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Complex, reciprocal interactions among climate, disturbance, and vegetation

dramatically alter spatial landscape patterns and influence ecosystem dynamics.

As climate and disturbance regimes shift, historical analogs and past empirical studies

may not be entirely appropriate as templates for future management. The need for a

better understanding of the potential impacts of climate changes on ecosystems is

reaching a new level of urgency, especially in highly perturbed or vulnerable ecological

systems. Simulation models are extremely useful tools for guiding management

decisions in an era of rapid change, thus providing potential solutions for wicked

problems in land management—those that are difficult to solve and inherently resistant

to easily definable solutions. We identify three experimental approaches for landscape

modeling that address management challenges in the context of uncertain climate

futures and complex ecological interactions: (1) an historical comparative approach, (2)

a future comparative approach, and (3) threshold detection. We provide examples of

each approach from previously published studies of simulated climate, disturbance, and

landscape dynamics in forested landscapes of the western United States, modeled with

the FireBGCv2 ecosystem process model. Cumulatively, model outcomes indicate that

typical land management strategies will likely not be sufficient to counteract the impacts

of rapid climate change and altered disturbance regimes that threaten the stability

of ecosystems. Without implementation of new, adaptive management strategies,

future landscapes are very likely to be different than historical or contemporary ones,

with significant and sometimes persistent changes triggered by interactions of climate

and wildfire.

Keywords: HRV, FRV, landscape modeling, ecosystem management, climate change, land management,

landscape ecology, historical ecology

INTRODUCTION

Globally, climate changes have altered the timing, extent, frequency, and severity of wildfires
(Westerling et al., 2006; Krawchuk et al., 2009; van Mantgem et al., 2013; Abatzoglou et al.,
2018). Wildfire disturbance often occurs against a backdrop of more gradual changes resulting
from shifting climate patterns (Hamann and Wang, 2006; Danby and Hik, 2007; Kelly and
Goulden, 2008; Case and Lawler, 2017). In systems in which both biological and physical
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elements are simultaneously or serially perturbed, highly
visible, rapidly occurring, and persistent changes in landscape
composition and structure can occur. Interacting stressors of
climate and uncharacteristic fire disturbance can trigger abrupt
changes in ecosystems, including emergence of novel species
assemblages, local extinctions, major shifts in forest composition,
reduced biodiversity, and loss of ecosystem resilience (Root et al.,
2003; Johnstone et al., 2010; Brown et al., 2015; Abatzoglou
and Williams, 2016; Franklin et al., 2016; Loehman et al., 2018;
Stevens-Rumann et al., 2018).

Highly perturbed ecological systems may exhibit complex,
emergent behavior and non-linear feedbacks that produce novel
and unanticipated landscape responses (Temperli et al., 2013;
Buma, 2015; Coop et al., 2016). These may include profound
shifts in successional dynamics, species composition, and loss
of landscape carbon (Goetz et al., 2007; Johnstone et al.,
2010; Brown and Johnstone, 2012; Thom et al., 2017). Climate
changes, fire, and plant species or communities can interact in
a complex of synergistic and antagonistic effects that amplify
the negative impacts of natural disturbance on ecosystems
(Figure 1). For example, in ecosystems with sufficient fuels
to carry fire, warmer, drier climates are expected to increase
fuel aridity, flammability, and fire activity (Gergel et al., 2017;
McKenzie and Littell, 2017). The resulting larger extent of
wildfire area burned and higher severity of wildfires can increase
the proportion of the landscape in the early stages of post-
fire recovery (Falk et al., 2019). If the post-fire bioclimatic
environment is unfavorable for seedling establishment (e.g., with
severe drought), forests may transition to alternative states such
as shrub- or grasslands (Guiterman et al., 2018; Davis et al.,
2019). Thus, interactions of altered climate and changing fire
regimes impact vegetation regeneration, community structure
and composition, and the amount, type, and flammability of
fuels (Abatzoglou and Williams, 2016; Coop et al., 2016).
Climate influence on wildfire regimes and ecosystems occurs
in the context of other human impacts; for example, in the
southwestern U.S., forests and fire regimes have been altered
by more than 100 years of livestock grazing, logging, and
fire exclusion, leading to high risk of severe fire associated
with increased surface fuel loads and reduced structural and
spatial heterogeneity of vegetation, especially in dry conifer
forests with frequent-fire regimes (Covington and Moore, 1994;
Allen et al., 2002; Allen, 2007; Reynolds et al., 2013). However,
increased fire activity in fire-adapted but low-productivity
ecosystems can be self-limiting, as fire-consumption of fuels
can limit occurrence, extent, and effects of subsequent fires
(Collins et al., 2007; Parks et al., 2015).

