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Assessing Interactions Among
Changing Climate, Management,
and Disturbance in Forests:

A Macrosystems Approach
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Forests are experiencing simultaneous changes in climate, disturbance regimes, and management, all of which affect ecosystem function. Climate
change is shifting ranges and altering forest productivity. Disturbance regimes are changing with the potential for novel interactions among
disturbance types. In some areas, forest management practices are intensifying, whereas in other areas, lower-impact ecological methods are
being used. Interactions among these changing factors are likely to alter ecosystem structure and function at regional to continental scales. A
macrosystems approach is essential to assessing the broadscale impacts of these changes and quantify cross-scale interactions, emergent patterns,
and feedbacks. A promising line of analysis is the assimilation of data with ecosystem models to scale processes to the macrosystem and generate
projections based on alternative scenarios. Analyses of these projections can characterize the range of future variability in forest function and

provide information to guide policy, industry, and science in a changing world.
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Forest management is a poorly understood factor
in global change, especially at regional or larger scales.
Forests account for 50% of terrestrial primary productivity,
and all forests are managed to some extent. For example,
close to 70% of North American forests have a management
plan (FAO 2010). Management approaches are changing in
these forests (Franklin et al. 2007, Wear and Greis 2013)
alongside ongoing changes in climate and disturbance
regimes. Consider the southeastern United States, where
forest area has remained relatively unchanged over the past
60 years but where there has been a significant shift from
naturally regenerated forests to pine plantations (figure 1).
Management practices are becoming more intense in some
areas (Allen et al. 2005) and changing to resemble natural
disturbance processes in others (Franklin et al. 2007). These
changes are occurring in response to changes in climate
(D’Amato et al. 2011), disturbance regimes (Dale et al. 2001),
policy (Law and Harmon 2011), economics (Davis et al.
2009), and scientific understanding. Climate change is lead-
ing to new levels of species turnover (Zhu et al. 2014), range
shifts (Harsch et al. 2009), changes in forest productivity

(Boisvenue and Running 2006), and an increased interest
in using forests for climate change mitigation (Maness TC
2009). Disturbances such as drought, fire, and pest infesta-
tions are changing in frequency and intensity because of
alterations in climate and human activities (Dale et al. 2001).
Complex interactions among these factors are driving new
studies across a variety of research foci, but left unaddressed
is the question of what the net effects are of interactions
among changes in climate, disturbance regimes, and forest
management on forest ecosystem function at regional to
continental scales.

Assessing changes to forest ecosystems from these factors
at broad spatial and temporal scales is crucial, because it is
at these scales that climate, disturbance, and forest man-
agement processes intersect (figure 2). Broadscale climate
changes have the potential to alter finer-scale ecological
and biogeochemical processes in forests, which could, in
turn, feed back to the climate system (Bonan 2008). Plot-
level studies are likely to miss such cross-scale interactions,
or their results may not apply to broader scales because of
nonlinear scaling or emergent properties. Furthermore,
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Figure 1. Change in area of forest management types in the southeast United
States from 1950 to 2010. Although overall forested area was relatively stable,
the area of planted pine increased to over 96 million hectares (ha). In that
same period, naturally regenerating pine forest has lost close to 100 million
ha. Adapted from Wear and Greis (2013).
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Figure 2. Stommel diagram of overlapping spatial and temporal scales of
climate variation, disturbance regimes, and forest management. The large
area of overlap implies a high likelihood of cross-scale interactions among
components of these factors. Abbreviation: m?, square meters.

understanding these processes and interactions at regional
to continental scales allows scientific studies to better inform
strategic planning and policy decisions that are made by
governance institutions at state, regional, and national levels.
At these scales, important questions include the following:
Will North American forests as they are currently managed
be a net sink of carbon in the future? Will changing distur-
bance regimes in forests under current management prac-
tices lead to positive feedbacks and further climate change?
How will social demands for ecosystem services affect
future forest management? Can the adoption of ecological
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forest management methods maintain
or increase forest productivity or carbon
storage? Will these changes enhance or
hurt the forest products industry and
have cascading economic effects at state,
regional, and national scales? Without a
broadscale assessment of forest changes
and the interactions among them, such
questions cannot be answered.
Addressing questions about the
effects of changes in climate, distur-
bance regimes, and forest manage-
ment requires a macrosystems ecology
approach to characterize interacting
ecological, social, and climate phe-
nomena at multiple spatial and tem-
poral scales (Heffernan et al. 2014).
Macrosystems ecology aims to under-
stand patterns and processes at regional
to continental scales by including bio-
logical, geophysical, and social com-
ponents in analyses of cross-scale
interactions, emergent patterns, feed-
backs, and teleconnections (Soranno
et al. 2014, Heffernan et al. 2014).
For example, ecosystem models may
be used to combine plot and land-
scape-scale measurements of forest
processes from ecological observation
networks with remote-sensing data to
quantify and characterize interactions
among factors and make predictions
at broader scales. Here, we explore
a macrosystems approach to evaluate
interactions among factors involved in
broadscale forest change. Our objec-
tives are to review and synthesize the
current and predicted changes in cli-
mate, disturbance regimes, and forest
management; to discuss how research
that crosses scales in time and space
can improve our understanding of the
role of management in forest ecology;
and to explore a macrosystems ecology
approach to assessing and projecting

the interactive effects of these changes on ecosystem pro-
cesses at regional to continental scales.

Converging changes in climate, forest management,
and disturbance regimes

Climate, forest management, and disturbances are made
up of dynamic processes that change and interact with one
another across multiple spatial and temporal scales. Forest
management practices vary in intensity, spatial extent, and
frequency, each of which mediates management impacts
on forest ecosystem properties, processes, and a variety of
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Box 1. Forest management functional types.

Production forestry seeks efficient production of wood and wood products using agronomic models but constrained by current
economic criteria (i.e., return on investment). This typically means short rotations of even-aged, single-species plantations that are
clear-cut at harvest. Structural complexity and spatial heterogeneity are minimized in pursuit of this goal, greatly reducing the forest’s
ability to provide habitat for biodiversity and sustain other functions, such as watershed protection.

Ecological forestry uses principles from natural forest ecosystems in developing forest practices that contribute to sustaining all ecologi-
cal functions, including the provision of habitat for biological diversity. For example, it uses harvest practices that are similar to those
created by natural disturbances (Franklin et al. 2007). These natural-process-simulating management practices often vary regionally
with the local disturbance regime (e.g., prescribed burns in regions with naturally high fire frequencies). Compared with production
forestry, forests under ecological forestry management have higher species diversity and greater structural complexity (Franklin et al.
2007).

