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1. Toward a Theory of Landscape Fire

Donald McKenzie, Carol Miller, and Donald A. Falk

Landscape ecology is the study of relationships between spatial pattern and eco-
logical process (Turner 1989; Turner et al. 2001). It is the subfield of ecology that
requires an explicit spatial context, in contrast to ecosystem, community, or popu-
lation ecology (Allen and Hoekstra 1992). One major theme in landscape ecology
is how natural disturbances both create and respond to landscape pattern (Watt
1947; Pickett and White 1985; Turner and Romme 1994). Landscape disturbance
has been defined ad nauseum, but here we focus on its punctuated nature, in that
the rates of disturbance propagation are not always coupled with those of other
ecological processes that operate more continuously in space and time. Distur-
bance can therefore change landscape pattern abruptly, and large severe distur-
bances can be a dominant structuring force on landscapes (Romme et al. 1998).

Fire is a natural disturbance that is nearly ubiquitous in terrestrial ecosystems
(Fig. 1.1). Because fire is fundamentally oxidation of biomass, the capacity to
burn exists virtually wherever vegetation grows. Occurring naturally in almost
every terrestrial biome, fire and its interactions with ecosystems enable the study
of landscape pattern and process under a wide range of climates and geophysical
templates (Bowman et al. 2009).

Fire represents one of the closest couplings in nature of abiotic and biotic
forces (Smithwick, Chap. 6). Fires are frequent, severe, and widespread enough in
multiple regions and ecosystems to have served as a selective evolutionary force,
engendering adaptive responses across a variety of plant and animal taxa (Bond
and Midgley 1995; Hutto 1995; Bond and van Wilgen 1996; Schwilk 2003). Con-
veniently, the combustion process itself does not undergo evolutionary change. In
that way it is unlike insects responsible for outbreaks, which evolve (and co-
evolve) with host species over millennia (Royama 1984; Logan and Powell 2001).
Fire as a physical and chemical process is fundamentally the same today that it
was millions of years ago, and arguably will be the same a million years from
now, although its behavior and effects on landscapes change with the development
of ecosystems and vegetation.

Figure 1.1 here

Starting from simple triggers (lightning, striking a match), fire on landscapes
develops into a complex spatio-temporal process both driven and regulated by ab-
iotic and biotic factors (Johnson 1992; Johnson and Miyanishi 2001; Van Wag-
tendonk 2006). Fire behavior and fire effects reflect the relative strengths of mul-
tiple drivers, interacting at variable scales of space and time (Table 1.1). At fine
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scales (107-10'm?), fire spread and intensity are conditioned by properties of fuel
(mass, availability, spatial arrangement, and moisture), ignition (type, intensity,
frequency, and spatial distribution), and ambient weather (air temperature, wind
speed, and humidity). As a fire spreads over larger spatial scales (10'-10°m?) oth-
er factors gain in importance, particularly topographic variation (aspect, slope, and
slope position). As a result of these interactions, a fire can cover 5000 ha or more
in a day, or smolder and creep through ground fuels for months.

The spatial and temporal scales of fire are intuitively observable and compre-
hensible by humans, although reconciling them quantitatively with the spatiotem-
poral domain of “normal” ecosystem processes introduces profound challenges,
chiefly because of the different rates and scales at which processes occur. Fire can
reset landscape processes and their spatial pattern, often across community and
watershed boundaries, thereby forcing managers to take a landscape perspective.
Planning at scales that are too fine will fail to account for disturbances that arise
outside small management units; planning at scales that are too coarse, such as re-
gional scales, will not account for local patterns of spatial and temporal variability
and are in danger of applying one-size-fits-all solutions (Peterson et al., Chap. 10).
Likewise, although fires occur as “events” over time spans of days to months, the
postfire ecosystem response can unfold over decades to centuries. Landscape
ecology provides a template for the analysis of both fire behavior and fire effects,
and as a discipline offers the concepts and tools for understanding fire across
scales (Turner et al. 2001; Falk et al. 2007).

A central concern in landscape ecology is the feedback that can exist between
landscape pattern and ecological processes (White 1987; Turner 1989). In the case
of fire, the mechanisms for this pattern-process dynamic are reasonably well un-
derstood at the fine scales for which fire behavior models were built (Johnson and
Miyanishi 2001; Linn et al. 2006), albeit not always quantified accurately enough
for reliable landscape predictions (Keane and Finney 2003; Cushman et al. 2007).
As fire opens canopies, causes differential mortality, consumes standing biomass,
affects watershed hydrology and soils, and prepares seedbeds, it acts as a powerful
agent of landscape pattern formation. At the same time, however, the spread and
behavior of fire depend explicitly on some of those very same landscape
attributes, such as the distribution, type, age, and condition of vegetation. The spa-
tial and temporal distributions of biomass and moisture influence the spread of
fire, inhibiting the spread of fire where biomass is too scarce or too wet, and al-
lowing fire to spread only where conditions are favorable to combustion. Fire is
therefore a contagious disturbance (Peterson 2002), in that its intensity depends
explicitly on interactions with the landscape.