Forecasting ecological futures and evaluating potential
impacts of human activities is a critical but challenging task
in land management. Development of effective management
strategies in the context of changing climate and wildfire
regimes is a central challenge in natural resource planning, and
may require new, agile approaches (Lawler, 2009; Falk, 2013).
The rapid rate of contemporary climate change is exceeding
the range of natural climate variability and accelerating the
rate at which habitats are degraded and species are lost
(Overpeck et al., 2003; Thomas et al., 2004; Hannah et al.,

FIGURE 1 | In fire-prone ecosystems, landscape vegetation patterns are

determined by reciprocal interactions with fire and interactions within and

among species and the surrounding environment. Climate and weather,

vegetation, and fire interact in a complex of synergistic and antagonistic effects

that amplify the impacts of disturbance on ecosystems. Climate influences

landscape vegetation patterns and fuel characteristics at long time scales,

whereas weather is short-term driver of fuel flammability and fire behavior.

Globally, positive feedbacks may exist between climate warming, fire activity,

carbon loss, and future climate change. This combination of scale dependent

and spatially overlapping processes produces complex spatial patterns that

are a central challenge in natural resource planning. Accounting for this

complexity may require new approaches such as process-based simulation

models that integrate multiple feedbacks, simultaneous interactions, and

anthropogenic influences.

2005; Allen et al., 2015). From local to global scales, these
changes co-occur with anthropogenic ecosystem disruptions
including landscape fragmentation and urbanization, pollution,
grazing, deforestation, non-native species invasions, and a new
and unique “human pyrome,” or global expression of a fire
regime (Vitousek, 1997; Millar et al., 2007; Archibald et al.,
2013; Alencar et al., 2015; Blackhall et al., 2015). Whereas
historically land management professionals used results from
empirical studies coupled with their own expertise to plan
and evaluate management activities, climate and fire futures—
and ecological responses—may have few analogs in the past
(Whitlock et al., 2003; Marlon et al., 2009). As a result,
past empirical studies and the accrued wisdom of the last
century may not completely inform management strategies for
tomorrow’s landscapes (Gustafson, 2013; Keane et al., 2015).
Although continental-scale climate changes (e.g., increasing
mean temperature) can be modeled with a high degree of
accuracy and consistency, climate predictions at regional to
local scales (scales that are relevant for land management) are
more uncertain (Xie et al., 2015). This is particularly true for
precipitation change, which is highly variable spatially in sign and
amplitude. For these reasons, land management problems are
“wicked” problems—those that are difficult to solve because of
incomplete or variable information and are inherently resistant
to clear definitions and easily identifiable, predefined solutions
(Rittel and Webber, 1973; DeFries and Nagendra, 2017).
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Simulation models—predictive relationships representing
natural phenomena that are used for the purposes of exploration,
scenario-building, projection, prediction, and forecasting
(Reinhardt and Dickinson, 2010; Perera et al., 2015a)—are
extremely effective tools for guiding management decisions
in an era of rapid change (Cuddington et al., 2013). Models
can be used to extrapolate limited empirical data over larger
areas and longer time spans to provide greater spatiotemporal
scope for management decisions (Keane, 2012), visualize the
effects of alternative management strategies (Turner et al.,
1995), explicitly incorporate ecological feedbacks, simulate
interactions among various elements of the modeled system
(e.g., climate, weather, biota, disturbances), and project
emergent ecosystem responses as a result of changing conditions
(Loehman et al., 2018). In the past, ecological modeling for
resource management was limited by sufficient ecological
knowledge necessary to build models, the lack of computer
resources to run the models, and limited technical expertise
to execute models (McKenzie et al., 2014; Keane et al., 2015).
Today, there are numerous spatial and non-spatial ecological
models that can be used to explore effects of management
actions (Keane et al., 2004; He, 2008). Moreover, many of
today’s modelers incorporate climate into models’ design,
enabling them to be used for future climate change forecasts
(Canelles et al., 2019; Gupta and Sharma, 2019).

