ADS N-M-Ab USFS USFS USFS N&Mb N&Ab M&Ab NAFD

Years 84–14 97–14 86–10 01–05 01–05 01–05 86–10 97–10 97–14 86–10

NE ha y−1 9,330 2,874 212,751 731,507 228,428 490,878 1,401 322 11 3,869,8159
% y−1 0.02% 0.01% 0.55% 2.26% 0.70% 1.51% 0.00% 0.00% 0.00%

NLS ha y−1 5,524 6,180 138,973 722 605 26 24,265,936
% y−1 0.02% 0.03% 0.57% 0.00% 0.00% 0.00%

NPS ha y−1 7,007 10,657 105,951 1,202 2,823 1,195 17,748,406
% y−1 0.04% 0.06% 0.60% 0.01% 0.02% 0.01%

NC ha y−1 12,531 16,837 244,924 589,942 144,786 445,156 1,924 3,428 1,220 42,014,341
% y−1 0.03% 0.04% 0.58% 1.74% 0.43% 1.31% 0.00% 0.01% 0.00%

SE ha y−1 38,425 1,313 653,365 932,232 385,801 546,431 14,682 212 216 36,232,919
% y−1 0.11% 0.00% 1.80% 2.68% 1.11% 1.57% 0.04% 0.00% 0.00%

SC ha y−1 44,105 1,708 924,964 1,574,344 717,178 857,167 11,114 229 215 56,489,274
% y−1 0.08% 0.00% 1.64% 3.30% 1.50% 1.80% 0.02% 0.00% 0.00%

RMN ha y−1 74,368 259,566 125,130 11,655 35,862 19,797 16,082,478
% y−1 0.46% 1.61% 0.78% 0.07% 0.22% 0.12%

RMS ha y−1 106,510 282,128 166,930 16,106 25,307 25,372 30,810,910
% y−1 0.35% 0.92% 0.54% 0.05% 0.08% 0.08%

RM ha y−1 180,878 541,694 292,060 219,551 84,585 134,965 27,761 61,169 45,169 46,893,389
% y−1 0.39% 1.16% 0.62% 0.83% 0.32% 0.51% 0.06% 0.13% 0.10%

PSW ha y−1 72,664 119,109 94,249 108,782 55,718 53,065 10,420 17,547 16,692 13,202,447
% y−1 0.55% 0.90% 0.71% 1.32% 0.68% 0.64% 0.08% 0.13% 0.13%

PNW ha y−1 43,187 157,508 217,235 222,371 97,488 124,883 6,511 28,544 14,561 20,582,695
% y−1 0.21% 0.77% 1.06% 0.98% 0.43% 0.55% 0.03% 0.14% 0.07%

Total ha y−1 401,120 841,042 2,639,548 3,569,237 1,484,614 2,072,422 73,813 111,450 78,085 25,4113,224
% y−1 0.16% 0.33% 1.04% 1.73% 0.72% 1.00% 0.03% 0.04% 0.03%

NE: Northeast, NLS: Northern Lakes States, NPS: Northern Prairie States, NC: Northern Central (NLS + NPS), SE: Southeast, SC: South Central, RMN: Rocky Mountain North, RMS: Rocky
Mountain South, RM: Rocky Mountain (RMN + RMS), PSW: Pacific Southwest, PNW: Pacific Northwest.

a Forestland is reported in hectares and was used to calculate disturbance rates for our NAFD-attributed harvest, MTBS fire, and ADS beetle disturbance types.
b N-M-A harvest is based on disturbed areas that remain after our simplistic attribution of NAFD disturbances to fire or beetles, N&M refers to sequences of NAFD harvest andMTBS fire,

N&A refers to sequences of NAFD harvest and ADS beetles, andM&A refers to sequences of MTBS fire and ADS beetles, each for events in the same location separated by at least 3 years in
either order.
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Table 3
Total dry live aboveground biomass (AGB, in Tg C), growing stock biomass (GSB, in Tg C),
annual biomass removal (Tg C y−1), net growth of growing stock per year (Tg C y−1), nat-
ural mortality per year (Tg C y−1) in 2007 by region, based on Smith et al. (2009) and as-
suming average softwood andhardwood specific gravities of 0.41 and 0.45 tons of biomass
per cubic meter and a carbon density of 0.5 g C g−1 dry biomass.

Total AGB Growing stock B Removals Net growth Mortality

NE 3703 778 7 18 5
NC 3063 627 9 19 6
SE 3397 703 23 33 7
SC 4471 903 29 39 9
RMN 1446 393 2 6 4
RMS 1145 310 0 3 3
PSW 1253 361 2 8 2
PNW 2832 843 10 18 5
Total 21,310 4920 84 145 41
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effects include a legacy decomposition of disturbance-killed material as
well as carbon stock accumulation with forest regeneration and recov-
ery. Additional indirect effects can include soil degradation via nutrient
removal, soil compaction, etc. aswell as impacts of variousmanagement
activities such as replanting, weeding, thinning and species selection all
affecting post-disturbance regeneration. The fate of harvest removals
must also be assessed as discussed below.

Annual harvest removals are a major component of the US forest
carbon balance, similar in magnitude to annual forest regrowth (EPA,
2011; Williams et al., 2012b). Wood removals amounted to 440million
cubic meters in 2006 (Smith et al., 2009), translating to about
127 Tg C y−1 (EPA, 2011) and contributing substantially to global re-
movals estimated at about 1300 Tg C y−1 (Hurtt et al., 2011). US harvest
removals were even greater throughout the nineteenth and twentieth
centuries, peaking in 1900 at about 800 Tg C y−1 (Birdsey et al.,
2006). Annual domestic harvest has reportedly declined in recent de-
cades, at about 143, 134, and 95 Tg C y−1 in 1990, 2000, and 2009, re-
spectively (EPA, 2011), but rose to 103 Tg C y−1 by 2013 according to
the latest report (EPA, 2015). The latest forest resources assessment in-
dicates that growing stock volumes are rising, with growth exceeding
removals plus natural mortality across all forested regions and both
softwoods and hardwoods (Table 2). Translating volume statistics to
carbon in biomass (Table 3) shows a net growth in growing stock of
about 145 TgC y−1 after growing stock removals of 84 TgC y−1 and nat-
ural mortality of 41 Tg C y−1.

While only a portion of the harvested stock is promptly emitted to
the atmosphere, both contemporary and historical use of wood prod-
ucts leads to annual emissions from the products pool (~100 Tg C y−1

in the 2000s) that are just less than annual inputs from new harvest
(~130 Tg C y−1 in the 2000s). The balance yields a transient storage of
wood products that amounted to about 30 Tg C y−1 in the 2000s, having
fallen to 20 Tg C y−1 by 2013 (EPA, 2015). Annual carbon release from
wood products of domestic origin has decreased over the last decade,
with 106, 102, and 81 Tg C y−1 in 1990, 2000, and 2010 respectively,
but rose to 88 Tg C y−1 by 2013 (EPA, 2015). Meanwhile, the net annual
change in carbon stocks in harvested wood products in use plus that in
solid waste disposal sites has decreased from 36 Tg C y−1 in 1990 to
19 Tg C y−1 in 2013, indicating that both pools have shown a continued
but declining rate of increase over the past two decades (EPA, 2015).

