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Rapid climate change and altered disturbance regimes represent increasing stressors
to the stability of existing ecosystems. Resilience is a widely used framework for
post-disturbance response, but resilient responses are emergent properties resulting
from component processes of persistence, recovery, and reorganization, with different
mechanisms at work in each mode. We present a model of scaled resilience, which
allows resilience to be decomposed across scales of space, time, and levels of
biological organization. Using case examples of post-fire resilience in dry conifer
forests of interior western North America, we illustrate the increased clarity gained by
separating scale-dependent mechanisms of persistence, recovery, and reorganization.
We conclude by describing how the scaled resilience framework can be applied in land
and fire management by distinguishing relevant management actions before, during, and
after wildfire.

Keywords: dispersal, disturbance, ecosystem management, persistence, recovery, reorganization, tipping points,
wildland fire

INTRODUCTION

Traditionally, the objectives of land management, conservation biology, and restoration ecology
have focused on maintaining or re-establishing historical conditions (Egan and Howell, 2005;
Palmer et al., 2016). The underlying premise of these approaches is that species, communities, and
ecosystems will be best prepared to cope with new or variable conditions if their environment is
within the historical range of variability to which they are adapted.

In today’s world, many of these assumptions about how ecosystems will respond to emerging
conditions are being tested and challenged. Concentrations of atmospheric CO, now fall outside
of the documented range for the past 800,000 years, setting the stage for multiple centuries of
altered climate (IPCC, 2014, 2018). As a consequence, in many areas, key climate variables such as
annual and seasonal precipitation, temperature, and moisture stress are moving rapidly outside the
known historical range of variability (USGCRP, 2017). Seasonal patterns of precipitation, snowpack
soil water content and persistence, seasonal timing of streamflow, and humidity are changing in
ways that are demonstrably unprecedented for thousands of years. In many regions of the world,
widespread drought-related stress driven by rapidly rising seasonal temperatures is already causing
elevated tree mortality, indicating the potential for substantial contraction of forested area, or
replacement of current forested communities with species better adapted to persistent drought
conditions (van Mantgem et al., 2009, 2018; Williams et al., 2013).

Other impacts in addition to the direct effects of altered climate are having equally profound
consequences for ecosystem structure and function. Biogeochemical and hydrologic cycles are
increasingly outside the ecologically relevant range of variability. Partially as a consequence,
invasive non-native grasses have altered desert and shrubland communities throughout western
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North America, through competition with native species and
facilitation of altered fire regimes (Chambers et al., 2013). These
mechanisms tend to reinforce the success of the invader, making
autogenic return of the community to its pre-invasion state
unlikely without substantial human intervention (Stevens and
Falk, 2009; Chambers et al., 2013).

These relatively slow (decadal to centennial) processes can be
accelerated and multiplied substantially by severe disturbance.
Ecological disturbances such as fires and insect outbreaks—all
naturally occurring processes—may stress ecosystems beyond
their ability to recover if they become elevated in severity,
frequency, or extent. Following severe large-scale disturbances,
in a context of altered climate, ecosystems may follow altered
recovery trajectories in which resilient capacity is tested to its
limits, or exceeded (Allen, 2007; Falk, 2013). Such “no-return”
outcomes are evident in post-fire recovery pathways following
large high-severity fire impacts in recent years (Figure 1).
Chronic climate stress may impair the ability of individuals,
populations, and communities to survive and recover from
disturbance, in effect increasing its expressed severity and impact.

Against this background, resilience—defined broadly, the
ability of a system to recover following stress or disturbance—
is a key emergent property of individuals, populations, and
communities. While the expression of resilience to time-
varying environments and episodic disturbance have always
been important, this property is gaining significance in today’s
rapidly changing world as a key pathway to adaptive capacity,
as the biosphere and its components are increasingly exposed
to a world exceeding the millennial historical range of
variation. Resilience in this context implies that some degree of
ecosystem change may reflect processes of adaptation to altered
environmental conditions; change is not necessarily an indicator
of ecosystem failure.

FIGURE 1 | Profoundly altered landscapes affected by large and severe fires
may take decades or centuries to return to pre-disturbance conditions, or may
shift into alternative metastable states as changing climate inhibits return to
the re-disturbance community. Cochiti Canyon, Jemez Mountains, New
Mexico USA following the 2011 Las Conchas Fire.

We argue here that for models of resilience to be useful,
both scientifically and to managers, the dimensionalities of
both disturbance and post-disturbance response need to be
incorporated into the framework. We outline a model of scaled
resilience that takes these dimensions into account explicitly,
allowing ecologists and managers to apply appropriate spatial,
temporal, and biological scaling to their assessments of ecosystem
resilience (Petraitis and Latham, 1999). Although the concept of
scaled resilience is general, we illustrate the use of the framework
with reference to the ecology of wildland fire in forests of interior
western North America, with a focus on plant populations
and communities.