Box (1979) observed that no real-world system can be
exactly represented by a model, suggesting that we ask
not whether any model is “true,” but rather whether it is
illuminating and useful. Landscape and ecosystem models
range in complexity from simple conceptual models such as
state-and-transition models that simulate vegetation dynamics
using discrete successional pathways (Wimberly, 2002; Tipton
et al., 2018) to complex biogeochemical models that explain
vegetation processes and related energy and matter exchanges
between vegetation, soil, and the atmosphere (Keane et al.,
2011; Dong et al., 2019). Simple models are easier to use
and interpret but have a limited set of output variables that
are often highly dependent on input parameters (Jørgensen
and Bendoricchio, 2001). Complex models require abundant
training, greater computing resources, longer simulation times,
and more data to implement, but provide greater exploratory
power and an extensive array of output variables (Grant
and Swannack, 2011). Complex models also provide the
ability to explicitly simulate emergent and dynamic processes
(Lucash et al., 2018). There are tradeoffs between model
complexity and practical utility for any particular problem,
and a model’s structure should be consistent with both the
question(s) asked and the assessments being made by researchers
and managers (Jackson et al., 2000). Recent advances in
complex simulation modeling include a shift toward mechanistic
models that are based on understanding and quantifying
ecological processes, the integration of complex feedbacks
and non-stationary behavior due to stochastic dynamics
and changes in climate, and incorporation of disturbance
interactions and anthropogenic influences (Perera et al.,
2015b).

EXPERIMENTAL APPROACHES FOR
LANDSCAPE MODELING

We identify three experimental approaches for landscape
modeling that address the wicked management challenges
resulting from uncertain climate futures and complex ecological
interactions: historical comparative, future comparative, and
threshold detection approaches. An historical comparative
approach compares contemporary or projected future conditions
to the range and variation of historical conditions (“historical
range and variation,” or HRV). Historical, baseline conditions
are generally defined as the period prior to European settlement,
often corresponding to the availability of tree-ring or other
long-term ecological records (Millar et al., 2007), although
increasing recognition of the extent and importance of earlier
human-caused landscape transformations (Bowman et al., 2011;
Barak et al., 2016; Liebmann et al., 2016; Roos et al., 2018)
warrants extending the HRV envelope to earlier periods in
time. Historical conditions have been used extensively and
successfully as references, benchmarks, or targets in ecosystem
management (Hessburg et al., 1999; Keane et al., 2007; Dickinson,
2014), and as resilience metrics for evaluating ecosystems or
landscapes to inform potential strategies and tactics (Keane et al.,
2018). HRV assumes that variations of historical characteristics
represent the broad envelope of responses possible for a resilient
ecosystem under natural perturbations of climate, competitive
stress, disturbances, and other stressors (Keane et al., 2018),
and that potential responses to changing conditions can be
represented by past responses to ecological conditions (Millar
et al., 2007; Veblen et al., 2009). Simulation models are ideal tools
for historical comparative approaches because comprehensive
quantification of landscape HRV demands temporally deep,
spatially explicit historical data, which are otherwise rarely
available and difficult to obtain (Humphries and Bourgeron,
2001; Dickinson, 2014). Simulation modeling can also define
the range and variability of future conditions (“future range
and variation,” or FRV), and identify possible target areas
for management in the overlap between HRV and FRV
(Hansen et al., 2014; Keane et al., 2019).