It is important to keep in mind that harvesting and wood products
storage cannot itself create a direct sink for atmospheric carbon.Howev-
er if harvested carbon resides in wood products stores for longer than
the time it takes for forest regrowth to recover the carbon removed by
harvesting, the net effect of the management activity on atmospheric
carbon will appear as sequestration. This highlights the importance of
Table 2
Growing stock net volumea (km3), annual volume removalb (km3 y−1), net growthc per year (
removals ratio (G:R) for US timberlands in 2006 by region.
Based on Smith et al. (2009).

Softwoods

Net volume Removals Net growth Mortality % Removed G:R

NE 0.970 0.010 0.024 0.008 1.0% 2.4
NC 0.612 0.009 0.018 0.007 1.5% 2.0
SE 1.606 0.084 0.110 0.017 5.2% 1.3
SC 1.749 0.095 0.106 0.021 5.4% 1.1
RMN 2.076 0.013 0.030 0.022 0.6% 2.4
RMS 1.412 0.001 0.014 0.013 0.1% 9.2
PSW 1.555 0.013 0.039 0.008 0.8% 2.9
PNW 4.134 0.051 0.086 0.024 1.2% 1.7
Total 14.114 0.277 0.427 0.121

a Growing stock refers to aboveground portions of live trees of commercial species meeting s
stumps of growing stock trees, and net volume is the gross aboveground volume less deduction
minimum 4.0-in. top diameter outside bark, or to the point where the central stem breaks into

b Removal refers to thenet volumeof growing stock trees removedas timber products harvest
not utilized, and other removals such as pre-commercial thinning and land-use conversion, bu

c Net growth is defined as the average annual growth in growing stock tree volumeminus the
insects and disease, suppression by overstory trees, advanced tree age, wildfire, and severe we
full life cycle analysis to fully account for the balance of carbon emis-
sions to the atmosphere and removals from the atmosphere by process-
es active in the aggregate forest sector (EPA, 2011; Law and Harmon,
2011).

4.2. Fire

Fire is one of the dominant natural disturbance types affecting both
forest and non-forest alike. It plays a major role in global biogeochemi-
cal cycles and atmospheric composition, and profoundly influences eco-
logical and biophysical attributes of the land surface all with significant
impacts on the climate system.

Fire burned between 1.4 and 2.7 Mha annually across the contermi-
nous US during 1997 to 2008, with wildfire comprising about 70% and
prescribed burns about 30% (Kasischke et al., 2011). Approximately
half of the total burned area in the lower 48 states occurs in forestlands
(EPA, 2015). TheMonitoring Trends in Burn Severity (MTBS) dataset in-
dicatesmean annual burning of about 0.40million ha y−1 in forestlands
from 1984 to 2014 (Table 1), with a notable increase in area burned
since the 1990s. This is consistent with higher burning rates over the
more recent 14 year period of 1999 to 2012 reported in the LANDFIRE
database (LANDFIRE, 2008), more than double (0.87 million ha y−1)
the MTBS '84 to '14 average, and affecting a total of 12 Mha of forest.

Wildfire frequency and burned area have increased dramatically in
recent decades (Kasischke et al., 2011;Westerling et al., 2006). National
burned area statistics reported by the National Interagency Fire Center
indicate that mean annual burned area bywildland fires across the con-
terminous US trended upwards over the last five decades with 1.53,
1.29, 1.23, 1.93, and 2.77 million ha y−1 for 1965–1974, 1975–1984,
km3 y−1), natural mortality per year (km3 y−1), percent removed per year, and growth to

Hardwoods

Net volume Removals Net growth Mortality % Removed G:R

2.926 0.023 0.068 0.018 0.8% 3.0
2.515 0.038 0.076 0.024 1.5% 2.0
1.983 0.038 0.063 0.016 1.9% 1.7
2.832 0.058 0.096 0.026 2.0% 1.7
0.036 0.000 0.001 0.000 0.0% N100
0.235 0.000 0.003 0.002 0.1% 20.0
0.354 0.000 0.005 0.002 0.0% 59.2
0.365 0.003 0.009 0.003 0.9% 2.5

11.245 0.160 0.321 0.092

pecified standards of quality or vigor excluding rough, rotten, or dead trees and tops and
s for rot, roughness, and poor form, computed for the central stem from a 1-ft stump to a
limbs.
ed for processing bymills, logging residue including growing stock volume cut or killed but
t excluding non-growing stock volume.
volume lost throughmortality, wheremortality here includes only natural causes such as
ather events and does not include removals.
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1985–1994, 1995–2004, and 2005–2014, respectively. Similarly, the
MTBS database indicates that western US forests have experienced a
2.5 fold increase in burned area from1984–1995 to 1996–2008, burning
an average of 154,000 ha y−1 and 381,000 ha y−1, respectively
(Eidenshink et al., 2007; Ghimire et al., 2012). Kasischke et al. (2011)
noted that this appears to be a continued trend since the 1960s. The re-
cent increase in the extent of western US forest fires is partly attributed
to warmer and drier conditions and earlier spring snowmelt
(Westerling et al., 2006). But in some regions it is also thought to result
from historical land use which produced a temporally focused pulse of
forest regeneration following logging in the late 19th century and dur-
ing a relatively fire-free period combined with decades of fire suppres-
sion efforts that have together led to denser forests with greater fire risk
(Westerling et al., 2006). Contemporary insect infestations may alter
fire regimes, though exactly to what degree remains unclear
(Carswell, 2014; Jenkins et al., 2008; Simard et al., 2011), and spatial
overlays of recent events do not suggest a strong interaction at land-
scape scales (Hart et al., 2015) (Figs. 1, 2, Table 1). Meanwhile, eastern
US forests have seen a long-term decrease in burning since the 1960s.
About one quarter of all western forest wildfire was classed as high se-
verity and potentially stand replacing (Ghimire et al., 2012), compared
to only 10% for the eastern US (Smith et al., 2009).

Fires cause carbon emissions through both the direct release to the
atmosphere from combustion, but also from tree mortality and the
transfer of C from live to dead pools where decomposition gradually re-
leases disturbance killed material. Fires also initiate a process of regen-
eration whose character and rate can be highly variable with
implications for the rate of carbon stock accumulation. All of these pro-
cesses are sensitive to burn severity (e.g. Ghimire et al., 2012), with
higher severity fires combusting more material and killing more trees.
Higher severity burning can also delay NPP recovery, delay the recruit-
ment of new woody vegetation if top soils are eroded or seed banks
are scorched, or alter species composition. In only rare cases is this full
suite of dynamics well described for an individual fire event or burn
complex, and it is certainly lacking for landscape or continental scale
analyses, necessitating broad generalizations and simplifications for
large area assessments. Nonetheless, a number of studies have sought
to estimate one or more of the relevant fluxes.

Most studies report the total direct plus indirect emissions associat-
ed with fires though some focus on combustion emissions alone. Esti-
mates of total emissions for the CONUS states in the 2000s vary
widely (Table 4, Fig. 3) averaging 37 Tg C y−1 and ranging from 9 to
80 Tg C y−1. Part of the spread in estimates is due to interannual vari-
ability and trends in burned area, but methodological differences still
likely dominate (Kasischke et al., 2011). In its greenhouse gas reporting,
the EPA estimates direct combustion emissions from wildfire in the
lower 48 states ranging from 8 to 68 Tg C y−1 for 1990 to 2013 and av-
eraging 36 Tg C y−1 over the latest decade on record (2004 to 2013)
(EPA, 2015). Prescribed fires add another 4 Tg C y−1 and wildfires in
Alaska are reported to contribute a negligible amount
(b0.01 Tg C y−1) (EPA, 2015) though AK fire emissions may be biased
low because of incomplete accounting. Canada and the lower 48 states
of the US contributed roughly equal parts to North America's total emis-
sions (50 to 80 Tg C y−1) in the late 1990s to early 2000s, with a much
smaller contribution from Mexico (Kasischke et al., 2011) (Table 4).

