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Wildland research, management, and policy in western democracies have long

relied on concepts of equilibrium: succession, sustained yield, stable age or species

compositions, fire return intervals, and historical range of variability critically depend

on equilibrium assumptions. Not surprisingly, these largely static concepts form the

basis for societal expectations, dominant management paradigms, and environmental

legislation. Knowledge generation has also assumed high levels of stasis, concentrating

on correlational patterns with the expectation that these patterns would be reliably

transferrable. Changes in climate, the introduction of large numbers of exotic

organisms, and anthropogenic land conversion are leading to unprecedented changes

in disturbance regimes and landscape composition. Importantly, these changes are

largely non-reversable; once introduced exotic species are seldom eradicated, climates

will continue to warm for the foreseeable future, and many types of land conversion

cannot be easily undone. Due to their effects on extant infrastructure and expectations

for ecosystem services, these changes are, and will be, viewed by western societies as

overwhelmingly negative. The continued acceleration of change will generate increasingly

novel systems for which the transferability of correlational relationships will prove

unreliable. Our abilities to predict system trajectories will therefore necessarily decrease.

In this environment, top-down, expert dominated approaches to environmental decision

making are unlikely to produce results that meet broader societal expectations. To be

successful we need to embrace a more inclusive paradigm of collaborative governance

and multiple forms of knowledge for adapting to constant change, including indigenous

epistemological systems. By increasing public and stakeholder participation, we can

encourage collaborative social learning allowing all parties to more fully understand
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the complexities and tradeoffs associated with wildland management and the technical

limits of models that seek to quantify those tradeoffs. System novelty will necessarily

make forecasting more dependent on predictive modeling and will require better models.

Data collection should therefore be strongly influenced by model input requirements and

validation; research will need to focus on fundamental and causal relationships to a much

greater degree than is done currently.

Keywords: governance, forest restoration, novel ecosystems, monitoring, modeling, climate change, wildlands

THE CASE FOR CHANGE—THE
CHALLENGES

Causes and Magnitude of Change
Wildlands are changing rapidly and many of these changes
are irreversible (See Supplementary Table 1 for examples). The
primary drivers of these changes include: (1) climate, which is
in a state of rapid change that will continue into the indefinite
future (Wuebbles et al., 2017), (2) the introduction of invasive
organisms that forever change the components of ecosystems,
and (3) land uses, which, at the extreme, entirely replace extant
ecosystems with novel anthropogenic constructs. In many cases
these drivers work in concert to produce altered disturbance
regimes, species assemblages, structural characteristics, and
ecosystems. Recently, the rate of change in wildlands has greatly
accelerated; change agents such as fire, bark beetles, and invasive
species over the last three decades have killed/altered vast areas
of forests (e.g., Dale et al., 2001; Meddens et al., 2012) and
rangelands (Bradley and Mustard, 2008), diminishing the flow of
ecosystem goods and services. While these changes are occurring
world-wide, we will focus our discussion on landscapes in North
America, and on wildlands in the western United States.

Across wildlands in western North America, and around the
globe, disturbances are occurring at rates that are unprecedented
in modern times (e.g., Allen et al., 2010; Jolly et al., 2015).
In North America, changes associated with disturbances are
often extensive in their scope, magnitude and duration and
ecological change is occurring across both forested and non-
forested ecosystems. For example, recent tree mortality across the
southern Sierra Nevada in California, USA has been widespread.
Nearly half (48.9%) of all trees died between 2014 and 2017
(Fettig et al., 2019) with significantly higher levels of tree
mortality occurring in the low elevations compared to the high
elevations. These observed changes support model predictions
that 18% of trailing-edge forests are at risk for conversion to
non-forests by mid-century (Parks et al., 2019). Even in forest
types that have produced reliable regeneration in the past may
fail to regenerate in the face of multiple year droughts and
stand-replacing wildfires (Figure 1). Sagebrush (Artemisia spp.)
ecosystems, occupying large portions of the western USA and
supporting numerous obligate species, are also in decline. Loss
of sagebrush is a result of wildfire, followed by replacement by
invasive plants (e.g., cheatgrass, Bromus tectorum; Coates et al.,
2016). This vegetative transformation further reinforces high fire
frequency return interval because cheatgrass adds dry, fine fuels
(Brooks et al., 2004; Bradley et al., 2018).

These disturbances create widespread and enduring
consequences for ecosystems, economies, and communities
near and far from wildlands. Local communities bear the
brunt of risks to property and people from wildfires and
tree mortality (e.g., Camp Wildfire, 2018, California). These
communities also feel the effects of dislocated investment
in manufacturing infrastructure as wood supply and quality
become more variable and uncertain (Alfaro et al., 1982; Gray
and MacKinnon, 2006; Loeffler and Anderson, 2018). Wildfire
smoke, reduced wildland recreational opportunities and quality,
and decreasing flows of goods like wood, fish, wildlife, and
clean water from wild areas affect more distant communities
and urban centers (e.g., May et al., 2018). The result has
been various calls from publics, politicians, professionals, and
scientists for “restoration” of wildlands to ecosystem conditions
more attuned to the historical range of variability or variation
(HRV) (Morgan et al., 1994). These calls for action seek to
reset the current conditions to reflect HRV with the hope that
the resulting landscapes will be more resilient and resistant
to the forces affecting them and return the flow of goods
and services in and from the wildlands that were historically
received. The question is, can we achieve ecological restoration
to historical conditions? Given that changes in climate will
not be reversed in the foreseeable future, most exotic species
cannot be removed from ecosystems, and landscapes will not
return to their pre-Columbian conditions, the answer is no.
A more plausible and achievable goal for restoration would
be to develop policies and management that shift ecological
trajectories to more desirable conditions likely to produce
desired ecological goods and services. “How can we achieve these
trajectory shifts?” The answer to this question will have varying
degrees of nuance depending on the ecosystem and the degree
of degradation, but it must be recognized that, while achievable,
this paradigm shift requires the restructuring of expectations,
laws, wildland governance, data collection approaches, and
research goals.

The Societal Expectation of Stasis and Its
Effects on Institutions
The idea of fundamentally static ecosystems is baked into
many of the societal, cultural, and intellectual beliefs of modern
western democracies. We accept ideas such as cyclic phenomena
as well as periods of growth and decline, but these periodic
events were traditionally seen to occur within a larger stable
equilibrium. Droughts might happen, but the rains would
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FIGURE 1 | Climate related changes in Southwest forests. Southwestern

ponderosa pine (Pinus ponderosa) forests provide an example of the

irreversible ecological changes occurring and the interface between these

changes and societal expectations. These forests, already stressed by a

multi-year drought, are increasingly at risk of uncharacteristic crown fires.