In a future comparative approach, multiple scenarios
(“futures”) are simulated over decades or centuries and results
are used to evaluate ecosystem responses to perturbations and
assess impacts of management (Figure 2). Future comparative
experiments typically use fully factorial statistical designs
where each major factor (e.g., climate change, management
approach) has several implementation levels (e.g., different
climate model projections and management prescriptions or
treatment intensities), combinations of factors and levels are
individual scenarios, and response variables are statistically
compared across scenarios (Holsinger et al., 2014; Clark et al.,
2017; Loehman et al., 2018). Including multiple interpretations
of future climate accounts for some of the inherent uncertainty
and variation in climate projections that result from emissions-
scenario uncertainty, model-response uncertainty, and natural
variability (Lugato and Berti, 2008; Deser et al., 2012). Future
comparative modeling creates a robust, risk-free decision

Frontiers in Forests and Global Change | www.frontiersin.org 3 January 2020 | Volume 3 | Article 3

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Loehman et al. Modeling Ecosystem Dynamics for Management

FIGURE 2 | The future comparative modeling approach evaluates ecosystem responses under a range of climate futures and management strategies. Scenario

comparisons can include impacts of several climates and a single management strategy (A), different management strategies within a single modeled climate (B), or

factorial comparisons of several climate futures and management strategies (C). Adapted from Friggens et al. (2019).

space wherein managers can explore consequences of potential
adaptation strategies within the context of plausible climate
futures (Peterson et al., 2003; Moss et al., 2010).

The threshold detection approach identifies critical thresholds
of climate or disturbance that induce rapid and persistent
transformations of ecological systems (e.g., loss of resilience)
(Holling, 1973). In many cases, ecological attributes show
minimal change until a critical environmental threshold is
reached (Qian et al., 2003). Process-based simulation modeling
is deemed one of the only methods available to generate the
spatially and temporally extensive data streams necessary to
detect disturbance thresholds, and explicitly represent the
important cross-scale process interactions that drive ecological
tipping points (Reyer et al., 2015; Keane et al., 2019). For example,
in climate-sensitive and fire-prone ecosystems, water limitations
and warming temperatures can radically alter ecosystems and
trigger wildfires that are uncharacteristically severe or frequent,
capable of abruptly reorganizing vegetation and fuel patterns
and setting the stage for future, novel fire regimes (Drever et al.,
2006; Allen et al., 2010, 2015; Turner, 2010). Mechanistically
linking incremental climate changes or degree of fire severity
or frequency of burning to specific ecological outcomes using
observational data alone is difficult, as these data may not
explain which aspect of disturbance drives ecosystem responses,
and future climates (Kreyling et al., 2014). Threshold shifts
can be detected using a gradient design with multiple, finely
incremented factor levels (e.g., degree or amount of change in
one or more climate variables) spanning the range of possible
values for the factor. Threshold detection is an important aspect
of ecological risk assessment and environmental management
intended to prevent severe social, economic and environmental

impacts that occur when biophysical thresholds are
crossed (Kelly et al., 2015).