One study that reported direct and indirect emissions separately for
the western US found that direct combustion emissions amounted to
about 40% of the indirect legacy emissions associated with the decom-
position of fire-killed biomass (Ghimire et al., 2012). It also estimated
the rate of post-fire carbon stock recovery with forest regrowth,
reporting that the window of time required to balance contemporary
mortality related and direct emissions were on average 50 years and
20 years, respectively. Another study, focusing on Yellowstone National
Park, found that 90% of C lost from wildfires (both direct emissions and
decomposition of killed biomass) was recoveredwithin 100 years, a pe-
riod shorter than thehistorically typical fire regimewith a 150–300 year
frequency (Kashian et al., 2013). This indicates that if wildfires were a
steady state disturbance process active across the Yellowstone land-
scape, the long term net effect of emissions would be zero even if any
given decade or era exhibited a large net source or sink of carbon, a no-
tion that applies to other such disturbance agents as well.
4.3. Insects and diseases

Insects and pathogens affect a vast area of forests across North
America every year affecting as many as 20 Mha of conterminous US
forestland annually (Krist et al., 2007), or as much as 40 times the
area of wildfire (Dale et al., 2001). They are estimated to place 6% of for-
est at risk of losing 25% ormore of standing live basal area over the next
15 years (Krist et al., 2007), costing an average of $1.5 billion annually in
the US alone partly due to lost merchantable wood volume (Dale et al.,
2001). Applying this rate (6% × 25% / 15 years) to the total live above-
ground biomass of US forests (21 Pg C, Table 3) as a first approximation
of the carbon implications, we estimate that as much as 21 Tg C y−1 of
live aboveground biomass could be transferred to litter and woody de-
bris pools annually by insect damage. Much of this damage occurs at a
small, local scale that is diffusely distributed across forestlands. Howev-
er damage can be far reaching, and is causing large-scale transforma-
tions of forest ecosystems and the services they provide.

The carbon cycle impacts of insect attacks depend strongly on insect
type but can be broadly classified into direct tree killing, growth reduc-
ing, or defoliating effects (Hicke et al., 2012). The largest impacts result
from insects that kill trees such as the widely reported outbreak of bark
beetles in western North America. Bark beetles feed in the phloem of a
tree causing direct damage as well as introducing fungi, both of which
render transport tissues ineffective and can kill the tree. Bark beetle in-
festations in the western US are estimated to have affected 15 Mha of
forestland from 1997 to 2014 (Tables 1, 4) and another 15 Mha in the
south since 1980, collectively putting the greatest amount of basal
area at risk among all insect damage (Hicke et al., 2012). Western
bark beetles have killed 10 to 20 Tg C y−1 of live biomass (Ghimire et
al., 2015; Hicke et al., 2013), and caused an associated reduction in
NEP estimated to be about 3 Tg C y−1 from 2000 to 2009 rising to
about 8 Tg C y−1 by the end of that interval (Ghimire et al., 2015),
though some of this reduction could be compensated by a rapid growth
release of surviving individuals. Canada has seen its own major infesta-
tions of bark beetles affecting 12 Mha in the 2000s, killing about
20 Tg C y−1 of live biomass in recent decades, estimated to result in a
mean annual NEP reduction of 13.5 Tg C y−1 from 2000 to 2020 (Kurz
et al., 2008).

HemlockWooly Adelgid (HWA) is another tree killer, feeding on the
fluids in hemlock leaves, and killing branches and ultimately whole
trees. HWA is causing wholesale mortality of hemlock across eastern
US forests. Investigations into the C consequences of HWA infestation
of Tusga canadensis in the eastern US have shown mortality emissions
to be compensated by recovery (Orwig et al., 2013; Raymer et al.,
2013). Raymer et al. (2013) found that in both experimental girdling
simulation of HWA and a long term infested hemlock stand at Harvard
Forest resulted in a shift in the ecosystem structure, but no significant
loss in ecosystem C. There was, however, a large transfer of C from
aboveground biomass (AGB) to CWD, especially standing dead wood.
C loss from CWD decomposition was also compensated by released
hardwood growth (transfer of C between age/size class), especially
Betula nigra. A comparison of amature B. nigra standwith a mature sec-
ondary T. canadensis stand found no significant difference in stand-level
carbon content, indicating that long term C trajectories for HWA
infested sites may show little effect from the species shift. These broad
dynamics were reinforced at a landscape scale with a modeling study
(Albani et al., 2010) reporting an 8% (11 Tg C y−1) decrease in net car-
bon uptake by US forests out to 2030 followed by 2040 to 2100 increase
of around 15 Tg C y−1 as the area recovers from hemlock loss.



Table 4
Carbon loss through forest disturbance events (Tg C yr−1).

Source Disturbance Effect type Method/model Flux Extent Period

Wiedinmyer and Neff (2007) Fire Total emissions MODIS fire & model 29.0 US48a 2002–2006
French et al. (2011) Fire Total emissions USFS inventories 133.0 US48 1900–1990
Kasischke et al. (2011) Fire Total emissions GFED3b 79.7 NAc 2001–2006
Kasischke et al. (2011) Fire Total emissions MCD45A1d 50.7 NA 2001–2006
Stinson et al. (2011) Fire Direct emissions Inventory & CMB-CFS3e 23.0 CANf 2002–2007
Stinson et al. (2011) Fire Killed not combusted Inventory & CMB-CFS3e 27.0 CAN 2002–2007
Zheng et al. (2011) Fire Total emissions MTBSp & Smith et al. (2006) 1.1 NOUSg 1992–2001
Zheng et al. (2011) Fire Total emissions MTBSp & Smith et al. (2006) 0.8 SOUSh 1992–2001
Zheng et al. (2011) Fire Total emissions MTBSp & Smith et al. (2006) 8.1 WUSi 1992–2001
Zheng et al. (2011) Fire Total emissions MTBSp & Smith et al. (2006) 9.9 US48 1992–2001
Ghimire et al. (2012) Fire NEP reduction CASAj 12.3 WUS 1984–2008
Ghimire et al. (2012) Fire Killed not combusted CASAj 10.5 WUS 1984–2008
Ghimire et al. (2012) Fire Direct emissions CASAj 4.0 WUS 1984–2008
Ghimire et al. (2012) Fire Total emissions WFEISk 7.0 WUS 2002–2006
Ghimire et al. (2012) Fire Total emissions CASAj 6.9 WUS 2002–2006
Ghimire et al. (2012) Fire Total emissions CASAj GFEDb 3.5 WUS 2002–2006
Williams et al. (2012b) Fire Total emissions CASAj 10.0 US48 2005
Williams et al. (2012b) Fire Total emissions CASAj 30.0 US48 2005
van der Werf et al. (2010) Fire Total emissions CASAj + MODIS 54.0 BONAl 1997–2009
van der Werf et al. (2010) Fire Total emissions CASAj + MODIS 9.0 TENAm 1997–2009
van der Werf et al. (2010) Fire Total emissions CASAj + MODIS 20.0 CEAMn 1997–2009
Zhang et al. (2012) Fire Total emissions InTECo 36.0 US48 1960–2010
Hicke et al. (2013) Fire Killed total MTBSp & Blackard et al. (2008) 5.4–10.5 WUS 1984–2010
Hicke et al. (2013) Fire Killed total MTBSp & Blackard et al. (2008) 7.2–14.1 WUS 1997–2010
Larkin et al. (2014) Fire Total emissions GFED3b 8.7 US48 2002–2011
Larkin et al. (2014) Fire Total emissions FINNq 24.0 US48 2002–2011
Larkin et al. (2014) Fire Total emissions NEI+r 60.5 US48 2007–2011
Larkin et al. (2014) Fire Total emissions EPA GHGs 38.1 US48
Vicente et al. (2014) Fire Total emissions Biomass maps + CONAFORt 2.5 MEXu