Preservation management maintains a forest ecosystem in some baseline state to preserve species, ecosystem services, recreation, and
aesthetic value. These forests are not harvested, though they may have been in the past. Although the goal of preservation is to maintain
an ecosystem in some historic state, other priorities often limit managers’ abilities to do so, especially with respect to restoring historic
disturbance regimes. For example, adjacency to human settlements may require fire suppression.

Passive management involves regular timber extraction of valuable species with little or no management between harvests (Carey
2006). This includes many nonindustrial private forests that have been completely or selectively harvested in the past and were allowed
to spontaneously regenerate. These lands may have no current use or may be used for hunting and other recreation activities. Passively
managed forests contain the legacies of both past timber harvests and their altered disturbance regimes, including greater structural

complexity than production forests and higher densities of nonnative or ruderal species.

ecosystem services (box 1, figure 3; Dale et al. 2001, Kurz
et al. 2008). Climate change is altering forest ecosystems
with novel combinations of temperature and precipitation
and with altered disturbance regimes, all of which can affect
the composition, productivity, and resilience of these sys-
tems (Scheller and Mladenoftf 2005, Boisvenue and Running
2006, Johnstone et al. 2010). Moreover, the direct effects of
management interact with changes in both climate (Scheller
and Mladenoff 2005) and disturbance regimes (Mitchell
et al. 2014); therefore, these factors should be considered
together to understand their cumulative effects (figure 4).

Climate and forests. Climate and forest ecosystems are inter-
connected and affect each other in multiple ways, with
both positive and negative feedbacks (Bonan 2008). Rising
greenhouse gas concentrations and the associated climate
change are likely to continue for the coming decades, affect-
ing the extent, composition, structure, and productivity of
forests and the services they provide (IPCC 2013). Changes
in temperature and precipitation are likely to affect forest
composition (Harsch et al. 2009, Mann et al. 2012). Elevated
levels of carbon dioxide may increase growth rates and over-
all productivity, although the long-term effects are uncertain
(Norby et al. 2010). These ecological changes have direct and
indirect feedbacks on the climate system, through changes in
albedo, energy balance, water balance, and carbon exchange
(Bonan 2008). For example, at broader spatial scales, the
impacts of changes in forest cover on albedo and evapotrans-
piration may have a stronger effect on climate dynamics than
changes in carbon cycling (Bala et al. 2007). These changes
and feedbacks are complicated by simultaneously changing
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disturbance regimes and management practices, which can
affect the extent and direction of changes in forest processes
and structure (figure 4).

Forest management. Forest management is influenced by a
variety of factors, including ecological conditions, economic
trends, policies, and social priorities. In response to those
factors, forest management practices are changing variably
across landscapes and jurisdictions. In some areas, forestry
practices and timber harvests are becoming more intense to
maximize return on investment in wood products. In other
areas, forest management methods are shifting to more
closely resemble natural disturbances to meet a variety of
goals, including ecological restoration and the production of
forest products while sustaining ecosystem services.

The intensification of forest management practices is
occurring on private lands across the country where the pri-
mary goal is the production of wood products. In the south-
eastern United States, for example, where 90% of forested
lands are in private ownership, the area of naturally regener-
ated pine has declined, whereas planted pine forest, mostly
managed through production forestry, has grown in the past
60 years and is expected to continue growing (figure 1; Wear
and Murray 2004, Wear and Greis 2013). The intensification
of production forestry methods places greater emphasis on
practices that accelerate stand development such as fertiliza-
tion (Coyle et al. 2008), herbicide use (Sartori et al. 2007),
and the introduction of genetically improved tree varieties
(Fox et al. 2007).

Further changes are likely in the future with the establish-
ment of short-rotation plantation forests to feed biomass
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Figure 3. Hypothesized values for the balance of services provided by different forest management functional types.
Production forestry maximizes wood product production while sacrificing other ecosystem services, preservation
management produces no wood products, and ecological forestry aims to balance all forest ecosystem services.

energy production (Munsell and Fox 2010), changes in land
ownership patterns, and market changes within the wood
products industry (Wear and Greis 2013). For example,
urbanization and land-use change from forest to low-density
residential lands are expected to be larger factors in southeast
forest change than timber market changes (Wear and Greis
2013). The nature of institutional ownership will also affect
harvest rates and forest composition on private lands using
production forestry. As a result of changes in tax policy and
investment preferences, virtually all industrial timberlands
in the United States have been converted to investor owner-
ship over the past 15 years (Zhang et al. 2012). This includes
real estate investment trusts (REITs) and timberland invest-
ment management organizations (TIMOs). Management
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on lands owned by TIMOs and REITs in the southeastern
United States involves more frequent harvests and a prefer-
ence for planting softwood species than deos management
on other privately owned forestlands (Zhang et al. 2012).
Changes in social priorities and public policy alter how
forests are managed and affect the amount of timber slated
for harvest on public lands. Many public forestland manag-
ers are increasingly turning to ecological forestry methods
that allow continued timber production with practices that
resemble natural disturbance regimes and maintain many
of the ecosystem services marginalized or eliminated with
more intense silvicultural practices (Franklin et al. 2007,
Mitchell et al. 2009). These methods include the use of
uneven-aged stands (Hanson et al. 2012), variable density
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Figure 4. Interactions among climate change, forest management, and various
disturbances. Climate has direct effects on disturbance regimes and forest
structure, composition, and function while also affecting forest management
practices and goals. Disturbance and management affect forest structure,
composition, and function, which, in turn, control ecosystem services such as
water resources, carbon uptake and storage, and wildlife habitat.

thinning (Pukkala et al. 2011), variable retention harvest-
ing (Franklin et al. 2007), and prescribed fire (Mitchell et
al. 2009).

Forest management on federal lands is strongly impacted
by social preferences and policy changes. For instance, the
2012 regulations under the National Forest Management
Act prioritize ecological restoration and the maintenance of
ecological integrity as two of the primary goals of national
forest management (77 Federal Register 21162). On federal
lands, timber harvest dropped by 85% between 1988 and
1995, in large part because of wildlife conservation policy
changes and other economic influences, and timber har-
vest rates remain at these lowered levels today (Wear and
Murray 2004, Thomas et al. 2006). Although some lands are
still managed for timber production, the timber harvest in
several US Forest Service regions today is aimed largely at
affecting fire behavior for community protection or ecologi-
cal restoration (Schultz et al. 2012).