MODELING COMPLEX CLIMATE,
WILDFIRE, AND VEGETATION
INTERACTIONS

Here, we illustrate historical comparative, future comparative,
and threshold detection modeling approaches using simulations
of climate change, vegetation, and disturbance interactions in
forested landscapes across the western United States. These were
all produced using the FireBGCv2 landscape-scale, ecosystem-
fire process model, a platform ideal for informing land
management in an era of rapid and uncharted environmental
change, as it provides insights that would not arise from
simpler, non-spatial, and empirical models (Bestelmeyer et al.,
2011; Scheller, 2018). As described in Keane et al. (2011),
the model operates across hierarchical spatial scales from
landscape, stand, plot, and species to individual trees with
attributes such as species, age, height, diameter at breast
height (DBH), and leaf area. Modeled climate, wildland fire,
and landscape vegetation are dynamically and reciprocally
linked; long-term records of daily temperature, precipitation,
and radiation influence fuel production and moisture, which
determine landscape ignition potential, fire frequency and
size, and fire behavior. Climate and weather influence the
productivity and mortality rates of individual plant species—
and thus stand composition and structure—with feedbacks to
the fire regime via fuel type, fuel amount, and fuel arrangement.
Fire regimes in turn affect vegetation species’ regeneration,
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composition, successional trajectories, and productivity directly
through fire-caused mortality and successional patterns, and
indirectly through influence on availability of light, water,
and other necessary resources. During initialization, FireBGCv2
standardizes input site-specific mean fire return intervals (MFRI)
with the Keetch Byram Drought Index (KBDI, Keetch and
Byram, 1968), computed from the input weather records. Climate
changes and impacts on fire and vegetation can be simulated
in the model via daily weather streams that represent future
climates, either acquired directly from downscaled climate
models or calculated as adjustments to observed daily weather.
Fire ignition probabilities are computed each year for each
simulation landscape pixel based on the degree of departure
of each modeling year’s weather and the standardized KDBI-
MFRI distribution. Once a fire ignition has occurred, its spread
is quasi-mechanistically simulated along gradients of slope and
wind. Spread is halted if a fire encounters a pixel with a
lower fine fuel loading than the user-specified threshold for fire
spread, or fuels that are too moist to sustain fire. Otherwise,
fires spread until they reach a stochastically determined fire
size computed from the current year’s weather and a user-
defined mean fire size parameter. Ultimately, fire spread ends
when a fire reaches the edge of the simulation landscape or
a pixel with insufficient fine fuel to carry fire, or when it has
met the stochastically computed fire size. In FireBGCv2 climate
changes influence fire patterns along a number of pathways. Fire
frequency increases with increasing KBDI, warmer and drier
weather lowers fuel moistures and increases the probability of
spreading fires, and changes in the amount of type of fuel on
the simulation landscape changes the spatial arrangement and
behavioral characteristics of fires. Individual treemortality occurs
as the result of wildfire damage, hydrologic stress, crowding,
light reduction, and randommortality. Fire-caused tree mortality
is modeled as a function of bark thickness (a user-defined,
species-specific parameter) and scorch height, and can be used
to assess fire severity where the degree of crown scorch and
cambial kill depends on fire intensity and duration. Thermal
limits are defined for each species in the model (GDD, base
3◦C) and temperatures outside of these limits affect trees through
a reduction in the annual growth increment and eventual
mortality. Tree regeneration is driven by soil moisture, litter
depth, and climate-influenced cone crop production.

Historical Comparative Simulation
Modeling
Keane et al. (2018) provided a comparative, historical reference
for contemporary and future ecological states, where substantial
departures of FRV from HRV indicated loss of resilience.
Response variables—vegetation composition and structure, tree
basal area, coarse and fine woody debris, outflow, net primary
productivity, and area burned—were derived for the East Fork
of the Bitterroot River watershed, a 128,000-ha landscape in the
interior northern Rocky Mountains, USA, for an historical time
period not influenced by land management or fire suppression,
and three future scenarios that combined future climate [CRM-
C5 RCP8.5 (+ 5.5◦C, 95% baseline precipitation)] with varying

FIGURE 3 | Principal components analysis (PCA) of multivariate model

responses for the East Fork of the Bitterroot River watershed, Montana, USA,

for an historical time period (HRV, blue dots) and three future scenarios that

combined future climate (CRM-C5 RCP8.5) with three levels of fire

suppression (0%, 50%, 98%, red dots). Red or blue circles contain 68% of the

variation in the spread of the points for the three scenarios; the green asterisk

represents the present state of the landscape in multivariate space.

Overlapping HRV and FRV zones suggest less departure from historical

conditions and greater landscape resilience; increasing distance between HRV

and FRV occurred with higher fire suppression levels, suggesting that

suppression may not be an effective management strategy under changing

climates. Adapted from Keane et al. (2018).
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levels of fire suppression (0%, FRV1; 50%, FRV2; 98%, FRV3).
These were compared in a multivariate framework (principal
components analysis, PCA) that indicated that the East Fork
landscape departed from its HRV benchmark under all levels
of fire suppression enacted within a future climate (Figure 3).
Zones of overlap among the three future scenarios and HRV
were smaller with increasing fire suppression levels, suggesting
that suppression is limited in its ability to ameliorate undesired
wildfire impacts given the potentiating effects of warmer, drier
climates on fire frequency and severity. Results from Keane et al.
(2018) are consistent with recent publications on the effectiveness
of fire management activities under changing climates; in
particular, indications that treatments may be less effective in
systems where future fire patterns are influenced more by climate
than by fuels (Littell et al., 2009), and recommendations for
adaptive management approaches that include increased use of

prescribed fire, much reduced fire suppression, and recognition
of the limited ability of fuel treatments to alter regional fire
patterns (Schoennagel et al., 2017).

