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Recent, large fires in the western United States have rekindled
debates about fire management and the role of natural fire
regimes in the resilience of terrestrial ecosystems. This real-world
experience parallels debates involving abstract models of forest
fires, a central metaphor in complex systems theory. Both real and
modeled fire-prone landscapes exhibit roughly power law statis-
tics in fire size versus frequency. Here, we examine historical fire
catalogs and a detailed fire simulation model; both are in agree-
ment with a highly optimized tolerance model. Highly optimized
tolerance suggests robustness tradeoffs underlie resilience in dif-
ferent fire-prone ecosystems. Understanding these mechanisms
may provide new insights into the structure of ecological systems
and be key in evaluating fire management strategies and sensi-
tivities to climate change.

resilience

From the scale of individual plants up to the entire planet, fire
plays a central role in structuring natural terrestrial systems.

Although the importance of fire is generally under appreciated
(1), consistent fire-related patterns can be observed everywhere.
Exposure to fire over evolutionary time scales has led to similar
adaptations in widely separated species (2), including strategies
of fire resistance (e.g., thick protective bark) and even fire
dependence for regeneration. For example, many plant species
in fire-prone environments require smoke-related chemical cues
for seed germination (3–5), and serotiny (i.e., seed dormancy
until cones are exposed to heat) is common to several conifers
(6, 7). Effects of fire can also be observed at the global scale,
influencing the distribution of different vegetation types and
entire biomes (8, 9). Although we have a moderate understand-
ing of what controls fire behavior and its effects at different
scales (Fig. 1), much less is known about interactions between
these scales and how emergent properties of ecosystems are
generated. Despite several decades of work on ecosystem patch
dynamics generated by fire or other disturbances (10–13), the
importance of spatial patterns and processes at different scales
remains at the forefront of modern ecology (14–16).

At relatively broad spatiotemporal scales, many fire size
distributions exhibit roughly power law statistics, in which the
probability P(l) of a fire greater than or equal to size l is given
by the inverse size raised to a power �: P(l) � l��. The surprising
consistency of this form provides a starting point for links to
models and mechanisms for structure in complex natural systems
exposed to recurring wildfires (17–19). The fire regime of an
ecosystem is the collective outcome of multiple drivers, such as
ignition patterns, climate, and vegetation characteristics (Fig. 1).
The influence of fire then feeds back to affect vegetation
distributions. The small loops in Fig. 1 illustrate the strong
feedbacks between fire and the control parameters, and the
arrows emphasize the feedbacks that act between scales. To-
gether these factors govern the evolution of a fire regime, leading
to characteristic patterns and approximate recurrence intervals
for fires of different sizes, reflecting aspects of ecosystem
structure at a relatively coarse resolution. Although a fire regime
is also characterized by distributions of fire frequencies, inten-
sities, and timing, many of these factors covary, and emphasis at
the ecosystem scale is often on fire sizes.

Highly optimized tolerance (HOT) is a conceptual framework
for examining organization and structure in complex systems
(18). Theoretically, HOT builds on models and mathematics
from physics and engineering, and identifies robustness tradeoffs
as a principle underlying mechanism for complexity and power
law statistics. HOT has been discussed in the context of a variety
of technological and natural systems, including wildfires (18, 22).
A quantitative prediction for the distribution of fire sizes has
come from an extremely simple analytical HOT model, referred
to as the PLR (probability–loss–resource) model (22). As a
precursor to results presented later in this article, Fig. 2 dem-
onstrates the PLR prediction and truncated power law statistics
(23) for several fire history catalogs. This plot represents the raw
data as rank or cumulative frequency of fires P(l) greater than
or equal to a given size as a function of size l measured in km2.
In the forestry and ecology literature, fire size statistics have
been analyzed primarily for correlations between fire size and
other variables, such as climate, vegetation type, or suppression
by humans (see, e.g., ref. 24–26). The fact that fire statistics are
indeed described by power laws was identified relatively recently
(27), initially in the context of self-organized criticality (17). A
more accurate statistical fit was later proposed by using HOT
(22). A very recent analysis of fire size distributions has con-
firmed power law fits for many parts of the United States (28),
but the mechanism generating these consistent patterns is still
under investigation.

There are several striking features of Fig. 2 that will be
discussed in more detail and which motivate the rest of this
article. One highlight is the nearly identical form (i.e., the same
exponent � for the power law) of many fire history data sets,
suggesting some common mechanism, despite the diversity of the
data from very different fire-prone environments. Another
notable aspect is the equally perfect fit of the HOT PLR model
to the data. The PLR model is both extremely simple and
explicitly based on constrained optimization, so the striking fit
raises a variety of questions that we can only begin to address.
What is the significance of the consistent fire size statistics for
different ecosystems? Even if an ecosystem appears to be
optimized in some sense, how can this be captured in a model as
simple as PLR? Is the fit accidental, or has PLR captured an
essential tradeoff in the structure of fire-prone ecosystems?

Each of these questions is by itself an enormous and compli-
cated research problem, and we primarily aim to frame the
questions and offer small steps in promising directions. Specif-
ically, our approach is to reexamine and extend the PLR model
statistical fits to several fire history catalogs. To investigate
parameters that are influential in generating different fire size
distributions, we focus on a long-term simulation model (HFire)
(29), which represents an intermediate level of resolution in the
processes controlling fire occurrence and propagation in an
ecosystem. This model has no explicit ‘‘optimization’’ but instead
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