Forest management is also changing in response to cur-
rent and future climate change (D’Amato et al. 2011). Forest
managers adapt to changes in temperature, water availability,
and disturbance regimes through a variety of management
changes, including changing the species and varieties they

http://bioscience.oxfordjournals.org
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manage for and adjustments to forest
management practices (Keskitalo 2011).
Managers must also respond to the new
economic and sociocultural status of for-
anagement ests as climate change mitigation tools

. (DAmato et al. 2011). If forests were
to be used as part of a national climate
change mitigation strategy, forest man-
agers would have to consider managing
forests on the basis of their utility as car-
bon sinks and for the provision of wood
products, both for energy production
and as substitutes for more fossil fuel-
intensive products (Malmsheimer et al.
2011). The rate and direction of eco-
nomic growth and the degree to which
wood biomass energy projects are estab-
lished have the potential to alter forest
carbon stocks at the national level (Nepal
et al. 2012). Collectively, these changes
in forest management could potentially
alter forest function at broad scales, but
the broadscale effects of these changes
have yet to be quantified.

Changes in forest management are
important because of their implications
for many ecological processes, including
carbon cycle dynamics, hydrology (e.g.,
water use via evapotranspiration), nutri-
ent retention, and the maintenance of
habitat for biodiversity and rare species.
In the short term, forest plantations have
faster rates of carbon dioxide uptake
than do naturally regenerating forests (Powell et al. 2008);
however, the carbon losses from frequent harvests mean
that shorter rotation times (i.e., the periods between har-
vests) lead to reduced carbon storage (Harmon et al. 2009).
Evidence from mesic interior Douglas fir (Pseudotsuga men-
ziesii) forests shows that longer rotations and the retention
of some trees at the time of harvest can significantly increase
carbon storage, much more so than increasing growth rates
in short-rotation plantations through genetic improvements
or fertilization (Man et al. 2013).

Groundwater projections also often do not consider
differences in forest management, even though important
management characteristics such as rotation length, basal
area, genetic improvements, and stand structure can all
affect water yields (McLaughlin et al. 2013). Lower-density
plantings likely have lower evapotranspiration rates and lead
to greater water storage (McLaughlin et al. 2013). Therefore,
continuing the introductions of fast-growing, genetically
improved varieties (McKeand et al. 2003) will likely lead
to further changes in regional hydrology and potentially
to lower levels of water storage and yield. In addition, eco-
logical forest management practices increase overall native
biodiversity and habitat for rare species by maintaining the
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stand structural complexity and diversity of forest age classes
that are necessary to sustain a habitat for the full array of
native species (Fischer et al. 2006).

Management practices also affect how forests respond
to changes in disturbance regimes. Different harvest phi-
losophies (individual tree selection to clear-cutting) can
have contrasting effects on the remaining individuals and
forested area at broader scales. Across the range of har-
vest practices, stand thinning has been shown to increase
drought resilience (D’Amato et al. 2013), to affect the sever-
ity of wind damage (Scott and Mitchell 2005), and to change
the landscape-level impacts of fires (Gustafson et al. 2004).
Management and disturbance regimes vary within and
among regions, and their interactions will likely vary as well.
This fact underscores the need for cross-region assessments
of these factors that capture both the within-region hetero-
geneity and the region-wide effects on carbon cycling and
other climate relevant processes.

Disturbance. Disturbance regimes can be dramatically altered
by climate change, which can lead to subsequent shifts
in ecosystem function (Dale et al. 2001). Furthermore,
feedbacks exist among disturbances such that one type of
disturbance can alter forest structure and create conditions
that facilitate the development of other disturbances, such as
interactions among drought, bark beetles, and fire (Simard
et al. 2012). This means that differences in management or
climate that affect one type of disturbance can indirectly
influence the frequency or severity of other disturbances
(Jactel et al. 2012). Disturbances, such as fires or insect
outbreaks, can force managers to compromise long-term
management goals for a short-term disturbance response
because of limited budgets and the primacy of short-term
ecological, social, and political priorities. These feedbacks
and indirect effects highlight the need for an approach that
simultaneously assesses the effects of multiple disturbances
along with climate and management.

Fire is a leading disturbance for many forests, especially in
western North America. Numerous studies have predicted
significant alterations in fire regimes with the current and
future climate warming across forests of North America
(Westerling et al. 2011, Mitchell et al. 2014). Fire seasons are
predicted to lengthen, whereas fire rotations may shorten
(Westerling et al. 2011). Exacerbating the issue is the predic-
tion of increased drought frequency, which could, in turn,
affect fire frequency and intensity, as well as the ability of
resource managers to use prescribed burns to lessen the
intensity of wildfire (Mitchell et al. 2014). Fire-adapted
forests may lose their resilience because of these complex
interactions, which could result in forests shifting to new
states (Johnstone et al. 2010).

A number of weather factors influence disturbance char-
acteristics. Drought stress and damage from insect or fun-
gal pathogens may exacerbate each other causing growth
loss and mortality (Jactel et al. 2012). Interactions with
other weather related disturbances are less predictable.
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Windstorms, ice storms, and landslides are likely to interact
with other disturbances, and their impacts may be influ-
enced by management practices. For example, ice storm
damage can leave forests more susceptible to pests such
as southern pine beetle by weakening trees and creating
breeding sites (Bragg et al. 2003). These weather-related
disturbances are likely to increase in frequency and intensity
with climate change (IPCC 2013), but the ultimate effects of
combined interacting disturbances are difficult to predict.

Climate warming is increasing the range and impact of
insects and pathogens that damage forests, and their effects
on the carbon cycle are on the same order of magnitude as
fire (Hicke et al. 2012). Increases in insect outbreaks such
as the mountain pine beetle (Dendroctonus ponderosae) can
reduce forest net primary productivity (Kurz et al. 2008),
affect fire patterns (Simard et al. 2012), and alter the bio-
physical impacts of the forest on climate (Maness H et al.
2012). Interactions between insect outbreaks and droughts
have also been observed in several ecosystems (Jactel et al.
2012). However, the extent of these impacts may depend on
the temporal and spatial scales at which they are analyzed.
For example, in British Columbia, the mountain pine beetle
outbreak is estimated to release 270 megatons of carbon (36
grams of carbon per square meter per year on average over
374,000 square kilometers of forest for 20 years; Kurz et al.
2008), but stand-scale observations suggest that the impacts
will not be as severe (e.g., Brown et al. 2010).

Interactions among climate, disturbance, and management prac-
tices. The direct effects of climate on these disturbances,
together with the indirect effects of interactions among climate,
disturbances, and management practices suggest a compli-
cated picture: three interacting factors, each with components
and drivers occurring at different spatiotemporal scales, all of
which are changing at different rates, with feedbacks within
and among them. We can also expect changes in forest area
and management in response to sociocultural factors, such as
land-use change, market prices for land and timber, and policy
changes. A reductive approach that views one of these factors
changing in isolation from the others may provide important
information about that factor but will likely (perhaps inevita-
bly) miss interactions that a comprehensive approach would
capture. This comprehensive approach must be able to con-
sider the important biological, geophysical, and sociocultural
processes occurring at multiple spatiotemporal scales, their
interactions within and across scales, feedbacks, and the pos-
sibility of emergent patterns. To increase feasibility, this broad
view could be used to isolate the crucial factors, feedbacks, and
interactions at the scales most useful for analysis.