Longer, hotter, and dryer summers in recent decades have led to the largest

recorded fires in Arizona and New Mexico. Several recent fires have created

large (tens to 100’s of hectares) patches of high severity fire where 100% of

the trees are killed. Following these severe fires, droughty conditions and lack

of seed source may preclude ponderosa pine regeneration, especially on

some soil types (Puhlick et al., 2012). These post-fire patches may become

grassy meadows with low densities of pine seedlings, well below numbers

thought to have occurred historically (Owen et al., 2017). Patches of

disturbance-adapted non-native species, some of which are highly invasive

may become established, replacing native understory plant species (Sabo

et al., 2009). Alternatively, more productive areas may develop into dense

shrub fields (Savage and Mast, 2005). Evidence increasingly suggests that the

combination of high severity fire and subsequent drought can lead to pine

regeneration failures (Savage et al., 2013). Public land managers, driven by

societal desires to see pine forests return as well as laws and regulations

requiring replanting, feel pressure to replant pine seedlings in burned areas.

Yet, the reality is that even repeated replanting may fail to restore pine forests

in some areas. Replanting success can be increased to some degree by

choosing sites where seedlings are more likely to survive, and data from

scientific studies and monitoring, as well as modeling can help guide these

efforts. However, in some locations and especially after multiple wildfires, the

odds of pine seedlings regenerating and surviving are small (e.g., Guiterman

et al., 2018) leading to transitions to shrub or grass dominated communities.

Acceptance of this type of ecosystem transition may be difficult to accept and

only through discussions and monitoring activities can diverse stakeholders

become more in tuned to these changes.

come again. Fires might burn, but forests would regrow. In
areas pertaining to wildland dynamics, many examples can
be found in the traditional paradigms for both ecology and
land management that explicitly or implicitly assume static
background conditions, or stationarity. The idea of succession,
particularly in its original Clemensian incarnation, specifically
assumed that a “climax” community was stable (Clements, 1916).
Even in its later versions, by scientists such as Daubenmire
(1968), the assumption was that you could reliably infer future
successional processes by examining current conditions—an idea
that implicitly assumed that both the available species pool and
abiotic conditions would be constant. Many other ideas common
to traditional forestry also carry the implicit idea of stationarity:

fire return period, site index, and both maximum sustained
yield and the use of linear optimization to assess it (Curtis,
1962). In ecology, fundamental theories such as MacArthur-
Wilson’s island biogeography (MacArthur and Wilson, 1967)
and Levins’ (1969, 1970) metapopulation models are dynamic
equilibrium models; like Clemensian succession, these models
explicitly assume that a stationary equilibrium exists around
which the dynamics of disturbance and recovery occur (Pickett
and White, 1985; Gunderson and Holling, 2002).

Not only did these static concepts dominate our scientific
thinking for decades, but our approaches to wildland
management have historically been rooted in a largely static
world view, and these static assumptions have been codified in
policy and practice through environmental and natural resource
management legislation (Craig, 2010). In the United States,
the Sustained Yield Forest Management Act (1944; 16U.
S. C. 583) was passed “To promote sustained-yield forest
management in order thereby (a) to stabilize communities, forest
industries, employment, and taxable forest wealth; (b) to assure a
continuous and ample supply of forest products; and (c) to secure
the benefits of forests in regulation of water supply and stream
flow, prevention of soil erosion, amelioration of climate, and
preservation of wildlife.[italics added for emphasis]” In 1960,
the Federal Government passed the Multiple Use-Sustained
Yield Act (1960; 16U.S.C. 528; MUSY) which expanded the
1944 Act to include recreation, livestock grazing, and wildlife
and fish habitat, but with the same sustainability goals. Both
Acts were clearly grounded in a static world view. MUSY
planning documents, for example, assumed both sustained
forest conditions across periods in excess of 100 years and
used constrained linear optimization to estimate sustainable
levels of resource extraction (Kent, 1980). While the MUSY
was specifically directed toward the Forest Service, all U.
S. land management agencies struggled with the concepts
of multiple use. To create a more coherent framework for
multiple use management, both the Forest Service and Bureau
of Land Management—who collectively manage over 1.78MM
km2, primarily in western USA, adopted a new paradigm of
“Ecosystem Management” to achieve multiple-use management.

Ecosystem Management brought two important changes.
First, it brought explicit recognition of a broad range of values
derived from managed lands including intangible services (e.g.,
spiritual, historical, and symbolic). The second important change
involved the practice of resource management (Ludwig, 2001).
Instead of top down, rule-based management (Armitage et al.,
2012; Koontz et al., 2015), agencies adopted an approach capable
of confronting landscape-scale problems with flexibility so that it
could be responsive to complex, unpredictable feedbacks between
social and ecological components (Chaffin et al., 2014).

While highly flexible and potentially dynamic in concept,
Ecosystem Management provided little guidance for how these
nebulous concepts should be operationalized. To provide
necessary targets, goals, and desired future conditions, HRV
was used as a reference forest condition to understand
ecosystem dynamics (Morgan et al., 1994). This allowed land
managers and scientists to quantify ecosystem changes based on
historical norms and identify the range of possible ecosystem
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conditions that guided management strategies. By framing the
nebulous concepts associated with ecosystem management in a
way that allowed formulation of measurable and quantifiable
management goals, HRV provided land management agencies
with a working solution to the vastly expanded list of multiple
uses associated with ecosystem management. However, adopting
HRV as a management paradigm again rested on the basic
static assumption that we can use past patterns (e.g., probability
distributions) and processes as direct quantitative guides for
current and future patterns and rates of disturbance. Thus, while
ecosystemmanagement is not intrinsically static (see Millar et al.,
2007), its implementation can clearly trace its roots to the 1944
Sustained-Yield Forest Management Act and arguably was even
more strongly static: the number of things that were expected
to be sustained increased, and variability in land condition was
formally linked to the past.

These patterns or expectations within the scientific and
management literature parallel a more general societal desire
for and expectation of stasis. Many laws and statutes assume
that static conditions can be maintained. In addition to MUSY,
mentioned earlier, wildlands are managed under a series of
laws, all of which assume that stasis both can be achieved and
should be the overarching goal of conservative landmanagement.
The Knutson-Vandenberg Act (1930; 16U.S.C. 576) assumes
that areas that were forest can remain forest, the Endangered
Species Act (ESA; 1973; 16U.S.C. 1531, note) assumes that
endangered species can be preserved in the areas they currently
exist or historically existed, and the National Forest Management
Act (1976; 16U.S.C. 1600, note) assumes that current natural
biological diversity can be retained. Doremus (2010) argues
that the ESA explicitly embodies static concepts concerning
species, their ranges and habitats, and conservation approaches
to protect them.