The feedback between fire and landscape pattern is strong and ecosystem-
specific, and provides a perfect illustration in nature of the interaction of pattern
and process. Over time this pattern-process interaction creates landscape memory,
a legacy of past disturbance events and intervening processes (Peterson 2002).
This memory can be spatially sparse, but temporally rich, as with a spatial pattern
of fire-scarred trees (Kellogg et al. 2008), or the converse, as with a landscape pat-



tern of age classes and structural types (Hessburg and Agee 2005). Landscape
memory extends to the less visible but no less important functional properties of
ecosystems, such as biogeochemical processes (Smithwick, Chap. 6).

Fire effects illustrate this interaction of pattern and process. Fire consumes
biomass as it spreads, producing a patch mosaic of burned areas on the landscape,
whose heterogeneity reflects the combined effects of the spatial patterns of fuels,
topographic variation, and microscale variation in fire weather. Burned areas pro-
duce characteristic patterns of spatial variability in severity and patch sizes. This
tendency is the basis for the widespread use of remote sensing and geographic in-
formation systems (GIS) to quantify and evaluate fire as a patch-generating land-
scape process.

Remotely derived imagery has revolutionized the field of burn severity map-
ping, especially by greatly improving the precision and accuracy of characteriza-
tions of postfire environments (MTBS 2009). Both qualitative and quantitative
metrics of burn severity can be derived from satellite imagery based on reflected
and emitted electromagnetic radiation (Miller and Yool 2002; Holden et al. 2005;
Key and Benson 2006). Although most burn severity work to date has used just
two spectral bands from LANDSAT images at 30-m resolution, multi-spectral and
panchromatic data are increasingly available at multiple resolutions as fine as 1m.
Hyperspectral imaging (Merton 1999) and LiDAR (Lentile et al. 2006) also hold
promise for more refined analysis of the three-dimensional structure of postfire
landscapes.

A recently burned landscape is striking to look at. Spatial patterns of burn se-
verity are often very heterogeneous, even within fires assumed to be stand-
replacing (Fig. 1.2). Indices abound to quantify and interpret landscape spatial pat-
tern (McGarigal et al. 2002; Peterson 2002), and have been used widely to under-
stand spatial patterns specifically with respect to fire (Romme 1982; Turner et al.
1994). Our interest here, however, lies specifically in the processes that both gen-
erate and are controlled by that spatial pattern. For example, patterns of burn se-
verity and the spatiotemporal structure of fire-scar records emerge from the cumu-
lative effects of individual events and their interactions, but how these dynamic
interactions play out over larger spatial and temporal scales is less well unders-
tood. A framework is needed for connecting these events and interactions that is
conceptually and computationally feasible at the scales of landscapes. In this chap-
ter we propose a theoretical framework that reduces the apparent complexity of
ecosystem processes associated with fire. A full development of this theory would
entail a formal structure for landscape fire dynamics and quantitative models for
individual transformations of its elements (sensu West et al. 2009). Here we are
content with suggesting a way of thinking about landscape fire that “streamlines”
its complexity to a level that is tractable for both research and management.

Figure 1.2 here [but a and b should be on facing pages]



1.1 An Energetic Framework for Understanding Landscape Fire

Earth system processes reflect the distribution of energy across scales of space
and time (Pielou 2001). The climate system, for example, is a direct manifestation
of the flows of energy near the Earth’s surface, including the uplift of equatorial
air masses and major convection processes such as Hadley cells and atmospheric
circulation, all of which redistribute incoming solar energy. Ocean circulation is
likewise driven by system energetics, which are evident in three dimensions be-
tween deep and surface waters across thermohaline gradients and major quasi-
periodic ocean-atmosphere couplings (El Nifio Southern Oscillation, Pacific De-
cadal Oscillation, Atlantic Multidecadal Oscillation, North Atlantic Oscillation).
Earth’s fluxes of energy drive biogeochemical cycles that connect flows of mate-
rials and energy within and among ecosystems. Biogeochemical cycles, such as
those of carbon and nitrogen, link the biotic and abiotic domains and reflect feed-
backs between biological and non-biological components of the Earth system.
Ecosystem ecologist H. T. Odum observed (1983) that biogeochemical cycles can
be considered a form of energy flow at all scales, and that other ecological
processes such as succession and productivity can be viewed as expressions of or-
ganized energetics.

The ecosystem energy perspective offers a general framework for understand-
ing landscape fire as a biophysical process. Fire redistributes energy, and in doing
so, can dramatically transform landscape pattern. Here we outline a framework for
understanding the landscape ecology of fire from an energetic perspective. In this
energy—regulation—scale (ERS) framework we view fire as an ecosystem
process that can be understood by examining how energy is transformed and redi-
stributed, subject to regulation, across scales.

1. Energy. Incoming solar energy is the ultimate basis for plant growth and thus
the fuels involved in combustion. Solar energy is also the basis for atmospher-
ic circulation and the weather that influences moisture conditions of fuels and
fire behavior. Vertical energy transfer in the atmosphere generates lightning,
the primary non-human source of ignitions. The preconditions for fire are thus
related inextricably to energy sources and fluxes.