Scale

The multiscale nature of interactions among climate, forest
management, and disturbance (figure 2) makes the issue of
scale central to any question we might ask. The wide range of
scales at which these processes occur and the heterogeneity
within systems lead to scale mismatches among ecosystem
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Figure 5. Relative net change (gain minus loss) of forest cover between 2000
and 2012 for three US regions as a function of averaging scale and choice of
averaging filter. Scale dependency is a function of region, reflecting differing
scales of management and disturbance, and also averaging filter (majority
versus nearest neighbor), reflecting the influence of scaling methodology. In all
three regions, a nearest neighbor approach better preserves the net change rates
of the highest resolution. The original data were derived from the 30-meter-
resolution Landsat forest change analysis of Hansen and colleagues (2013).

processes, properties, and their measurement. Forest dis-
turbances can occur across a wide range of scales, from
the region (e.g., hurricanes) to individual trees (e.g., forest
gaps). Even in large disturbances, there can be substantial
heterogeneity down to the individual tree scale (or smaller),
and demographic responses fundamentally occur at the
individual level (Clark et al. 2011). Similarly, although we
are frequently interested in the regional response of ecosys-
tems to climate change, such as range shifts, the observed
regional response is actually the result of fine-scale indi-
vidual responses to weather, not species responses to climate
(Clark et al. 2011). Furthermore, the varying size of manage-
ment areas creates a mosaic of different management prac-
tices overlaid on finer-scale patterns such as soil variation
and broadscale patterns such as disturbance regimes and
climate. These factors combine to create differences in forest
structure and composition and ultimately affect responses to
changes occurring at broader scales (figure 4).

The combined effects of processes operating at differ-
ent scales and spatial heterogeneity create several issues
requiring attention in the study of changing climate, forest
management, and disturbance regimes. These issues include
representing subcell heterogeneity in Earth system models
and analyzing data collected at different scales. Earth system
models must specify how subgrid variability influences the
whole grid cell, and this is typically done by representing
the probability distribution of such processes. These prob-
ability distributions are typically approximated analytically,
statistically, or through discretization (Dietze and Latimer
2012). These approximations are spatially implicit, meaning
that the explicit spatial location of these different areas is not

http://bioscience.oxfordjournals.org

—x— Pacific northwest

1000 10000 larger-scale forcing (e.g., climate).

Where genuinely spatial dynamics are
important (e.g., dispersal or contagious
disturbances such as fire and insects),
spatially implicit approximations will be
inadequate. Although many such param-
eterizations have been shown to be scale
dependent, it is not known whether the
subgrid variability in forest management
and its influence on carbon cycle, hydrol-
ogy, and vegetation dynamics is scale
dependent or whether these processes
scale linearly or with a known distribu-
tion. This is not just a question about approximations in
models but is a fundamental question about the relative
importance of truly spatial interactions versus heterogeneity
in contributing to the variability we see in ecological systems.

The need for combining data from different scales adds
challenges, because the choice of scaling methods can pro-
duce different results (Hall et al. 2015). For example, with
respect to increasing the grain size of forest change data, the
choice of averaging filter can alter the regional sum of for-
est loss, and this difference varies among regions (figure 5).
The development of quantitative scaling approaches is an
area of active research; the crux of the issue lies in the vari-
able information content at different resolutions driven by
the subpixel heterogeneity of the process of interest (Stoy
et al. 2009). One approach is to use functional relation-
ships to map data from one source at a given resolution to
another different resolution (Asner et al. 2010). This general
approach of mapping data to a common resolution, in which
one data source is assumed to be known with little or no
uncertainty, is relatively common; however, this may be a
tenuous assumption. Aggregating to coarser resolutions can
mask subpixel heterogeneity; however, in some instances,
this can be accommodated in the error structure of a data
model in a hierarchical modeling context. Analyses that
explicitly account for uncertainty in the data, driven by
varying resolution, can yield greater certainty with respect
to parameter estimation (Calder et al 2003). In the statistics
literature, this is known as the change of support problem,
and a number of new approaches exist that have seen limited
application in the ecological literature (Gotway Crawford
and Young 2004).
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The macrosystems ecology approach

Ultimately, to better predict how changes in climate, dis-
turbance regimes, and management practices influence the
functioning of ecosystems, a cross-scale data synthesis is
necessary. Through the combination of ecological monitor-
ing networks, remote-sensing information, field studies, and
ecosystem models, cross-scale interactions among changing
drivers of future forests can be evaluated. Ecological moni-
toring networks serve as the basis for understanding inter-
actions in a variety of ecosystems and provide data both to
parameterize ecosystem models and to evaluate their output.
Remote sensing can provide data to characterize patterns in
forest disturbance and management across space and time
and the means by which measurements of processes can
be scaled to the regional or continental scale. Ecological
models provide the ability to scale up measurements and
assess the simultaneous effects of future scenarios of climate,
disturbance regimes, and management practices on forest
ecosystems. Moreover, models can be run at broad scales,
allowing for the combination of these factors at the scales
at which cross-scale interactions among multiple connected
ecosystems can be detected.

We can combine these tools to evaluate combined sce-
narios of climate, management, and disturbance that span
the range of future possibilities. These results could provide
projections of forests in the future, important insights into
interactions among these factors, and information about
where gaps in our understanding lie, all of which could feed
back to inform the management and design of monitoring
networks and future ecological experiments.

Ecological monitoring networks. The development of continen-
tal (or global) ecological monitoring networks is a promising
tool for understanding complex, broadscale problems. These
networks provide data on a variety of ecosystems across the
continent, ideally with consistent measurement protocols,
instrumentation, data formats, and cyberinfrastructure. The
Long Term Ecological Research (LTER) Network has more
than 20 sites in North America and includes long-term
ecological experiments and observations, many of which
predate the existence of the network and possess decades
of data; however, each site functions independently, with
its own goals and methods of data collection. FLUXNET
is a global network of over 600 sites using the eddy cova-
riance technique to measure trace gas, water vapor, and
sensible heat flux, although the equipment and data pro-
cessing methodology varies to some extent. By contrast, the
newly established National Ecological Observatory Network
(NEON) promises to deliver fully standardized data across
the United States, with a long list of ecological and biogeo-
chemical variables collected with standardized methods and
equipment (Keller et al. 2008). A growing group of networks
are less formal but use distributed, standardized data collec-
tion; these include the Nutrient Network (www.nutnet.umn.
edu) and the Smithsonian Center for Tropical Forest Science
plots (www.ctfs.si.edu). Large, standardized data sets such as
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the National Forest Inventory and Analysis program and a
variety of coordinated distributed experiments can also con-
tribute to macrosystems projects (Fraser et al. 2013).