Loehman (2016) modeled changes in fire occurrence in a
Ponderosa pine-dominated landscape in the Jemez Mountains
of north-central New Mexico in response to prehistoric human
activities of fuelwood gathering and tree harvest—activities
that disrupted landscape fuel continuity, reduced surface and
canopy fuel loads, and altered fire occurrence. In simulations
with relatively small, spatially concentrated populations (<500
people, ca. 1200-1325 AD) human impact on landscape fire
occurrence occurred mainly within the area of occupation,
but as populations increased (>5,000 people, ca. 1350-1525
AD) and expanded, human activities reduced fire occurrence
in outlying, unoccupied areas (Figure 4)—consistent with
contemporary observations of decreased fire frequency in upper

FIGURE 4 | Fire occurrence (cumulative fires/400 years) simulated for two historical time periods in the Jemez Mountains, New Mexico, U.S. As compared with a

scenario in which prehistoric human activities were not included, modeled surface and canopy fuelwood gathering and tree harvest reduced fire occurrence

proportional to population size (< 500 people or > 5,000 people) and extent of activity area (indicated by black polygons). Changes to fire regimes occurred because

of human-influenced changes in the amount, type, and arrangement of fuels, against a backdrop of climate variability. Adapted from Loehman (2016).
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elevation, western U.S. forests attributed to fire suppression
and disrupted fire spread from lower elevations (Margolis
and Balmat, 2009). This study and a related, growing body
of research highlights the significant role of anthropogenic
burning in some landscapes, even in environments with
abundant natural ignitions (Guyette et al., 2002; Liebmann
et al., 2016; Roos et al., 2019). In these places, contemporary
ecological patterns and processes that are thought to be
natural may in fact be highly influenced by past human land
use legacies.

Future Comparative Simulation Modeling
Future comparative FireBGCv2 modeling studies address
ecosystem impacts of climate change (Clark et al., 2017) or

climate change and management activities (Loehman et al.,
2018) on fire-prone ecosystems. In Yellowstone National Park,
Wyoming, U.S modeled warmer future climates, especially
>2◦C, increased the amount of fire on the landscape, resulting in
decreased forest cover and a change in species composition from
lodgepole pine- to Douglas-fir-dominated stands (Figure 5)
(Clark et al., 2017). Species conversion was attributed to complex
mechanisms related to increased fire activity and greater fire and
drought tolerance of Douglas-fir as compared with lodgepole

pine. This future pathway was not identified in other simulations
of climate and fire impacts within the region (Smithwick et al.,
2011; Westerling et al., 2011), because the models used did not
incorporate complex and long-term dynamics and feedbacks of
climate, vegetation, and wildfire.

FIGURE 5 | Time series of simulation landscape variables: forest cover (A), area burned (B), lodgepole pine basal area (C), and Douglas-fir basal area (D). Black lines

represent means of replicate model simulations, gray-shaded areas represent ±1 standard deviation, and black dots in (B) represent total area burned for a given

year. Warmer future climates, especially >2◦C, increased the amount of fire on the landscape, resulting in decreased forest cover and a change in dominant species

composition from lodgepole pine- to Douglas-fir-dominated stands. Adapted from Clark et al. (2017).
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FIGURE 6 | Basal area (m2/ha) of ponderosa pine and dry mixed conifer sites for a Ponderosa pine-dominated landscape in the Jemez Mountains, New Mexico, U.S.

Scenarios are factorial combinations of management (“business as usual,” BAU; three-fold (3×BAU) or six-fold (6×BAU) annual increase in BAU; 90% fire

suppression) and climate (Contemporary; Warm-Dry; Hot-Arid). Shaded regions show median (darker line) and 25th and 75th percentiles (lighter shading) among

model replicates for each scenario. With Hot-Arid climate, basal area decreased early in the simulation period ca. AD 2025, and by AD 2100 was about 10 percent of

its starting amount. Basal area was maintained with Warm-Dry climate and any of the four management factors. Adapted from Loehman et al. (2018).