2. Regulation. Ecosystems apply controls on the energy flux rates important to
landscape fire. Forests store energy (fuel) as living and dead biomass above-
ground and in soils, and the time it takes to accumulate a storehouse of bio-
mass that will burn is subject to biotic and abiotic controls on growth and de-
composition that vary across ecosystems (Aber and Melillo 1991). The energy
fluxes associated with the combustion process itself are facilitated or con-
strained by atmospheric humidity, temperature, and air-mass movement
(weather). Topography works in a similar fashion with landscapes having re-
gions of low resistance to fire spread (e.g., steep slope gradients in the direc-
tion of wind) or high resistance (cliffs, lakes, persistent fuel breaks). Indeed



all three elements of the traditional “fire triangle”—fuels, weather, and topo-

graphy—can be interpreted as ecosystem components involved in regulating

the flow of energy across a landscape (Table 1.2).

3. Scale. Flows of energy and mass (stored energy) are concentrated at characte-
ristic scales of space and time (Holling 1992). For example, the main regula-
tors of combustion at the space and time scales of millimeters and seconds
(combustible fuel mass and moisture, a heat input source, and sufficient oxy-
gen to sustain combustion) are different from those that regulate fire occur-
rence at subcontinental and decadal scales (interannual to decadal variation in
winter precipitation, spring and summer temperature and humidity, prior fire
history and regrowth of flammable biomass). Between these two ends of the
scaling “gradient”, fire dynamics play out across landscapes, in ways that are
more complex and heterogeneous, and less tractable to analyze.

Within this “ERS” framework, we can recast the standard pattern-process po-
larity in landscape ecology (Turner et al. 2001) by examining energy in landscape
fire. Following basic physics, we partition energy into potential and kinetic ener-
gy. Potential energy (PE) is stored mostly in biomass, in the form of molecular
bond energy. Increases in biomass (productivity) are affected by kinetic energy
(KE) in the form of photosynthetically active radiation (PAR), and regulated by
levels of soil and foliar moisture. The potential energy in biomass is transformed
rapidly into Kinetic energy during a fire. Heat flux (radiative, convective, conduc-
tive) is basic to the physics of fire spread. The spatial interplay of heat flux with
the connectivity of potential energy in fuels manifests as contagion on the land-
scape. Rates and directions of fire spread are determined by the interaction of heat
flux, generated by the transformation of potential energy in fuels and driven by
fire weather, with landscape pattern (regulation), producing the observed complex
spatial patterns of landscape fire.

Energy fluxes associated with physiological processes of photosynthesis and
respiration, and the ecosystem level processes of growth and decomposition in-
volved in succession, proceed at very different rates from the energy fluxes asso-
ciated with fire. The heat transfer in fire spread is pulsed, whereas the fluxes in
growth and decomposition are more or less continuous, albeit time-varying. Fire
therefore represents a dramatic and relatively instantaneous transformation of po-
tential energy to Kinetic energy, in contrast to the slower transformations asso-
ciated with stand dynamics, which ultimately convert the kinetic energy from the
sun into potential energy stored as biomass (Fig. 1.3).

Interactions among energy fluxes, and their cumulative effects over time, are
evident in feedbacks to the process of landscape fire. These feedbacks can be neg-
ative, where fire is self-limiting, or positive, where fire is self-reinforcing. Fire as
a landscape process is governed by available biomass, terrain properties that influ-
ence combustion, and meteorological variables that affect ignition, wind speed,
temperature, and humidity. As a fire occurs, it effects a transformation of biomass
(as potential energy) into thermal (kinetic) energy, which is then redistributed
within and beyond the site. This transformation drives fire effects, including redi-



stribution of organic and inorganic compounds (in foliage and soil) and water. The
postfire environment integrates the legacy of the prefire landscape and the energy
transformation from fire behavior to generate a new landscape on which stored
energy has been redistributed. In this way, fire behavior, fire effects, and postfire
ecosystem changes combine to create landscapes with unique self-regulating
properties (Fig. 1.4).

1.1.1 Self-Limiting Properties of Landscape Fire

The behavior and spread of fire on a landscape depend in part on current condi-
tions (e.g., today’s weather), and in part on the legacy of past fire events and sub-
sequent ecosystem processes (e.g., the mosaic of flammable vegetation). By defi-
nition, in an ERS framework each fire—each combustion event—alters the
distribution of stored energy in the form of fuels to create a new postfire environ-
ment. In prescribed surface fires, fire intensity is controlled such that consumption
is limited to herbaceous and dead woody fuels, whereas canopy consumption can
approach 100% of foliage and even small branches in a high-energy crown fire
(Stocks et al. 2004). How long the legacy of this redistribution of stored energy
persists, and the extent to which the landscape fuel mosaic resembles the pre-fire
mosaic, depend on many factors, including the type of vegetation, fire intensity
(heat output per unit time and space), fuel conditions (e.g., moisture content) at the
time of the fire, and the productivity of the site, which governs how quickly vege-
tation can regrow.

Each fire alters the conditions for the next fire in the same location. Fire man-
agers know well that the intensity and rate of spread often moderate when a fire
spreads into a recently burned area. Indeed, such understanding is the basis for the
widespread application of prescribed fire and wildland fire use (Mitchell et al.
2009). Behavior of wildfires burning under all but the most severe weather condi-
tions moderates when fuel conditions are altered by thinning or prescribed fire
(Agee and Skinner 2005; Finney et al. 2005; Maleki et al. 2007).