Research networks such as these form the core of macro-
systems assessments and projections, because they are the
primary source of standardized data collected in a consistent
manner across all major ecosystems of North America. A
primary need for supporting a macrosystem approach is the
synthesis of open data across these networks in machine-
readable formats (Peters et al. 2014). The extent to which
this already occurs among the observation networks varies,
and a consensus on common protocols for ecological data-
bases is lacking. Achieving this goal would greatly improve
macrosystems analyses and empower researchers to answer
new and more complicated questions faster (Peters et al.
2014).

Remote sensing. Satellite and airborne sensing technologies
can be used to monitor forest processes at regional scales,
map forest disturbances and management practices, and
scale up plot-scale measurements of forest processes. The
utility of these data sets is growing as new analysis methods
are established and the data from long-term remote-sensing
programs continue to accumulate. These include widely
used systems such as Landsat and high frequency data
such as MODIS, Suomi-NPP, NPOESS, and GOES-R. The
Landsat program has more than 30 years of data in North
America at a 15-30-meters spatial resolution and MODIS
has more than 10 years of high temporal frequency data at a
250-1000-meter spatial resolution. All of these systems have
been widely used to make broadscale measurements of bio-
logical processes (e.g., net primary production) and forest
disturbances (e.g., wildfire, drought, and insect infestations).
Now that these systems can supply a long time series (Masek
et al. 2006), they are becoming more useful for monitoring
disturbance frequencies in forests (Kennedy et al. 2010) and
could potentially aid in delineating forest management prac-
tices or mapping the forest structure that these management
practices create. Forest harvest intervals may be detected
if the length of the time series is longer than the average
harvest interval. Specific management practices such as har-
vests, plantings, thinning, and prescribed burns may be opti-
cally detectable if imaging occurs shortly after they occur
or through active remote sensing of forest structure using
LIDAR or radar. The utility of these data sets continues to
grow as more observations are collected and more methods
for using these data are developed.

Ecosystem modeling. Computational simulations of the Earth
system have the ability to represent the dynamics of energy,
water, and element cycles in terrestrial ecosystems over spa-
tial and temporal scales that are difficult to achieve through
observation and experimentation. Models are common
tools for the projection of long-term ecosystem functions in
response to climate change, changes in atmospheric carbon
dioxide, nutrient addition, disturbance, and even changes in
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management (Moorcroft 2006). Although ecosystem models
can test hypotheses across multiple spatiotemporal scales
and incorporate data from diverse sources, many models
have yet to incorporate forest management and disturbances
realistically.

Simulations could be used to evaluate different manage-
ment practices and how they might interact with the effects
of changing climate (Ravenscroft et al. 2010). Questions of
scale can be explicitly tested in models (Turner et al. 1993),
and through model-data fusion, models can also serve as
the scaffold for data synthesis (Dietze et al. 2013). Similarly,
data assimilation and experiments that simulate ecological
observing systems can be conducted to test the fidelity of the
existing observation networks and identify locations for tar-
geted additional observations of forest, climate, disturbance,
and management processes.

There is a wide variety of forest models, from simple
stand models of yield to global models of forest productiv-
ity. Although most of these models have incorporated forest
responses to climate variables (temperature, precipitation,
solar radiation, and atmospheric carbon dioxide concentra-
tions), few have incorporated a wide range of forest dis-
turbance, and most do not account for forest management
practices. Primarily, disturbance is treated as a stochastic
or probabilistic, stand-clearing process, with fixed fractions
of biomass added to litter or released to the atmosphere,
the latter sometimes depending on the type of disturbance,
such as a fire or windstorm (Gustafson et al. 2004, Scheller
and Mladenoff 2005). This approach ignores many forms of
disturbance including pests and less destructive but ecologi-
cally important disturbances such as low-intensity fires.

Although detailed forest management models exist at the
stand scale, most larger-scale models at most specify anthro-
pogenic land clearing and probability matrices for land-use
change. Forest management has been added to some models,
but few represent the range of basic practices commonly
used (e.g., prescribed fire or thinning). These approaches
ignore many potentially ecologically important forest man-
agement practices, including thinning, planting, retention
harvesting, prescribed fires, and herbicide use.

Specifically, we argue that the development of manage-
ment functional types as conceptualized in box 1 could
be a path forward to evolving these models to realistically
incorporate and run scenarios of management practices.
This approach could compare different relative abundances
of management functional types but would miss pos-
sible feedbacks between forests and social factors that affect
the relative abundance of management functional types.
These factors might include wood product markets, policy
changes, public perceptions, demographics, and land prices.
To capture interactions among these and ecological or man-
agement factors, a more complex coupled ecological-social
modeling system could be used. Another approach could
include developing dynamic scenarios of management and
forest cover based on ongoing research and existing knowl-
edge. These dynamic scenarios would be reassessed and
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altered at regular time steps to reflect feedbacks from chang-
ing ecological conditions to the social factors that affect for-
est area and management.

Several fundamental questions must be answered for the
credible incorporation of management and disturbance
processes into forest ecosystems models. Because models
with the most detailed representations of management and
disturbance operate at the finest spatial scales, there are fun-
damental informational and computational limitations to
incorporating detail into a broadscale model. Two questions
of crucial importance are what level of detail of human deci-
sion making, biomass removals, soil disturbance, corridor
creation, and harvest canopy structure is required to incor-
porate management and disturbance into models at the mac-
rosystems scale and what data are needed to support these
projections. Without these, the more interesting hypotheses
on how management practices interact with disturbance
and potentially lead to cross-scale interactions in ecosystem
services (carbon storage, hydrologic regime changes, species
successional trajectories, habitat) remain untestable.

For example, low-intensity prescribed fire, which is used
as a management tool in frequent-fire southeastern forests,
has varying ecological effects depending on the composition
and quantities of fuels (Mitchell et al. 2009). Which elements
and relationships in these processes must be included in
models in order to effectively model their cumulative effects
at broad scales? Models can be used to answer such ques-
tions by serving as incubators for testing new model formu-
lations, parameters, and responses. Sensitivity analyses can
be applied to determine which processes are important at
which scales and which processes can be effectively ignored.
These issues need to be bridged for us to be able to examine
the multiple disturbance types and management methods
occurring in a mosaic of different forest types across a
region while minimizing computational effort and excessive
parameterization requirements.