Loehman et al. (2018) tracked simulated changes in forest
basal area in response to climate and management activities in
a fire-adapted and fire-prone forested landscape in the Jemez
Mountains of north-central New Mexico, U.S. Basal area is
an indicator of forest cover and stand structure that reflects
both climate conditions that influence tree growth and survival
and fire effects on tree mortality and stand establishment.
Management activities, developed from local prescriptions and
burn plans, included thinning and prescribed fire treatments
implemented annually in dry forest stands of the simulation area.
“Business as usual” (BAU) management activities corresponded
to a 66-years treatment rotation, and future management
was modeled as a three-fold (3xBAU, 22-years treatment
rotation) or 6-fold (6×BAU, 11-years treatment rotation)
annual increase in BAU, or a fire suppression treatment (90%
suppression level). Among three modeled climate scenarios—
Contemporary, Warm-Dry (CCSM4 RCP 4.5), and Hot-Arid
(HadGEM2ES RCP 8.5)—basal area declined substantially over
the Hot-Arid as compared with Contemporary or Warm-Dry
climate (Figure 6). Loss of basal area throughout the 100-year
climate period was attributed to tree mortality, regeneration
failure, and compositional and structural shifts to shrublands and
early successional forests caused by wildfires, climate stress, and
changes in the distribution of bioclimatic space suitable for plant
growth. Although fuel treatments have been shown to be highly
effective at reducing potential fire severity at stand scales (Pollet
and Omi, 2002; Wimberly et al., 2009), thinning/prescribed
burning treatments at BAU or intensified application rates were
not sufficient to offset impacts of warming climate on forests at a
landscape scale.

Detection of Critical Thresholds
Keane and Loehman (2012) systematically varied climate drivers
to detect climatic thresholds related to changes in landscape
vegetation and fire regimes. Modeling scenarios were 42
combinations of temperature factors (ranging from 1 to 6 degrees
Celsius (◦C) in 1-degree increments) and precipitation factors

(ranging from 70 to 130 percent in 10-percent increments)
used to modify long-term, daily baseline instrumental weather.
This approach, commonly referred to as the “delta” method,
retains the inherent variability in observed climate data (has a
high level of climate realism) but only accounts for changes to
the mean climate signal (Ekström et al., 2015). Climate shifts
spanned the range of climate model projections for Yellowstone
National Park, Wyoming, U.S., but provided a finer gradient
of temperature and precipitation change than climate models
based on discrete emissions scenarios. Simulation detected
several climatic tipping points beyond which landscape patterns
and fire regimes were significantly and persistently different
from reference conditions. These included substantial decreased
forest cover caused by warmer, drier climate conditions, with a
buffering effect of precipitation for moderate warming levels of 3
degrees or less (Figure 7), as well as an increase in annual burned
area increased with increasing temperature.

DISCUSSION

Climate changes are widely recognized as the largest threat
to biodiversity, species survival, and ecosystem integrity
across most of Earth’s biomes (Hulme, 2005; Thuiller et al.,
2008; Maclean and Wilson, 2011), challenging historical
interpretations, foundational assumptions, and attribution of
ecological and evolutionary change. Approaches that consider
the full ensemble of processes and feedbacks in biological
systems and their intersection with human land-use legacies
and policy are necessary to address the fundamental challenges
of 21st century land management—anticipating risk, fostering
resilience, and acting within the context of uncertainty
(Carpenter et al., 2009; Seidl, 2014). The need for a better
understanding of the potential impacts of climate changes on
ecosystems is reaching new levels of urgency. A common
finding among recent papers evaluating the effectiveness of fire
management and forest restoration activities in the western
U.S. under changing climates is the limited ability of current
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FIGURE 7 | Forest cover (A, percent of simulation area) and area burned (B, ha) simulated for Yellowstone National Park, Wyoming, U.S., for scenarios combining

warming of 1–6 degrees Celsius (◦C) and precipitation change of 70–130%. Forest cover and area burned responses for each scenario are means across simulation

periods and replicates. Adapted from Keane and Loehman (2012).

strategies to ameliorate undesired wildfire impacts in many
ecological systems (Stephens et al., 2012; Svenning and Sandel,
2013; Schoennagel et al., 2017). As a path forward, Stephens et al.
(2013) suggested that new strategies to mitigate and adapt to
increased fire are needed to sustain fire-prone forest landscapes
(e.g., promote resilience) including the restoration of historical
stand conditions in high frequency, low-to-moderate severity
fire regimes, while allowing for shifts away from historical
forest structure and composition in forests with low-frequency,
high-severity fire regimes. As observed by Svenning and Sandel
(2013), facilitating the adaptation of forests to changing climate
and fire regimes may ultimately create more resilient systems
as vegetation communities come into equilibrium with climate.
Schoennagel et al. (2017) indicated the importance of adaptive
management approaches that include increased use of prescribed
fire, much reduced fire suppression, and recognition of the
limited ability of fuel treatments to alter regional fire patterns.