A similar self-limiting dynamic can also be seen in unmanaged landscapes. For
example, in a study in the central Sierra Nevada, Collins et al. (2009) found that
under all but the most extreme conditions, the spread of a fire slows when it burns
into recently burned areas, with the most noticeable effects arising when the pre-
vious fire occurred less than 20 years ago. Similar self-regulating landscape prop-
erties have also been inferred in pre-management historical fire regimes (Taylor
and Skinner 2003; Scholl and Taylor 2010). In this way, any one fire exerts a neg-
ative-feedback regulatory influence on the subsequent fire event, with varying pe-
riods of persistence. As this dynamic is ramified across many patches on the land-
scape, the result is self-regulation, which may be a fundamental property of fire as
an ecosystem process (Moritz et al., Chap. 3). From the energetic perspective,
these self-limiting interactions might be viewed as an equilibrium—if an uneasy



one—regulated by cycles of conversion between potential and kinetic (thermal)
energy (Fig. 1.3).

1.1.2 Self-Reinforcing Properties of Landscape Fire

Another kind of landscape regulation also occurs, the self-reinforcing case. The
clearest example of this is the tendency of many vegetation types—grasslands,
ponderosa pine, chaparral, and lodgepole pine forest—to create fire regimes that
favor their perpetuation and expansion. This occurs because dominant species
create the physical environment and fuel complex that govern the fire regime, and
in turn the fire regime reinforces a competitive hierarchy that favors these species
(Rowe 1983; Agee 1993). For instance, the architecture of lodgepole pine (Pinus
contorta) forests in the interior West—dense stands of trees with high canopy
connectivity—tends to favor crown fire propagation, which kills most trees, giving
an advantage to cohort reproduction by lodgepole due to its evolved capacity for
serotiny (FEIS 2009).

Figure 1.3 here

Similarly, the open stand structure of many southwestern ponderosa pine (P.
ponderosa) stands creates an open layer of surface fuels and grasses that carries
relatively low intensity surface fires, killing seedlings and maintaining an open
forest structure while generally causing relatively little or no mortality among ca-
nopy trees (Allen et al. 2002). Many grassland ecosystems have self-reinforcing
fire regimes, with cured grasses providing fuel for fast-moving fires that burn off
cured foliage and kill seedlings of woody species, while little heat penetrates to
the apical meristem of the grasses, which has evolved to survive precisely such
events (Brown and Smith 2000).

Whereas landscapes that are controlled by the self-limiting dynamic occupy a
basin of attraction, under some conditions “escape” from this basin occurs, and the
system moves into a new dynamic space (Gunderson and Holling 2001). Escape
from an attractor may arise from stochastic rare events, including forcing by ex-
ogenous factors. For example, repeated fires at unusually short intervals may inhi-
bit the recovery of certain plant species, allowing colonization by new species and
a shift in the successional trajectory (Keeley et al. 1981; Suding et al. 2004).
Weather conditions that promote an unusually severe or extensive fire, such as ex-
tended droughts, can also alter successional patterns. If the new vegetation is more
flammable, slower growing, or more or less susceptible to a local insect or patho-
gen, the shift in the disturbance/succession dynamic may be sufficient to move the
landscape to a stable state in a new basin of attraction (Keeley et al., Chap. 8).

Climate change may accelerate these shifts to new basins of attraction, as dis-
turbances such as fire change ecosystems abruptly. Coupled with other complicat-



ing factors like invasions, landscape self-regulation can become chaatic. For ex-
ample, climate-driven changes in fire extent, severity, or frequency, in conjunction
with an invasive species such as cheatgrass (Bromus tectorum), buffelgrass (Pen-
nisetum ciliare), or less prolific annuals, can quickly reset the connectivity of a
fire-prone landscape such that species composition and spatial structure accelerate
away from the previous attractor into a very different system (Zedler et al. 1983;
Fischer et al. 1996; Esque et al. 2006). Typically, such landscapes will exhibit
more spatial homogeneity and simple structure—in the worst-case (so far) scena-
rio, vast areas covered by invasive annuals in which there was formerly a mosaic
of longer-lived shrubs and discontinuous fine fuels. These novel systems can be
impressively resistant to change, however, as reflected in the difficulty of return-
ing an invaded grassland to its pre-invasion composition. Part of the reason is that
the new system includes a strong element of self-reinforcement in its new configu-
ration. For example, desert grasslands that have been invaded by Old World
grasses have greater fine fuel mass and continuity than the pre-invasion communi-
ty; this new fuel complex promotes fire spread, which eliminates fire-sensitive na-
tive species while favoring the pyrophilic invaders (Zouhar et al. 2008; Stevens
and Falk 2009).