The desire to view the landscape and climate as being
predictable and largely static emerges from psychological and
economic needs that drive critical decisions throughout society:
decisions to build businesses or infrastructure or to strongly
associate one’s identity with a place carry with them the strong
expectation that conditions will remain largely static into the
future. Obviously, a fly shop assumes a trout stream, a ski area
assumes snow, and a lumber mill assumes trees. But these static
assumptions drive far deeper and more prevalent societal norms
and decisions: what kind of houses we build and where we
build them and what infrastructure we build to sustain critical
needs such as drinking and irrigation water all carry with them
strong expectations of a reliable and knowable future, generally
linked to historical patterns. Policies supporting the protection
of wilderness and national parks, for example, have long been
guided by a nature preservation mandate; these preserves satisfy
a human desire for relative stasis of natural areas when compared
to more rapidly shifting human constructs (Cole and Yung, 2010;
Purdy, 2015).We look to wildlands as places we can revisit where,
perhaps, you can take your grandchild fishing on a lake you fished
in your youth–with the expectation that fundamental aspects of
those land areas, and therefore the activities that occurred there
will be reliably present. Due to the economic and psychological
burdens they impose, fundamental, and irreversible changes

such as those associated with a shifting climate, large and
severe disturbances, or exotic species invasions, will, in western
societies, therefore overwhelmingly be viewed as negative.

The call for broad-scale forest restoration must be understood
in the context of these generalized societal expectations and
legal requirements for both stasis and stability in wildlands.
However, for many of the processes that affect land management,
rates of change have accelerated to the point where equilibrium
concepts and the related guidance provided by historical
antecedents or conditions no longer provide reliable examples
of probable trajectories or future states. This is not just
a challenge for scientists and experts, it forms a critical
challenge for social and political systems. For fundamental and
unavoidable reasons, we need to critically rethink both what
our expectations for wildlands might be, and much of the
underlying decision process associated with the management of
these lands.

Loss of Predictive Capability and Its
Effects on the Status of Expertise
As systems change irreversibly, becoming increasingly chaotic
and novel, we need to recognize that there is an accompanying
loss of predictability concerning these ecosystems. How
ecosystems function, what they can produce, and what their
trajectories into the future might be, will become less predictable
based on extant knowledge. Much of our ecological knowledge is
based on historical observations and correlational relationships.
While we have some understanding of general processes in
community ecology that apply regardless of the biological
players or environmental context (e.g., Hubbell, 2001; Rosindell
et al., 2012), specific ecosystem behaviors are primarily based
on empirical observations (Real and Levin, 1991). Although
often couched in a language of being “process based,” the
modeled understandings of system behavior often contain
many statistically based descriptions or narratives (e.g., Peel
and Blöschl, 2011) that break down when new ecosystem
elements are present (e.g., introduced species, Figure 2) or
environmental conditions change (e.g., climate, soils, and
organismal communities; Figure 3).

With greater uncertainty about the sustainability and
trajectories of ecosystems, we can expect less accurate predictions
and, therefore, an inability to provide expected stability in the
provision of environmental goods and services. Unfortunately,
deviations from these expected goals are, and will be, often
viewed or framed as failures of management and the science
behind it. Because of the loss of information associated with both
the unknown and highly stochastic nature of future ecological
trajectories, expertise based on past observations will become
less valuable because it is less reliable. That is, past observations
about how a system behaves may have limited applicability in
the presence of a new suite of stressors such as exotic species
or severe drought. For projecting future land conditions and
therefore current management direction, in a formal sense, the
expert has less expertise to offer. Furthermore, when the experts
start pointing out the unsustainability of the historical landscapes
and traditional outputs that many people so strongly desire,
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FIGURE 2 | Invasive disease: white pine blister rust. White pine blister rust

(WPBR), a lethal forest disease caused by the fungus of Asian origin

Cronartium ribicola, has had widespread impacts on North American

five-needle pines. Introduced to the Americas in approximately 1900, the

disease has led to permanent changes in ecosystems that contain susceptible

pine species. These effects range from forest industry collapse to species

endangerment to threatening wilderness character (e.g., Tomback et al., 2001;

Fins et al., 2002). Management to restore impacted pine populations and

proactive interventions to mitigate the development impacts and promote

adaptive capacity in threatened ecosystems are underway (e.g., Keane et al.,

2012; Schoettle et al., 2019a). Combining statistical and mechanistic

relationships into models has integrated field monitoring data with specific

biological requirements of the pathogen, host and disease to reduce

uncertainty about disease risk, development, and impacts (e.g., Kearns et al.,

2014). Sensitivity analyses have further highlighted key factors affecting host

population sustainability (Field et al., 2012; Landguth et al., 2017). The

arrangement of impacts on the landscape and conditional probabilities of

WPBR infection can affect the public’s opinion and willingness-to-pay for

management and the optimal timing and arrangement of management

treatments (e.g., Shanahan et al., 2020). As these models become more

complex and applicable at the landscape spatial scale and management’s

temporal scale, they will be important tools for exploring when, where, and

how to conduct management interventions for the greatest likelihood of

successfully sustaining the pine populations in the persistent presence of the

pathogen and meeting societal expectations for these mountain top

ecosystems (Schoettle et al., 2019b).

further tension between themanaging experts and diverse publics
can be expected. Though western culture cultivates a certain
ongoing political distrust in institutions (Freemuth, 2018), recent
decades show a deepening distrust in expertise and growing
anti-institutional sentiment, particularly for scientifically based
institutions (Freemuth and Cawley, 1998; Wilkinson, 1998;
Fischer, 2000; Sarewitz, 2004; Pittinsky, 2015). Given that land
management institutions often operate from an underlying

foundation of authority in professional knowledge and expertise
(e.g., Hays, 1959; Williams and Matheny, 1995; Fischer, 2000),
the loss of knowledge represents a serious erosion of latitude in
decision making.

Expecting this trend to continue is reasonable and likely
to accelerate due to the increasing novelty of ecosystems and
unpredictability of change. As Sarewitz (2004) argues, science
is regularly and unavoidably politicized (e.g., climate change,
genetically modified foods, and nuclear waste disposal) when
addressing environmental problems marked by high levels
of complexity and uncertainty. In these situations, science
offers different constituencies competing models and facts
that take time to adjudicate scientifically. Even with these
problems, however, strategies eschewing expertise and scientific
principles would leave us societally ill equipped for a world
in which irreversible change is both ubiquitous and occurring
with extraordinary velocity. Therefore, we need to accept
the legitimacy of the current disappointment in scientists’
and managers’ abilities to effectively address rapid undesirable
changes while recognizing that an approach not couched in logic
and data is even more likely to fail.

Here we argue that flexibility in how we organize to address
problems associated with rapid change could substantially
advance our capacity to efficiently achieve more desirable
and relatively durable ecosystem services. While the role of
expertise, logic, and data must still be critical to management
solutions, the role of expertise must change, shifting from
determining decisions to a more consultative role, recognizing
the contribution of expertise to accelerate learning in a
collaborative context. Experts have been historically valued for
knowing the answer; we will be relying on them more and
more to help society in finding an answer. There will be a
transition from a reliance on accrued knowledge and toward
the need to learn quickly and reliably and to adapt to new
knowledge. The decision process needs to be both more rapid
andmore complex, with greater reliance on contingent decisions,
requiring feedback about outcomes and progress of management
activities and the ecosystems they modify. To support this, a
high level of expertise is required to design efficient systems for
information gathering and analysis. A consequence of this shift
is a more integrated partnership between researchers, managers,
and stakeholders because the need for learning is a vulnerability
that is shared between managers, stakeholders, and the experts
that support them.