Source Disturbance Effect type Method/Model Flux Extent Period
Ghimire et al. (2015) Insect NEP reduction FIAv & USFS ADSw 2.5–3.7 WUS 2000–2009
Ghimire et al. (2015) Insect Killed FIAv & USFS ADSw 5–15 WUS 2000–2009
Kurz et al. (2008) Insect Killed CBM-CFS3e 22.7 CAN 2000–2006
Dymond et al. (2010) Insect NEP reduction CBM-CFS3e 2 ECANBOx 2012–2024
Hicke et al. (2013) Insect Killed ADSw & Blackard et al., 2008 2–24 WUS 1997–2010
Zeng et al. (2009) Cyclone Killed Mortality models 79 US48 1851–1900
Zeng et al. (2009) Cyclone Killed Mortality models 39 US48 1900–2000
Fisk et al. (2013) Cyclone Killed EDy 31 US48 1851–1900
Fisk et al. (2013) Cyclone Killed EDy 14 US48 1900–2000
Chambers et al. (2007) Cyclone Killed MODIS & FIAv 105 USGULFz 2005

a Contiguous 48 US states.
b Global Fire Emissions Database.
c North America.
d MODIS derived monthly burn product.
e Carbon Budget Model— Canadian Forest Sector.
f Canada.
g Northern US.
h Southern US.
i Western US.
j Carnegie Ames Stanford Approach.
k Wildfire Emissions Information System.
l Boreal North America, after Giglio et al., 2006.
m Temperature North America, after Giglio et al., 2006..
n Central America, after Giglio et al., 2006..
o Integrated Terrestrial Ecosystem.
p Monitoring Trends in Burn Survey.
q Fire Inventory NCAR.
r US EPA National Emissions Inventory extrapolated beyond published years.
s US EPA Greenhouse Gas estimates.
t Comisión Nacional Forestal burn extent maps.
u Mexico.
v US Forest Service Forest Inventory and Analysis database.
w US Forest Service Areal Detection Survey.
x Eastern Canadian boreal forest.
y Ecosystem Demography model.
z US states on the Gulf of Mexico.
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Wood borers and root feeders can also cause treemortality. Invasion
of Emerald Ash Borer (EAB) in the Great Lakes region of the US has re-
sulted in high mortality of Fraxinus species in affected stands, with
some observations finding 100% Fraxinus mortality over a decade
(Herms and McCullough, 2014). In the Great Lakes States where
Fraxinus are concentrated, about 160 Tg C in aboveground biomass are
vulnerable to EAB attack, which could introduce another large distur-
bance emissions legacy. Correspondingly, Pugh et al. (2011) analyzed
FIA data and found a large reduction in Fraxinus volume within 50 km
of the introduction epicenter, reducing from 13 to 3 m3 ha−1 between
the 2004 and 2009 inventories. However, compensatory growth by
other species moderates the effect on NPP to some degree. For example,



Fig. 3.Boxplots ofmultiple estimates for (a)mean annual disturbance-inducedfluxes over
the last three decades in the conterminous US, and (b) the change in carbon stocks, total
net ecosystem productivity (NEP) and NEP due only to disturbance and regrowth
processes (NEP regrowth). Black dots show values from individual studies, red pluses
indicate outliers, and blue triangles indicate process model estimates. Data for panel (a)
are reported in Tables 4 and 5, except for Insects* which is based on Krist et al. (2007)
as noted in the text. Data for the ΔC stocks and NEP are based on studies using the
stock-change method while NEP regrowth is based on studies using the age-
accumulation method (Table 5). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Flowers et al. (2013) studied tree growth rates in stands of theMidwest-
ern US and found that infestation caused a 32% reduction inNPP but that
this was partially offset by compensatory growth by Acer and Ulmus
species. Even if there is short term compensation for EAB C loss, this dis-
turbance driven shift in species distribution could have large longer
term consequences for NEP and forest C stocks.

Another class of insects directly feed on leaves causing defoliation,
and include forest tent caterpillars, spruce budworms, and gypsy
moths. Large-scale carbon impacts from defoliation by Gypsy Moth
Fig. 4. Schematic diagramdisplaying forest sector–atmosphere stocks and fluxes including
carbon stocks in the atmosphere, forests, and wood products, and carbon fluxes from net
ecosystem productivity stimulated by growth enhancements (NEPGE), NEP from
disturbance and regrowth processes (NEPDR), direct fire emissions, harvest removals,
and release of carbon from the wood products pool (FWP). NDR refers to the net flux
from disturbance and regrowth processes.
(Lymantria dispar L.) can also be significant, threatening 40 million m2

of basal area and affecting 5 Mha of forest in the northeastern US since
the 1980s (Hicke et al., 2012). Clark et al. (2010) found a 41% reduction
in NEP from Gypsy Moth defoliation of three upland mixed hardwood
stands in New Jersey, 2005–2007. Their investigation utilized both
ground based biometric estimates ofNPP, as well as eddy covariance es-
timates of NEP. Medvigy et al. (2012) simulated gypsy moth defoliation
at the Silas Little Experimental Forest in New Jersey for 200 years with a
range of defoliation intensities and periodicities. Despite a continued
net carbon uptake over the 200 year period, NPP exhibited a
7 g Cm−2 y−1 decline on average. Spruce budworm, another defoliator,
has affected 20Mha of eastern US forests and 5Mha in thewest over re-
cent decades, and places about 9 million m2 of basal area at risk (Hicke
et al., 2012). Spruce budworm damage extends into Canada as well
where it is forecast to have the potential to transition eastern Canadian
forests from a sink to a source for atmospheric carbon (Dymond et al.,
2010).

Climate change is broadly expected to increase the frequency and
extent of insect infestations (Boyd et al., 2013). Rising temperatures
are accelerating the maturation and development of insect populations
and enabling greater insect survival over winter, enabling range expan-
sion and stressing host trees (e.g. Bentz et al., 2010). Insects may out-
pace host tree responses to the changing climate because of their
faster reproductive rates facilitating faster responses to natural selection
pressures. Insect disturbances could also influence the rate of species
distribution shifts in response to climate change by exacerbating phys-
iological stresses experienced by host species at themargins of their dis-
tribution and accelerating ensuing forest compositional transitions
(Bentz et al., 2010). Exactly how these factors will unfold in the future
remains unclear but it is logical to expect a general decrease in live for-
est carbon stocks in response to continued infestations over at least the
next several decades.