Figure 1.4 here

1.1.3 Top-Down vs. Bottom-Up Controls

Energetic inputs and their regulation can be top-down or bottom-up, depending
on the scale of spatial heterogeneity at which they act. For example, solar radia-
tion, whether used to fix carbon between fires or to heat and dry fuels during a
fire, is a top-down KE input. This energetic input is then subjected to further top-
down regulation by locally homogeneous spatial fields of humidity, atmospheric
pressure, temperatures, and precipitation. Fuels (stored PE) also become a source
of thermal (kinetic) energy during a fire (Table 1.2). At finer scales, varying fire-
line intensity or flame length are associated both with fine-scale heterogeneity of
fuels (spatial patterns of bottom-up inputs of PE), and with bottom-up regulation
(e.g. by fuel moisture and topographic control of fire spread) of the PESKE co n-
version associated with spatial variation in topography or fuel abundance at finer
scales. Topographic barriers to fire spread shape and limit the size of individual
fires, by creating spatial variation in flux rates, and over time produce spatiotem-
poral patterns of fire history of varying complexity (Kellogg et al. 2008). In gen-
eral, variables with coarser resolution than these spatio-temporal patterns are asso-
ciated with top-down controls, whether energetic or regulatory, whereas variables
with finer resolution than this energy transfer are bottom-up controls.

In the language of pattern and process, energy flux represents process in land-
scape fire ecology, whereas regulation associated with the spatial distribution of
energy represents landscape pattern. An obvious example of the latter is the spatial



distribution of fuels (potential energy). Ideally we should be able to both quantify
and predict landscape pattern change by measuring the relative strength of top-
down vs. bottom up regulatory controls. For example, a dominance of top-down
energy or regulation will homogenize and coarsen landscape pattern, whereas a
dominance of bottom-up components will induce more complex (heterogeneous)
spatial patterns to emerge. The spatial scale at which fire is “expressed” on the
landscape is intermediate between the scales of variation of top-down vs. bottom-
up components.

The expression of energy and regulation changes across scales, as some
processes act cumulatively and others change qualitatively. For example, the ener-
gy transformed in the combustion process is a measurable physical property that is
additive as a fire spreads, with output rates (e.g., joules sec™m?) varying with ex-
ternal drivers and regulatory constraints such as fuel moisture and slope steepness.
In contrast, topographic regulation across the landscape (e.g., ridges and valleys,
barriers vs. corridors) changes combustion conditions and fire behavior in cohe-
rent spatial patterns correlated with aggregate patterns of slope and aspect. Simi-
larly, with fuels, the expression of spatial heterogeneity changes from variation at
fine scales (e.g., packing ratio) to larger-scale variation in landscape connectivity
that influences fire shapes, sizes, and duration.

1.1.4 Landscapes and the Middle-Number Domain

The top-down and bottom-up organization implicit in the ERS framework
might suggest that hierarchy theory could be a useful framework for studying
landscape fire. Hierarchies are proposed to evolve in open dissipative systems,
such as landscapes, establishing a regulatory structure (O’Neill et al. 1986). To
our knowledge, however, hierarchy theory has not been applied successfully to
landscape fire or similar landscape disturbances. We believe that the contagious
and mercurial nature of fire, expressed as rapid temporal fluxes that greatly exceed
the rates of other energy fluxes at both fine and coarse scales, confounds a hierar-
chical approach to the landscape ecology of fire. What works well for trophic
structure in ecosystems, which can be studied over time scales of days to years,
breaks down under the “metabolic” rates associated with fire: velocities can vary
by orders of magnitude and temporal pulses of fire effects are far shorter than suc-
cessional recovery. As such, fire is a “perturbing transitivity” (Salthe 1991) that
melts hierarchical structure. Furthermore, hierarchy theory posits that ecosystem
function is “driven” (forced) from lower hierarchical levels (finer scales) and con-
strained by upper levels (coarse scales). In our view, drivers (energy) and con-
straints (regulation) can issue from both coarser (top-down) and finer (bottom-up)
scales than the level of interest, i.e., the landscape.

At the broadest scales, we can model fire occurrence and extent with aggregate
statistics (e.g., Littell and Gwozdz, Chap. 5; Littell et al. 2009) and capture mea-
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ningful information about fire regimes. Broad-scale regulators such as climate or
derived variables such as water deficit can explain much of the variance in flux
rates that manifest as regional area burned (Gedalof, Chap. 4; Littell and Gwozdz,
Chap. 5). At fine scales, fire’s interactions with individual ecological objects (e.g.,
trees) are fairly straightforward to quantify. For example, individual tree mortality
is closely associated with fireline intensity and flame length (energy flux) and tree
resistance (e.g., bark thickness as a flux resistor) (Ryan and Reinhardt 1988). At
both ends of the spectrum, both the energetic and regulatory components can be
identified.

It is the intermediate scales that are problematic in the study of fire because of
the interaction of bottom-up and top-down regulation. Recall that we have charac-
terized a contagious disturbance as one whose properties depend on its interac-
tions with landscape elements (Peterson 2002). The spatial heterogeneity of these
interactions confounds attempts to predict fire area (or more importantly, fire se-
verity) from spatially homogeneous top-down controls (e.g., weather), while also
propagating and exacerbating estimation errors for many properties of fires that
are computable at fine scales (Rastetter et al. 1992; McKenzie et al. 1996; Keane
and Finney 2003). Fire as a contagious disturbance is thus inherently a multi-scale
process.