Concepts of Resilience in the Ecological

Literature

Lewontin (1969), Holling (1973), Sutherland (Sutherland, 1974,
1990), and May (1977) were among the first ecologists to
describe the mathematics of non-linear ecological responses
to perturbations, leading to a theoretical framework that
demonstrated how ecosystems display resistance, thresholds and
multiple alternative stable states. These models defined resilience
space implicitly as the domain of response prior to an irreversible
threshold change. Over time, concepts of ecological resilience
have become prominent in the scientific and management
literature as more ecosystems are pushed to or beyond their
limits of recovery by multiple interacting stressors characterized
by both positive and negative feedback relationships and
cascading effects (Beisner et al, 2003; Andersen et al., 2009;
Rocha et al., 2018).

Resilience is not a unitary response to disturbance. Rather, the
response of ecological systems following a perturbation can be
summarized in sequential stages operating at differing levels of
biological organization across scales of space and time Figure 2)
(Millar et al., 2007; Millar and Stephenson, 2015; Falk, 2017).
The more general emergent response of resilience is comprised of
component processes of resistance, recovery, and reorganization.
The first stage, resistance, is the ability of individuals or structures
to tolerate or persist through disturbance, allowing the system to
return to its pre-disturbance state relatively unchanged (Halpern,
1988; Hershkovitz and Gasith, 2013; Lake, 2013). This property,
also referred to as persistence (Sutherland, 1990; Carpenter
et al,, 1992), is characterized by high demographic survivorship
(per capita survival over a time increment) or, conversely, low
mortality rate. In physical terms, persistence generally favors
demographic and environmental stability, because processes
of growth and reproduction continue, and essential resources
(e.g., intact soil profiles) are retained. Grassland fire regimes
of perennial grasses exemplify ecological responses based on
survivorship: the cured foliage burns in a surface fire, but the
meristem is positioned near ground level where most individuals
survive and refoliate the following season.

When mechanisms of resistance (persistence) have been
overcome, resilience shifts from individuals to population-level
processes of recovery, which in an ecological context is the
re-establishment of the pre-disturbance population following
mortality of the original individuals, through recruitment or
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FIGURE 2 | Processes of resistance, recovery, and reorganization are
sequential components of the aggregate property of resilience, operating at
progressively higher levels of biological organization.

colonization. Recover processes can be relatively rapid, as in
the case of populations of pines with serotinous cones (e.g.,
Lodgepole pine, Pinus contorta ssp. contorta), which depend
on intense fires to open their cones and allow seed dispersal
onto cleared ground, usually leading to abundant post-fire
establishment within 1-2 years of fire. Other populations may
recover more slowly following adult mortality, depending on the
spatial and temporal patterns of seed production and dispersal,
seed germination and establishment, and post-establishment
competition. In many forested ecosystems, the initial phase of
recovery is dominated by suites of regionally adapted early-
successional species; in western North America, these include
aspen (Populus tremuloides), Gambel oak (Quercus gambellii),
New Mexico locust (Robinia neomexicana), Ceanothus spp., and
others. These processes can extend over years and decades,
illustrating the widely varying temporal dimension to the
recovery phase.

Ecological systems reflect substantial inertia, or resistance
to change, expressed as physical and informational legacies
(Johnstone et al, 2016). However, ecosystems are not
homeostatic over broader scales of space and time; community
reorganization is a fundamental property in the paleoecological
literature (Falk and Millar, 2016). As the magnitude of
disturbance and interacting chronic stressors increase, both
persistence and recovery processes can fail, and the system
re-organizes into an alternative state (Beisner et al., 2003). These
alternative states may be ephemeral, or disturbance and biotic
interactions may cause the new state to be self-reinforcing,
and the system may settle into a new alternative metastable
state. Notably, the system is now resilient in every sense of the
term, but in a new configuration (Hobbs and Norton, 1996;

Cortina et al,, 2006). Biome or vegetation type conversions
are characteristic outcomes of reorganization. An ecological
example of an alternative state is Great Basin sagebrush steppe
that has been invaded heavily by cheatgrass (Bromus tectorum)
and other invasive non-native grasses. These species alter
not only competitive relationships and nutrient pools but
also the fire regime, so that the system becomes resilient in
its new state, and resists return to the original vegetation
(Rowland et al., 2010; Suding et al., 2016). Similar persistent
transitions are observed in Sonoran Desert uplands invaded
by buffelgrass (Cenchrus ciliaris), where a formerly sparse
understory comprised of shrubs, cacti, and herbaceous winter
annuals converts to an annual grassland with increased fuel
loads and continuity, creating an invasive fire regime that is
lethal to many long-lived desert species with little adaptation to
fire (Stevens and Falk, 2009).

A MODEL OF SCALED RESILIENCE

Current conceptual models of resilience and restoration provide
a useful set of emergent variables, but as typically interpreted,
they overlook scaling dimensionalities that are critical for
understanding how ecosystems respond to major perturbations,
especially in rapidly changing environments. Although scale
is recognized widely as a fundamental property in ecological
theory (Levin, 1992; Brown and West, 2000; Turner, 2010),
models of resilience have for the most part not addressed
critical dimensionalities. For example, in the threshold response
to disturbance, the resilience response may be dependent
on the extent of the overall disturbance in comparison
to characteristic events, and its landscape spatial structure
(e.g., whether the spatial mosaic of patches of differing
burn severity comprised of many small patches, or whole
watersheds). Temporal considerations are equally important:
How long ago did the disturbance occur, and did the
footprint of disturbance intersect or overlap with previous
disturbances? Did all disturbance effects occur immediately, or
were there significant lagging effects (delayed mortality, indirect
or second order effects such as post-fire floods)? What biological
entities were affected initially: individuals within a population,
populations, entire communities? What was the pre- and post-
disturbance climate, and how did this influence disturbance
susceptibility and post-disturbance recovery processes? These
scale-dependent processes influence ecological resilience as an
emergent property of multiple mechanisms that govern the
response to disturbance, operating along axes of space, time, and
biological hierarchy (Figure 3).