A key attribute of this collaborative management paradigm
involves the frequent updating of questions, a process that is not
entirely technical; the choices of which uncertainties are most
important often depend on values. Researchers, managers, and
stakeholders alike will need to share in the understanding of
how information collection and model designs are likely to affect
the values most important to them. This may be particularly
important with respect to resources and values prioritized by
indigenous groups, whose knowledge and system understanding
is underrepresented in existing published literature on ecology
or changing climate and, consequently, in climate change
assessments (Vinyeta and Lynn, 2013; Roesch-McNally et al.,
2020). Below, we expand on these two coupled strategies: the
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FIGURE 3 | Coupled climate, exotic species, and anthropogenic land change in sagebrush ecosystems. Big sagebrush (Artemisia tridentata) is a widespread and

foundational species of the cold deserts in western North America. Sagebrush ecosystems in the warmest regions have been degraded or eliminated due to a

combination of increased disturbance from wildfire or human activities, followed by invasion of an exotic annual grass, cheatgrass (Bromus tectorum). Studies have

shown that sagebrush in the warmest and driest regions exhibit low resistance and resilience to disturbance and landscapes are frequently transformed to cheatgrass

dominated ecosystems (Chambers et al., 2007, 2014). Climatic niche modeling of cheatgrass (Bradley et al., 2016), big sagebrush (Still and Richardson, 2015), and

plant community biomes (Rehfeldt et al., 2012), as well as trends vegetative cover (Shi et al., 2018) suggest that the low resilience and resistance of sagebrush in these

areas are linked to climate; transformation to cheatgrass in these warmer regions is likely not only caused by increased disturbance, but confounded by a shifting

climate. For vulnerable areas, efforts to restore sagebrush could be futile due to abundance of cheatgrass coupled with disturbance regimes and unfavorable climatic

regimes for sagebrush establishment. Ultimately, investing in the research that can aid in decision support can pay dividends by focusing restoration efforts where they

would be most effective. For example, a decision support tool, the Climate Smart Restoration Tool (CSRT), is being developed that integrate correlative, climatic niche

models, and mechanistic trait-based seed transfer models (Richardson and Chaney, 2018). The CSRT maps seed transfer limits based on the genetic adaptation to

climates. Managers can develop maps for current and potential future climates using models that reflect differing scenarios of green house gas emissions. Seed

transfer limits for a big sagebrush site in southeast Oregon, USA. Map (A) shows seed transfer areas for a contemporary climate (1981–2010) and map (B) shows

mid-century climates (2041–2070). The colored gradient, with increasing climatic similarity from yellow to red, shows areas where seed collections would be suitable

for the restoration site (blue pin). Note by mid-century local seed sources are no longer suitable and seed must be obtained from warmer, lower elevation sites (B).

democratization of decision processes and a shift in expertise to
provide efficient decision support.

MOVING FORWARD

Environmental Governance to Confront
Complexity and Uncertainty
The idea that science-based management could be left primarily
to a cadre of professionals with minimal input from society
never really served us well (Thomas and Burchfield, 1999),
as all management options are fraught with uncertainty, have
significant potential for failure, and contain value choices
(Funtowicz and Ravetz, 1993). Further, as Freemuth and Cawley
(1998) pointed out in their criticism of Ecosystem Management,
the prioritization of protecting ecosystem process over the
choices of ecosystem services to be provided represented an
imposition of professional and scientific values.

Lacking status quo options, managing wildlands in a
directionally changing world will require even greater need
for decisions laden with value preferences concerning future
services provided by the landscape (see e.g., Rieman et al.,
2010). There is, however, wisdom in structuring decision spaces
where (1) citizens, stakeholders, and experts can co-produce a
factual accounting of biophysical process and hazards as guidance
to publics, and (2) those aspects of land management that
require value judgements are democratized: the democratization

of management requires everyone to assume the risks associated
with uncertain outcomes.

Management of novel and chaotic systems in which
predictions are often neither simple nor well-established requires
a fundamental rethinking of how science should inform
conservation as well as how we think about management itself,
including the regulatory environment and who participates
and how. Democratic governance is neither particularly nimble
nor farsighted in doing the kind of adaptive, collaborative
anticipatory governance required to address high levels of
complexity and uncertainty. But some version of “anticipatory
governance”—a flexible decision framework that uses a wide
range of possible futures to prepare for change and to guide
current decisions toward maximizing future alternatives or
minimizing future threats (Quay, 2010, p. 496)—will need to
be developed in relation to the production of laws, practices,
and institutions to address the emerging novelty of systems.
Collaboration and co-production will not work if they lack
support of entities that consider unpredictability as a norm and
use of scenarios as a planning tool.

There are two facets to this rethinking. One is to learn how
to more astutely acquire and apply science, knowledge, and
information about landscape change in ways that are attuned
to the political realities and challenges posed by chaotic and
novel environments. The other involves the broad challenge of
directing these complex social-ecological systems toward socially
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desirable goals when many facts are uncertain and the values
at stake are politically contested. Within the social sciences
these situations are called “wicked problems” (Weber et al.,
2017) and require more inclusive and collaborative governance
approaches and management practices to better accommodate
these complexities and uncertainties and not be stymied by them.

A Different Governance Model: Toward Adaptive,

Collaborative Governance

The governance paradigm we suggest is distinct from the 20th
century management paradigm in how it addresses both facts
and values underlying public decision making. In conservation
practice, governance models emphasize dialog as a means
for advancing social learning (engaging diverse sources of
knowledge) and for transforming individual preferences or
values (Williams and Matheny, 1995; Williams, 2017). In
contrast, the managerial paradigm was built on the view that
experts could define and discover the public interest using
technical means such as soliciting opinion through polls and
other mechanisms. The necessary facts could be discovered
using the tools of science and individual preferences and values
could be quantified, aggregated and rendered into rational public
choices using the tools of economics and decision science.
Too often, this approach has led to governance that is short-
term and reactionary rather than anticipatory. In this new
paradigm, consistent with knowledge co-production and social
learning, collaborative governance seeks to transform individual
preferences through dialog (e.g., social learning) rather than
attempting to simply aggregate the pre-existing preferences of
individual stakeholders to decide which policy choice is most
valued or beneficial to society. The view of wildland governance
as a democratic and dialogic process assumes multi-stakeholder
collaboration in decision making. In this paradigm, differences
in knowledge among stakeholders are opportunities for shared
learning that can improve public decisions rather than being a
source of conflict to be adjudicated by experts (Young, 1996).

We emphasize that this collaborative model does not
overcome the inherent challenges of making management
decisions in a highly uncertain environment. Rather, it advances
the idea of creating a learning community that collectively
takes ownership of decisions and their consequences in such
a way that promotes shared adaptive learning. Perhaps more
importantly, the act of involvement, in and of itself, increases
the likelihood that errors and management failures are more
likely to be viewed as learning opportunities to improve public
reasoning. Similarly, by helping stakeholders become more
familiar with the value, limitations, and costs associated with
generating better information, they are more likely to own and
trust that information.