This “modal” domain of fire, influenced by top-down and bottom-up controls
on energy fluxes, which we refer to as the “landscape”, is a middle-number system
(O’Neill et al. 1986) with respect to ecological objects we can observe (growing
trees, fuel transects, pixels, fire scars, animals—Fig. 1.5). We hypothesize here
(and elsewhere—see McKenzie and Kennedy, Chap. 2) that in disturbance-prone
landscapes, the physical limits to the extent of contagious disturbance coincide
with the upper end of the middle-number domain. This is roughly equivalent to the
spatial extent of the largest fires and the time frame of the fire cycle. At spatial
scales much larger than the largest fires, and at time frames longer than the cha-
racteristic fire cycle, aggregate statistics suffice to characterize fire regimes. In-
deed, for the purpose of understanding fire we define “landscape” as the spatial
scale at which these middle-number relationships converge.

Figure 1.5 here

Ideally, analyses in the middle-number domain will be suitable for application
of the ERS paradigm, if we can identify two thresholds. At the fine end of the gra-
dient (near the origin in Fig. 1.5), what energetic and regulatory functions (Table
1.2) are in play up until a threshold at which spatial pattern starts to matter, where
spatial contagion becomes a player in ecosystem dynamics? At the coarser end of
the scale gradient, what are the energetic and regulatory components effecting the
breakdown of contagion, such that top-down controls are in effect and simple ag-
gregate statistics like means and variances suffice to capture variation in process
and pattern? Between these thresholds, we would further seek some measure of
how contagion changes across scale, as we have with more traditional properties
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of fire regimes such as fire frequency (Falk et al. 2007). To that end, we need to
move from an ad hoc definition of contagion in relation to disturbance (see above)
and establish a metric, or set of related metrics, to quantify it in a meaningful way.
A spatially correlated physical process such as heat flux would be a good candi-
date for a covariate; i.e., the neighborhood effects of heat flux should modulate the
strength of contagion, along with spatial variation in potential energy (fuel).

Perhaps the most elegant solution to quantifying how contagion changes across
scale would involve deriving a scaling law linked to other sources of variability.
For example, self-similar topography, if sufficiently dissected to produce bottom-
up controls on energy flux (fire spread), produces scaling laws in fire-regime
properties (Kellogg et al. 2008; McKenzie and Kennedy, Chap. 2). Characteristic
scales, or correlation lengths, of bottom-up controls (Fig. 1.4) might determine at
what spatial scale contagion must be produced solely by external (top-down) driv-
ers such as fire weather unconstrained by topography or connectivity of fuels. In
this reduced case, limits to contagion would depend only on the spatial extent of
extreme weather events (combined with available fuel), which are known to drive
the largest wildfires.

To motivate the ERS framework as a potential solution to the middle-
number problem in landscape fire, we therefore need to demonstrate how explicit
scaling laws can bridge the gap between simple means and variances, i.e. aggre-
gate statistics that work at fine or broad scales, and the complexity of middle-
number systems that varies across scales in non-obvious ways. Specifically, we
need to specify scaling of energy and regulation in a way that reduces the dimen-
sionality, and potential for error propagation, through calculations on middle-
number data.

We take it as axiomatic that energy and regulation covary across scales of
space and time. Scaling laws represent stochastic processes that have been codi-
fied from multiple realizations across spatial and temporal scales (Lertzman et al.
1998). They also preserve the total information in a system better than aggregate
statistics. For example, historical fire regimes comprise multiple realizations of
individual events, whose landscape memory is in fire-size distributions and the
vegetation mosaic (Moritz et al., Chap. 3) or time-series of fire scars (Kennedy
and McKenzie, n.d.). We may not be able to accurately reconstruct each individual
realization (Swetnam et al., Chap. 7; Hessl et al. 2007), but we can back-engineer
elements of the stochastic process (McKenzie et al. 2006; Kellogg et al. 2008)
from the scaling relations, preferably in units of energy and regulation.

Falk et al. (2007) showed analytically how fire-regime information can
be preserved in a scaling relation for fire frequency—the interval-area (1A) rela-
tion. Modeling across the middle-number domain under the ERS framework
would explore analogous scaling patterns involving the more mechanistic “primi-
tives” of fire regimes associated with the classic “fire triangle” (Table 1.2). Both
energy-like and regulating elements are subject to scaling relations, and something
akin to a covariance structure across scale is quantified, using these elements sepa-
rately or in combination. An example of the latter would be the potential energy in
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a weighted combination of slope aspect, fuel loading, and packing ratio (sensu Ro-
thermel 1972) represented in variograms.

We reiterate that the details of this theory are yet to be specified. Given such a
theoretical framework, we need then to develop landscape experiments—probably
simulation experiments—that not only test inferences but also demonstrate their
tractability for quantifying landscape disturbance in the middle-number domain.
Following this, we should attempt to “track” ERS components through ecosystem
processes, beginning with the energetics themselves, from quantification of prod-
uctivity and biomass pools (KE-PE and storage time) to heat -release dynamics
(PE—KE). A later state of development could translate these energy fluxes to spa-
tial fire-effects information, such as burn severity matrices, postfire patch charac-
teristics, and other changes at scales useful to management.

1.2 Some Implications

Real improvements in landscape ecology theory will eventually be reflected in
improved management of landscapes. The urgency for optimizing landscape man-
agement is heightened today with climate, land use change, and changing distur-
bance regimes that are affecting landscapes at ever broader scales (Peterson et al.,
Chap. 10; Miller et al., Chap. 11). The translation of theory and science into ap-
propriate and realistic management is always imperfect (Schmoldt et al. 1999).
How does an energetic framework for landscape disturbance inform and improve
management?