We use forest fire regimes to illustrate the importance of scale
in resilience ecology. From the perspective of ecological resilience
theory, the spatial and temporal patterns of occurrence of fire—
the fire regime—constitute one of the fundamental properties of
the evolutionary environment of fire-adapted ecosystems. Like
resilience itself, fire regimes can be defined along axes of space,
time, and magnitude (Sugihara et al., 2006). Temporal attributes
include mean and variance in fire seasonality, frequency, and
event duration. Spatial attributes include the characteristic
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FIGURE 3 | A graphical model of scaled resilience. Disturbances, and the
ecological responses that follow, are scaled on primary axes: spatial scale of
disturbance (x), recovery time (y), and level of biological organization in flux (z).
Localized, low-severity disturbances causing minimal mortality are associated
primarily with mechanisms of individual persistence (green volume A). As
disturbances become larger and more severe, population-level recovery
processes dominate, requiring longer temporal extent (blue region B). Very
large and severe disturbances can trigger community-level reorganization and
alternative states (yellow region, C).

size, spatial complexity, and landscape severity distribution.
Magnitude attributes include physical measures (fire intensity,
behavior), severity, and fuel strata involved. Understanding how

these fire regime attributes function in different vegetation types
is critical for understanding the role of fire in a given system, and
what phase of resilience will occur in any particular context. Fire
events that fall within the normal range of variability along each
of these axes are considered characteristic in that they constitute
the evolutionary environment for the constituent species and
communities of the system. From this perspective, the alteration
of the natural fire regime, rather than fire itself, may be thought of
as the disruption to the dynamics of the ecosystem (Falk, 2006).

Spatial Scale of Disturbance and

Resilience

Disturbances vary widely in their spatial properties. Many
disturbances are small in extent: Lightning can strike a single
tree and burn a few square meters before being extinguished
(Figure 4); defoliating insects can attack a small group of trees;
slope failure may destabilize part of a hillslope; herds of bison
can overturn soil in ha-sized patches over large landscapes.
At the other extreme, large landscape fires throughout western
North America now commonly burn hundreds of thousands
of hectares, and total area burned per year has increased over
the last two decades to more than 7 million ha yr~—! !. Insect
outbreaks cover even more area; outbreaks of mountain pine
beetle (Dendroctonus ponderosae Hopkins) in conifer forests of
British Columbia have cumulatively affected in excess of 14° ha
(Axelson et al., 2009).

In addition to overall extent, spatial scale of disturbance also
includes heterogeneity in patch size and diversity. For example,
the wildland fire burn severity mosaic (or spatial complexity)
is a fundamental landscape property of wildland fires (Haire
and McGarigal, 2010). Historically, evidence suggests that, in
dry and mixed forests, these mosaics were often fine-grained,
consisting of hundreds of smaller (e.g., < 1-100 ha) patches.
Margolis et al. (2011) found that historical mean high severity
patch sizes in higher elevations (>2600 m) in southwestern US
mountains ranged from 286 ha to 521 ha in mixed conifer-
aspen and spruce-fir forests, respectively. In southern Arizona
ponderosa pine forests at elevations ranging from 2,450 to
2,750 m, high severity patches ranged historically from 0.1 ha
to 100 ha (Yocom-Kent et al., 2015); high severity patch sizes
in mixed conifer forests were as large as 100 ha, although these
were qualified to occur under specific climate conditions and
in dissected landscapes, as patch sizes in this forest type are
generally inferred to have been small (Iniguez et al, 2009).
In Oregon, larger patches of high severity fire were related to
drought and annual fire extent, depending on the vegetation
type (Reilly et al., 2017). Overall, they found that high severity
patches were > 100 ha in vegetation types with historically high
severity fire regimes, whereas vegetation with historically low and
mixed severity fire regimes had almost half of the patches of
high severity greater than or equal to 100 ha. Heyerdahl et al.
(2014, 2019) found evidence of predominantly fine-grain spatial
mosaics in multi-century studies in lodgepole-ponderosa pine
and dry mixed conifer forests in eastern and central Oregon. In

1US data from National Interagency Fire Center (https://www.nifc.gov/fireInfo/
fireInfo_statistics.html). Data for Canada from http://cwfis.cfs.nrcan.gc.ca.
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FIGURE 4 | Small-scale fire disturbance in a New Mexico ponderosa pine
community. Resistance processes among fire-adapted species dominate,
resulting in low mortality rates among overstory trees.

the northern Washington Cascade Range, Cansler and McKenzie
(2014) found a positive relationship between fire size and amount
of burn severity, high severity patch size and the spatial pattern
of severity.