The key to dealing with wicked problems is to use the
governance paradigm to broaden the participating stakeholders
and organize them into place-based stakeholder networks
that create potential learning communities: groups who meet
regularly to learn about both the systems they seek to manage
and about each other’s needs and values (Collins, 2014).
Identification and promotion of learning communities within
and across multi-scale conservation initiatives helps to facilitate

the documentation and integration of different kinds and
sources of knowledge, competencies, and values (Jedd and
Bixler, 2015). Collaborative, place-based social learning promotes
co-production of knowledge among all stakeholders, mitigates
power imbalances and access to knowledge, and empowers
stakeholders to leverage their various partial understandings of
the situation in the service of improved public decision making
for adaptively managing complex social-ecological systems
(Williams, 2018). Importantly, indigenous and local knowledge
systems as well as practitioners’ knowledge can provide valid
and useful knowledge to enhance our understanding of wildlands
governance (Teng et al., 2014). There is, therefore, a great need to
develop functioning mechanisms for legitimate, transparent, and
constructive ways of creating synergies across knowledge systems
(Tengö et al., 2017), thus enabling inclusion of local indigenous
knowledge in coproduction and collaboration efforts.

In sum, with the erosion of trust and reliace on expertise
based on past observations and institutions for land management
(Pittinsky, 2015), society faces a new age in which experts,
stakeholders, and everyday citizens alike share the burdens
and responsibilities of planning, choosing, and discovery
under the complex and uncertain conditions noted above.
This understanding has, over recent decades, resulted in the
emergence of and experimentation with adaptive, collaborative
forms of governance for sustainable conservation (Folke et al.,
2005; Ostrom, 2010; Armitage et al., 2012; See also Examples
of co-production of science, below). We need to encourage and
learn from these experiments.

The Co-production of Science
The democratization of governance extends to the collection
and dissemination of information as well as the mechanics of
policy decision making. Historically, scientists have generally
viewed societal resistance to the acceptance of scientifically
generated knowledge as being associated with either problems
in communication or in science literacy (e.g., Bickford et al.,
2012). However, it is necessary to recognize that science is
frequently rejected because it threatens peoples’ core beliefs
or worldviews and thus makes it unlikely that communication
alone can produce greater acceptance of science (Haidt, 2012;
Lewandowsky and Oberauer, 2016). In particular, the literature
on public understanding of science suggests that increased
scientific literacy often increases the polarization of opinions
along partisan lines (e.g., Nyhan et al., 2014; Nyhan and Reifler,
2015; but see Guess and Coppock, 2020). To overcome this,
democratized governance will require much more stakeholder
participation in the production and application of science to
inform specific decisions. The focus will need to be on enhancing
the consideration of science through engaging more inclusive
networks of scientists, stakeholders, and citizens in the co-
production of knowledge (Jasanoff, 2004; Wyborn, 2015). Co-
production requires a kind of shared, social learning at a systems
or collective level where multiple stakeholders work together to
understand and ultimately transform their collective knowledge
and practice (Collins, 2014, p. 238). Importantly, co-production
involves the inclusion of the divergent epistemological contexts
associated with indigenous cultures that use separate and more
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flexible paradigms for knowledge generation through systemic
understandings of complex environments, integrating a large
number of variables qualitatively over extended periods of time
(Mistry and Berardi, 2016).

Changing Priorities for Research in Rapidly
Changing Ecosystems
To confront ecological change and to function within the new
governance paradigm described above, scientists and subject
matter experts have to change how they do science: what they
study, how they study it, and how to incorporate diverse kinds
and sources of knowledge that defy simple integration into
a unifying model (Miller et al., 2008; Mitchell, 2009; Allen
and Hoekstra, 2015). Nowhere is this more challenging than
how scientists apply models to complex problems. Because
ecosystem sciences can only give a partial description of the
system using any one model (e.g., Allen and Hoekstra, 2015),
“we needmanymodels covering different viewpoints” (Jorgensen
and Muller, 2000, p. 12–13). Consequently, both to function
within the more participatory governance model, above, and
to collect the necessary data effectively, will require changes in
how data are collected, organized, and evaluated. Unavoidably
and paradoxically, our dependence on predictive models will
increase, but they will be used less directly for decisions. Lastly,
even with science co-production and high levels of community
involvement, building and analyzing models is unavoidably
arcane and full of compromises; models require simplifications
and choices such as which functional forms to fit. These choices
and departures from reality require both understanding and
acceptance by those involved in wildlands governance.

Increased Reliance on Predictive Models

There are two broad categories of ecological models: statistical
and mechanistic. The application of statistical models in forestry
and land management is common and grounded in the
expectation of stasis in both the ecological community and
the abiotic background conditions, assumptions that can be
checked, but only rarely are (e.g., Lute and Luce, 2017). Formally,
the statistical inferences are only valid within the sampled
population; extrapolation to other times and places is a non-
statistical exercise that relies on stasis across space and time.
Lacking this stasis, the patterns of the past are not likely to predict
the future. Furthermore, variable inclusion and coefficient values
in statistical models are chosen by rules of parsimony and
information content (Burnham and Anderson, 2004) and may
have tenuous relationships to the underlying biological drivers.
As such, using covariate relationships in statistical models to
focus future research may not lead to improved predictive
capability under changing conditions.

In contrast to statistical models, mechanistic models use
reasoning based on first principles in biology and geophysics
to estimate variation through time in response to weather,
disturbance, and management intervention. The ideal
mechanistic model requires minimal if any calibration or
training through collection of observed data to reliably predict
patterns or outcomes because calibration can hide implicit
correlations. Ideally, then, parameter values in mechanistic

models are determined through independent measurement.
Such models are conceptually more reliable in non-stationary
conditions. In ecology, however, predictive models are generally
complex, typically involving different facets and diverse scientific
disciplines. In many cases, only a subset of these complexities has
the necessary information available for precise modeling. This, in
turn, leads to the inclusion of many untested assumptions and,
not surprisingly, dependence on ecological mechanistic models
has been fraught with difficulties. In most cases it is not possible
to state the degree of confidence in results because modeling
assumptions make validation of model components difficult to
impossible (IPCC, 2013, Chapter 9, Pfister and Kirchner, 2017).
Consequently, mechanistic models are usually used to examine
the dynamical dependencies of ecosystems on characteristics
or parameters through sensitivity and transient analyses. For
example, researchers may search for emergent behaviors such
as expectations of community shift or instability under varying
climate, after disturbance, or as new species or diseases are
introduced (e.g., Ezard et al., 2010; Tavener et al., 2011; Field
et al., 2012).