First, there are profound examples of what can happen when we ignore these
principles of energetics, regulation, and scale. Fire management and policy have
ignored a basic principle of ecosystem energetics with an enormous impact on so-
ciety. Energy is not permanently stored in biomass; at some point, that biomass
must either decompose or combust, releasing energy. By ignoring this, suppres-
sion policies throughout the 20™ century led to accumulated potential energy in
biomass, and we should not have been surprised by the extent and severity of late
20th-century wildfires. The expectation that every fire could be suppressed be-
came less and less realistic as the potential energy in ecosystems grew, such that
now the synergy of increased kinetic energy in a warming climate with abundant
fuel has jeopardized ecosystems as sustainable sources of goods and services (Pe-
ters et al. 2004; Baron et al. 2009; Joyce et al. 2009).

We have also been caught by surprise when we have ignored some powerful
regulators and what can change when they are no longer in force. For example, be-
fore the establishment of exotic vegetation such as cheatgrass and buffelgrass
(Fischer et al. 1996; Esque et al. 2006), fire extent in arid rangelands was limited
by the patchiness of flammable vegetation. This “regulation” maintained spatially
heterogeneous landscapes with a concomitant diversity of habitat for species such
as sage grouse (Fischer et al. 1996). Cheatgrass and other similar invasives have
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taken the energy-regulation dynamic out of equilibrium in arid rangelands, leading
to a self-reinforcing pattern of change in the fire regimes (Keeley et al., Chap. 8).

Ignoring the principles of scaling has contributed to misplaced focus (resolu-
tion) of management. For example, understanding how patch structure changes
across scale is important for designing management plans, reserves, etc. (Baker
1989; Fahrig 1992; Parody and Milne 2004). Much energy has gone into docu-
menting the importance of scale in landscape ecology (Peterson and Parker 1998;
Turner et al. 2001; Wu et al. 2006), but considering the interplay of energy and
regulation can be particularly cogent.

As an example, consider the tradeoff between maximizing C sequestration (in
forests) and maintaining resilient landscapes under future fire regimes in a warm-
ing climate (North et al. 2009). Fuel treatments, and other practices in managed
landscapes such as reduced planting densities, may remove biomass and release C
but (if surface fuels are removed) can reduce the extent and intensity of subse-
quent fires (Peterson and Johnson 2007; Peterson et al., Chap. 10). How does the
ERS framework inform our choices about where, when, and how much? Fuel
management is only as effective as the top-down drivers of fire will let it be. How
effective will our fuel treatments be under drier more extreme fire weather (Geda-
lof, Chap. 4; Littell and Gwozdz, Chap. 5)? How much of the landscape needs to
be “treated” (in ERS terms, the spatial pattern of PE altered) to reduce the spread
and growth of a fire? There are also temporal-scaling issues. For example, bio-
mass (PE) accumulates at different rates in different ecosystems. How often do
treatments need to be done to be effective?

We suggest that quantifying the potential energy stored in fuels, the strength of
regulation (topographic complexity and fuel connectivity), and the kinetic energy
associated with fire weather could provide valuable information for optimizing C
sequestration over a chosen temporal domain. Alternatively one could jointly op-
timize C sequestration and other landscape metrics of interest (Kennedy et al.
2008), using inputs of energy and regulation. ldentifying thresholds beyond which
regulation breaks down (e.g., multiple megafires in the same year such as the
Hayman, Rodeo-Chediski, and Biscuit fires of 2002) would also be essential (Lit-
tell and Gwozdz, Chap. 5). With limited resources for active management, a par-
simonious model, such as we seek to enable with the ERS framework, could be a
valuable tool to optimize the effectiveness of management.

1.3 Conclusions

We have proposed a theoretical model of landscape fire grounded in the inte-
ractions between energy fluxes and pools, and their controls, or “regulators”,
across spatial and temporal scales. If successful, an ERS framework could help
identify the nature and strength of top-down vs. bottom-up controls on landscape
fire, and help to solve two classic problems: the pulsed nature of fire cf. most eco-
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system processes, and the middle-number problem, which can make landscape-
scale analyses intractable at worst and fraught with uncertainty at best. A quantita-
tive theory would need to compare favorably with existing paradigms in reproduc-
ing observed structures and processes on landscapes, while providing parsimony
in both analysis and computation that could reduce uncertainty and increase the
scope, both spatial and temporal, of inference. We return to this idea in Chapter
12, in which we suggest specifically how the analyses throughout this book might
be transformed by an energetic perspective.
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Table 1.1. Spatiotemporal properties of fire regimes and drivers of fire behavior and effects. Drivers act on means, variances, and extremes of properties.
Adapted from Falk et al. (2007).