Large contemporary wildfires have departed significantly from
these historical patterns (Figure 5). Especially since the onset ~
2000 C.E. of persistent widespread drought conditions in much
of North America, many wildfires are generating coarse-grained
mosaics consisting of a smaller number of uncharacteristically
large contiguous high-severity patches, some of which are tens
of thousands of hectares in extent (Figure6). Of particular
importance to post-fire resilience is evidence of changes in
spatial properties of the landscape burn severity mosaic, such as
increasing aggregation of high-severity patches, as well as larger
overall burned area and proportion of high-severity burn in some
forest types (Cansler and McKenzie, 2014; Singleton et al., 2019).

The spatial scale of disturbance has profound consequences
for numerous ecological processes, including regeneration, soil
and erosion, hydrologic processes and wildlife. In many cases,
these spatial effects can determine the form of the resilience
response. For example, large high-severity forest patches with
few or no surviving trees may completely lack seed sources
for post-fire tree recolonization; in these cases, seeds must
be dispersed into the patch (Owen et al, 2017). Dispersal
distances vary widely, from a few meters (in the case of some
gravity-dispersed seeds) to tens of kilometers or more for
some bird-dispersed species (Bonnet et al, 2005; Haire and
McGarigal, 2010). Occasional long-distance dispersal mediated
by mammals or birds can cover substantially more distance
(Keane et al, 2012), and long-tailed dispersal kernels are an
important mechanism of rapid dispersion (Clark, 1998), but
successful seedling establishment is far from certain in any given
year even when seeds are dispersed toward the patch interior,
especially given the effect of climate variation on regeneration
success (Law et al., 2019).

Higher severity fire can result in substantial physical and
chemical changes to soil aggregation, porosity, water retention
and hydrophobicity (DeBano, 2000); when these effects are
extended over larger contiguous patches, there can be significant
effects on soil erosion and hydrologic functioning due to positive
feedbacks in runoff velocity and sediment load, leading to
decreases in ecosystem sustainability and recovery potential
(Neary et al, 1999). The burn severity mosaic and total fire
size can create a range of vegetation and habitat mosaics from
large homogenous patches of vegetation and habitat to more
fine-grained complex vegetation mosaics with multiple plant
species and habitat elements (Shaffer and Laudenslayer, 2006).
These burn severity patches and mosaics variably affect wildlife
species in contrasting ways (Dudley et al., 2012; Buchalski et al.,
2013; Rockweit et al., 2017), through changing temporal and
spatial attributes of habitat including patch size, juxtaposition
and connectivity. These effects underscore the powerful influence
of the spatial properties of a disturbance, particularly its overall
extent and the pattern of patches, on the post-fire progression
of an ecosystem. Ecosystem resilience cannot be understood
fully without reference to the spatial scale of disturbance and
recovery processes.

Temporal Scale of Disturbance and

Resilience

How quickly a population or community or ecosystem recovers
following disturbance is one of the most significant properties of
resilience. We are more likely to judge a system that recovers
rapidly to its pre-disturbance state as “resilient,” whereas one
that recovers more slowly—according to our criteria—may be
considered less resilient. However, these judgments are not
always ecologically justified; ecological succession does not
necessarily proceed at a pace to which humans can relate (i.e.,
decades to centuries). The pace and trajectory of ecosystem
response to a disturbance is determined by the biology of
its major constituents, geochemical and other environmental
factors, and characteristics of the disturbance itself such as
spatial scale.

The temporal properties of individual disturbance events
include duration above critical thresholds. For wildland fires,
a common metric of disturbance magnitude is fire severity,
which can apply to both aboveground vegetation and soils. Fire
effects on biota and soils are a function of reaction intensity
(energetic heat output, kJ m~2 min~!) and fireline intensity (kJ
m~! sec™!), expressed over residence time, represented in the
time-temperature function. The period during which a plant
or area of soil experiences heat from a fire can determine
whether plant roots experience lethal heating, for example, or
the degree to which soil characteristics such as hydrophobicity,
loss of organic matter, or sterilization occur (Neary et al,
2005). Both plants and animals can tolerate brief exposure to
high temperatures that become lethal with extended duration
(Engstrom, 2010).

The temporal aspects of a fire regime include the characteristic
interval between events, including the central tendency and
higher moments of the interval distribution. The historical range
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FIGURE 5 | Patch size contrast in two large landscape wildfires in Arizona, USA with contrasting patch structure. A large proportion of the 2010 Schultz Fire (A)
burned with high severity effects (high rates of tree mortality and soil damage) in large contiguous patches. This outcome contrasts with the fine-grain severity mosaic
from the 2009 Wildhorse Complex (B), with a larger number of smaller, dispersed patches. Scaled resilience theory predicts more rapid recovery from the Wildhorse
Complex compared to the Schultz Fire based on spatially limited processes such as seed dispersal.
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of variation in fire return intervals represents the evolutionary
environment of the species that comprise that system, to which
they are adapted through life history and anatomical features
(Keeley et al., 2011; Keeley, 2012). The individual fire return
interval—the time since a fire at a specific site—influences fuel
properties (mass per area, horizontal and vertical continuity,
size distribution), which in turn have important influences
on the behavior and effects of the subsequent fire. This is
illustrated clearly in the exclusion of surface fires throughout
many western US forests during the majority of the twentieth
century, driven by land use and not synchronous with climate
variation (O’Connor et al., 2011; Fulé et al., 2012; Figure 7).
This temporal departure in fire intervals is widely understood to
have led to ahistorical fuel loads and continuity that are a key
contributor to the era of megafires today (Parks et al., 2018).
Thus, consistency (or departure) from the characteristic return
interval distribution is a key temporal parameter regulating the
form of post-fire responses.