Conclusions
Simultaneous changes in climate, disturbance regimes, and
forest management lead to great uncertainty about the struc-
ture and function of forests in the future. To develop policy
and management strategies for the future, we must be able to
predict the possible future trajectories of forest composition
and function at broad scales. This macrosystems under-
standing is crucial to informing policymakers about the
status of forest ecosystems at regional and continental scales.
This macrosystems approach allows for the design of
policies to achieve societal goals, which focus on maintain-
ing and providing multiple ecosystem services across spa-
tiotemporal scales. The results from these analyses would
support forest stakeholders in understanding the contribu-
tion of forest ecosystems to ecosystem services of interest
and advocating for forest management according to their
priorities; public forest managers in determining whether
management actions are having an impact on ecosystem
structure and function at scales that are relevant to the factor
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Box 2. Recommendations.

Standardization of data formatting and metadata in observational networks.

Observational network synthesis of disturbance and management processes and identification of these processes across time and space.
A redefinition of forest management into a set of functional types for ecosystem models.

Incorporation of forest management and disturbance into models at the macroscale.

of interest; complying with administrative requirements to
conduct monitoring and assessment at multiple scales (e.g.,
specific multiscale monitoring requirements in the 2012
National Forest Management Act regulations [77 Federal
Register 21162]); and contributing to international monitor-
ing protocols, which require data on conditions and trends
on both public and private lands (Floyd et al. 2001). Private
landowners would benefit from such information when
they are participating in forest certification processes or are
subject to legal requirements. Understanding the possible
range of future conditions could also direct social science
researchers toward investigating the factors that could play
the most significant roles in changing forest management
practices and priorities.

‘We now have the tools to answer questions that are impor-
tant to local and global climate change, the forest industry,
and the ecological integrity of forests in general. However,
several important steps need to be taken before these ques-
tions can be answered (box 2). Through remote sensing,
we can detect how forests are being managed currently and
evaluate future management scenarios. We can also detect
current forest disturbance regimes and incorporate possible
interactions among disturbances into simulations. We can
model these systems at regional and continental scales at
which the results will be relevant for climate studies and for
policy and economic interests. The goal is to identify unex-
pected patterns and processes occurring from a nexus of cli-
mate variation, disturbance regime shifts, and management
responses to provide credible projections to guide policy,
industry, and science by highlighting interactions that might
have significant consequences. Furthermore, examining
these questions at the broad scale will highlight areas that
need more study and experimentation at the fine scale.

Acknowledgments

We acknowledge funding support from the National Science
Foundation (NSF) Emerging Frontiers Macrosystems
Biology program grants no. 1241881 to the University of
Alabama, no. 1241894 to Boston University, no. 1241844
to the Joseph W. Jones Ecological Research Center,
no. 1241810 to Montana State University, no. 1241860 to
the University of Florida, no. 1241814 to the University of
Wisconsin-Madison. ARD and MCD acknowledge sup-
port of NSF Advances in Biological Informatics grants
no. 1062204 to U of Wisconsin-Madison and no. 1062547

272 BioScience « March 2015/ Vol. 65 No. 3

to Boston University. We thank David Wear of the US
Forest Service for sharing the data used to generate the
figure on forest area change in the Southeast. We also thank
two anonymous reviewers for suggestions in revising the
manuscript.

References cited

Allen HL, Fox TR, Campbell RG. 2005. What is ahead for intensive pine
plantation silviculture in the South? Southern Journal of Applied
Forestry 29: 62-69.

Asner GP, et al. 2010. High-resolution forest carbon stocks and emissions
in the Amazon. Proceedings of the National Academy of Sciences 107:
10113-10118.

Bala G, Caldeira K, Wickett M, Phillips TJ, Lobell DB, Delire C, Mirin
A. 2007. Combined climate and carbon-cycle effects of large-scale
deforestation. Proceedings of the National Academy of Sciences 104:
6550-6555.

Boisvenue C, Running SW. 2006. Impacts of climate change on natural for-
est productivity: Evidence since the middle of the 20th century. Global
Change Biology 12: 862-882.

Bonan GB. 2008. Forests and climate change: Forcings, feedbacks, and the
climate benefits of forests. Science 320: 1444-1449.

Bragg DC, Shelton MG, Zeide B. 2003. Impacts and management impli-
cations of ice storms on forests in the southern United States. Forest
Ecology and Management 186: 99-123.

Brown M, Black TA, Nesic Z, Foord VN, Spittlehouse DL, Fredeen AL,
Grant NJ, Burton PJ, Trofymow JA. 2010. Impact of mountain pine
beetle on the net ecosystem production of lodgepole pine stands in
British Columbia. Agricultural and Forest Meteorology 150: 254-264.

Calder C, Lavine M, Miiller P, Clark JS. 2003. Incorporating multiple
sources of stochasticity into dynamic population models. Ecology 84:
1395-1402.

Carey AB. 2006. Active and passive forest management for multiple values.
Northwestern Naturalist 87: 18-30.

Clark JS, Bell DM, Kwit M, Stine A, Vierra B, Zhu K. 2011. Individual-scale
inference to anticipate climate-change vulnerability of biodiversity.
Philosophical Transactions of the Royal Society B 367: 236-246.

Coyle DR, Coleman MD, Aubrey DP. 2008. Above- and below-ground
biomass accumulation, production, and distribution of sweetgum and
loblolly pine grown with irrigation and fertilization. Canadian Journal
of Forest Research 38: 1335-1348.

Dale VH, et al. 2001. Climate change and forest disturbances. BioScience
51:723-734.

D’Amato AW, Bradford JB, Fraver S, Palik BJ. 2011. Forest management
for mitigation and adaptation to climate change: insights from long-
term silviculture experiments. Forest Ecology and Management 262:
803-816.

D’Amato AW, Bradford JB, Fraver S. 2013. Effects of thinning on drought
vulnerability and climate response in north temperate forest ecosys-
tems. Ecological Applications 23: 1735-1742.

Davis SC, Hessl AE, Scott CJ, Adams MB, Thomas RB. 2009. Forest carbon
sequestration changes in response to timber harvest. Forest Ecology and
Management 258: 2101-2109.

http://bioscience.oxfordjournals.org

GT0Z ‘S Yok |\ uoewede|y 0 AisiBAIUN e /610°Seulnolploxo-adusiosoiq//:dny woly papeojumoq


http://bioscience.oxfordjournals.org/

Dietze MC, Latimer AM. 2012. Forest Simulators. Pages 307-316 in A.
Hastings and L. Gross, eds. Encyclopedia of Theoretical Ecology.
University of California Press.