4.4. Windthrow

Windthrow is a common tree mortality mechanism regularly open-
ing tree-scale gaps in forests and in extreme cases causing blowdowns
of whole stands from microbursts, tornadoes, cyclones or hurricanes
(Boose et al., 2001; McNulty, 2002). Damage can be extensive, with
wind events estimated to be one of the leading natural disturbances af-
fecting forests of eastern North America (Boose et al., 1994; Boose et al.,
2001). Dead trees and downed leaves and branches slowly decompose
in the wake of such storms with the post-disturbance environment
commonly being composed of surviving canopy trees, resprouts, under-
story saplings, and seedlings, all of whichmay experience a competitive
release and accelerated growth in its aftermath.

There are relatively few studies providing large-scale estimates of
wind damage and mortality, and those that are available tend to focus
on individual events such as a single hurricane. While small-scale mor-
tality of individual trees caused bywindthrow events undoubtedly has a
large aggregate effect when integrated to the country scale, such events
are often viewed as being embedded in the typical pathway of forest de-
velopment and succession, which may explain difficulty in finding esti-
mates of their associated carbon impacts. Therefore, we were forced to
focus on the carbon impacts of the larger-scale extreme disturbances
documented to date.

Hurricanes are estimated to impact asmuch as 1.2Mha of forestland
in the US each year, or as much as 3 times as much as wildfires (Dale et
al., 2001). Cyclone inducedmortality involves a carbon transfer from liv-
ing to dead pools, mostly in the form of CWD, much of which becomes a
committed emission to the atmosphere as decomposition ensues. As
such, the carbon impacts are already implicit in stock changesmeasured
in extensive field inventories, thoughwe note that even themost exten-
sive field inventories still sample only a tiny fraction of all forestlands
and are thus susceptible to biased omission of windthrow disturbance
hotspots. These events also induce a corresponding forest regrowth

Image of Fig. 3
Image of Fig. 4
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legacy, with the annual net carbon flux responding to the balance of re-
growth uptake and disturbance emissions both locally for any given
event and also at larger scales in response to a long history of wind-
throw events.

Tree mortality from individual hurricane events in the US can
amount to a sizeable fraction of the nation's average annual forest car-
bon uptake. For example, hurricanes Fran and Hugo are each estimated
to have transferred 20 Tg C from live to dead pools based on aerial and
ground surveys (McNulty, 2002). Using an advanced scaling from field
plots to satellite remote sensing data of moderate resolution,
Chambers et al. (2007) estimated that hurricane Katrina transferred
about 105 TgC from live to dead forest carbonpools. Such event-specific
activity has been extended to longer-term, continuous estimation in
several modeling studies (Fisk et al., 2013; Zeng et al., 2009) finding av-
erage annual biomass kill from these events to be of similar magnitude
to total emissions from wildfire (Table 4, Fig. 3) but with very large in-
terannual variability ranging from 0 to as much as 200 Tg C in any
given year. However the net effect on carbon sequestration is close to
neutral at large scales because disturbance emissions are largely offset
by the regrowth legacy stimulated by past events. Both studies report
wide variation in annual mortality from windthrow, with a relatively
modest effect on annual net ecosystem carbon exchangewhich exhibits
muted interannual variability because of lagged, gradual decomposition
as well as landscape level compensation by large areas with regrowth
sinks that were stimulated by prior events. This results in swings be-
tweenmodest C sources andmodest sinks, for example, a net carbon se-
questration of 1.5–6.5 Tg C y−1 between 1970 and 1995, but a net
carbon release of 1.3–2.6 Tg C y−1 during 1995 to 2000whichhad great-
er storm frequency (Fisk et al., 2013).

4.5. Drought

Drought represents a deviation from the classical view of distur-
bance as a temporally discrete event (White and Pickett, 1985), with
its impacts often unfolding as the drought event ensues. It is both a
modulator of other disturbances and a direct cause of tree mortality
with significance for global forest C stocks and feedbacks to climate
change (Adams et al., 2009; Allen et al., 2010; Anderegg et al., 2013a;
McDowell, 2011; Silva et al., 2010). As a modulator, drought can signif-
icantly alter the likelihood and severity of other disturbance types, for
example by stressing trees and causing them to succumb to insect infes-
tation, or by creatingweather conditions that aremore conducive to se-
vere fires. Drought can also be an independent disturbance event of its
own, causing pulses of tree mortality during severe and/or lasting dry
periods (e.g. Anderegg et al., 2013b; Doughty et al., 2015; Nepstad et
al., 2007).

In North America, forest mortality from drought has been reported
for Canadian boreal forests (Ma et al., 2012; Peng et al., 2011), a range
of aspen forests (Anderegg et al., 2013b; Hanna and Kulakowski,
2012; Hogg et al., 2008; Michaelian et al., 2011) and in the US West
(van Mantgem et al., 2009). The exact mechanisms of drought-induced
mortality remain somewhat elusive, involving a variable combination of
carbon starvation and hydraulic failure depending on the nature of
drought events and plant physiological adaptations (McDowell, 2011).
Drought also reduces ecosystem carbon uptake by causing larger de-
clines in productivity than respiration (Schwalm et al., 2010). A large-
area assessment of drought impacts on the contemporary carbon
balance of the US is lacking, though a number of studies illustrate the
potential for significant reductions in carbon uptake and even large
scale tree mortality events that leave a legacy of carbon release.

By investigating permanent sampling plots in the Canadian boreal
forest, Ma et al. (2012) estimated that droughts reduced the Canadian
forest C sink by 7.28 ± 3.3 Tg C y−1 from 1961 to 2003. With a combi-
nation of MODIS NPP/GPP and FLUXNET data, Schwalm et al. (2012) es-
timated 30–298 Tg C y−1 C sink reduction (baseline of 177–
623 Tg C y−1) in western North America during 2000–2004. The
European heat wave and drought of 2003 reportedly caused an anoma-
lous carbon source of 5000 Tg C in that year, cancelling four years of net
ecosystem carbon sequestration typical for the continent (Ciais et al.,
2005). Huang and Anderegg (2012) reported that drought induced sud-
den aspen decline in the Rocky Mountains of southwestern Colorado,
resulting in a loss of live aboveground biomass equaling about 3 Tg C
destined for gradual release to the atmosphere. A similar analysis for
Pinyon–Juniper woodlands suggested a roughly 5 Tg C loss of live
aboveground biomass due to multi-year drought combined with insect
and disease outbreaks (Huang et al., 2010a), and drying trends over the
next century have been predicted to threaten widespread loss of ever-
green needleleaf trees across the American West (McDowell et al.,
2016).

Alongwith precipitation deficits during droughts, humidity tends to
be lower than normal as well decreasing fuel moisture, increasing flam-
mability, and increasing the risk of severe fires. Such warmer and drier
air expected in the future with the changing climate is expected to
exert growing pressure on forests in the future. For example, Williams
et al. (2012a) developed a forest drought-stress index (FDSI) for the
western US based on 1000 years of tree-ring increment data that was
found to correlate well with warm season vapor pressure deficit and
cold season precipitation. When coupled with CMIP3 climate model
projections, the FDSI indicates megadrought conditions by 2050 ex-
ceeding the severity of any drought experienced in the last millennium.
The full carbon implications of such a transition are unclear,
representing not only a change in the frequency of extreme dry periods
but also a secular shift toward a drier climate. Thiswould have the likely
effect ofmovingwhole ecotones (e.g. Allen and Breshears, 1998) includ-
ing the replacement of high carbon density forests with landscapes that
have lower carbon stockswith the potential to release a large amount of
carbon to the atmosphere.