Like changes in fire severity, or changes to its timing, the
exclusion of fire for long periods in ecological systems adapted
to its periodic occurrence can cause dramatic shifts in vegetation.
In some fire-adapted systems, competitor species sensitive to fire
are held in check by recurrent fire. In its absence, these species
may out-compete the existing species or increase in dominance,
leading to a shift in dominant plant functional types (O’Connor
etal., 2014).

Another disruption in temporal properties of the fire regime
include changes in the season of fire occurrence. Such changes
have been observed in recent decades, as ignitions shift from
periods of high lightning activity to late in the dry season, due to
enhanced human-caused ignitions. Throughout western North
America, fire seasons (meaning the sub-annual period during
which meteorological conditions of temperature, precipitation,
relative humidity, winds, and atmospheric stability are favorable
for fire spread) are changing in response to climate forcing (Dale
etal., 2001). Fire seasons have lengthened by 2-10 weeks in many
areas, effectively allowing fires to start earlier and burn longer
(Jolly et al., 2015; Kitzberger et al., 2017). These temporal changes
can result in cascading ecological effects through asynchronous
phenological effects on plants and animals.

Once disturbance has occurred, the time scale of recovery is a
central response variable indicating the rate at which biophysical
processes progress. For example, the post-fire growth response
of aspen (Populus tremuloides) will be almost instantaneous,
with sprouting stems appearing aboveground within weeks
of fire exposure. In this instance (and for many other fire-
adapted species) clonal resprouting is a dominant mode of post-
fire reproduction, with the result that a post-fire community
is re-established rapidly, even though its species composition
differs from the immediate pre-fire community. Seeds of Interior
Lodgepole pine (P. contorta var. latifolia), a serotinous fire-
adapted conifer of the intermountain region of North America,
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FIGURE 6 | Large high-severity patches in recent fires in the southwestern USA determined from satellite imagery (www.mtbs.gov) for four recent fires. Red areas
indicate the largest contiguous high-severity polygons compiled by connecting high severity pixels using a four-neighbor rule for the (A) 2011 Horseshoe 2 Fire, AZ
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typically germinate within a year of the fire event. In contrast,
shade-tolerant conifers may take decades to re-establish a
population after fire, via recruitment from seeds in seedbanks
or by wind dispersal from nearby individuals (Savage et al,
2013). While these examples from forests illustrate relatively
subtle differences in pace of response, ecosystems dominated
by organisms with more widely differing reproductive rates and
strategies (annual grasses vs. trees, for example) may display a
greater range of rates of response to disturbance. Thus, the time
definition for a “resilient” response is a system-specific property.

Some communities may take decades to centuries to
resemble the original pre-disturbance condition. These time
scales reflect the wide range of processes (seed dispersal,
development of microclimates and habitat for pollinators and
seed-dispersing animals, seedling establishment, presence of
symbionts, growth, competition, age to first reproduction)
necessary for post-disturbance community development, and do
not necessarily indicate a resilience failure. In the interior western

US, a number of species of shrubs and early successional trees
in the genera Ceanothus, Quercus, Robinia, and others, may
capture and dominate a post-fire site for decades following
a stand-replacing event (Figure8). Such type conversions
are widely observed following high-severity fires, especially
during the contemporary period of intensive management
and climate-change effects in many western forests. However,
whether they are permanent or transitory requires decades of
controlled observation (Guiterman et al., 2018). Distinguishing
slow processes of ecological successional from threshold-type
conversions is a major obstacle to resilience ecology.

The temporal and spatial axes in this framework are not
completely independent. Other things being equal—for example,
the percent of overstory trees killed in a disturbance event—large
high-severity patches will take longer to recover if seed dispersal
distance is limiting, whereas small high-severity patches can be
colonized relatively quickly, representing a gap-dynamic mode
of recruitment.
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Biological Level of Organization

Ecosystems are complex, structured systems. A variety of
organizational frameworks are used in their description,
including evolutionary relationships, energetic and trophic levels,
and levels of biological organization or hierarchy (Allen and
Starr, 2017). The concept of ecological resilience intersects
with levels of biological organization, in the same sense
that resilience is expressed differentially along axes of space
and time.

Individuals

The first layer of resilient response of an ecosystem to disturbance
is at the level of individual organisms. Here we use the individual
as the base of the ecological hierarchy, acknowledging from the
outset that the concept of the unitary individual is problematic
for many organisms (such as many fungi and clonal plants). The
effects of disturbance or environmental variation on individuals
are often a primary response variable in disturbance ecology.
The most obvious effects are demographic: survival or mortality,
changes in growth rate, and reproductive rate (Lloret et al.,
2011; Keeling and Sala, 2012). Physiological and anatomical
effects at the level of the individual, such as hydraulic failure
(e.g., via tracheid cavitation), lethal leaf dehydration, changes in
tracheid, ray, and resin duct anatomy in fire-exposed conifers,
and formation of fire scars, are also demonstrable evidence of
disturbance effects on individuals (Skov et al., 2004; McDowell
et al., 2008; Arbellay et al., 2014a,b; Smith et al., 2016). Individual
responses at this level of organization contributing to survival are
the mechanism of the resistance phase of Millar et al. (2007).