Research on the emergent properties and behaviors of
larger integrated ecosystems under the current and future
environments will continue to be a primary application
of mechanistic models, one that can provide the essential
interchange between models, experimental research,
environmental monitoring, and adaptive learning, but
greater precision and accuracy will be required. Despite the
challenges involved, a shift from a correlative to a mechanistic
understanding of ecosystem behavior (and therefore delivery of
ecosystem services) is essential for reliable prediction under an
array of potential futures and environmental scenarios. More
robust models of this nature can be a basis for design of adaptive
management and learning strategies.

Central to this more mechanistic approach to forecasting
is the collection of appropriate data and development of
targeted research to inform specific process understandings.
Predictive models, such as those discussed above, require data
for identification of parameter values and produce forecasts
that require assessment. Ideally, predictive models provide
frameworks for adaptive learning: model forecasting skill is
controlled both by the quality of the mechanistic understandings
that form the model structures and the data used to calibrate
the models. Each projection therefore provides an opportunity
to revisit mechanisms and assess the sensitivity of model results
to specific data inputs. This adaptive process logically channels
data collection into areas that either improve model calibration
or directly test model-based hypotheses, providing a focus for
research and data acquisition.

A focus on mechanistic models and targeted experimental
studies does not preclude involvement of stakeholders and the
public in the learning process. Large participatory modeling
efforts have had success (e.g., such as those organized by
International Institute for Applied Systems Analysis, IIASA;
https://iiasa.ac.at/) and similar principles can be adapted to
more narrowly focusedmodels (e.g.,Walters, 1997). Stakeholders
provide information to frame research priorities and provide
potential hypotheses (Roesch-McNally et al., 2020) while research
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can target experiments to explore and define specific isolated
processes as well as assess more integrated ecosystem responses.
Both can be executed at multiple spatial (molecules to landscapes
and beyond) and temporal (immediate to evolutionary) scales
and in collaboration among science-management-stakeholder
partnerships (see co-production discussion above).

We need to carefully re-think the mix of local and regional
data collected to reflect the accelerated rates of change, the
needs for model parameterization and validation, and the
necessary involvement of citizen science. Short-term and local
data collections are well-suited for testing treatment efficacy, as
well as model parameterization and validation. Their role will
likely increase; but, because their results cannot directly infer
treatment success across space and time, these results need to
be formally contextualized within larger and longer-term studies
and their results applied to other circumstances through models.
Crowd-sourced, long-term data collection efforts are examples
of the more participatory approach to knowledge acquisition
that we advocate. Related to an increased reliance on citizen
scientists is the need tomake all resulting datasets freely available.
A good example of this approach is the eDNAtlas project that
engages minimally trained citizens to collect extensive data that
are analyzed and developed into an interactive spatial database of
species hosted on a public internet site (Jerde et al., 2011; Carim
et al., 2016; Young et al., 2018).

Vulnerability Assessments, Decision Support Tools and Data

Syntheses
The above research efforts can feed into the development of
vulnerability assessments for specific conservation concerns. For
example, models have been useful in (1) developing silvicultural
prescriptions to conserve Northern Goshawk (Accipiter gentilis)
habitat by enhancing resilience of dry-forest types in the
Southwest (Figure 4), (2) identifying suitable nesting areas for
woodpecker (Picadae) species of conservation concern, and
proposing post-fire treatments for the persistence of these
species and their nesting habitats (Figure 5), (3) developing
web-based decision support tools for restoration of sagebrush
ecosystems (Richardson and Chaney, 2018, Figure 3), and (4)
assessing the risk of the establishment of white pine blister
rust (caused by the non-native fungal pathogen Cronartium
ribicola) in high elevation five-needle pines forests and
predicting population trajectories under different ecological
conditions and management scenarios (Figure 2). These tools
and others evaluate how ecosystem changes to biotic and
abiotic components influence the realized species niches (sensu
Hutchinson, 1957). Vulnerability assessments can also apply to
physical and social systems (Pacifici et al., 2015; Runting et al.,
2017).

While the co-production of knowledge, and its dissemination
in user-friendly and publicly available spatial databases may help
confront the mistrust of scientific processes, the sophistication
of current data analyses and the necessary dependence on often
complex mechanistic models to project future scenarios leads to
a suite of additional challenges that will need to be addressed. As
noted above, co-production of science will be key in enhancing
science-policy interface because it emphasizes more inclusive

networks of scientists, stakeholders, and citizens in the co-
production of knowledge (Jasanoff, 2004; Wyborn, 2015). But
co-produced data will require analysis, often complex and arcane
analyses, and these analyses will be embedded into even more
complex and arcane models. Therefore, it is critical that these
analyses are not decoupled from the collection of data: those who
collect data have to understand why the data they are collecting
is important, and at a conceptual level how it will be analyzed
and used. Those engaged in analysis need to understand who
is collecting the data, what they want to know, and how to
effectively communicate both model results and uncertainties.
From the start of co-production, the importance of the analysis
needs to be emphasized and explained, and at the end of the
process, the data collector should be able to locate the data
they collected and understand how their data contributed to the
analytic conclusions.

Examples of Co-production of Science Approaches
U.S. Congress passed the Forest Landscape Restoration Act
of 2009, establishing the Collaborative Forest Landscape
Restoration Program (CFLRP; Figure 6). The goals and
approaches defined in this act are consistent with many of the
governance tenants we outlined above. The Act is intended
to “encourage the collaborative, science-based ecosystem
restoration of priority forest landscapes through a process
that encourages ecological, economic, and social sustainability
. . . ” (www.fs.fed.us/restoration/CFLRP). Funds are awarded
competitively to large (≥50,000 acres) and long-term (>10
years with 15 years of monitoring) projects. Proposals are
developed cooperatively by the Forest Service and stakeholders
and conducted primarily on National Forest System lands.
The emphasis of CFLRP collaboratives is to develop a shared
vision of desired conditions, including social, economic, and
ecological attributes of a landscape that management strives
to achieve (e.g., reduced risk of uncharacteristically severe
fires, improved wildlife habitat, maintenance of large old trees,
enhanced use of timber resources). Science legitimacy of the
process is gained through science engagement and by involving
respected experts to interpret the research, while maintaining
independence from the decision-making process (Urgenson
et al., 2017). CFLRP projects are required to explain how
existing or proposed infrastructure is used to process restoration
byproducts in a manner that supports jobs and local economies.
The legislation expects that fire suppression costs will decrease
over time as a result of CFLRP projects, because of increased
efficiency and capacity of both industry and local US Forest
Service units (Schultz et al., 2012). Unlike legislation in the
past that emphasized fuels reduction (e.g., 2002 Healthy Forests
Restoration Act [68 FR 33814]), CFLRP characterizes fire as both
a risk to be managed and a natural process to be restored, with a
focus on a larger-scale approaches to address fire issues (Schultz
et al., 2019).