4.6. Integration for a US-wide forest carbon balance assessment

Multiple perspectives are needed to fully assess the carbon im-
pacts of disturbance processes and here we focus on two: changes
in live carbon stocks and the net flux between forests and the atmo-
sphere, or net ecosystem productivity (NEP). Starting with carbon
stocks, we find that harvesting causes the largest reduction in live
tree biomass annually (median = 125 Tg C y−1), followed by fire
and windthrow (37 and 35 Tg C y−1), with bark beetles
(15 Tg C y−1) having had the most modest impact across the con-
terminous US (Tables 4 and 5, Fig. 3). Additional mortality caused
by other insect types is less well documented but could easily be
as large as that for bark beetles which would put total insect dam-
age in the range of fire and windthrow disturbances as supported
by a cursory calculation based on Krist et al. (2007) as noted
above which suggested about 21 Tg C y−1 in losses of live biomass
from all insect damage. Loss of live carbon stocks from drought-in-
duced mortality remains unclear but its direct effect is unlikely to
amount to more than 10 Tg C y−1 and its largest effect may be as a
modulator of other disturbances by stressing trees and creating
fire weather.

Together these disturbance processes resulted in an average annual
gross reduction of live carbon stocks of about 210 Tg C per year over re-
cent decades. This equates to 1% of the total live aboveground biomass
in conterminous US forests (=21 Pg C from Table 3). Harvest alone ac-
counts for nearly 60% (=125/210) of the loss of live C stocks, somewhat
lower than the 66% estimated from forest service reporting of growing
stock volume (=84/128, Table 3), which notably suggests half as
much mortality from non-harvest agents (41 compared to
87 Tg C y−1). It is important to keep inmind that disturbance-killed bio-
mass can reside in ecosystems for years and even decades before ulti-
mate decomposition and release to the atmosphere. Thus, disturbance
emissions can be significantly lagged relative to the timing of mortality
events, creating a transient increase in dead and downed wood



Table 5
Literature estimates of annual forest carbon stock change and net ecosystem productivity (NEP) (Tg C yr−1), adapted from Williams et al. (2012b).

Source Approacha Mean NEPb Low High Harvest Fire ΔCstocks Period Extentc

Williams et al. (2012a) AA 141 116 166 153 −12 1986–2005 US48
Williams et al. (2014a)d AA 152 128 176 126 26 1986–2005 US48
Williams et al. (2012b) AA 164 136 192 107 10 47 2005 US48
Houghton (1999) AA 182 92 80 10 1980s US48
Turner et al. (1995) AA 203 124 79 1990 US48
Houghton (2003) AA 207 92 80 35 1990s US48
Hurtt et al. (2002) AA 372 282 442 92 50 230 1980s US48
Heath et al. (2011) ΔC stocks 259 39 191 2005 US48+
Heath et al. (2011) ΔC stocks 260 44 192 2008 US48+
Woodbury et al. (2007) ΔC stocks 270 256 293 132 30 108 2005 US48
EPA (2012) ΔC stocks 270 62 183 2012 US48
EPA (2008) ΔC stocks 335 132 30 173 2005 US48
Birdsey and Heath (1995) ΔC stocks 368 127 30 211 1992 US48
King et al. (2007) ΔC stocks 411 383 439 145 30 236 1980s US48
Pan et al. (2011) ΔC stocks 179 1990–1999 US48+
Pan et al. (2011) ΔC stocks 239 2000–2007 US48+
Pacala et al. (2001) Synthesis 392 312 472 92 80 220 1980s US48
Schimel et al. (2000) P (clim, CO2) 80 1980–1993 US48
Zhang et al. (2012) P (all procs) 287 45 36 206 1950–2000 US48
Zheng et al. (2011) P (all procs) 332 142 10 180 1992–2001 US48
Pan et al. (2011) ΔC stocks 26 1990–1999 CAN
Pan et al. (2011) ΔC stocks 10 2000–2007 CAN
Stinson et al. (2011) P 71 62 80 45 23 2 1990–2008 CAN
Pan et al. (2011) ΔC stocks 1040 1990–1999 global
Pan et al. (2011) ΔC stocks 1110 2000–2007 global
Lawrence et al. (2012) P 2830 2030 410 390 1850–2005 global

a Estimates are classified according to approach: age structure-C accumulation (AA), stock change (ΔC stocks), or process model (P) accounting for CO2 and climate effects only (clim,
CO2), or all processes (all procs). Low and High refer to 1 standard deviation about the mean estimate.

b NEP = ΔCstocks + Harvest + Fire where NEP is not reported.
c USA48 refers to the contiguous lower 48 US states; US48+ includes values from southern coastal Alaska (FIA); CAN refers to Canada.
d The first value represents estimates generated with age distributions partially informed by a NAFD Phase 2 Landsat product.
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following above average disturbance years, or when disturbance rates
trend upwards. Thus actual disturbance emissions over recent decades
could be substantially lower than the reported 210 Tg C per year loss
of live biomass.

Carbon stocks in US forests are increasing by about 190 Tg C per year
(Table 5, Fig. 3) indicating that gross forest growth more than offsets
disturbance andmortality losses. Stock increases in Canada are estimat-
ed to be much smaller at 10 to 30 Tg C per year (Table 5). The contem-
porary rise in US forest carbon stocks contributes substantially to the
global stock change in forests, accounting for about 17% of the global
total (1100 Tg C y−1) (Pan et al., 2011).

Measured stock changes can be used to infer net ecosystem produc-
tivity of about 300 Tg C per year, according to synthesis estimates (Fig.
3), by adding back in the portions known to have been lost to harvest
and fire (ΔC = NEP− H − F) (Fig. 4). If, simply to consider the magni-
tude of this carbon sink, we assumed that net carbon uptakewas spread
evenly over the roughly 260Mha of forestland in the conterminous US it
would implyNEP of about 115 g Cm−2 y−1, or 1.15Mg C ha−1 y−1. This
is well within the range of carbon uptake rates (NEP) reported from
eddy covariance sites in North American forestswith a stand age greater
than 20 years (Amiro et al., 2011), ranging 0 to 200 g C m−2 y−1 for
nearly all post-fire sites, and 0 to 800 g Cm−2 y−1 for all of the post-har-
vest sites.

There are a number of mechanisms that could contribute to the ob-
served net carbon uptake. First, there is awell-known age-structure leg-
acy in US forests,with stocks still recovering fromhistorical clearing and
ensuing afforestation, and also regrowing aftermore recent disturbance
events of all types (Caspersen et al., 2000; Hurtt et al., 2002). Climate
may have trended toward conditions that aremore favorable for carbon
storage, with a tendency towardwetter conditions across the latter half
of the 20th century (Schwalm et al., 2011). Enhanced growth from CO2

and nitrogen fertilizations, aswell asmanagement impacts are also like-
ly candidates for stimulating carbon sequestration in forests (Joos et al.,
2002). Slowing mortality rates would have the potential to create a net
carbon sequestration, but research indicates the reverse at least for the
Western US (van Mantgem et al., 2009).