The response of individuals to disturbance indicates life
history evolution in the most direct sense. Many conifers
in fire-prone ecosystems have multiple adaptations to survive
low-intensity surface fires, including thick bark, lifted crowns,
and physiological mechanisms for compartmentalizing wounds
(Keeley, 2012). Other species in fire-prone environments such as
Mediterranean chaparral communities have evolved the ability
to re-sprout basally or epicormically to regrow damaged stems
or crowns following moderate to high intensity heat exposure.
The morphology and functional anatomy and history of grasses,
particularly perennial bunchgrasses, reflect the joint evolutionary
influence of grazing and fire favoring individual persistence.

Communities in which a large proportion of individuals
persist through a disturbance event (fire, windstorm, drought,
insect outbreak) can recover relatively quickly following
cessation of the disturbance. Individual survival tends to
stabilize ecological communities and promote return to the
pre-disturbance community. Evidence that individuals may be
reaching the limits of their persistence include reduced growth
rates and physiological function, which may in turn predispose
individuals to mortality from stressors (such as heat output and
tissue damage during wildfire) that they might otherwise be able
to tolerate (van Mantgem et al., 2018).

Populations

Where many individuals do not survive disturbance (e.g., higher-
severity fire, drought, or insect outbreak), the resilient response
occurs at the next higher hierarchical level of population-
level recovery processes. Here the principle response is the
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FIGURE 8 | Examples of persistent post-fire community conversions: (A)
Post-fire native shrubfield in former pine/mixed-conifer forest, Santa Catalina
Mountains, AZ following the 2003 Aspen fire (photo: L. Maghran, University of
Arizona). Inset: burn severity map. (B) Ceanothus velutinus dominates post-fire
succession following the 2003 Davis Lake fire in lodgepole pine, west-central
Oregon southeast of Maiden Peak. (C) Persistent type conversion at Mt Elden,
AZ in 2017, 40 years after the 1977 Radio Fire (photo: J Bacon, Arizona

Daily Sun).

establishment of new cohorts of individuals, which may be
progeny of either survivors or killed plants. Population-level
recruitment may create relatively even-aged cohorts, or episodic

individual recruitment in gap-phase dynamics (Heyerdahl et al.,
2012, 2014, 2019).

A different set of mechanisms governs population-level
recovery processes compared to individual persistence.
Life history adaptations that promote recruitment in post-
disturbance environments include serotinous cones, seed
masting and dispersal, seed scarification, rapid seedling
establishment and growth; in animals, adaptations include
variable habitat selection and spatial migration. These
adaptations allow species with varying functional traits to
recover following fire, promoting their persistence into the post-
fire community (Enright et al., 1998; Barton and Poulos, 2018).
Some post-disturbance communities (e.g., Rocky Mountain
lodgepole pine communities) are highly similar to in recovery
pre-fire compositions, whereas others are characterized by
turnover in species composition in space and time, reflecting
interactions among species including competition, facilitation,
and the influence of initial conditions, which can govern how
communities reassemble following disturbance (Temperton
et al., 2004). Successional processes lead ecological communities
to change over space and time, sometimes in predictable
ways that revert toward the pre-disturbance condition, while
at other times leading to novel combinations (Falk, 2013;
Standish et al., 2014).

The time progression of population-level recovery can be
influenced strongly by spatial properties of disturbance (Cansler
and McKenzie, 2014). As noted previously, large high-severity
patches with few or no surviving trees lack internal seed sources,
so recolonization must be supported by propagules dispersing
into the burned area. Where seed dispersal distances are small
in relation to patch size, multiple generations requiring decades
to centuries may be required before the first generation of seeds
reaches the most interior areas. For example, the center of a
795 ha (1,964 ac) isodiametric patch in area is 1,591 m from
the nearest seed trees on the margin of the patch if it lacks
internal seed sources (Haire and McGarigal, 2010). Assuming
that the majority of conifer seed dispersal distances are 125-
250 m (Owen et al., 2017; Haffey et al., 2018), and age to first
reproduction of 20-25 year, seeds from successive generations
of trees might not reach the center of the patch for 127-
318 year.

Community and Plant Functional Type

Transitions

Once the thresholds for both persistence (individual survival)
and recovery (population re-establishment) have been exceeded,
the system must reorganize at a higher organizational level.
Multiple individuals of interacting species comprise an ecological
community; if disturbance alters biophysical conditions, different
species may be favored in the post-fire environment than
previously. This change is commonly observed as a shift
in dominant species in the period immediately following
disturbance (Coop et al., 2016; Haffey et al., 2018). How long that
shift persists, and the trajectory of return to the pre-disturbance
community, depends on community composition, trait diversity
among species, properties of the disturbance, retention of soils
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and other components crucial to vegetation recovery, and the
climate of the post-disturbance period (Figure 8).