The Adaptive Silviculture for Climate Change (ASCC)
program is another example of an application of the science-
management partnerships approach (Nagel et al., 2017). The
ASCC project is designed to work with resource management
realities and national forest decision frameworks while
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FIGURE 4 | Short term solutions: Managing goshawk habitat through forest

resilience. The northern goshawk (Accipiter gentilis) is forest/woodland raptor

with a circumpolar distribution (Squires and Kennedy, 2006). Typically

associated with older, mature forests, the goshawk is a species of

conservation concern throughout its North American range. Over the past

century, forest-management practices have resulted in dense, fire-prone

forests which lack structure needed by goshawks and are at risk of

stand-replacing fire events (Reynolds et al., 1992). Conservation of goshawks

requires forest physiognomy and composition to meet the life requisites of the

goshawks as well as those of its primary prey species. To ensure that

conditions persist through time, forests must be resilient to primary

stressors—fire and climate change—that could compromise forest integrity

and reduce goshawk habitat. Reynolds et al. (1992) used a synthetic approach

to define the habitat needs of the goshawk in the American southwest. They

assembled information on habitats of key prey species (birds, squirrels, and

rabbits) and the goshawk, as well as knowledge of ponderosa pine (Pinus

ponderosa) forest ecology. Forest ecology included composition and structure,

tree longevity, disturbance factors, and landscape patterns and scale. As

pieces were assembled, they converged on a forest structure that closely

resembled that existing prior to European settlement of the southwest. In

general terms, the structure was characterized by a matrix of groups and

clumps of trees interspersed among grassy openings. Tree groups were

comprised of like-sized trees representing various structural stages, from

seedlings to large trees >60 cm dbh. Historical fire regimes in these pine

forests were typically low-severity surface fires occurring every 2–12 years

(Cooper, 1961; White, 1985). Within-group structure and landscape patterns

required disturbance (fire primarily) to regulate tree establishment and maintain

landscape patterns (Moir et al., 1997). Reynolds et al. (2013) contended that

restoration of key elements of these forests—species composition, tree

groups, grass-forb-shrub interspaces, snags, logs, and woody debris, and

landscape dynamics—would improve the resilience of frequent-fire forests and

facilitate ecosystem processes. Restoration would first require combinations of

mechanical treatments and prescribed fire to achieve the desired conditions

and then a return of natural fire regimes to maintain them through time. A

critical assumption of the approach is that historical forests persisted through

wide range of environmental conditions, thus they would continue to persist

given anticipated changes brought by future climate change. However, as

discussed in Figure 1, the recent occurrence of large high severity fires in this

region is curtailing pine survival, and sometimes converting pine forests into

non-forest types. Photo credit: RMRS goshawk studies.

generating critically needed research. The intention of the
program is to create a network of installations across the
United States using a common experimental design, fully
replicated within each site, allowing for both intra- and inter-site
comparisons of various adaptive management approaches.
The infrastructure opens opportunities for hypothesis-driven

experimental research nested within management scenarios
and provides for long-term engagement among the partners for
continued learning.

These two programs (CFLRP and ASCC) represent a
paradigm shift in National Forest policy and in developing
successful adaptive learning approaches to help guide
management in the future (Schultz et al., 2012; Urgenson
et al., 2017). Combined with the modeling and targeted
experimental research efforts discussed above they provide
further opportunities to explore the co-production of long-term
research in conjunction with the required monitoring (e.g.,
Latif et al., 2015, 2020; Saab et al., 2019). These programs make
significant moves toward including diverse participation in (1)
identifying and setting the direction of information needs to
support decision making as well as (2) involving stakeholders in
the execution of the work and syntheses. Although this approach
is in its infancy, it is one that integrates the governance and
research paradigm shifts that are needed to address the novel
challenges we now face.

ACTIONABLE RECOMMENDATIONS

We offer both short-term and longer-term actionable
recommendations with the goal of pivoting toward addressing
the uncertainties associated with rapidly changing ecosystems.
Our short-term actionable recommendations in part reiterate
those given by others (e.g., Millar et al., 2007):

• Conduct landscape level assessments that identify potential
vulnerabilities of key ecosystem components to various
disturbances to assess the multiple alternative trajectories
that can result following disturbances and how disturbance
frequency and severity influence the resiliency of landscapes.

• Enhance adaptive capacity on a landscape scale by keeping as
many pieces as possible and maintaining as many ecosystem
services as possible. Approaches would include sustaining
native species diversity, functional diversity, above- and
below-ground food webs, reducing soil loss, and maintaining
water quality.

• Emphasize management that creates landscape mosaics of
plant composition and structure with a focus on retaining
disturbance-resilient and genetically-adapted vegetation.

Beyond these generalized approaches to understanding
disturbance effects, creating or maintaining disturbance
resistant landscapes, and keeping as many future options open as
possible, we recommend:

• Change laws and planning processes to reflect the unknown
nature of future landscapes. Continued demands for stasis are
unlikely to succeed. Enlarging the social ecological decision
space is especially critical but requires more inclusive co-
production of knowledge.

• Change governance systems for wildlands to be both more
democratic and participatory. This means that working
through both knowledge and value disputes in a specific
landscape must be accomplished through social learning
processes that require from society a sense of common bond
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FIGURE 5 | Optimizing ecological services in recently burned forests. Removal of burned or beetle-killed trees through salvage logging can provide economic value to

local communities and reduce snag hazards. However, removal of snags following recent wildfire or beetle outbreaks has negative ecological consequences, including

reduction of habitat for disturbance-associated wildlife species. Consequently, forest managers are challenged with implementing post-disturbance management

projects while concurrently meeting the requirements of existing laws and planning directives to maintain wildlife habitat for disturbance-associated species. Salvage

logging is often litigated over concerns regarding negative effects on aquatic and terrestrial ecosystems, and on wildlife associated with recent disturbance (e.g.,

Lindenmayer and Noss, 2006; Saab et al., 2009; Hutto et al., 2016). Several woodpecker species of conservation concern (SCC; black-backed woodpecker

[Picoides arcticus], white-headed woodpecker [Dryobates albolarvatus], Lewis’s woodpecker [Melanerpes lewisii]), and American three-toed woodpecker [Picoides

dorsalis] are strongly associated with recently burned or beetle-killed forests because forest openings and snags provide critical nesting, perching, and foraging

resources. Habitat suitability index (HSI) models for these woodpeckers were developed from nest location and associated environmental variables (Saab et al., 2011,

2019; Latif et al., 2013, 2015, 2020) to map habitat for wildlife. A GIS decision-support tool (FIRE-BIRD) provides habitat suitability maps that inform treatment designs

to maximize habitat suitability and minimize negative effects to woodpecker SCC for a single fire or proposed management activity, while accounting for overall habitat

in a surrounding national forest (Latif et al., 2018). This information allows maximization of ecosystem services by allowing areas to be harvested with minimal impacts

on wildlife.

or shared fate that allows participants to interact in a civil way
(Kemmis, 1990; Haidt, 2012). Social, political, and intellectual
diversity are necessary in collaborative processes that aim to
produce good public policy.