Simulation modeling provides useful guidance for managers
in the context of rapid and unanticipated landscape changes.
Three modeling approaches are particularly applicable for
land management: historical comparisons that increase our
understanding of the dynamic nature of landscapes and provide
a frame of reference for assessing contemporary patterns and
processes (Swetnam et al., 1999); future comparative modeling
that enables risk-free exploration of management impacts within
the context of plausible climate futures (Peterson et al., 2003;
Moss et al., 2010); and threshold detection that identifies critical
disturbance thresholds that lead to loss of ecosystem stability.
Model outcomes can be used to game multiple scenarios and
gain critical insight on the range of magnitudes and direction of
possible future changes (Millar et al., 2007), define the critical
array of multiple and interacting links that define a complex
system (Game et al., 2014), and encourage action to address
looming management challenges in systems characterized by
overwhelming complexity (DeFries and Nagendra, 2017).

Although the simulation modeling projects described here
were developed for different objectives and geographies, they

indicate a consistent set of outcomes across a diversity of
landscapes and ecosystems within the western U.S. First,
future landscapes are likely to be different than historical or
contemporary landscapes. Shifts in vegetation and fire regimes
were associated with nearly all simulated levels of climate
change, but in particular for scenarios with both increased
warming and increased drying. Such changes are consistent
with projections of future climate in the western United States,
which is expected to warm by ∼2–4◦C during the 21st century,
with associated increased frequency and persistence of drought
conditions (Diffenbaugh et al., 2005; Christensen et al., 2007).
Second, interactions of climate and wildfire are likely to cause
more rapidly occurring and persistent changes in landscapes than
climate change alone. As noted by Flannigan et al. (2000; p. 227),
“The almost instantaneous response of the fire regime to changes
in climate has the potential to overshadow importance of direct
effects of global warming on species distribution, migration,
substitution and extinction... fire is a catalyst for vegetation
change.” Third, current land management strategies are likely
not sufficient to counteract the impacts of rapid climate change
and altered disturbance regimes that threaten the stability of
ecosystems (Falk et al., 2007).

Simulation modeling is a dynamic field, challenged by
ecological complexities and emerging, non-analog system
drivers and responses. At the center of future modeling
research is a need for ongoing empirical studies that provide
comprehensive calibration data and parameters that reflect
emerging environments. Models developed using empirical
data representative of historical conditions become less robust
under climate change, because species dynamics—for example,
seedling establishment rates after wildfire—are different in novel,
non-equilibrium environments (Scheller, 2018). The balance
of data needs vs. model advancement reflects an imperative
for collaboration between field ecologists, who provide data
and equations, and modelers, who must then integrate that
knowledge to provide descriptions of phenomena at different
spatial and temporal scales. It is critical that extensive field
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programs be intimately integrated with simulation efforts to
ensure sufficient parameter and validation data are measured
for model applications. Temporally deep, spatially explicit
databases created from extensive field measurements are needed
to quantify input parameters, describe initial conditions, and
provide a reference for model testing and validation, especially
as landscape fire models are ported across large geographic
areas and to new ecosystems (Cary et al., 2006). For example,
Hessl et al. (2004) compiled a number of ecophysiological
parameters for use in mechanistic ecosystem models, which
has increased parameter standardization and decreased the
time modelers spend on parameterization. New sampling
methods and techniques for collecting data are needed to
ensure that essential variables are measured at the proper
scales; once collected, data should be stored in standardized,
accessible databases so that they are easily accessible for complex
modeling tasks. Comparative modeling studies using such
standardized data sets can identify key uncertainties and areas
for model improvement and increase our understanding of
the key processes and parameters affecting diverse ecosystems
(Cary et al., 2006; French et al., 2011).
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