Alternative post-disturbance successional pathways may
be more widespread in forest ecosystems than previously
appreciated (Weber et al., 2014), as are hysteretic trajectories
in which return toward the pre-disturbance state is not
simply a reversal of degradation pathways, especially in
the vicinity of critical transition states (Scheffer et al,
2001; Adams, 2013; Suding et al, 2016). Whether these are
transient or lead to alternative metastable states remains
poorly constrained in complex real ecosystems during
periods governed by community disassembly and assembly
processes (Temperton et al., 2004; Bascompte and Stouffer,
2009). Overly-simplified univariate conceptual models, such
as the ubiquitous ball-and-cup model, fail to account for
multivariate community responses, heterogeneous adaptive
landscapes, spatial and temporal variation in environmental
conditions, and feedbacks between target species environmental
conditions, and ecosystem processes (Beisner et al, 2003;
Kitzberger et al., 2012). Models that link functional traits to
post-fire environments have greater predictive power, but
these have not been widely adopted in resilience ecology
(Laughlin and Messier, 2015).

Effects of disturbance magnitude are recognized in traditional
resilience heuristics as the likelihood of a system transitioning to
an alternative basin of attraction (Scheffer et al., 2001). Severe
disturbance may eliminate previously dominant species from a
community, resulting in altered composition or structure, or
trigger conversion in dominant plant functional types (Laughlin
et al,, 2018). When the effects of disturbance include severe
alteration of the soil environment and hydrological function,
a tipping point response may follow in which the system is
so profoundly altered as to be unlikely to return to its pre-
disturbance state.

SCALED RESILIENCE AND ECOSYSTEM
MANAGEMENT

The scaled resilience model can guide ecosystem management in
significant ways. In this section, we explore potential utility of
resilience theory, including the application of scaled resilience to
management of wildland fire and the systems in which it occurs,
under likely climatic regimes of the mid-twenty-first century,
using wildland fire as an exemplar.

A number of studies have focused on applications of
resilience theory to ecosystem management (Janssen et al., 1999;
Gunderson, 2000) and the complex social-ecological systems that
natural-resource agencies are charged with managing (Berkes
et al., 2000; Carpenter et al., 2001; Walker et al., 2002). The
focus of a management regime may include maintaining or
restoring resilience of identified species populations (or in
some cases, individuals) of plants or animals, pre-disturbance
community types, habitat resources of wildlife species of interest,
stable and intact soil environment, surface or groundwater
quantity and quality, or riparian and hydrological structure and
function. These elements would be the object of conservation
or restoration focus, for which resilience consists of maintaining

a range of values within the estimated envelope of natural
variability (Keane et al, 2018). Managing for resilience itself,
instead of specified ecosystem states, exemplifies the novelty of
this approach and the importance of a sound theory of ecological
resilience (Benson and Garmestani, 2011; Bowker et al., 2013;
North et al., 2019).

So stated, management objectives ultimately aim to increase
the resilience of an ecosystem, landscape, or community to
a range of stressors. In the context of the scaled resilience
framework, this goal can be re-stated as reducing the probability
that an uncharacteristically severe disturbance will exceed a
critical scaled threshold, leading to the development of an
alternative ecosystem state or an uncharacteristically long
recovery time (Standish et al.,, 2014; Lucash et al., 2017). Land
managers can implement a range of measures prior to, during,
and after disturbance (such as wildfire) that may influence the
scaled resilience of the system in the post-fire recovery period.
Resilience-focused management is system specific and draws
on its evolved resistance, recovery, and reorganization potential
(Larson et al., 2013; Thomas and Waring, 2014).

Because of nearly a century of fire exclusion and fuel
accumulation, and exacerbated by rapid climate change,
landscape fire management is becoming increasingly focused
on ecosystem resilience rather than a strict return to historical
conditions (Drever et al., 2006; Reynolds et al., 2013; Stephens
et al., 2016). Managers have a number of choices for pre-fire
management actions, which include mechanical fuel reduction
treatments, such as thinning or mastication, or prescribed
burning, to reduce the potential behavior and severity of
a subsequent wildfire. These treatments can improve forest
resilience by reducing tree density and spatial fuel connectivity,
which can modify subsequent fire behavior and improve
understory plant diversity by allowing increased light penetration
to the forest floor. Thinning treatments may also help avert
threshold ecosystem change by ameliorating some climate-
related stresses, such as shortages of available soil moisture (Kolb
et al., 2007). In scaled resilience terms, fuels treatments aim to
maintain the natural spatial and temporal properties of the fire
regime, and to prevent higher-severity disturbances that will alter
the community at higher levels of organization (Yocom, 2013).

Management actions during wildfires also influence ecosystem
resilience significantly. With an average of over 6 million
ha burned in wildfire per year in the continental US and
Canada, management actions taken during wildfire incidents
can have substantial positive and negative effects on resilience.
If high severity fire in low-severity fire regimes can push
ecosystems past tipping points into new configurations of
composition and structure, then wildfire management is likewise
an opportunity to affect subsequent ecosystem resilience and
work toward having more fire that is the appropriate severity
for the ecosystem. While fire operations attempt to contain
uncharacteristic fire behavior, some measures used commonly in
firefighting (such as cutting wide firebreaks using bulldozers and
other heavy equipment, and high-severity burnout operations)
can have persistent effects that can persist after the fire is
controlled (Figure 9).