• Change systems of knowledge acquisition to increase public
participation in the cogeneration of knowledge. Quantities
of necessary information will demand this, and ownership
in the generation of new knowledge is essential to its
acceptance. Within this, specifically consider traditional
ecological knowledge systems that may shed light on
paleoecological process in ways not represented in modern
ecological literature (e.g., Mason et al., 2012; Vinyeta and
Lynn, 2013).

• Structure knowledge acquisition into a formal adaptive
framework with models providing the primary tools for
information integration. A large proportion of data collection
will be specifically designed to test and parameterize extant
models and construct new ones.

• Shift away from largely correlational studies that weakly infer
process by studying pattern to direct studies of processes.
Correlational patterns are not expected to endure except in
very narrow spatiotemporal windows.

DISCUSSION

In a rapidly changing planet, many events will be beyond our

control. We recognize that wildlands are on novel trajectories
that are largely unknown. For example, we did not anticipate

the ecological changes that resulted from excessive tree mortality

in the Southern Sierra, Nevada (Fettig et al., 2019), aspen die-
off in Colorado (Worrall et al., 2008), or the West Nile Virus

(Strausbaugh et al., 2001). Surprises that lead to major ecological
shifts such as forests being replaced by shrublands or grasslands

will become more common in the future. However, the changes
in governance, research focus, data collection, and planning
processes advocated here are fully achievable and should help us
anticipate, react to, and to some extent modify the consequences
of those events that we cannot reliably predict and control.

We have a fundamental societal need to seek approaches for
slowing or smoothing environmental changes (e.g., flattening
the curve) both to maximize usable ecological services to give
society and institutions time to adapt. In the very short term, we
can use generic risk spreading approaches such as we advocate
in Actionable Recommendations, above. However, we need to
recognize that greater changes in how we manage wildlands are
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FIGURE 6 | Collaborative wildland governance through CLFRP. The focus of CFLRP collaboratives is developing a shared concept of desired conditions, including

social, economic, and ecological attributes of a landscape that management strives to achieve (e.g., reduced risk of severe fires, improved wildlife habitat,

maintenance of large old trees). Science legitimacy of the process is attained by engaging scientists and respected experts to interpret the research, while maintaining

independence from the decision-making process (Urgenson et al., 2017). Research conducted on woodpecker populations of the Interior Northwestern U.S. is an

example of targeted experimental research in conjunction with the required monitoring for CFLRPs. The research has been conducted for the duration (8–10 years) of

CFLRPs on three National Forests (Payette, Fremont-Winema, and Malheur National Forests) across two Forest Service Regions (4 and 6) in dry mixed coniferous

forests. Collaborative stakeholders comprise local community organizations, state governments, and federal agencies, all with an interest in public land management.

Each collaborative invited scientists from state and federal agencies, and universities to participate in developing and implementing monitoring plans for focal plant

and animal species within the CFLRP project areas. In the case of these 3 CFLRPs, all chose to include monitoring of woodpecker populations in relation to forest

management activities (See Figure 5). The required monitoring allowed rigorous experimental design (Before, After, Control, Impact [BACI]) to determine effectiveness

of silvicultural, prescribed fire, and post-wildfire management activities to meet desired conditions and wildlife habitat goals. The research conducted as part of the

required monitoring on these CFLRPs, and on projects supported by similar collaboratives, has resulted in a GIS decision-support tool for land management planning

(see Figure 5; Latif et al., 2018).

necessary and that we need to begin these changes today so that
they are operational soon.We recognize that our proposedmodel
involves the expansion of democratic processes beyond existing
governmental systems to embrace much broader application
of collaboration and adaptive social learning among experts
and stakeholders. But we really have no choice. We need to
work collectively and democratically to aggregate the necessary
information, determine our roles in shaping future landscape
trajectories, and define and optimize the flow of desired goods
and services from these rapidly changing ecosystems. We are all
in this together and our natural resource governance needs to
reflect this.

From a governance perspective, the major challenge for
implementing our actionable recommendations is that the
current social norms and formal planning rules for how society
resolves policy and management conflicts are poorly suited to
the “social learning” model we have proposed. Social learning is
hardly a panacea, requiring stakeholders (managers, experts, and
citizens) to transcend their pre-existing ideological inclinations
and prepare to learn from one another. This more open mindset
requires stakeholders to hold enough of a shared commitment to

work and learn together to craft tentative solutions and to be open
to new information and learning. Practice and a changedmindset
are needed tomake successful a more participatory, collaborative,
and adaptive approach. There are, however, examples of more
collaborative governance. At smaller scales we have examples
such as the CFLRP (above; Figure 6). At larger scales examples
would include the National CohesiveWildland Fire Management
Strategy (Jewell and Vilsack, 2014) which is designed to work
collaboratively among all stakeholders across all landscapes
where the vision is to “safely and effectively extinguish fire when
needed; use fire where allowable; manage our natural resources;
and as a nation, to live with wildland fire.” Fire, and the smoke
it creates, transcends ownership and political boundaries and
directly affects the lives of everyone living in proximity to fire-
prone landscapes. Because everyone has some sort of stake in
outcomes, fire management is an ideal opportunity to explore
more collaborative governance (Jewell and Vilsack, 2014).

In addition to changes in governance, we need to shift our
approaches to generate knowledge. Importantly, we will be more
directly dependent on models, and it is therefore more essential
that models work. For example, statistical and mechanistic

Frontiers in Forests and Global Change | www.frontiersin.org 12 March 2021 | Volume 4 | Article 644696

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


McKelvey et al. Confronting Novel Ecosystems

modeling have been used to better understand WPBR disease
risk and hazard and to gain knowledge essential for projecting
pine population dynamics into the future (Figure 1). Similarly,
climate niche modeling of cheatgrass, big sagebrush, and plant
communities suggest that climate influences the resilience and
resistance of sagebrush, both identifying the problem and leading
to a more focused approach of data collection and research
(Figure 3). A synthetic approach to define the habitat needs that
links disturbance dynamics to forest structure and key food webs
(e.g., sustaining habitats of goshawks and dry coniferous forests,
Figure 4) provides both short-term guidance and a framework
for data collection and knowledge generation to improve future
outcomes. Integratingmodeled wildlife habitat requirements into
spatial timber harvest models allows joint optimization of habitat
retention while and timber harvest (Figure 5).

Model-based approaches to wildland management, however,
need to be nested within a formal adaptive framework because
most ecosystems and societies are changing rapidly. As new
challenges arise and societal needs change, processes of synthesis,
modeling, and targeted data-collection need to be consistently
and continuously applied and updated. This will hypothetically
help identify shifts and changes in trajectories and develop new
management directions. This, in turn, will require the close
coordination between scientists, managers, and the broad public
that will engage both in deciding management direction and data
collection. Successfully stewarding novel ecosystems requires
a paradigmatic change to our most basic approaches to land
management. We cannot find that change by looking backward
to restore landscapes to their former Holocene condition, but
by looking forward to making sense of emergent novelty,
complexity, and uncertainty using an adaptive governance
paradigm suited to the Anthropocene.
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