Climate, weather

Vegetation, fuels

Topography, landform

Temporal distribution

Frequency or fire in-
terval

Duration

Seasonality

Spatial distribution

Extent

Pattern (patch size,
aggregation, conta-
gion)

Intensity and severity

Ignition availability and flammability;
wind, humidity, and temperature patterns;
fuel moisture

Drought or days without rain; frontal and
synoptic climatic dynamics

Seasonal progression and length of fire
season,; effects on fuel phenology

Local and synoptic weather control of ig-
nition and fire spread

Orographic and frontal atmospheric insta-
bility, wind vectors, spatial distribution of
ignitions

Microclimate and weather influences on
spatial patterns of fuel moisture and ab-
undance

Vegetation productivity, postfire recovery
and fuel buildup

Fuel biomass, condition, size distribution,
connectivity; consumption rates

Fuels phenology: green up, curing, and
leaf fall

Vegetation (fuels) abundance and connec-
tivity

Spatial pattern of landscape fuel types
(fuel mosaic)

Vegetation (fuel) mass, density, life-
history traits, configuration; vertical and
horizontal connectivity of surface and ca-
nopy layers

Interaction of fire size with fuel availa-
bility; topographic barriers to fire spread

Topographic controls on rate of spread;
fire spread barriers; rain shadows

Topographic effects on fuel types, mois-
ture, and phenology

Topographic influences on fire spread;
fire compartments

Topographic influences on fire spread and
spatial distribution of fuel types and con-
dition

Slope and aspect interactions with local
microclimate and weather
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Table 1.2. Some important energetic and regulatory functions of elements of the “fire triangle” that are particularly relevant to landscape fire. Energy can be
in kinetic (KE) or potential (PE) form. Energy storage and regulation of energy fluxes in landscape fire involve myriad ecosystem components.

Fire triangle

component Energy sources and fluxes Regulation of energy conversion

Weather and Solar energy is the primary KE input, driving tempera-  Fuel moisture and fuel temperature affect the rate of PE—KE conversion, re-
climate ture and precipitation patterns that provide preconditions gulating ignition of fuels, fire intensity, and fire spread.

for ignition.
KE is distributed to ecosystems via circulation (wind,

convection, and turbulence) contributing to fire spread.

Fuels and vege-  Photosynthetic plants convert solar energy to PE in the

tation form of chemical-bond energy in biomass.
PE is stored on the landscape, measured as living and
dead biomass and productivity (Table 1.3). During
combustion, these energy pools become sources of
energy (KE) redistributed to the system.

Topography and  N/A (By themselves they do not provide nor convert

landform energy)

Energy regulation in the climate system is expressed in temporal and spatial
patterns of precipitation, temperature, seasonality, and ocean-atmosphere te-
leconnections.

Abundance, compactness, and arrangement of fuels affect ignition, heat-
transfer rates, and fire spread.

Tree density and canopy cover affect regulation by fuel moisture and temper-
ature. Rates of postfire plant growth and decomposition influence how often
fires occur.

Slope steepness affects heat-transfer rates and fire spread.

Solar incidence varies with aspect, affecting fuel moisture and fuel tempera-
ture, and thus the ignition of fuels, fire intensity, and fire spread.

Shape of terrain and topographic barriers influence connectivity and the spa-
tial pattern of fire spread.




Fig. 1.1. Global compilation of MODIS fire detections between 19-28 June 2004. Image courte-
sy of MODIS Rapid Response System. http://rapidfire.sci.gsfc.nasa.gov/firemaps/

Fig. 1.2. (a) Fire-severity classes on the 2006 Tripod Complex Fire in northcentral Washington,
USA. Fire severity classes are identified from LANDSAT imagery using the algorithm of Key
and Benson (2006). (b) Photos demonstrate low-mixed severity as crown scorch (above), and
mixed severity as juxtaposed high- and low-severity patches (below). Fire-severity data are from
the Monitoring Trends in Burn Severity (MTBS) project. http://www.mtbs.gov. Accessed 1 No-
vember, 2009. Photos courtesy of C. Lyons-Tinsley.

Fig. 1.3. The familiar landscape fire cycle is shown in black. Elements in boxes are things fire
scientists (top portion) and landscape ecologists (bottom portion) are accustomed to measuring or
modeling. In red is the energetic perspective. Short pulses of potential to kinetic energy (KE) oc-
cur during a fire, and kinetic energy is transformed into potential energy (PE) over long periods
of time by plants. The spatial pattern of PE is continually being redistributed, subject to regulato-
ry controls.

Fig. 1.4. Examples of energetic vs. regulatory emphasis in dynamics of self-limiting properties
on the firescape. (a) In moderate topography, fires may not carry through an entire area depend-
ing on the connectivity of fuels and the characteristic scale of variability in potential energy (cor-
relation length). (b) The physical template (steep topography) regulates the energetic dynamics
by introducing physical barriers that create resistance to fire spread. In theory, one could have the
same correlation length in these two systems, with different dynamic underpinnings. (c) In a very
different system subject to top-down controls (climate), correlation length is much larger, re-
flected in patch-scale variation in age classes.

Fig. 1.5. Spatial scaling domain of landscape fire. Landscape fire regimes occupy the middle-
number domain for objects of analysis—trees, stands, pixels, etc. A middle-number domain is
“in between” the finer scales at which the number of observations and computations on them are
still analytically tractable and the coarser scales at which aggregate statistics can explain suffi-
cient proportions of system variability for meaningful inferences. This is the spatial domain of
maximum complexity (O’Neill et al. 1986), where bottom-up (BU) and top-down (TD) controls
converge. The Gaussian-like curve represents a mean of many processes whose individual “com-
plexity curves” may be less regular, e.g., perhaps even monotonic or bimodal.
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