Lastly, post-wildfire management can shape the future
trajectories of a landscape. Post-fire management can enhance
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FIGURE 9 | High-severity fire effects resulted from a tactical burnout conducted during the 2004 Nuttall-Gibson complex, Pinalefio Mountains, AZ to protect a
high-value astronomical installation. Google Earth images from October 2003 (pre-fire, upper left), October 2004 (immediate post-fire, upper right), and June 2011
(seven years post fire, lower left). Lower right: stand condition as of 2010 (photo: Ann Lynch, US Forest Service).

the capacity of populations and communities to recover from
severe disturbance, and moderate the potential for reorganization
(Stevens-Rumann et al., 2012). In many parts of the world,
post-fire management actions start almost immediately with
rehabilitation measures. These measures are designed to focus on
mitigating short-term post-fire effects and stabilizing the burned
area (Robichaud et al., 2009) to manage water runoff and quality,
and minimize loss of soil productivity (Beyers, 2004), as well as
restoring native vegetation and controlling non-native invasive
species (Beyers, 2004; Robichaud et al., 2009). In some cases there
are no active post-fire treatments, allowing post-fire recovery to
progress naturally provided there is no risk to life and property
(Robichaud et al., 2000). When high-severity patches are large,
managers may try to overcome the limitations of spatial scale by
dispersing propagules or rooted plants to bypass the uncertainties
in natural dispersal and establishment.

Future Prospects: Resilience Ecology in a
Changing World

The principle of maintaining or re-establishing historical
evolutionary conditions has been a fundamental pillar of

restoration ecology (Palmer et al., 2016). Restoration ecologists
define these conditions by the use of reference sites, which
represent environments that are as close to the historical
condition as can be attained in todays world (Egan and
Howell, 2005). Protected areas, parks, and wilderness reserves
are frequently used to represent historical references, under the
assumption that they are closer to historical conditions than more
extensively modified environments in less rigorously protected
areas (White and Walker, 1997). Reference conditions are guides
to restoring communities and ecosystems, although generally not
interpreted literally as the desired future condition (Jackson and
Hobbs, 2009; Higgs et al., 2014).

Even so, reference conditions are increasingly problematic
for at least two reasons. First, truly unmodified and non-
degraded systems are increasingly difficult to find, because
human influence has become so pervasive. Even individual sites
that are remote from human activity are altered by changes in
regional species (including both extinctions and new arrivals),
hydrological and biogeochemical fluxes, landscape connectivity
influences on migration and dispersal (Wilcove, 2008), and the
ubiquitous effects of altered climate.
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Second, it cannot be assumed in every case that historical
communities or species distributions are optimally adaptive in
a rapidly changing world. Abundant paleoecological evidence
documents extensive changes in species geographic distributions
and the composition of ecological communities through
time, exemplified by the response of species distributions to
millennial shifts in climate regime (Jackson et al., 2009). While
mobile, short-lived species may be able to adapt their ranges
to accommodate predicted climate velocity in the twenty-
first century, longer-lived sessile species such as trees may
lag climate substantially (IPCC, 2014). Many extant North
American forests originated largely during the a climatic
episode of prolonged cooler temperatures extending from the
late 1500s to late 1800s (Mann et al., 2009), significantly
cooler and wetter than conditions predicted for the middle
twenty-first century and beyond. Thus, current tree species
distributions may not match the future climatic envelope,
requiring a more adaptive definition of reference conditions
that is not tied to a specific geography. The fact of a rapidly
changing world means that resilience, especially the phases of
recovery and reorganization, must be understood as an adaptive
response to changing conditions, not simply a return to a
past state.

Landscape-scale wildfire represents an increasing stressor on
the stability of ecosystems, especially interacting with changing
climate (Schoennagel et al, 2017). Kitzberger et al. (2017)
projected increases of 200->500% in annual area burned by
mid-century based on seasonal climate drivers projected under
a mid-range GHG emissions scenario. Total annual area burned
in high severity fire, measured using the Monitoring Trends
in Burn Severity (MTBS) dataset, has increased since 1984
in some of the western U.S. and much of the Southwest
(Miller et al., 2009; Dillon et al., 2011; Picotte et al., 2016).
A changing climate creates a large potential for changes in
the extent, severity and spatial pattern of fire regimes (Holden
et al., 2018; Singleton et al, 2019). As fire sizes increase, the
potential increases in burn severity, high severity patch size
and the spatial pattern of severity may increase the proportion
of the landscape in more homogeneous patches of post-fire
vegetation recovery (Cansler and McKenzie, 2014). Future
climate may also not provide conditions favorable for seedling
establishment in existing locations, reducing the probability
of post-fire recovery (Davis et al., 2019; Law et al., 2019).
Collectively, these trends point to an increasing probability of
massive reorganization of forest ecosystems on a scale that
has not been previously observed for thousands of years.
Significant effects of wildfire-climate change interactions are
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