Attempts to attribute the growth in forest carbon stocks to drivers
with direct empirical analysis of the FIA plot data have been inconclu-
sive because of data limitations and methodological challenges (Joos
et al., 2002). However, results from two process models (Zhang et al.,
2012; Zheng et al., 2011) that account for climate, CO2, age-structure,
and management factors suggest that disturbance and regrowth pro-
cesses account for about one-third to one-half of the NEP in US forests,
somewhat lower thanwhat is suggested by synthesis estimates (Fig. 3).

Additional insights about attribution can come from estimating the
aggregate effect of disturbance and regrowth processes on forest NEP
and comparing this to results from the stock-change method which in-
cludes effects of all processes (Fig. 4). The stock-change method relies
on sequential measurement of tree diameters and/or wood volume
from a large, distributed set of forest plots, converted into forest carbon
stocks with biomass expansion factors that scale up to regions, and fi-
nally estimating yearly net change by dividing total change by the num-
ber of years in the measurement interval. In contrast, the disturbance
and regrowth method, which we call “age-accumulation”, usually com-
bines estimates of forest stand age with age-specific carbon accumula-
tion rates derived either empirically from inventory measurements or
estimated with a process oriented dynamic growth model. With its
focus on stand age the method quantifies the leading effects of distur-
bance and regrowth processes. Because the method typically relies on
a chronosequence developed from plots with different stand ages to
characterize carbon stock accumulation with time since disturbance it
omits some of the contemporary influences of climate variability and
trends, trends in low to moderate severity disturbances that do not
reset stand age, and effects of CO2 and nitrogen fertilizations on forest
growth and forest carbon stocks. As we have noted in our prior work
(see Auxiliary Material, Part 4 in Williams et al., 2012a), responses to
these trends are embedded in chronosequence data in complex ways,
being largely implicit in the stocks reported for young aged stands but



77C.A. Williams et al. / Global and Planetary Change 143 (2016) 66–80
progressively excluded toward older stands. Even so, comparing results
of the stock-change and age-accumulation methods provides insights
into the likely magnitude of effects for these missing processes.

The net effect of disturbance and regrowth processes on net ecosys-
tem productivity in US forests is believed to be a sink for atmospheric
carbon of about 182 Tg C y−1 (Fig. 3). From their process model study,
Zhang et al. (2012) obtained a lower estimate of disturbance-induced
NEP but their upper estimate is still within the range reported here
(Fig. 3). The stock-change method reports a total NEP of 300 Tg C y−1,
which by comparison suggests an additional 118 Tg C y−1 from other
factors (=300–182 Tg C y−1), also somewhat greater than the sink
from non-disturbance drivers (50 Tg C y−1) reported in the model
study of Zhang et al. (2012). Put together, disturbance and regrowth
processes are thought to account for about 60% of forest NEP (=182 /
300 Tg C y−1) with the other 40% being due to other mechanisms,
again noting that these fractions are subject to the complications of
using chronosequence data for the age-accumulation method. By com-
parison, attribution of the NEP for European forests (175 g C m−2 y−1)
indicates 13% due to age structure, 26% to climate, and 61% to CO2 fertil-
ization (Bellassen et al., 2011).

Attributing the change in forest carbon stocks requires a different
computation than that used to attribute the drivers of NEP. To attribute
the change in carbon stocks, we combine the NEP due to forest distur-
bance and regrowth estimated from the age-accumulation method
(182 Tg C y−1) with the removals from harvest (125 Tg C y−1) and
losses from direct fire emissions (37 Tg C y−1) to obtain the net distur-
bance and regrowth flux (NDR) of 20 Tg C y−1 (=182 − 125 −
37 Tg C y−1). This NDR term reflects the aggregate effect of disturbance
and regrowth processes as they contribute to the change in forest stocks
(Fig. 4). It indicates that only about 11% (=20 / 190) of the forest stock
accumulation is due to the net effect of disturbance and regrowth, with
the remainder being due to other processes, presumably growth en-
hancements. This is true even though the NEP from net regrowth, or
NDR (~180 Tg C y−1), is of similar magnitude to the total change in for-
est carbon stocks (~190 Tg C y−1) because the total change in carbon
stocks also includes harvest and fire losses which are additional compo-
nents of the sum total of disturbance and regrowth effects. There is no
doubt that the net forest regrowth process plays a major role in offset-
ting disturbance losses and contributes significantly to annual net forest
productivity. Furthermore, regrowth indeed contributes to a trend to-
ward increased carbon stocks, however because regrowth is largely bal-
anced by disturbance induced losses of carbon, much of the carbon
stock increase is interpreted as being due to other factors.

We caution that these attribution exercises mix data from a number
of different sources and derived with a range of methods that can have
inconsistent assumptions. Even so, they provide insightful indications of
the degree to which disturbance versus climate and growth enhance-
ment factors may be driving the US forest carbon sink.

4.7. Future carbon balance outlook and management

Protecting forest carbon storage anduptake is central to national and
international polices aimed atmitigating climate change, offering one of
themost cost effectivemeans of curbing further rise of atmospheric CO2

(Canadell and Raupach, 2008). Correspondingly, national and interna-
tional policy aimed at mitigating climate change by managing net car-
bon fluxes into the atmosphere will likely involve rewards for
managing forest sinks and verification for treaty enforcement. Indeed,
many countries are looking to the forest sector to meet their Intended
Nationally-Determined Contributions (INDCs) to reduce greenhouse
gas emissions. Forest carbon management, policy, and valuation need
to be informed by full understanding of carbon sink/sourcemechanisms
and the potential for not only continued sequestration in forests but also
the permanence of forest carbon stores in the face of disturbances.Man-
agement must also consider risks of leakage whereby the protection of
carbon stores and uptake in one area may be offset by management
activities elsewhere. Furthermore, the full climate benefit and costs of
forestrymust consider how other biophysical properties of the land sur-
face influence the climate system, such as albedo and evaporation,
which can significantly alter the net climate effect of forests such as in
the snowy boreal zone where forest cutting can cause a net cooling
due to albedo effects (Bonan, 2008; Hungate and Hampton, 2012;
Jackson et al., 2008).

The future of the US forest carbon sink depends strongly on the
mechanisms that are driving it. For instance, as forests age, their ability
to accumulate carbon diminishes (Pregitzer and Euskirchen, 2004) and
so the effects of past disturbance history should decrease as forests re-
cover, presuming disturbance rates stabilize. This is true even in light
of recentwork showing that old growth forests can provide a larger car-
bon sink than was previously thought (Luyssaert et al., 2008). While
ecosystem models consistently predict a strong CO2 fertilization sink
in the world's forests over the coming century, the science is far from
settled making this prediction highly uncertain. Some indications sug-
gest it can be expected to slow as other limiting factors (e.g. nitrogen
or water) preclude its utilization, and that sinks stimulated by rising
CO2may be limited by physiological constraints such as size-dependent
mortality leading to shorter-tree lifetimes as tree growth accelerates.
Even if the CO2 sink persists with rising CO2, it will disappear rapidly
when CO2 ceases to rise with respiration releases catching up to stimu-
lated productivity. Considering other relevant sink mechanisms, efforts
to improve air quality over large regional scales could lead to a decrease
in nitrogen deposition and/or aerosol-enhancement of diffuse illumina-
tion, decreasing associated carbon sinks (Gruber and Galloway, 2008;
Mercado et al., 2009). Predictions of how these drivers will change
over the next several decades remain uncertain (Bellassen and
Luyssaert, 2014), necessitating continued research with manipulative
experiments to uncover mechanisms and sensitivities. Continued re-
search is also needed to improve attribution of the contemporary forest
sink in US forests, critical for forecasting its likely response to trends in
drivers into the future.