Dietze MC, LeBauer DS, Kooper R. 2013. On improving the communi-
cation between models and data. Plant, Cell and Environment 36:
1575-1585.

[FAO] Food and Agriculture Organization of the United Nations. 2010.
Global Forest Resources Assessment 2010. FAO. Forestry Paper no. 163.

Fischer ], Lindenmayer DB, Manning AD. 2006. Biodiversity, ecosystem
function, and resilience: Ten guiding principles for commodity produc-
tion landscapes. Frontiers in Ecology and the Environment 4: 80-86.

Floyd DW, Vonhof SL, Seyfang HE. 2001. Forest sustainability: A discussion
guide for professional resource managers. Journal of Forestry 99: 8-28.

Fox TR, Allen HL, Albaugh TJ, Rubilar R, Carlson CA. 2007. Tree nutrition
and forest fertilization of pine plantations in the southern United States.
Southern Journal of Applied Forestry 31: 5-11.

Franklin JE Mitchell RJ, Palik BJ. 2007. Natural Disturbance and Stand
Development Principles for Ecological Forestry. USDA-Forest Service.

Fraser LH, et al. 2013. Coordinated distributed experiments: an emerging
tool for testing global hypotheses in ecology and environmental science.
Frontiers in Ecology and the Environment 11: 147-155.

Gotway Crawford CA, Young LJ. 2004. Change of support: An inter-
disciplinary challenge. Pages 1-13 in P. Renard, H. Demougeot-Renard,
and R. Froidevaux, eds. Geostatistics for Environmental Applications:
Proceedings of the Fifth European Conference on Geostatistics for
Environmental Applications. Springer Berlin Heidelberg.

Gustafson EJ, Zollner PA, Sturtevant BR, He HS, Mladenoff DJ. 2004.
Influence of forest management alternatives and land type on suscep-
tibility to fire in northern Wisconsin, USA. Landscape Ecology 19:
327-341.

Hall JM, Staub CG, Marsik MP, Stevens FR, Binford MW. 2015. Scaling cat-
egorical spatial data for earth systems models. Global Change Biology
21:1-3.

Hansen MG, et al. 2013. High-resolution global maps of 21st-century forest
cover change. Science 342: 850-853.

Hanson JJ, Lorimer CG, Halpin CR, Palik BJ. 2012. Ecological forestry in
an uneven-aged, late-successional forest: Simulated effects of contrast-
ing treatments on structure and yield. Forest Ecology and Management
270: 94-107.

Harmon ME, Moreno A, Domingo JB. 2009. Effects of partial harvest on
the carbon stores in Douglas-fir/Western hemlock forests: A simulation
study. Ecosystems 12: 777-791.

Harsch MA, Hulme PE, McGlone MS, Duncan RP. 2009. Are treelines
advancing? A global meta-analysis of treeline response to climate
warming. Ecology Letters 12: 1040-1049.

Heffernan JB, et al. 2014. Macrosystems ecology: Understanding ecological
patterns and processes at continental scales. Frontiers in Ecology and
the Environment 12: 5-14.

Hicke JA, et al. 2012. Effects of biotic disturbances on forest carbon cycling
in the United States and Canada. Global Change Biology 18: 7-34.

[IPCC] Intergovernmental Panel on Climate Change. 2013. Climate Change
2013: The Physical Science Basis. IPCC.

Jactel H, Petit J, Desprez Loustau ML, Delzon S, Piou D, Battisti A,
Koricheva J. 2012. Drought effects on damage by forest insects and
pathogens: A meta-analysis. Global Change Biology 18: 267-276.

Johnstone JE Chapin FS, Hollingsworth TN, Mack MC, Romanovsky V,
Turetsky M. 2010. Fire, climate change, and forest resilience in interior
Alaska. Canadian Journal of Forest Research 40: 1302-1312.

Keller M, Schimel DS, Hargrove WW, Hoffman FM. 2008. A continental
strategy for the National Ecological Observatory Network. Frontiers in
Ecology and the Environment 6: 282-284.

Kennedy RE, Yang Z, Cohen WB. 2010. Detecting trends in forest distur-
bance and recovery using yearly Landsat time series: 1. LandTrendr—
Temporal segmentation algorithms. Remote Sensing of Environment
114: 2897-2910.

Keskitalo ECH. 2011. How can forest management adapt to climate change?
Possibilities in different forestry systems. Forests 2: 415-430.

http://bioscience.oxfordjournals.org

s Overview Articles

Kurz WA, Dymond CC, Stinson G, Rampley GJ, Neilson ET, Carroll AL,
Ebata T, Safranyik L. 2008. Mountain pine beetle and forest carbon
feedback to climate change. Nature 452: 987-990.

Law BE, Harmon ME. 2011. Forest sector carbon management, measure-
ment and verification, and discussion of policy related to climate
change. Carbon Management 2: 73-84.

Malmsheimer RW, Bowyer JL, Fried JS. 2011. Managing forests because
carbon matters: Integrating energy, products, and land management
policy. Journal of Forestry 109: S7-S50.

Man CD, Lyons KC, Nelson JD, Bull GQ. 2013. Potential of alternate for-
est management practices to sequester and store Carbon in two forest
estates in British Columbia, Canada. Forest Ecology and Management
305: 239-247.

Maness H, Kushner PJ, Fung I. 2012. Summertime climate response
to mountain pine beetle disturbance in British Columbia. Nature
Geoscience 6: 65-70.

Maness TC. 2009. Forest management and climate change mitigation: good
policy requires careful thought. Journal of Forestry 107: 119-124.

Mann DH, Scott Rupp T, Olson MA, Duffy PA. 2012. Is Alaskas boreal
forest now crossing a major ecological threshold? Arctic, Antarctic, and
Alpine Research 44: 319-331.

Masek JG, Vermote EF, Saleous NE, Wolfe R, Hall FG, Huemmrich KF, Gao
E Kutler J, Lim T-K. 2006. A Landsat surface reflectance dataset for
North America, 1990-2000. Geoscience and Remote Sensing Letters,
IEEE 3: 68-72.

McKeand S, Mullin T, Byram T, White T. 2003. Deployment of genetically
improved loblolly and slash pines in the south. Journal of Forestry 101: 32-37.

McLaughlin DL, Kaplan DA, Cohen M]J. 2013. Managing forests for
increased regional water yield in the southeastern U.S. Coastal Plain.
JAWRA Journal of the American Water Resources Association 49:
953-965.

Mitchell R], Hiers JK, O’Brien J, Starr G. 2009. Ecological forestry in the
southeast: Understanding the ecology of fuels. Journal of Forestry 107:
391-397.