Management activities are believed to have the potential to sustain
and even increase carbon sequestration in US forests into the future,
possibly even doubling its current magnitude over the next century
(Birdsey et al., 2006; McKinley et al., 2011; Post et al., 2012). However,
the prevailing management activity, harvesting, generally reduces
land carbon stocks relative towhat theywould be in the absence of har-
vesting, even if carbon uptake tends to be higher in younger forests
(Harmon et al., 1990; Harmon and Marks, 2002; Schulze et al., 2000).
For example, carbon stores in forests plus the wood products pool com-
bined are often maximized in the absence of harvesting, and stores de-
crease with more intense and/or more frequent harvesting as well as
with lower structural retention of residual (unhaversted) large trees
(Nunery and Keeton, 2010). At the same time, trends in management
toward activities that promote faster and more resilient forest regener-
ation have been shown to accelerate carbon stock recovery following
harvest (e.g. Erb et al., 2013), enabling forest regrowth to offset the typ-
ical carbon losses of harvesting actions more rapidly. Birdsey et al.
(2006) note a number of potential opportunities for enhancing forest
sequestration in the US through management, including forest restora-
tion,management of nutrients, residues and regeneration, lower impact
harvesting, agroforestry, forest preservation, wood products manage-
ment, urban forestry, and biomass energy, though the apparent green-
house gas benefits of bioenergy are hotly contested (Schulze et al.,
2012). Birdsey et al. (2006) also mention afforestation but others be-
lieve it to have limited practical potential in the US (Ray et al., 2009). Fo-
cusing harvest removals toward long-lived wood products that can
substitute for more energy-intensive building materials, not only cre-
ates a transient but still lasting carbon sink if wood products last longer
than the time required for forest regeneration, but also has the impor-
tant effect of avoiding the release of fossil carbon which has a long at-
mospheric residence time (Bellassen and Luyssaert, 2014; Oliver et al.,
2014). Still, while many of these activities could play a role, the greatest
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potential for enhancing contemporary carbon sequestration would ap-
pear to come from reduced harvesting frequency and/or intensity.

The forest sink could be under threat if forest disturbance from fire,
insects, drought, andwindthrow continue to rise and as climate change
and other factors induce additional stresses that could reduce forest car-
bon stock potentials (Peterson et al., 2014; U.S. Department of
Agriculture, 2012). Such an increase in disturbance rates would have
the near-term effect of reducing forest carbon stocks and would call
into question the permanence of forest sinks as amechanism for climate
change mitigation (Canadell and Raupach, 2008; Le Page et al., 2013;
McKinley et al., 2011). These trends have led some to promote preemp-
tive treatments of forests with tree and/or fuel reductions that aim to
lower the risk of high-severity disturbances (e.g. Hurteau et al., 2008;
Hurteau and North, 2009; North et al., 2015). However, in at least
some cases, such treatments are found to be ineffective in the case of
western US wildfires (North and Hurteau, 2011), releasing as much or
more carbon as they protect given that carbon losses from fuel removal
exceed those avoided as combustion and also because the treatment
areamust bemuch larger than the area it ends up protecting fromburn-
ing for the treatment to be effective (Boer et al., 2015; Campbell et al.,
2011). Still others question the wisdom of preemptive and salvage log-
ging based on the recognition of the ecological benefits of diverse and
heterogeneous stands and landscapes resulting from natural distur-
bances, and because such treatments often adversely impact ecosystem
structure and function, including carbon storage, more than the natural
disturbances that they seek to avoid or mitigate (Foster and Orwig,
2006).

4.8. Challenges and opportunities

There are a number of challenges hampering a full accounting of the
carbon impacts of disturbances and forecasting the future of the carbon
sink in US forests. Chief among them is the fact that disturbances can
impose long lasting legacies, with gradual stock recovery and disposi-
tion of disturbance killed material. This requires a centuries-long time
horizon for assessing impacts during which time global environmental
changes continue to unfold. Another challenge is that the longevity of
standing dead and downedwood is poorly quantified. Similarly, records
of the origin and fate of harvestedwood products could be improved. All
of these are critical for assessing the full life-cycle impacts of various dis-
turbances. It is also difficult to judge what makes an appropriate base-
line scenario to be used as a reference characterization of the carbon
dynamics that would have ensued in the absence of a particular distur-
bance. This becomes especially challenging given uncertain disturbance
trends and disturbance interactions which affect both occurrence and
impact.

Disturbance interactions can be highly complex and further research
is required to understand the associate implications for carbon dynam-
ics. For example, Kulakowski et al. (2012) and Kulakowski and Jarvis
(2013) found that the effect of prior wildfire on tree and stand suscep-
tibility to bark beetle attack was dependent on the severity of both the
initial wildfire and the bark beetle outbreak. The converse, beetle out-
break contributing to wildfire, is also complex. While many expect in-
creased fire risk post beetle outbreaks, forests experiencing high
severity fire regimes tend to be insensitive to beetle outbreaks
(Simard et al., 2011), forests in drier settings experience decreased fire
susceptibility after beetle outbreaks (Donato et al., 2013), and a recent
review indicates that bark beetle outbreaks generally have little to no
effect on wildfire (Black et al., 2013). These and other interactions are
just starting to be appreciated, with the need for additional research
into carbon cycle implications.

Climate change and a long history of land management both affect
contemporary disturbance rates, disturbance intensities, and post-
disturbance regeneration pathways. This presents a major challenge to
assessments of likely future forest carbon dynamics. For example, the
large size and high severity of some recent fires in the western US
have the potential to lead to uncommonly slow forest regeneration, sig-
nificantly altered species composition, and even shifts in whole eco-
tones. Where such events are taking place today, these case studies
need to be closely monitored as a test of forestland resilience, as early
warnings of what future landscapes may come to look like, and as a
source of information for adaptive management responses.

Wall to wall, periodic monitoring of three-dimensional forest struc-
ture and biomass with remote sensing technologies, in combination
with intensive fieldmeasurement supplementedwith controlled exper-
iments, is arguably the most promising way forward for assessing how
all drivers are affecting forest carbon dynamics (Mascaro et al., 2014).
It is now possible to conduct extensive, repeat measurements with air-
craft and/or satellite platforms to measure and monitor changes in for-
est size structure and hence demographics, as well as aboveground
biomass, both of which are key indicators of the impacts of disturbances
and other global change factors.

Perhaps what ismost valuable are platforms, such as the Forest Veg-
etation Simulator (FVS, http://www.fs.fed.us/fmsc/fvs/) and i-Tree
(https://www.itreetools.org/), for studying the holistic impacts of dis-
turbance trends and management scenarios in the context of uncertain
global environmental changes to inform policy makers, land managers,
industry, and the general public. Such platforms can be designed to con-
sider a wide range of ecosystem values beyond simply carbon to assess
full climate forcing (i.e. albedo impacts), as well as biodiversity, habitat,
water quality and quantity, timber production, and other goods and ser-
vices, and at the same time designed to be flexible enough to handle un-
certainty in forest responses to the changing climate and interactive
trends in management and natural disturbance regimes.
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