Mitchell RJ, Liu Y, O’Brien JJ, Elliott KJ, Starr G. 2014. Future climate and
fire interactions in the southeastern region of the United States. Forest
Ecology and Management 327: 316-326.

Moorcroft PR. 2006. How close are we to a predictive science of the bio-
sphere? Trends in Ecology and Evolution 21: 400-407.

Munsell JE, Fox TR. 2010. An analysis of the feasibility for increasing woody
biomass production from pine plantations in the southern United
States. Biomass and Bioenergy 34: 1631-1642.

Nepal P, Ince PJ, Skog KE, Chang SJ. 2012. Projection of U.S. forest sector
carbon sequestration under U.S. and global timber market and wood
energy consumption scenarios, 2010-2060. Biomass and Bioenergy 45:
251-264.

Norby R], Warren JM, Iversen CM, Medlyn BE, McMurtrie RE, Schlesinger
WH. 2010. CO, enhancement of forest productivity constrained by
limited nitrogen availability. Proceedings of the National Academy of
Sciences 107: 19368-19373.

Peters DPC, Loescher HW, SanClements MD, Havstad KM. 2014. Taking
the pulse of a continent: Expanding site-based research infrastructure
for regional- to continental-scale ecology. Ecosphere 5: 29.

Powell TL, Gholz HL, Clark KL, Starr G, Cropper WP JR, Martin TA. 2008.
Carbon exchange of a mature, naturally regenerated pine forest in north
Florida. Global Change Biology 14: 1-16.

Pukkala T, Lahde E, Laiho O. 2011. Variable-density thinning in uneven-
aged forest management: A case for Norway spruce in Finland. Forestry
84: 557-565.

Ravenscroft C, Scheller RM, Mladenoff D], White MA. 2010. Forest restora-
tion in a mixed-ownership landscape under climate change. Ecological
Applications 20: 327-346.

Sartori E Markewitz D, Borders BE. 2007. Soil carbon storage and nitrogen
and phosphorous availability in loblolly pine plantations over 4 to16 years
of herbicide and fertilizer treatments. Biogeochemistry 84: 13-30.

Scheller RM, Mladenoff DJ. 2005. A spatially interactive simulation of cli-
mate change, harvesting, wind, and tree species migration and projected

March 2015 / Vol. 65 No. 3 « BioScience 273

GTOZ ‘S Yo N UO BWRGR|Y JO AISBAIUN T /B10'S euIno 010 1X0'80Us 1050 1//:d1y WO popeoumoq


http://bioscience.oxfordjournals.org/

Overview Articles c—

changes to forest composition and biomass in northern Wisconsin,
USA. Global Change Biology 11: 307-321.

Schultz CA, Jedd T, Beam RD. 2012. The Collaborative Forest Landscape
Restoration Program: A history and overview of the first projects.
Journal of Forestry 110: 381-391.

Scott RE, Mitchell S]J. 2005. Empirical modelling of windthrow risk in par-
tially harvested stands using tree, neighbourhood, and stand attributes.
Forest Ecology and Management 218: 193-209.

Simard M, Romme WH, Griffin JM, Turner MG. 2012. Do mountain pine
beetle outbreaks change the probability of active crown fire in lodgepole
pine forests? Ecology 93: 946-950.

Soranno PA, et al. 2014. Cross-scale interactions: Quantifying multi-scaled
cause-effect relationships in macrosystems. Frontiers in Ecology and
the Environment 12: 65-73.

Stoy PC, Williams M, Spadavecchia L, Bell RA, Prieto-Blanco A, Evans JG,
Wijk MT. 2009. Using information theory to determine optimum pixel
size and shape for ecological studies: Aggregating land surface charac-
teristics in arctic ecosystems. Ecosystems 12: 574-589.

Thomas JW, Franklin JE Gordon J. 2006. The Northwest Forest Plan:
origins, components, implementation experience, and suggestions for
change. Conservation Biology 20: 227-287.

Turner MG, Romme WH, Gardner RH, O’Neill RV, Kratz TK. 1993. A
revised concept of landscape equilibrium: Disturbance and stability on
scaled landscapes. Landscape Ecology 8: 213-227.

Wear DN, Greis JG, eds. 2013. The Southern Forest Futures Project. US
Department of Agriculture Forest Service.

Wear DN, Murray BC. 2004. Federal timber restrictions, interregional
spillovers, and the impact on US softwood markets. Journal of
Environmental Economics and Management 47: 307-330.

274 BioScience « March 2015/ Vol. 65 No. 3

Westerling AL, Turner MG, Smithwick EA, Romme WH, Ryan MG. 2011.
Continued warming could transform Greater Yellowstone fire regimes
by mid-21st century. Proceedings of the National Academy of Sciences
108: 13165-13170.

Zhang D, Butler B], Nagubadi RV. 2012. Institutional timberland ownership
in the US South: Magnitude, location, dynamics, and management.
Journal of Forestry 110: 355-361.

Zhu K, Woodall CW, Ghosh S, Gelfand AE, Clark JS. 2014. Dual impacts
of climate change: Forest migration and turnover through life history.
Global Change Biology 20: 251-264.

Justin. M. Becknell (jmbecknell@ua.edu) is a postdoctoral scientist and
Christina L. Staudhammer and Gregory Starr are associate professors in
the biological sciences at the University of Alabama. Ankur R. Desai is an
associate professor of Atmospheric and Oceanic Sciences at the University of
Wisconsin-Madison. Michael C. Dietze is an assistant professor and Afshin
Pourmokhtarian is a postdoctoral research associate in the Department of
Earth and Environment at Boston University, in Boston, Massachusetts.
Courtney A. Schultz is an assistant professor in the Department of Forest and
Rangeland Stewardship at Colorado State University, in Fort Collins. Paul A.
Duffy is an environmental statistician with Neptune and Company, in Denver,
Colorado. Jerry E. Franklin is a professor of ecosystem analysis at the School of
Environmental and Forest Science at the University of Washington, in Seattle.
Jaclyn Hall is a postdoctoral scientist and Michael W. Binford is a professor
and chair in the Department of Geography at the University of Florida, in
Gainesville. Paul C. Stoy is an assistant professor at Montana State University,
in Bozeman. Lindsay R. Boring is the director of the Joseph W. Jones Ecological
Research Center, in Newton, Georgia.

http://bioscience.oxfordjournals.org

GTOZ ‘S Yo N UO BWRGR|Y JO AISBAIUN T /B10'S euIno 010 1X0'80Us 1050 1//:d1y WO popeoumoq


http://bioscience.oxfordjournals.org/

